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PREFACE 

At the time that this work was started., in 1970, it was necessary 

to assemble the equipment for amino acid analysis, which is described 

in Chapter 2, in order to carry out sufficient analyses for the main 

part of the study. In the period since this was done, over the last year 

or so, ccmmercial equipment has become available which- is capable of very 

rapid amino acid analysis (e.g. the Chromaspek analyzer, Rank Precision 

Industries). As a result developments in chromatography have extended 

further. 

During this work, the following papers were published:- 

1. Davies H.G. and Thomas A.J. An investigation of hydrolytic 

techniques for the amino acid analysis of foodstuffs. J.Sci.Fd.Agric., 

214525 (1973). 

2. Davies M.G. and Thomas A.J. The evaluation of novel proteins by 

amino acid analysis. Proceedings of the Symposium: The Contribution 

of Chemistry to Food Supplies, IUPAC-IUFOST, Hamburg. (Horton I. and 

Rhodes D.N. Eds.) Butterworths, London (1974). 

3. Davies M.G., Thomas A.J. and Blanshard K.C. Recent Advances in the 

ion exchange chromatography of amino acids. Process.Biochem.a,9, 

(1974). 

4. Davies M.G. and Thomas A.J. Changes in the amino acid content of 

young growing rats after weaning. Nutr.Rep.Intern. ,11,3,(1975). 

In presenting this thesis to the University of London I would 

like to acknowledge those who have helped during this study. 

I would like to thank Professor A. Spicer for his encouragement 

at the start of this work. In addition I thank Professor Spicer and also 

Dr. J. Edelman for their permission to carry out this work at the Lord 



Rank Research Centre. 

I am very grateful to Dr. A.J. Thomas for his guidance as 

Director of Studies at Imperial College and for his interest and advice 

throughout this work. my thanks are also due to Mr. R.M. Cooper for 

acting as my Supervisor—at the L.R.R.C. 

I would like to thank Dr. D.A. Hems of Imperial College for 

providing facilities, help and encouragement for the liver perfusion 

experiments. I also thank Mr. J. May of the L.R.R.C. Nutrition 

Department for his help with the rat experiments. 
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The Uptake and Utilisation of 

Amino Acids by Mammals 

Studies of the amino acid nutrition of mammals require 
accurate procedures for the hydrolysis of food proteins 
and rapid methods for analysis, and this aspect was 
investigated initially. 

A fully automated system suitable for the analysis of 
amino acids is described. The time for the analysis 
of a complete amino acid mixture was reduced so that 
two analyses were completed in 4 hrs. A data acquisition 
system was incorporated so that amino acid peaks were 
identified and calculated by means of an off-line computer 
using a FORTRAN IV programme. 

A survey of hydrolytic methods for the amino acid analysis 
of foods was conducted using, as examples, a pure protein 
and a potential food protein of microfungal origin 
(Fusarium graminearum). Whilst several methods gave 
close agreement for the analysis of a pure protein, 
hydrolysis with 6N hydrochloric acid gave the largest 
yield of most amino acids in food proteins. 

Young rats were fed a casein based diet under the 
conditions used for the Net Protein Utilisation (NPU) 
test. At weaning the fur contained nearly 30% of the 
total carcass cystine. There was a linear increase 
in carcass and in liver amino acid content with live. 
weight. This study verified the consistency of carcass 
amino acid composition, which is assumed in the NPU 
procedure. 

Measurements were made on the blood plasma and intestinal 
contents in vivo after a meal, and on the utilisation of 
amino acids by the perfused liver in vitro. Both casein 
and Fusarium graminearum appeared to be well digested 
proteins giving rise to a peak in the hepatic portal 
and systemic plasma amino acid levels after 2 hrs. 

When the liver of young, fed, starved or diabetic rats 
was perfused with mixtures of amino acids resembling those 
after a meal, most amino acids were utilised by the fed 
liver even when excess carbohydrate was present in the 
medium. However, alanine and glutamate tended to be 
released, and "branched-chain" amino acids were not 
released. Livers from starved or diabetic rats showed 



enhanced utilisation of most amino acids. When lysine 
was omitted from the perfusate, it was released from 
the liver at a rate similar to its release when no 
amino acids were added. However, the release of branched 
chain amino acids remained the same as in control 
perfusions when no amino acids were perfused. The 
release of lysine independently of the influence of 
other amino acids weighs against the likelihood of any 
generalised protein store in the liver. 
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General Introduction  

The cost of traditional protein sources has been 

increasing over the past few years. In the last year a comparison 

of various protein sources has shown that weight for weight the cost 

of protein increases in the order : soy flour, wheat flour, cheese, 

eggs, beef (.anon,1975). Consequently, the production of protein from 

novel sources has been investigated. The most promising sources are 

cereals, oilseeds, fungi and food processing effluents and in some 

cases production has reached the commercial scale. 

However, the suitability of protein sources for food, use 

depends, not only on cost, but also on their amino acid content, 

availability and digestibility, on their functional properties and on 

their safety. It is generally agreed that eight amino acids are 

essential for the nutrition of adult man (in addition the infant 

requires histidine) and that the relative proportions of the essential 

amino acids influence the nutritional value of the food. The F.A.O. 

(1970) have published a comprehensive summary of the amino acid content 
to.tAA, 

of several foods. Most of 	data 7,,,s obtained using ion exchange 

chromatography or microbiological assay following hydrolysis with 

hydrochloric acid. However, there are often discrepancies in the 

amino acid analyses of similar food proteins performed in different 

laboratories. In some cases the cause may be the use of different 

analytical methods, but in other cases it can be attributed to 

differences in hydrolytic techniques. Therefore, it is necessary 

to investigate more fully the methods available for the hydrolysis of 

food proteins and for the analysis of amino acids, in order to justify 

the validity of the data. Whereas the detailed structure of some 

pure proteins is known and can confirm the accuracy of its amino acid 
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analysis, an independent check of this sort is not possible with 

food proteins. Furthermore the other food components may interfere 

with the determination of amino acids both in the hydrolytic and the 

analytical steps. 

This investigation was also relevant to a research 

programme at the Lord Rank Research Centre, which was concerned with 

the production of novel proteins, particularly microfungi. This 

programme required the screening of different species for amino acids 

and also the analysis of samples during the growth of the organism. 

It was necessary, therefore, to investigate hydrolytic techniques as 

thoroughly as possible. However, in order to cope with large numbers 

of amino acid analyses, a fully automated system was assembled and is 

described in Chapter 2. This system facilitated the survey of 

hydrolytic techniques which is described in Chapter 3. In addition 

methods for the rapid determination of specific amino acids are 

summarised. 

The nutritional assessment of proteins using animals can 

be time consuming and labour intensive. Attention has turned to the 

more rapid estimation of protein quality by means of the amino acid 

analyses of mammalian tissues, particularly blood plasma. However, 

the difficulties with this approach are that the response of plasma 

amino acids can depend, not only on the nutritional quality of the food, 

but also on other factors concerned with the nutritional status of the 

animal. In particular, there is the possibility that the amino acid 

requirements of different tissues can vary according to the nutritional 

status. In fact, most measurements of amino acids in tissues give 

information only on static levels. It is more likely that the 

measurement of the rates of uptake and utilisation of amino acids can 
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give an indication of tissue requirements. In the growing mammal the 

major requirement for amino acids is for the purpose of tissue protein 

synthesis, and hence the rate at which amino acids are supplied is an 

important factor in the control of growth. The aim of this work was to 

investigate the rate of utilisation of amino acids during growth 

(see Chapter 4) and some effects of the small intestine and the liver on 

dietary amino acids. (see Chapters 5 and 6). An outline of the work is 

given in Fig.1.1., which shows the topics covered in diagrammatic form. 
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Chapter _2 

Ion exchange chromatography of-amino acids _ 	- 

2.1 An assessment of methods available for the estimation of 

amino acids for nutritional work 

2.1.1. Partition chromatography 

2.1.2. Electrophoresis 

2.1.3. Microbiological assay 

2.1.4. Gas liquid chromatography 

2.1.5. Ion exchange 

2.2 The development of an accelerated analysis system for amino 

acids 

2.2.1. The separation process 

2.2,2. The preparation of high resolution ion exchange 

resins 

2.2.3. Gradient elution 

2.2.3.1. Automatic programmer 

2.2.4. Design of the analytical system 

2.2.4.1. Detection of amino acids 

2.2.5. The automation of the data processing 

2.2.5.1. The data acquisition system 

2.2.5.2. Computer program 

2.3 Results and discussion 

2.4 Conclusions 
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2.1. An assessment of the methods available for the estimation of 

amino acids with reference to nutritional work 

The earliest work on the separation and identification of amino 

acids in mixtures used techniques of precipitation e.g. arginine and 

histidine as their silver salts or fractional distillation of the 

amino acid esters. However these were laborious techniques for the 

separation of several amino acids simultaneously and required 50g or 

more of protein. 

Z. 1.1 Partition chromatographY 

As paper chromatography was developed, it became the method of 

choice for the qualitative analysis of amino acid mixtures. In the 

early stages, however, the measurement of individual amino acids in a 

protein hydrolysate was difficult due to the inability to separate all 

amino acids completely and to the inaccuracy of the colorimetric 

methods. Solvent systems were refined so that chromatograms could be 

run in two dimensions e.g. phenol/water/ammonia and collidine 

(Dent.1948). The positions of amino acids were determined with 

ninhydrin or by complexing the amino groups with copper followed by 

estimation of the excess copper (Woiwod 1949). The use of a more 

stable reagent such as ninhydrin and cadmium acetate has enabled the 

coloured amino acid spots to be estimated colorimetrically after 

elution from the paper chromatogram with methanol to an accuracy of 

.1- 10% (Heathoote and Washington 1967). 

The use of two-dimensional thin layer chromatography on 

cellulose supports (Ebathcote and Jones 1965, Spener and Dieckhoff 

1973) enables the time recd iced for resolution of mixtures to be 

reduced from 24 hours to about 8 haars. Paper chromatography has 

limitations due to (a) non-uniformity of pore size and fluid cells, 
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(b) absorptive effects, and (c) the requirement that for the best 

separations the components of the mixture should have a relatively 

high water partition. 	Thin layer chromatography enables a greater 

variety of support materials to be used and the particle size is more 

uniform, which means that the fluid cells are a similar size giving 

a more uniform velocity over the moving solvent front. Quantitative 

measurements using a photoelectric scanner have limited precision 

since self absorption effects, which vary with the depth of the spot 

can reduce the amount of light reaching the scanner. Generally 

elution of the spot and colorimetric measurement is more accurate. 

However, complications can arise due to less than 100A recovery from 

the adsorbent and also because extreme care is required to remove all 

the reacted material from the plate and to avoid interference by 

particles of adsorbent in the colorimetry. Kirchner (1973) has 

reviewed the errors involved in the quantitation of t.l.c. 

The preparation of amino acid derivates enables some 

improvements to be made in respAtion and sensitivity. Bartley and 

assey (1956) proposed the use of 1 -dimethylaminonaphthalene -5 - 

suIphonkt derivatives (dansyl) and Gros and Labouesse (1969) have 

reviewed the reaction conditions. The reaction takes 5-30 mins at 

a pH 9.5 and the separated derivates can be estimated fluorimetrioally 

at levels of 5-10n moles. Edman (1950) devised the coupling procedure 

with phenyl isothiocyanate now widely used for protein sequencing. 

The 3 -pheny1-2 -thiobydantoin (PTI) derivates of amino acids are 

formed by reaction at 37°C for 2-3 hours in ethanol. They can be 

separated on celite columns (Sjoquist 1955) or on paper (Sjoquist 

1960) and estimated by U.V. absorbance. 	However, there is partial 

destruction of serine and threonine during derivitisation which is a 
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disadvantage for the determination of proteins. More recently 

Matthews et al.(1975) have used high pressure liquid chromatography 

to separate the PTH derivatives on silica 401umns in about 40 min, 

with the exception of arginine and h&stidine which were not resolved. 

Free amino groups can be coupled with 1-fluoro 2,4 dinitrobenzene by 

stirring in alkaline solution for about 2 hours to give the 

dinitrophenyl (DNP) derivative (Sanger 1945). These DUP derivatives 

can be separated by partition chromatography on hydrated silica gel 

using a solvent gradient (e.g. Keener et al.1963) or by two-

dimensional separation on paper (Levy et al. 1954). Estimation by 

U.V. absorbance gives accuracies in the range + 4%. The recovery 

for different amino acids varies in the region 90-950. However, DNP 

amino acids are sensitive to light and direct sunlight on the 

preparations has to be avoided. Compared to the dansylation method 

dinitrophenylation is (a) less sensitive, (b) a slower procedure. 

Its main application remains the determination of available lysine 

(Carpenter and March 1961) as far as food analysis is concerned. 

2.1.2 Electrophoresis  

Some amino acids can be separated on cellulose filter paper by 

electrophoresis at a potential of a few hundred volts. Gross (1953) 

was one of the first to demonstrate that separations were much quicker 

at 10-20 kV and that resolution was sharper as the amount of time over 

which diffusion could occur was reduced. As diffusion is inversely 

proportional to molecular weight it is an advantage to use high voltage 

for the separation of amino acids and peptides. It is possible to 

separate up to six amino acid mixtures simultaneously on a filter paper 

strip 100 cm x 15 cm in 1-li hours using electrolytes such as formic 

aoidAcetic acid (Atfield and Morris 1961). In addition to the safety 

precautions which have to be taken during manipulation, several factors 
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can cause variation in separations There is a general increase in 

amino acid mobility with increase in temperature, the extent of which 

varies with each amino acid, so that the order of separation can be 

altered as well. Since considerable heat is generated the system for 

cooling the paper strip is an important feature of design. A typical 

system has a metal plate on each side of the paper with grooves 

through which water circulates. Variation in electrolyte composition 

and hence pH may effect the degree of ionization of amino acids and 

hence alter the order. Following separation, amino aoids are generally 

estimated by staining with ninhydrin reagent containing a oadium salt 

e.g. radium acetate (Blackburn and Lee 1963) and show up as red spots 

after 20 hours at room temperature or 60°C for 15 mins, although the 

higher temperature can cause inaccuracy due to breakdown of some amino 

acids. Direct estimation on the paper by means of a recording 

densitometer and integrator is useful for the rapid estimation of amino 

acids in a peptide hydrolyzate. However, elution of the colour is more 

accurate. High voltage electrophoresis combined with measurement using 

ninhydrin is capable of accuracy to within 50 for most amino acids 

(Blackburn 1968). An advantage is that several analyses can be 

performed simultaneously, but for nutritional work, compared with 

automated ion exchange chromatography, staining, colour development, 

elution and colorimetry are time consuming and labour intensive steps. 

Although analysis can be performed on 1)pg of amino acid, ion exchange 

chromatography is now sensitive. 

2.1.3 Microbiological assay  

Microbiological assays have been used for the estimation of 

amino acids for some years. Their particular advantages are that they 

use only simple equipment, can be adapted to routine aria lysis, and can 
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be fairly sensitive. The techniques used for amino acids developed 

from the use of microorganisms for the estimation of vitamins. Lacto-

bacilli have proved successful due to their rapid growth and high rate 

of acid production which reduces the pH quickly, safeguarding against 

contamination. The first most comprehensive guide to methods and 

techniques was that of Barton-Wight (1952). Since then Ford and his 

co-workers have developed the use of the proteolytic bacterium 

Otreptococcus zymogenes (Ford 1962, Henry and. Ford 1965) and a range of 

amino acids can be determined:- 

Lactobacilli; 	L.arabinosus leucine, isoleucine, 

valine tryptophan 

glutamic acid 

L.helveticus - serine, aspartic acid 

L.brevis 	glycine, proline 

Leuconostoc mesenteroides - lysine, phenylalanine, histidine, 

serine, glycine, proline, aspartic 

acid, methionine, cystine, glutamic 

acid, tyrosine, arginine, leucine, 

isoleucine, valine. 

Streptococcus faecalis 	lysine, histidine, arginine, threonine 

Streptococcus zymogenes - methiomine, leucine, isoleucine, 

valine, arginine, histidine, tryptophan, 

glutamic acid. 

The time period for incubation is from about 24 hours, if growth 

is estimated by optical density, to 72 hours if estimated by the 

titration of the lactic acid formed. However, assays by S.zymogenes 

generally require 48 hours incubation at least. The complete analysis 

of a food requires much manual effort although it is feasible to 

automate some of the operations, such as dispensing of the medium and 
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measurement of optical density (Berg and Behagel 1972). The main 

application is in the determination of some specific total and 

"available" amino acids. Bolinder (1968) has reported that multiple 

assays for lysine, methionine, cystine, threonine, tryptophan, tyrosine, 

arginine and histidine can be performed by placing the samples in cups 

punched out of a plate of agar containing assay medium and inoculum. 

lie:alaithe-that 300-400 assays can be performed by two people per week, 

with a coefficient of variation of + 8A. Collaborative analyses 

were carried out in about a dozen laboratories an a range of raw 

materials for animal feeds (Carpenter and Woodham 1974). S.zymogenes 

values for methionine ranged within + 2C$ to - Oro of values found by 

ion exchange after performic acid oxidation. Although larger amounts 

of material are rewired than in ion exchange chromatography, if an 

analysis of several amino acids is rewired, there is not normally a 

shortage of test material when a food is analysed. The limitations 

of the method arise from the necessity for continuous checks on 

consistency, specificity and interferences. 

1. The presence of both B- and L- forms of amino acids may cause 

enhancement or repression of growth. The precise requirement 

of the organism must be known and the appropriate pure 

standards used. 

2. Vitamins need to be present in excess in the medium to prevent 

effects from the food being analysed. Materials such as fish 

meals may add minerals which enhance growth. Other amino 

acids may give an added response e.g. hydroxylysine in meat 

and bone meal. 

3. An accurate knowledge is needed of the requirements of the 

test organism for nucleic acids and of the effect of fatty acids 

and other compounds which may be present in the hydrolysate. 
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2.1.4 Gas liquid chromatography  

Many derivatives have been prepared for the analysis of amino 

acids by gas liquid chromatography (g.l.o.) but only two approaches 

have met with any success. Gehrke and his colleagues (1968;1969) 

have performed rapid quantitative analyses using the N-trifluoroacetyl 
R 

amino acid n-butyl esters CF3  COGH CH--000 (C4E9) which give results 

comparable to ion exchange. However, the estimation of arginine, 

histidine, cystine and tryptophan can be difficult due to non-

quantitative derivative formation and low volatility. Darbre and 

Islam (1968) have separated 20 N-trifluoroacetyl methyl esters of amino 

acids on a single column. The disadvantages are that lysine formed 

two derivatives, arginine was difficult to derivatise and cystine and 

tyrosine may decompose. Gehrke et al. (1969) proposed that a separate 

trimethylsilylation (TMS) procedure was used for the analysis of 

arginine, histidine, cystine and tryptophan. Since then Gehrke and 

Takeda (1973) have tried a non-polar liquid phase for the separation 

of the N-trifluoroacetyl derivatives in a single run to avoid the 

decomposition of arginine, histidine and cystine derivatives that 

occurs in a polar phase. It was found that histidine could form the 

monoacyl or diacyl derivative depending whether it was present at a 

low or high concentration in the sample. Hader the optimum separation 

conditions methionine runs close to aspartate and lysine close to 

glutamate and tyrosine. This can be a disadvantage for foodstuff 

analyses since they can 'contain relatively large amounts of aspartate 

and glutamate which could overlap small quantities of methionine and 

lysine on the chromatogram. Mackenzie and TenaschUk (1974) managed 

to improve the separation a little by using the N-heptafluorobutyl 

isobutyl esters. 

Separation times of the order of 35 mins are possible for the 
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complete analysis of protein amino acids via their N-trimethylsily-

o-n-butyl ester derivatives; and the derivitisation time has been 

reduced to about 20 mins ,,Butter and- Darbreil.974) using the reagent 

bis (trimethylsily1) trifluoroacetamide. In their chromatograms, 

however, there were extraneous peaks disturbing the baseline, which 

were due possibly to incomplete esterification and hence the formation 

of the fully trimethylailylated amino acids. 

An advantage of g.l.c. is its high sensitivity. Levels of 

about 10 ng can be detected using flame ionisation detection.  

However* 	a nitrogen sensitive thermionic detector was 4-20 times 

more sensitive (Butler and Darbre 1974). Using a 63111 electron 

capture detector the NJTFA-n-butyl esters could be detected at levels 

of 1-50 pg (Zumwalt, Kuo and Gehrke 1971). 

For more than 10 years ga.e. has promised to become a useful 

method for routine amino acid analysis. Due mainly to the difficulties 

of derivitisation its promise has not entirely been fulfilled. The 

preparation time is about 30 mins and requires very preeise and skilled 

manipulation. The fact that Gehrke and his co-workers produced a flood 

of papers from 1968-73 trying a variety of techniques only emphasises 

the existence of these difficulties. There is a retirement for a 

simple preparative stage and recently (Makita et al. 1975) have 

proposed the preparation of the N-isobutyloxycarbonyl amino acid methyl 

esters, which are more stable to moisture than TM derivatives and are 

formed in 20-30 mins. This approach when combined with the use of 

mixed stationary phases (e.g. Darbre and Islam 1969) could be promising. 

A further approach is the use of specific sulphur detectors for cystine 

and methionine. 
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2.1.5 Ion exchange chromatography  

Liquid column chromatography has a further advantage over thin 

layer and paper chromatography as there is more control over flow 

rates and the column parameters can be varied to a greater extent. 

Ion exchange chromatography also has an advantage for the separation 

of amino acids in that with the use of an eluting buffer gradient it 

exhibit3considerable selectivity. It has become the method of choice 

for nutritional work due to its accuracy, specificity, ability to 

analyse for several amino acids simultaneously and to extensive 

automation. The earlier commercial analysers were based on the two 

column system of Moore, Spackman and Stein (1953). The development 

of a single column system for analysis has the advantage that only one 

sample is required for loading instead of two. Improvements in the 

ion exchange resin, gradient elution, analytical system and calculation 

of results have enabled the performance of amino acid analysis to 

match the requirements for nutritional work more closely, above all the 

speed to match g.l.c. without need for purification and d.erivatisation 

stages. 

Strongly acidic cation exchangers with sulphonic acid groups 

are the most successful for the separation of the nutritionally 

important amino acids. Weak acid cation exchangers with a carboxylic 

acid side chain are useful for the separation of strong bases but do 

not seiarate acidic and neutral amino acids very well partly due to 

the strong buffering action of the resin itself (Wall 1971). Strongly 

basic anion exchangers enable amino acids with strong acid groups to 

be separated but are not successful with most neutral and basic amino 

acids. They can, however, complement cation exchangers for the 

separation of amino acids with lower pKa values, but can exhibit 

instability in the presence of buffer gradients (Borner 1967) namely 



- 24- 

the release of amines from their quaternary ammonium groups. 

There are several trends in the relationship between elution 

time and structure of amino acids. An increase in elution time follows: 

(a) A decrease in the number of carboxyl groups or an increase in the 

number of amino groups in the side chain, i.e, an increase in pKa. 

(b) An increase in the number of carbon atoms in the side chain 

(giving an increase in the attraction for the non-polar hydro-

carbon part of the resin), and decreased branching of the side 

chain. 

(c) A decrease in the polarity of groups in the aide chain i.e. in the 

order -SO H, 

(d) Inclusion of an aromatic ring in the side chain. 

The use of an internal standard is essential to compensate in 

calculation for variations in colour yield between chromatograms due 

e.g. to variation in eluent flow rate. Although nor-leucine is 

commonly used, other compounds in food hydrolysates may overlap with 

it e.g. galactosamine. There have been several suggestions for other 

internal standards particularly for analyses of the basic amino acids. 

Bates (1971) compared L-V,aminol-guadinopropionic acid, homoarginine 

and 1-aminocaproic acid both before and after hydrolysis. 

E-aminocaproic gave recoveries close to 100A in both types of sample. 

Friedman et al. tested 8 derivatives of cysteine and penicillamine. 

One of the most suitable was S4-(4-pyridylethyl-L-cysteine) whilst 

Dennison (1971) suggested 2,4-diaminobutyric acid. 

2.2.  The development of an accelerated analysis system for amino acids 

2.2.1 The separation process  

When an amino acid ion is taken up by an ion exchange resin, 

the process can be summarised by the following steps. 
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1. Diffusion of the ion from the buffer to the resin. 

2. Diffusion of the ion through the resin to the active site. 

3. Reaction at the active site (sulphonic acid group). 

4. Diffusion of the displaced exchanging ion, usually sodium or 

lithium, back through the resin. 

5. Diffusion of this ion from the resin surface to the surrounding 

liquid. 

Step 3 is likely to be rapid due to the high degree of ionisation 

of the active site. Steps 4 and 5 are unlikely to be rate determining 

compared to 1 and 2 as in the buffers sodium ions are in excess over 

amino acids (200mM compared to 0.1MR). 

In order to improve the resolution of amino acids and the 

analysis time, consideration has to be given to the factors involved 

in the use of ion exchange resins. According to the theory in which a 

column is treated as a number of small plates, within each of which the 

solute concentration is considered uniform within the resin and the 

interstitial volume, the efficiency of separation for a column is 

defined by - 

height equivalent of a 	column length  
theoretical plate (BEEP) 	' 	number of theoretical plates 

The ERTP depends on two kinds of factors: 

(a) those due to the column design namely diameter, porosity and shape 

of the resin particles and the flow rate; 

(b) those due to the materials analyzed and the eluting buffers, namely 

diffusion coefficients in the mobile (buffer) and stationary (resin) 

phases and the kinetics of adsorption and desorption. 

Hamilton et al. (1960) derived equations to quantitate the 

factors upon which the resolution of peaks depended. They showed 

that equations for mass balance in the chromatography bed derived by 
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van Deemter et al. (1956) and for BEEP derived by Glueckauf (1955) 

were essentially the same. The factors which contribute to the BEEP 

can be summarised in the forms 

BEEP 	Ar 	particle geometry contribution 

+ Br2  V intra particle diffusion 
Ms 	 terms which describe the 

mass transfer resistance 
+ Cr2V diffusion through liquid 	to the movement of solute 

ML 	film surrounding particle ) 

+ 	longitudinal diffusion 
V 

A, B, C and D are coefficients which depend on the amino acid and the 

buffer. r is the resin particle radius, V is the linear flow velocity. 

Ms  and MI, are the diffusion coefficients of the solutes in the resin 

particle and interstitial liquid respectively. One of the main points 

emerging from this equation is that the contribution of the mass transfer 

terms to the BEEP (and hence to peak briadening) depends on the square 

of the particle radius. Since the diffusion coefficient in the liquid 

phase is small, about 1 x 10-5  cm see-2  according to Hamilton et al. 

(1960), the longitudinal diffusion term would appear to be small and 

would only become appreciable at very low flow rates. A reduction in 

particle radius decreases the resistance to mass transfer. Owing to 

the increased surface area and the smaller volume of free liquid 

between the particles, the amino acid molecules have greater 

accessibility to the active site. The importance of this in the liquid 

chromatography field is demonstrated by the trend in the use of smaller 

particles particularly in amino acid analysis where analysis times have 

been reduced as a consequence. 

Although increased pressure has been a significant factor in the 

improvement of ion exchange chromatography its effect is not very 

important. Guiochon's laboratory (Martin et al. 1974) has suggested 

that for column chromatography in general above 1000 p.s.i. large 
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increases in pressure can reduce the analysis time, whereas a 

reduction in particle size by a similar factor reduces the analysis 

time more. Furthermore such large increases in pressure above say 

'1000 p.s.i. lead to problems in columndesign and increased cost. 

Although in ion exchange some pressure is necessary to take advantage 

of small particles otherwise column length and dead volume would have 

to be too small to be practical. Hamilton noticed that in the range 

of resin bead diameters 20_8©i  which were available in 1960 the presence 

of a mixture of particle sizes tended to lead to higher pressures, due 

to the irregularity of packing. Since then bead sizes less than 29n 

have become available and the use of a narrow size range has improved 

resolution. The theoretical basis of this is difficult to quantify. 

However, irregularities in particle size can cause channe*ng due to 

variations in the fluid flow and the resistance in different regions of 

the bed and hence a larger contribution to the eddy dispersion term A 

in the above equation. The use of smaller more uniform bead sizes 

enables shorter colum to be used. This is because there is less 

interstitial buffer in a shorter column so there is less peak 

broadening due to diffusion in the mobile phase and hence more 

theoretical plates per unit length. However, this effect would be 

valid only up to the point where the resistance to diffusion within the 

resin bead became the dominant factor. 

Recently, the use of pellicular supports for liquid chroma-

tography has become popular. Kirkland (1969) devised a process by 

which the surface of silica beads was made porous so that a layer of 

ion exchange resin could be attached to it. This type of support gave 

better separations of nucleotides because the depth to which the 

molecules could penetrate was limited and therefore there was less 

mass transfer resistance compared to a solid ion exchange resin. 
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However, there appears to be little or no advantage in the use of 

surface layered supports for ion exchange on smaller particles i,e. 

192 or below. 	It might be expected that for such small sizes more 

of the active sites are accessible. The pore size in 00 cross-linked 

polystyrene resins is thought to be small, about 10-152 (Helfferich 

1962) which is just large enough to accommodate amino acid molecules 

the diameters of which are about 52., The sulphur content of a 

highly sulphonated resin, such as Zeo-Farb 225,  is 15% (Jacobs 1970), 

which corresponds to one suiphonic acid residue per benzene molecule. 

This gives the resin a high ion exchange capacity, about 53091eq/g, 

which is considerably higher than a surface layered resin. 

A practical limit to even finer particles and shorter columns 

is the design of a detector capable of handling small volumes of 

liquid. A reduction in column length means a similar reduction in flow 

rate. Although the sensitivity is increased it is necessary to reduce 

the detector volume and column to detector tubing which is difficult 

to achieve. However, some of these problems have been overcome in the 

design of the Chromaspek analyzer. 

The earlier commercial amino acid analysers, such as the 

Technicon NC-1, were capable of only one analysis per day. As the 

demand for analysis for nutritional programmes increased, the capacity 

of this system was soon exceeded. The analysis rate can be increased 

either by (a) the operation of several columns or (b) automatic sample 

loading. The former alternative entails a high cost and has limited 

potential for the development of more rapid analysis. 
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2.2.2 The preparation of high resolution ion exchange resins  

The preceding section shows that resin particle size is an 

important factor and that a relatively restricted range is necessary 

for optimum column performance. The cost of uniform size ion exchange 

resin is high especially for sizes up to 2p which are the most 

convenient for high speed chromatography. However, a broad size 

range was obtained (Zeo-Karb 225 beads, ey. 	Permutit Co.Ltd.) 

and fractionated by elutriation. Resin was separated by using an 

inverted cone shaped vessel with the sides straightened out for the 

top 10 cm (Fig.21). Water was pumped through a sinter (porosity 2) 

with a peristaltic pump (Watson-Marlow type MBRE). A flow velocity 

gradient is thus established with the maximum at the bottom and the 

minimum at the top. The minimum linear velocity V is given by 

(1)  
Volume input to the vessel ml/min  

V ow Volume of layer at the top of the'Vessel lcm in depth 
and located at the maximum internal diameter 

Resin particles with a uniform linear downward velocity V (Stokes)? 

V will remain below or at the level of maximum diameter, whilst those 

whose V (Stokes) is greater than V are carried up the vessel. If 

Stokes' Law is applied the velocity of a resin sphere is given by 

(2) V (Stokes) = 2 G(d,-d.2) x a2  
9n 

Combining equations 1 and 2 and rearranging: 

The input flow rate (ml/min) 
2 

TR (max) x V (Stokes) x 60 

= 13.3q, 71- R2  (max) (d1 - do) a2  



where 980 cm/sect 

n the viscosity of water 	0.00894 poise at 25°C 

d2 the density of water = 1.00 g/M1 at 25 °C 

di the wet density of the 	1.21 g/M1 
resin (Ek- form) 

a 	radius of resin particle 

R (max) the internal 	a 10 cm 
radius at the widest 
part of the vessel 

The separation is a three-stage process. 

(a) Approximately 200g of Zeo Karb 225 resin of.size range up to 

291 (or minus 400 mesh) is weighed out and made up into a slurry with 

800 ml distilled water. The slurry is poured into a litre measuring 

cylinder and allowed to settle for 6-8 hours. The fines and colloidal 

material are poured off and the sediment transferred to the elutriator 

for the second stage. 

(b) Before using the elutriator all air is pumped out from the space 

below the sinter and from the line connecting it to the peristaltic 

pump. Any air which subsequently enters the connecting tubing must be 

expelled at the debubbler so that it does not interfere with separation 

of the particles. Water is then pumped into the elutriator from a 101 

reservoir at a flow rate of 8 ml/min (using 1/8" i.d. thick-walled 

tygon tubing, the setting on the Watson-Marlow pump is 70). At this 

flow rate particles of less than 512 are expelled at the overflow. The 

flowrate is checked with the elutriator full and re-set if necessary. 

This is facilitated if an in-line flowmeter is used between the pump and 

elutriator. When the elutriator starts to overflow a porosity 4 s.g. 

filter is filled with water both above and below the sinter and 

connected to the inlet side of the pump in place of the reservoir. 
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Water pumped into the elutriator is thus recycled and resin collected 

on the sinter. When the upper two inches of the elutriator have 

cleared, then no more particles are being discharged. When about 400g 

of resin free of particles below 5? have been prepared in this way, in 

the final stage the material is separated into the sizes required for 

chromatography. 

(c) 	The elutriator is setup as before, and the flow rate is 

adjusted to discharge particles 9,p, the required value being read off 

from the calibration graph. These are collected in the recycling mode 

and form the 5-9p. fraction. The flow rate is further increased to 

obtain the fraction from 9-11,R (i.e. 10p 	1) which is generally used 

for chromatography. Further sizes are Obtained in the same way. 

The fractionated resin is then subjected to a cleaning procedure with 

6N nitric acid and 2N sodium hydroxide before being packed in the 

columns. 

The size of each fraction was checked from enlarged photo-

micrographs and was found to agree closely with the calculated size. 

2,2.3 Gradient elution  

2.2.3.1. Automatic programmer  

The pH gradient elution device on the NC-1 analyzer has to be 

filled with the correct buffer mixture prior to the chromatography of 

an amino acid mixture. The system described by Thomas (1970) was used 

to automate both sample loading and the buffer elution sequence and 

full construction details are given in his paper. It consists of an 

electronic programming unit and a modification to a Technicon automatic 

sampling module. Programmed elution using a step wise pH gradient is 

used on some analyzers (e.g. Etingshausen- et a1.1969). Its 
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disadvantage is that broadening of peaks occurs during each buffer step. 

Sample loader Two complete amino acid mixtures are analysed 

simultaneously each on an ion exchange column 40 cm x 0.6 am. 

Technicon high pressure minipump is used for each column and is 

connected by 0.034 in i.d. polythene tubing to a sampler probe made of 

a stainless steel hypodermic needle (2 in. 25 gauge). Both probes are 

fitted in the sampler arm. The sampler modification consists of a box 

attached to the top of the sampler which contains 3 cams in place of 

the standard timing cam. These cams operate micro switches connected 

to the column pumps. A voltage signal from the programme switches on a 

relay which turns on the sampler, which rotates the cams. The colVmn 

pumps are switched on in sequence to load a sample on each column. 

Programming unit The programming unit contains a photoelectric 

scanner and a power supply for 6 solenoid valves. A stepping motor 

drives a scanning head with 6 photoelectric cells at a speed of 2 in./hr. 

One photocell scans a white cylindrical drum which is rotated by a motor 

at 2 revs per minute. The other 5 photocells scan 4 light tracks. Boih 

the light tracks and the drUm are illuminated by 12" fluorescent tubes. 

Each photocell is connected to circuits which are designed to switch 

when the light intensity at the photocell alters. The alteration of 

light intensity is produced by blanking off the illuminated surface with 

Fablon• 

The solenoid valves are operated in 3 pairs so that when one of 

a pair is energised by a signal from the programming unit the other is 

de-energised. When energised each value acts as a clamp and exerts 

sufficient pressure to close a plastic tube. 
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Reagents  

Three stock sodium citrate buffers are used for gradient elution 

and are made up from Analar grade materials. 

Buffer I pH 2.20, 02K.Fet (238g sodium chloride. 210g citric acid, 

100m1 thiodiglycol, 20g phenol, 200m1 Brij 35, 20g disodium ETDA, 

19,700ml distilled deionised water). 

Buffer II j112 .20, 0.2M.Na4, is made up as for I, except that 2 1. of 

water are replaced by 2 1. Analar methanok. 

Buffer III pH 12.25, 0.4M Nat (238g sodium chloride, 210g citric acid, 

160g sodium hydroxide, 20g phenol, 200m1 Brij 35, 20g disodium EDTA, 

19,800ml deionised distilled water). 

Ninhydrin 200g in 101. methyl cellosolve, 51 4N sodium acetate buffer 

(330g anhydrous soi.acetate and 100m1 glacial acetic acid made up to 

1 1. with water) 5 1. deionised distilled water. 

Ridrazine sulphate  5.24g in 101.methyl cellosolve and 101. deionised 

distilled water. 

Oxygen free nitrogen is bubbled through both the ninhydrin and 

hydrazine sulphate solutions, which are allowed to stand overnight 

before use. 

Operation of the system  

shows the layout of the chromatographic and analytical 

system. For ease of handling the reagents are stored at floor level 

and pumped to bench level through the solenoid valves by a Technicon 

peristatic pump. The tubing is connected using standard auto analyzer 

fittings. Two tygon tubes (0.005in i.d. 0.030 in. wall thickness) 

from buffers I and II are passed through valve pair A. After the valve 

the two tubes are joined by a glass T-piece to give one acidic buffer 

stream. Valve pair A is thus used to select either one of buffers I 

and II. The acidic buffer and buffer III are passed through valve 
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pair B using tygon tubing which is then joined by a T-piece to a 

0.056 in. i.d. autoanalyzer pump tube (flow rate 1.20 ml/min). The 

other end of the pump tube is joined vi4, a connector containing a 

magnetic stirrer bar (Portex Ltd. M630/40) operated by a stirrer 

(Toyaseibakusho NB-16B), to the reservoir of the sampler module. In 

this way valve pair B regulates the proportion of acidic and basic 

buffers and is controlled by the photocell scanning the rotating drum. 

Ninhydrin solution and a 500 aqueous solution of methyl 

cellosolve are connected through valve pair C using 0.065 in. i.d. 

solvaflex tubing to a 0.090 in. i.d. (242 ml min) solvaflex pump tube. 

This enables a wash of 5C methyl cellosolve to be pumped through the 

autoanalyzer analytical system between chromatograms. Hydrazine 

sulphate solution is connected with solvaflex directly to a 0.056 in. 

i.d. (1.06 mlAttin) pump tube. 

The light tracks on the programming unit control the valve pairs 

A and C, the sample loader and the analysis time. The period for each 

of these operations is controlled by blanking off the tracks with black 

Fabian strips. The relative positions are shown in Fig.2.3. The pH 

gradient of the eluting buffer is controlled by scanning the rotating 

drum surface and the shape of the gradient is shown in Fig.2.5. This 

gradient is reproduced by cutting out the corresponding curve in black 

Fablon, which is secured to the drum. The drum rotates once every 30 sec. 

and as the scanning head moves along its axis the proportion of acidic 

and basic buffers is varied. The buffer is mixed by the magnetic 

stirrer.as it is pumped into the sampler reservoir. 

The ion exchange columns are packed with a slurry of 3 parts 

resin and 1 part buffer I. The slurry is poured into the column in 

sections and packed down using the high pressure pump. This is 

repeated with stirring until the resin bed is up to 0.5 in. below the 
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top of the column. Tie columns are thermostated at 6C0Cand the flow 

rate is 0.42 ml/Min giving a pressure of 350 p.s.i. Samples for 

analysis are made up in buffer I and placed in 2 ml cups in the sampler 

tray. The sample loader is set to load 0.6m1 of sample mixture for each 

chromatogram. 

13H and ionic gradient  

The gradient for the automatic programmer was developed 

empirically based on a known gradient which was matched by calculation 

of the proportions of acidic and basic buffer required to produce the 

pH curve. Refinements tottie gradient were made by one change at a time 

as a change in the early part of elution can affect also the separation 

of more basic amino acids. The gradient former was set to give an 

initial pH of 2.8 and increased by small steps to 3.5. Aspartic acid 

to alanine can be separated by maintaining pH 2.8 but peaks gradually 

broaden. At lower pH the acidic amino acids are delayed but there is 

better resolution of glucosamine from methionine and isoleucine. The 

pH changes for isoleucine to tyrosine and the basic amino acids are the 

most critical. The neutral amino acids are sharpened by producing a 

sharp rise to pH 4.8 for 7 min. This is followed by a rapid increase 

to pH 6.9 for 25 minutes and then a rapid rise to pH 12. A pH lower 

than 6.9 fails to separate the basics. The actual pH changes generated 

in the mixing chamber actually lay behind and smooth out the settings 

on the drum, as each buffer segment is mixed with the previous one. 

This avoids "shoulders" on the baseline of the chromatogram which can 

occur in stepwise elution. 

2.2.4 Design of the analytical system 

A gas segmentation of the analytical stream is essential for the 

best resolution and for fast chromatograms. Hrdina (1968) suggested 



Fig. 2.4( ) Chromatogram of hydrolysate of Puecerium 

graminearum 

(b) 'Chromatogram of amino acid standard mixture 
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that the minimum analysis time possible for complete separation of 

amino acids with a non-segmented stream was 3 hours. This is because 

it is necessary to reduce the response time of the colorimeter which can 

only be achieved by a reduction of wash out time in conjunction with the 

use of a segmented stream. 	In segmented systems peristaltio pumps 

are normally used with uniform bore tubing. If there is a variation of 

the flow rate in individual tubing over a period of time and the flow 

rate through the colorimeter flow cell is reduced, the peak area which 

is the integral of amino acid concentration with time, is reduced 

although the peak height may romain constant, thus causing an error in 

peak area integration. The larger bore tubes tend to be less 

consistent and it is better to use a combination of smaller tubes. 

Cooke and Stockwell (1971) suggested that tygon tubes and solvaflex 

tubes with internal diameters greater than 0.073 in. and 0.045 in. 

should be avoided. 

2.2.4.1. Detection of amino acids  

Ninhydrin still remains the most useful colorimetric method. 

Moore (1968) has suggested dimethyl sulphoxide as an alternative solvent 

to methyl cellosolve. Its advantages are a reduced toxicity hazard, 

less chance of peroxide formation and an improvement in the solubility 

of hydrindantin. However, it is more expensive. Also his reagent 

was made up using lithium acetate buffer instead of sodium acetate. 

Originally hydrindantin was added to the reagent. It is now usually 

generated in situ from ninhydrin using a reducing agent e.g. sodium 

cyanide (Thomas et al. 1967) or hydrazine sulphate. The latter has been 

preferred as it isless toxic. The analytical system was simplified by 

pumping the column effluent directly to the inlet of the heating bath 

where it is joined by the mixed ninhydrin/hydrazine sulphate stream. 
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This, eliminates the possibility of dispersion of the sample if it 

is passed through the manifold prior to reaction. Lamothe and 

McCormick (1973) proposed a mechanism for the role of hydrindantin 

which suggested that it was involved in the intermediate reactions 

resulting in the formation of "Ruhemannts purple" (diketohydrindylidene-

diketohydrindamine). This was used to explain the following facts: 

(a) in the absence of added hydrindantin there is an induction period 

in the reaction with amino acids and the reaction is not quantitative; 

(b) a large molar excess of ninhydrin and hydrindantin is required to 

drive the first step (reaction of an amino acid molecule with 

ninhydrin) which is the slowest step, to completion; (0) the colour 

yield for ammonia is lower than for amino acids as it takes part in 

a much slower reaction. Apparently proline and other amino acids do 

not require the presence of hydrindantin to produce a yellow complex 

with ninhydrin. Ellis and Prescott (1971) found that under these 

conditions the response of other amino acids was 10$ of normal so that 

interference from glutamic acid on the chromatogram was eliminated. 

The influence of pH on the ninhydrin reaction is critical. 

The measurement of pH of the ninhydrin reagent containing 50g, methyl 

cellosolve using a glass electrode has no meaning as such. Compared 

with aqueous buffers methyl cellosolve causes an upward drift of 0.5 pH 

unit in the meter reading. Lamothe and McCormick (1972) showed that in 

general for amino acids there was a direct relationship between the 

increase in ',K2 of the amino group and the optimum pH. The final pH 

reading of the reagent is adjusted to 6.3. Although it was found there 

was an increase in colour yield to pH 6.5, it was accompanied by an 

increase in the background colour. The absorption maximum at 410nm was 

also used for measurements and brought colour yields of amino and imino 
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acids to similar levels, although the overall sensitivity is about half 

that at 570nm (for amino acids). 

Recently attention has turned to more sensitive fluorometric 

methods of detection. Weigele et al. (1972a,b) found that ninhydrin, 

phenylacetaldehyde and primary amines produced fluorescent compounds 

and they later synthesised a fluorogenic reagent 4-phenylspiro Efuran-

2 (3H) ,11-phthalan] 3,31dioneOluorescaminS)which reacts to give the 

same fluorophors (excitation 3910nm, emission, 475nm). Peptides and 

amino acids could be differentiated by the greater fluorescent yield 

of peptides at a reaction pH of 7, whereas amino acids have their 

maximum at pH 9 (Wenfriend et al. 1972). A novel fluorometric method 

has been suggested by laetenberger et al. (1972). It is based upon 

condensation between pyridoxal and amino acids at pH 9 to produce 

Schiff bases, which when reduced by sodium borohydride give a fluorophore 

(excitation 332nm, emission 400nm), and is more sensitive than ninhydrin. 

When tritiated sodium borohydride is used and the radioactivity measured 

there is a further increase in sensitivity. The use of o-phthaladehyde 

proposed by Roth (1971) is easier for automated analysis since it is 

more soluble than fluorescamine, when mixed with the column effluent. 

In any case, for nutritional work, the sensitivity of the ninhydrin 

reagent is adequate. However, fluorometric methods might be useful 

for the analysis of small amounts of tissue in nutritional studies. 

2.2.5 Automation of data processing  

Several methods of automating the data processing of amino acid 

analysis have been published. Graham and Sheldriok (1965) described a 

program in KDF 9 Algol which processes a height and width of each peak 

obtained manually from the chart. Starbuck et al. (1967), Ozawa and 
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Tanaka (1968) and Gerding (1969) developed programs utilizing the data 

obtained by manual calculation or by an integrator. Data collectiom 

was further automated by Robins et al. (1966), who used a data logger 

linked to the chart recorder and processed the output tape by an 

Elliott 803 Algol program, and by Cavins and Friedman (1968) who 

recorded the photometer output an magnetic tape and further processed 

this using an integrator and an IBM 1130 computer. Exss et al. (1969) 

attempted to identify as well as quantitatively determine amino acids 

from the data produced by an integrator attached to a standard Technicon 

analyzer. Another system using the photocell output was proposed by 

Back et al. (1972). The critical points an the chromatogram such as 

peak start and end are detected by a curve fitting procedure. Spitz 

at al. (1972) developed a Fortran IV program for the Beckman 121 

analyzer. Recently Owen at al. (1974) described a data logger in 

which magnetic tape cassettes had been used. On-line computer systems 

are now available commercially with the Durrum and Chromaspek amino 

acid analyzers (also Thomas and Blanshard, 1974). 

In this work data collection was automated by means of a data 

logger since it offered a relatively simple yet accurate method. A 

flowchart was produced to define the steps necessary to process the data. 

A computer program was written from the flow chart. The Fortran IV 

language was used as an IBM computer was available and also it is 

specifically designed for the easier handling of calculations involving 

large amounts of data compared to other high-level computer languages. 

2.2.5,1. Data acquisition system  

The standard Technicon 3-point recorder was modified so that a 

voltage could be sampled by a data logger. The first stage is a digital 

voltmeter (Solartron Electronic Group Ltd.) which is basically a 
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voltage to frequency converter followed by a counter. This is linked 

to a fan out unit which converts the voltmeter output into binary coded 

decimal. The output is fed via a punch drive unit to a paper tape punch. 

A standard plate switch was added to the existing selector 

mechanism in the recorder. The switch has 24 outer and 16 inner contacts 

and was wired to operate on 2 of the 3 channels. A magnetic proximity 

switch was positioned on the multiple switching assembly of the recorder 

so that it is operated by the printing mechanism cam. The closure of 

the switch contacts is thus synchronised with printing a dot on the 

chart paper and hence with the selector switch operation. The input 

from the proximity switch is connected to the contact sample and common 

rail pins of the digital voltmeter. 

An additional 180 ohms slidewire was mounted adjacent to the 

existing one. This re-transmitting slidewire is supplied with 100 mV 

from a senor diode reference source via a potential divider circuit. 

Closure of the proximity switch initiates the punch out of data received 

via the contact arm of the re-transmitting elidewire. 

The data from .each chromatogram is identified in the following way. 

The polarity information from the digital voltmeter to the punch drive 

unit is replaced by the signals from the plate switch. A. supply of 

- 10 volts is taken from the power board of the punch drive to the inner 

ring of the plate switch. The first of each three contacts on the 

outer ring is connected to two transistors in series on the input gating 

circuit of the punch drive which feeds polarity information via relays 

to the tape punch (Fig.25). The punch-out is in Ascii II for mat, each 

value being separated by an end-of-record character i.e. carriage 

return (C): 

C + 09510 09730  4,  0952C - 0971C + 0950 	etc. 



( START ) 

FV9. 2.6. LOGICAL FLOW DIAGRAM 

NO 

COUNT AND 

CORRECT ANY 

M ISPUNCHES 

\ 

READ 

PREDATA 

Flow diagram continued 

WORK ON 

ARRAY A 

OUTPUT AN 

ERROR 
MESSAGE 

INITIALISE 

VARIABLES 

READ 

Z (1 I 

 /  

TRANSFORM (I) 

AND STORE IT 

IN ARRAY 

TRANSFORM 2(1) 

AND STORE IT 
IN ARRAY A 

READ 

Z (2) 

READ 

ANOTHER 

Z 12) 

ES 

ORE THA. 
14 POINTS 

STORED 

HAS 
Z(2) TNE 

AME A GESRAIC 
SIGN AS 

Z 

NO 

INCREMENT 

NO 
IS 

ERR :1 I 

YES 

NO 

STILL 
END OF 

CHROMATOGR 

YES 

READ 

ANOTHER 

Z I1) 

46. 

IS ZI2) 

e zero .Vt 
*ve 	

TRANSFORM MI to,   
	 AND STORE IT 

IN ARRAY A 

TRANSFORM ZI2) 

AND STORE IT 

IN ARRAY B 

DOES 
B CONTAIN 

200 VALUES 

DOES 
A CONTAIN 
2% VALUES 

zero 

DOES 

A CONTAIN 
295# VALUES 

ES 

OE 

A CONTAIN 

20A 

YES YES 

SMOOTH 

THE 

ARRAY 

TAKE 

DIFFERENCES OF 

ADJACENT VALUES 



YES 
INDIVIDUAL PEAK 

AREA CALCULATION 

FOR MULTI-PEAK 
GROUPS .  

AREA CALCULATION 

SEARCH FOR RET URN 
TO BASEL INE 

NO NO 

NO 

YES 	 YES 

CONTINUE 

PRINT OUT 
ERROR 
INDICATION. 

PRINT OUT 
ERROR 
MESSAGE. 

Flow diagram continued 

SEARCH FOR A 

PEAK START. 

TRY TO 
IDENTIFY ALL 
OTHER PEAKS, 

CALCULATE OTHER 

PARAMETERS FOR 

IDENTIFIED PEAKS. 

SET 
NOR-LEUCINE PEAK 
AREA =1 

PRINTOUT 
RESULTS. 

   

NO 

  

   

ARRAY A = 
ARRAY 8 



-41- 

2.2.5.2. Computer program'  (pig 2,4) 

The computer program is written in Fortran IV for use with an 

IBM 1130 computer having a 16K store. The object of the program is to 

. recognise the occurrence of peaks, calculate each peak area, identify 

each peak and calculate the percentage or otheriparameters of each 

amino acid. 

Predata is punched on 9 cards. Card No.1 contains a dilution 

factor. Cards 2-5 contain peak identifiers for each of the thirty 

amino acids in each analysis. These identifiers are obtained from the 

chromatogram, counting from the end of the wash period so that they are 

related to elution times. Cards 6-9 contain the standard colour factors 

for each amino acid. These are the ratios of the peak areas to the area 

of the internal standard (the nor-leucine peak) for a known mixture 

containing 10/ag/m1 of each amino acid. 

As the punched tape is read in the values are tested, and stored 

only if the absolute values are outside the range 1000+ 6 which is the 

indication of the methyl cellosolve wash period. The data to be stored 

are sorted into negative, zero and positive values. Zeros are ignored, 

otherwise each value is transformed by taking logarithms and multiplying 

by 10000.0. Finally, each value is converted to integer to save 

storage space and stored in one of two arrays depending upon its 

algebr6.10 sign. If two or more numbers have the same sign, all but the 

first are ignored. If this situation occurs more than ten times before 

cessation of data read-in, an error message is output and further 

calculation aborted. 

Data read-in is stopped in any one of three ways: 

(a) When at least one of the arrays is full; 

(b) When successive positive and negative values of 1000 oco 

more than 100 points have been stored..  

and 
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(c) When successive positive and negative values of 1000 occur and 

less than 100 points have been stored but only provided more 

than ten instances have occurred of adjacent numbers having 

the same sign. 

After the output the next section of tape is read in. If the 

first value outside the range 1000+ 6 is 9999 this is the indication 

that no more chromatograms are to be read and the program will return 

control to the computer operator. 

Each array is taken in turn and processed to the output stage. 

If the array contains seven or less points the following calculations 

are bypassed. 

Mispunches caused by equipment malfunction occur very infrequently 

but when they do occur are immediately obvious. Such values are replaced 

by the average of the values on either side. 

The points are taken seven at a time moving along one point each 

time. A curve of the form y = ax2  + bx + c is fitted to the seven points, 

where x is chosen to vary from -3 to +3 in steps of 1. An estimate of 

y (Y0) is made at x = 0 and it can be shown that this is given by the 

equation: 

Yo Y4  4. 2 (y3  + y5) + (y2 + y6) - 2(yi + y7) 
4.111•00 	OM. 

3 7 
	

7 	21 

The first of the seven points (y1) is replaced by Yo  and the 

procedure repeated with the next set of seven points. 

Differences are taken between adjacent points and stored in the 

difference array. The differences are converted back to floating point 

numbers by dividing by 10000.0. 

Successive differences are tested and a peak is assumed to start 
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when a zero or positive difference is followed. four places later by a 

difference equal to or greater than 0.0009, "  

i.e. 	DF (I) 	)/ 0.0 

and IT (1 + 4) V0.0009 

Once a peak start has been found the peak area calculation 

commences. This area includes the area below the baseline and is 

calculated using the Trapezium rule. 

i.e. AREA 	1 (FIRST' + UST) + INTERMEDIATES 
2 

(N.B. The horizontal increment is taken as 1.0) 

Area calculation continues until a peak end is encountered - see below. 

A peak is distinguished by two conditions both of which can occur 

only when a negative difference is followed immediately by a zero or 

positive difference. 

i.e. 	DF (I) 	4 0.0 	and 

PF (I + 1) 	0.0 

(a) Peak end distinguished by new peak start  

DF (I + 2) 	0.0 	and 

DF (1 + 3) 	0.0005 

(b) Peak end. distinguished by return to baseline  

either: 

DF (I+ 2) 	0.0 

DF (I + 3) ) 0.0 

or: 

DF (I + 2) > 0.0 	and 

0.0 ‘,DF (1 + 3) 0.0005 

Condition (a) Dooms when a new peak starts before the previous 

peak has returned to baseline. A note is made of the changeover point 

and area summation continues until condition (b) is encountered. 
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a return to baseline occurs the actual peak areas are 

lculated by subtracting the area under the baseline from the total 

area. In the case of a single peak this merely involves calculating 

the area of the trapezium formed by the peak start and end points. 

However, the calculation is more difficult for a multi-peak 

group. An estimate must be made of the baseline position within the 

group and allowance made for a fluctuating baseline. 

pip to 80 individual peaks can be accommodated. 

First, the array of peak identifiers is used to identify the 

noPleucine peak. If no suitable peak can be found, the nor-leucine 

peak area is assumed to be 1.0 and an error message to this effect is 

output. 

Next, each of the peaks is tested in turn. Those whose area is 

.:00.1100,, are ignored. The areas of the other peaks are then 

divided by the nor-leucine peak area. Each peak is identified, where 

possible, using the array of peak identifiers (see Fig.2:0 and the 

nor-leucine ratio is divided by the standard colour factor to give the 

percentage of the amino acid in the sample. This value is then 

multiplied by the appropriate factor to give the residue percent and 

percent amino nitrogen. 

For each peak the following details are printed out: Peak 

Number; Peak Start; Peak End; Area; Ratio (i.e. ratio of Peak Area 

to Nor-leucine Peak Area); Peak Name (where possible); Percent (of 

the amino acid in the original sample); Residue Percent; Percent 

Amino Nitrogen. (Fig.2.Z.) 



C.OLUMP1 	1 
M ISPUNCHES 

PEAK 	PEAK 
NO. 	START 

PEAK 
END 

AREA RATIO PEAK 
NAME 

PCT. RESIDUE 
P.CT. 	' 

PCT. 
AMINO 

..... N2 . 	.. 

COLUMN 	2 
MISPUNCHE5 

PEAK 	PEAK 
NO. 	START 

-NONE- 

PEAK 
END 

1 402 437 84/641 3.7465 ASP . 	4.3615 347727 0.4579 
2 438 463 4,`7805 2.1937 THR 2.3044 1.9564 0.2719 1 359 370 
3 464 502 610263 2.7655 SER 2.3436 1.9428 0.3117 2 571 386 
4 503 585 11'49638 5.4902 GLU 6.5830 5.7799 ai6253 3 397 43e 
5 646 679 644958 2.9809 GLY 1.9899 1.5123 0.3721 4 439 464 
6 680 736 11.4462 5.2526 ALA 3.4924 2.7869 0.5483 5 465 503 
7 737 742 0.1430 0.0656 6 504 577 
8 746 785 0.2437 0.1118 CYS 0.2025 0.1874 0.0237 7 649 679 
9 805 887 4.6912 2.1528 VAL 260502 1.7345 062460 8 680 758' 
10 888 903 0.1729 040793 9 807 893 
11 904 914 0.1449 0.0665 10 948 1070 
12 942 943 0.1272 0.0583 11 1071 1113 
13 944 980 2.8519 1.3087 MET 1.6800 1.4767 0.1579 12 1114 1156 
14 981 1056 647254 3.0863 GLVO ...3.6567 3.6567 042852 13 1157 1191 
15 1057 1071 0.3377 0.1549 14 1192 1225 
.16 1072 1112 367700 1.7301 ILE 1.8116 1.5634 0.1938 15 1226 1274 
17 1113 1154 6.4363 2.9536 LEU 3,1288 2.7002 0.3347 16 1275 1286 
18 1155 1189 2.1791 1.0000 NLE 1.0000 140000: 1.0000 17 1287 1295 
19 1190 1223 2.4580 1.1280 TYR 1.6183 1.4581 0.1246 18 1296 1343 
20 1224 1264 249899 1.3721 PHE 1.7546 1.5633 ". 	0.1491 19 1423 1437 
21 1294 1335 1.2844 0.5894 ABA 0.9662 087971 0.1314 20 1497 1508 
22 1336 1340 0,1468 0.0673 21 1509 1552 
23 1511 1553 2.4952 1.1450 HIS 1.4661 1,2960 0.3973 22 1553 1578 
24 1554 1579 0,2933 0.1345 ORN 0.1583 0.1368 0.0335 23 1579 1605 
25 1580 1607 6.6411 3.0476 LYS 3.2805 2.8770 0.6296 24 1606 1658 
26 1608 1659 11.7524 5.3932 NH3 5.9924 5.9924 4.9377 25 1659 1707 
27 1662 1731 2,4264 161134 ARG 1.4966 1.3424 0.4819 26 1708 1711 

27 1732 1761 
TOTALS 51.3386 45.5339 11.7145 

*Computer printout for two chromatograms. 

AREA RATIO PEAK PCT. RESIDUE PCT, 
NAME PCT. AMINO 

N2 

0,1111 060460 HYP 1.0975 0,9471 0.1174 
0.1240 0.0514 MS02 0.0444 040400 0.0034 
7.7086 341982 ASP 3.7231 342205 0.3909 
4.4067 148282 THR 1.9204 146304 0.2266 
5.5424 2.2995 SER 1.9487 1.6155 042591 
10.8505 4.5017 GLU 5.3977 4.7392 0.5127 
5.8420 2.4237 GLY 1.6180 1.2296 0.3025 
10,9615 4,5477 ALA 3.0237 2.4129 0,4747 
4.2112 147471 VAL 1.6639 1.4077 0.1996 
9.9116 4.1121 GLVO 4.8722 4.8722 0.3800 
3.6433 1.5115 ILE 1.5828 1.3659 0.1693 
6.2576 2.5962 LEU 2.7502 2.3734 0.2942 
2.4102 1.0000 NLE 1.0000 140000 1.0000 
2.5601 1.0621 TYR 1.5238 1.3730 0.1173 
3.2292 1.3397 PHE 1.7132 145265 0.1456 
0.1892 0.0784 
0.1822 040756 
1.4696 0.6097 ABA 0.9995 0.8246 0.1359 
0.1132 040469 
0.1651 0.0685 
2.6525 141005 HIS 1.4090 1.2456 043816 
0.4751 0,1971 ORN 0,2319 042003 0.0491 
549944 244870 LYS 246770 2.3478 045140 
14.6912 6.0952 N83 647724 6.7724 5.5805 
5.8648 2.4332 ARG 3,2704 2.9336 1.0530 
0.1405 0.0583 
0.2126 0.0882 

TOTALS 49,2410 44.0791 12.3085 

ri32.6„ 	(Continued). 
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2.3 Results and discussion  

The coefficients of variation for the elution times and nor-

leucine ratios of each amino acid are shown in Table2.1. The nor-

leucine ratio was calculated by dividing the amino acid peak area by 

the peak area of nor-leucine which was the inte 	 1 standard. Proline 

shows the largest variation in nor-leucine ratio as it is less sensitive 

to ninhydrin than the other amino acids and also the absorption is 

measured at 440nm compared to 57Crm in the case of the others. The 

variation in arginine is relatively high since the baseline varies at 

this point in the chromatogram. The peak elution times were measured 

from the time at which the sample is loaded to the mid-point of each 

peak. They are sufficiently consistent to enable the peaks to be 

identified by the computer. 

The time for the complete analysis of one sample and the 

regeneration of the ion exchange column is A- hours. During this time 

two samples are analyzed simultaneously so that 12 amino acid 

chromatograms are produced in 24 hotrs. The rate of consumption of 

buffers, and reagents for each analyzer is about the same as for the 

standard single column analyzer. This leads to a saving in the time 

required for making up solutions as well as for the operation of the 

analyzer. The buffer solutions for the pH gradient are simpler to make 

up. The three solutions give consistent pH's between batches and 

titration to adjust the pH is usually unnecessary. In the case of 

analyzers using the varigrad or step wise elution, about six buffers 

are usually rewired and each has to be titrated to the appropriate 

pH. 

Compared with stepwise elution the buffer gradient programmer 

improves the consistency of peak widths throughout the chromatogram. 
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This is turn enables systems for automatic integration of areas to be 

programmed with more precise values for the detection of peaks. A. 

further advantage is that alterations to the buffer gradient may be 

made easily and quickly. Ertingshausen et al. (1969) have described 

at automated two column step wise elution system which produces a 

chromatogram in 70 mins. However, cysteic acid is not detected by 

this method and 	-aminobutyric acid and the amino sugars overlap 

with tyrosine and phenylalanine, so that the system has limitations 

for the analysis of some foods such as egg and yeast protein. 

The sample loading system described has the advantage of 

simplicity over devices which load through the high pressure side of 

the pump. Diffusion of the amino acid mixture might be expected during 

its passage from the sample cup to the column. However, the capacity 

of the snall ion exchange beads at pB2 is probably large enough to 

concentrate the amino acids in a narrow band at the top of the resin. 

A disadvantage of loading at high pressure is that high precision 

engineering is required. Two types of system are available. One stores 

samples in loops of tubing which are brought in turn between the pump 

and the column. The other type employs cartridges of ion exchange resin 

on which the samples are loaded. The latter is used on the Pechnicon 

TSM analyzer and in practice careful control of the pH of the cartridge 

is required to avoid losses of acidic amino acids particularly,cysteic 

acid. 

The preparation of uniform size resin is another factor involved 

in the reduction of cost and simplification of analysis. In addition to 

the improvement in resolution the use of shorter columns helps to make 

the system more compact and when necessary the resin can be replaced 

quite cheaply. 
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Table 2.1. 

Reproducibility of 20 analyses of a standard mixture 
containing 10 )q/ml of each amino acid  

Amino acid Nor leucine ratio 

Mean 
 value 

mins• 

Elution time 

Mean 
value 

coefficient 
of variation 

% coefficient  
of variation 

Aspartic acid 0.834 1.4 39.1 0.4 

Threonine 0.949 1.6 44.6 0.5 

Serine 1.122 2.1 47.3 0.7 

Glut 	le acid. 0.759 2.2 55.7 1.1 

Proline(440 rem) 0.165 3.5 62.5 0.4 

Glyc ine 1.591 1.6 77.4 0.3 

Alanine 1.377 2.5 82.6 0.3 

Cystine 0.545 1.5 90.4 2.0 

Valine 1.020 2.1 96.7 0.7 

Methionine 0.792 2.1 105.3 0.8 

/Bo Leucine 0.963 1.5 114.2 0.3 

Leucine 0.913 1.5 119.7 0.3 

Nor Leucine 1.000 - 123.4 0.2 

Tyrosine 0.668 2.1 128.9 0.6 

Thenylalanine 0.766 2.1 134.6 0.2 

Hist idine 0.775 2.7 141.6 0.2 

Lysine 0.923 1.6 148.7 0.1 

Arginine 0.903 3.2 157.6 0.3 
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Chromatography with such high rates of output require systems 

which can automate the collection and calculation of data. The manual 

integration of chromatogram peak areas is tedious and becomes the 

limiting factor in the production of results. The use of a data 

logging system is a relatively simple solution where computer facilities 

are available. However, there are two alternatives: (a) on-line 

integration and data acquisition by a purpose-built on-line computer. 

Commercial on-line integrators are available which can cope with 

baseline variations monitored via a re-transmitting slide wire or a 

servopotentiometer. Although print-outs of peak areas can be obtained, 

tl*further calcUaation required can take several hours for 50-100 

chromatograms even with a programmable calculator. The mini-computer 

now offers a means of identification and calculation of amino acids. 

On the Chromaspek analyzer a Digico Micro 16V mini-computer is inter-

faced to the analyzer. The results are presented on a teleprinter as 

peak areas and in various concentration units.. 

Although the capital cost of the mini-computer and interface is 

about three times that of a data logger, its advantage is that it enables 

results to be obtained without a delay which is often the case with 

central computer facilities. Moreover, the handling of paper tape and 

other input media is avoided. However, the advantage of using central 

computer facilities is that statistical monitoring of standards and 

storage of completed data is possible without further manual interOihtion. 

A system for storage, selection and retrieval of amino acid, profiles 

is at present being added to the computer program described above 

(LRRC Report No.A392). 
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2.4 Conclusions  

The modifications described here have enabled the analysis rate 

to be increased and have reduced the tedium in the calculation of 

results. The additiOn of automatic sample loading pigs data 

acquisition adds 4C$ to the cost of a two channel amino acid analysis 

system, whereas commercially available systems of this type cost up to 

three times as much, without automatic calculation facilities. A more 

economic use of the existing equipment has been made and also there is 

a saving in operator time and cost per analysis. In addition the 

system is quite flexible. The amino acid analyzer is arranged in 

modules, which could be used for other autoanalyzer determinations. 

The programming unit can be reset by the a/teration of the positions of 

the blanking strips on the light tracks and by re-drawing the pH 

gradient curve on the rotating drum. Therefore it could be adapted 

for other column chromatographic analyses such as gel filtration. 
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3.1 Introduction  

3.1.1. The mechanism of ,protein hydrolysis  

The hydrolysis of proteins to amino acids involves the catalytic 

action of enzymes, Itions or Orions an the peptide bond. In the case 

of foodstuffs the hydrolytic agent may first have to penetrate cell 

wall material such as polysaccharides and lipids to reach the proteins. 

Usually, there is a complex mixture of proteins together with peptides, 

so that many different types and arrangements of peptide bond are 

present. Two effects can retard the hydrolysis of peptide bonds: 

electrostatic repulsion and steric hindrances. 

The approach of Itians to a peptide bond may be subject to 

electrostatic repOlsian by positively charged groups adjacent to the 

bond, e.g. the terminal (Z- ammonium group, the 6:- ammonium group of 

lysine, the imiUzolium group of histidine or the guanidinium group of 

arginine. Similarly Orions may be repelled by terminal or side chain 

carboxyl groups. Several studies on the kinetics of hydrolysis of 

simple peptides have demonstrated the retarding effect of the terminal 

OC - amino group on acid hydrolysis. Bammel and Glasstone (1954) 

determined the rates of hydrolysis of polyglycines and found that the 

specific rates of hydrolysis from 4 residues upwards increase almost 

linearly with the number of residues. Long (1963) showed that in 

leucylglycylleucine and related tripeptides the bonds that are 

farthest from the positive charge on the terminal cc  - amino group are 

hydrolysed most rapidly. 

Peptides with amino terminal valine, isoleucine and leucine have 

been shown to have very low relative hydrolysis rates. It has been 

suggested Synge 1945) that this is due to steric hindrance imposed by 

the side chain. The"rule of six" has been used to assess the stability 
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of peptide bonds toward hydrolysis. This rule has been stated:- 

"In reactions involving addition to an unsaturated function containing 

a double bond the greater the number of atoms in the 6 position the 

greater will be the steric effect." Whitfield (1963) applied the 

rule to several peptides, numbering the peptide:- 

5 C— C 6  6H He 

H C5 0 
I 

N. 	 C 	C 
3 	4 

Correlation of the rule with reaction rate data was shown with some 

dipeptides and polypeptides. The presence of heteroatoms in the side 

chain (i.e. OH, COOH, SE, SO,H) was found to accelerate the rate of 

hydrolysis of the peptide bonds they flank. The extent of such 

neighbouring group participation may be greatly modified by steric 

factors and is less for peptide bonds with higher 6 numbers. This may 

be due to a larger 6 number making it more difficult to remove the 

blocking group from the reaction path since rotation of one group 

results in rotation of another group into the path. 

3.1.2. A literature sure on hydrolysis techniques for the analysis  

of protein 

The first experiments on the acid hydrolysis of proteins were 

performed by Braconnot in 1820, who used concentrated sulphuric acid 

to hydrolyse gelatint muscle fibres and wool. Since then workers have 

used a variety of hydrolytic reagents to partially hydrolyse proteins 

in order to study their amino acid sequences. Examples are provided by 

the publications of Vickery and Osborne (1928), Synge (1943), Sanger ,  

(1952), Leach (1953), Desnuelle (1953), Thompson (1960), Greenstein and 

H 4 C i0 
I 	I 	II 
N 	C 	C 

3 	2 
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Winitz (1961), Light and. Smith (1963) and Hill (1965). Acid hydrolysis 

is most generally used for analysis of total amino acids because it 

leads to complete hydrolysis with the least destruction. Sulphuric 

was used in some of the earlier investigations on protein structure by 

Osborne and Clapp (1907) and. Vickery (1922). At the present time the 

hydrolytic reagent most generally employed is 6N -B01. 

There are a numner of factors which can cause the amino acid 

composition to differ from that of the protein from which it is derived. 

Amino acids differ in the ease with which they are liberated from 

peptides during hydrolysis. Synge (1944; 1945) and Christensen (1943; 

1944) showed that in a series of dipeptides the resistance to hydrolysis 

with 10N BC1 at 37°C is greatly increased when the carboxyl groups of 

valine and leucine are involved. Isoleucine and valine were found to 

be liberated more slowly than the other amino acids during the hydrolysis 

of insulin and model peptides. This was demonstrated for a range of 

BCI concentrations from 0.8N to 10N by Lawrence and Moore (1951), 

Harfenist (1953), Hirohata (1953), Smith and Stockell (1954): Harris, 

Cole and. Pon (1956) and Long and Lillycrop (1963). The optimum time 

of hydrolysis for complete liberation of these amino acids depends on 

the nature of the linkage in each particular protein. Generally 

maximum yields have been obtained after refluxing with 6N-Hi for 70h 

both for pure proteins e.g. Smith et al. (1955), Wilcox (1957) and 

Mahowald, Noltmann and. Kuby (1962), and for cereals e.g. Kohler and 

Palter (1967) and Tkachuk and Irvine (1969). 

Another factor which has to be taken into account is the 

destruction of amino acids on hydrolysis. Extensive losses of glutamine 

asparagine and tryptophan occur on acid hydrolysis. Rees (1946) 

showed that glutamine is converted quantitatively to glutamic acid 
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and asparagine to aspartic acid. Tryptophan in proteins is destroyed 

by acid although considerable amounts can be determined if oxygen is 

rigidly excluded (Noltmann, 1962) and by hydrolysis with hydrochloric 

acid in quartz vessels in the absence of heavy metals (Hill, 1965). 

Tryptophan is not destroyed extensively when heated at 100-125°C in 

6-7N HC1 or H2 SO4 in vacuo but degradation occurs in the presence of 

oxygen, cystine, serine and heavy metals (Olcott and Fraenkel-Conrat, 

1947; Canfield, 	_1965a, b). 

Other amino acids are destroyed to a lesser extent as demonstrated 

by decreasing yields with increasing hydrolysis time. ReeS (1946) 

showed that threonine and serine are progressivi1y destroyed when 

hydrolysed alone and in proteins. There is no general agreement on the 

rate of destruction. The degradation of threonirie and serine was found 

to followfirst order kinetics in amino acid mixtures (Firs, Stein and 

Moore, 1954) but in proteins it differs from one to another, e.g. 

carboxypeptidase,(Smith and Stockell, 195,4 cC-amylase, (Stein, Junge 

and Fisher, 1964-galactosidase,(Nallenfals and iron, 1964 

Chibnall and his group (1953, 1958) encountered quite high losses when 

hydrolysing with about 10 volumes of 6N hydrochloric acid. 

Extensive destruction of cystine and cysteine occurs in acid 

hydrolysis - especially when carbohydrate is present as in cereals 

(Miller and Palter, 1967; Tkachuk and Irvine 1969). In order to avoid 

losses Moore and his co-workers suggested that cystine was determined 

as cysteic acid in the oxidised protein (Schram et al. 1954; Moore, 

1965). During the hydrolysis of proteins containing a large peroentage 

of tryptophan, such as lysozyme, an appreciable amount of cystine may 

be converted to cysteine (Canfield,1963). In sane proteins e.g. wool, 

cystine may be partly converted to tri- and tetrasulphides (Fletcher 
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and Robson, 1963a, b). Tyrosine is susceptible to oxidation by 

traces of residual oxidising agents during hydrolysis and some is 

converted to chloro derivatives (Shepherd, 1956; Hirs et al., 1956; 

?punier, 1958; Light and Smith, 1962; Sanger and Thompson,1963). 

Alkaline hydrolysis of proteins is of limited use since 

extensive decompoSition of some amino acids occurs. It is usually 

employed in the determination of tryptophan in foods, where the 

diredt spectrophotometric methods used for pure proteins are not 

applicable. Miller in his study on food proteins (1967) preferred 

barium hydroxide to sodium hydroxide because a greater rate of 

hydrolysis could be obtained. Robel (1967) pointed out that the 

removal of the barium after hydrolysis can cause variable losses of 

tryptophan. The presence of air in the reaction mixture also causes 

erratic recoveries of free tryptophan (Slump and Schreuder, 1969; 

Knox et al., 1970). 

Enzymes have been used to avoid hydrolytic losses of amino 

acids in studies on pure proteins by Hill and Schmidt (1962) and by 

Tower et al. (1962). However, they cannot replace acids as those amino 

acids that are liberated from peptide linkage without destruction can 

be more accurately determined using acid hydrolysis. In addition, 

their application to crude proteins is limited. More recently Bennett 

and co-workers (1971, 1972) have suggested the use of solid enzymes. 

Some peptides and S-aminoethylated proteins were hydrolysed completely 

by a mixture of trypsin, chymotrypsin, prolidase and aminopeptidase-M. 

3.2 Hydrolysis with existing techniques  

The reagent most generally employed for acid hydrolysis is 

hydrochloric acid. In the procedures that have been reported the 
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concentration used ranges from 5.5 to 6N and the hydrolysis time from 

16 to 24 hours. Hydrolysis of pure pioteins is usually performed in 

sealed tubes, and crude proteins are hydrolysed either in sealed tubes 

or under reflux. 

Materials and methods  

Typical procedures used in this study were as follows:- 

Reflux method 	100 mg of sample were refluxed with 100 ml 

6N EC1 (Analar) which had been distilled in all glass apparatus. The 

hydrolysis flask was immersed in an oil bath so that the liquid level 

was just above the oil level. The bath temperature was set at 137 + 

2°C and 02 - free nitrogen was bubbled through the liquid continuously. 

Normally 8 hydrolysates were performed at once using a manifold of glass 

tubing to supply the nitrogen. A lifting device was used to remove the 

flasks from the oil. At the completion of hydrolysis the hydrolysate 

was filtered through a G4 sintered glass filter, washing with 250 ml 

distilled water. 5 ml of nor-leucine (200 mg/M1) were added as internal 

standard and the hydrolysate was made up to 500 ml. 25 ml was 

evaporated on a rotary evaporator at 40°C and the residue was dissolved 

in 5 or 10 ml 0.1N 11,01 depending on whether the protein content vabless 

than or greater than 25%. 

Sealed tube method (Fig:35.1) 20 mg of sample were weighed in 

a pyrex tube with a socket joint (18/0. 20 ml of 6N acid were added 

and a stopcock with a ball joint fitted with a Viton 0 ring was clamped 

to the tube. The contents of the tube were frozen in cardice/Mcetone, 

evacuated through the stopcock and allowed to thaw slightly to release 

trapped air. Thawing and re-freezing mere repeated until air had been 

eliminated. The stopcock was closed and the tubes placed in an oven 

at 108°C + 1°. The hydrolysate was then treated as above. 
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Time course experiments  

To determine the rate of hydrolysis, the reflux method was used. 

2 ml of the hydrolysate was withdrawn at the specified time, mixed with 

20)pg nor-leucine and rotary evaporated at 57qC. The dry residue was 

dissolved in 2 ml 0.1N B01 for chromatography. 

Results and discussion  

Figures 5,213.3 show the effect of acid concentration and time 

on the hydrolysis of a sample of casein used in feeding trials (4 

14.67, % 	2.70). Concentrations less than 6N give appreciably lower 

yields of amino acids, and from 24 hours onwards 12N gives little 

improvement over 6N but causes the breakdown of more cystine and 

methionine. As expected, valine, isoleucine and leucine are still 

increasing at 48 hours. 

Sealed tube techniques, while giving similar results, are 

limited for nutritional work on crude proteins owing to the small 

sample size used. The re-usable sealed tube described simplifies and 

speeds up evacuation and opening of the tube. However, the procedure 

is still lengthy since it is necessary to remove all traces of dissolved 

air in the B01. If the tube is not well evacuated (down to 690 

appreciable amounts of cysteic acid, methionine sulphoxide and chloro-

tyrosine may be formed by oxidation. tinder reflux, the hydrolysate is 

degassed continuously and kept in an inert atmosphere. Larger amounts 

of sample can be used whilst maintaining the acid to sample ratio at 

about 1000:1. Small ratios increase the humin concentration and cause 

variable losses of threonine, serine and cystine, as Chibnall and his 

group reported in 1953 and 1958. 

The time course  graphs in the Figures show trends similar to 
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those mentioned in the introduction. Data are shown for casein and 

Fusarium gTaminearum (FG). (Figs.3.3,and 3.4 and Appendix I) 

3.3 Hydrolysis with alternative reagents  

The effectivenessef the catalytic effects of acids and bases 

on hydrolysis must depend largely on their tendency to respectively 

release or accept protons. Therefore, the relative strengths of acids 

and bases should give an indication of their efficiency. pKa values 

in aqueous solution show the relative strengths of many acids and bases, 

but, the strongest acids and bases all appear of approximately the same 

strength i.e. water appears to exert a levelling effect upon strength. 

Table 3.l  
Acid 

B010' 4 	 highly negative 

1401 

 

-7 

HNO3 	 negative 

H2SO4 	 negative 

C013COOH 	0.70 

C6B5S03H 	0.70 

H3PO4 	 2.12 

OH "2) 	 >36 

However, in sufficiently concentrated aqueous solution, some indication 

of strengths was determined by studies on the catalysis of inversion of 

sucrose carried out by Hantzsch and. Weissberger (1927) where from 1-4N 

the efficiency was Bc104> HBr> EC1> BN03> CC15000H. 
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The criteria which can be used in assessing a reagent for protein 

hydrolysis are; 

(a) the release of OC  -amino groups determined by trinitro-

benzene sulphonic acid 

(b) the destruction of amino acids determined by the recovery 

from pure mixtures. 

3.3.1. Sulphuric acid  

Materials and methods  

The same casein sample was used as previously together with a 

standard batch of Fusarium graminearum. Sulphuric acid (Analar ) 24N 

(639.7 m1/1) and 16N (426.4 ml/l) were diluted appropriately. The 

densities were checked:- 

6N 	294.6 g/1 	(Theoretical 294.2) 

	

12N 588.9 	588.5 

	

16N 781.0 	784.6 

20 mg casein was hydrolysed with 20 ml 142SO4  in screw top 

bottles with butyl rubber seals in an oven at 108°C. The hydrolysates 

were diluted with water, neutralised to p17 with ION NaOH, made up to 

500 ml and0C -amino nitrogen was determined using trinitrobenzene 

sulphonic acid TNBS (See Section 3.10). 

Samples for amino acid analysis were hydrolysed under reflux 

on an oil bath. Two procedures were used for removal of acid: - 

(a) 4. 5017A slurry of washed Zeo-Earb 225 (17) Ht form) was made with 

0.IN 1301. 1 ml was added to 1 ml of hydrolysate, diluted 5 times with 

distilled water and shaken for 30 minutes. The supernatant was discarded, 

the resin re-suspended in 1 ml 0.1N HCl 4 times and finally applied 

directly to the column;, 

(b) The resin was in a 8 x 0.6 cm column. 1 ml of hydrolysate was 

loaded. 5 ml of water was pumped through, followed by 20 ml 2N 
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triethylamine. The effluent was evaporated on a rotary evaporator 

twice with addition of 10 ml water and the residue was dissolved in 

0.1N BCI. 

Results  

Preliminary hydrolysis  

The relative amounts of amino acids, released are shown in 

Figs+30,3.4.The highest yields are given by several combinations of 

acid strength and time. 

Hydrolysis with high sample, concentrations  

Recoveries of neutral and basic amino acids from H..4404  solutions 

using procedures (a) and (b) were 90-95%. However, more variable results 

were obtained for acidkamino acids. Losses of cystine also occurred. 

The amount of sample was adjusted for each acid strength to give 

a concentration of 200)mg/61 on dilution to 0.1N. Each hydrolysate 

could therefore be analysed directly. 

12N Baag4  

Amino acid release was determined over the period from 8-24 hours. 

Most, gave peak values from 12-16 hours. The following are comparisons 

with the maximmm values from 6N BO1 hydrolysis of casein: 

asp, glu, pro, ala, his were lower 

thr, ser, cyst  met, tyr, phe, lye, arg were higher 

gly, val, ile, leu no difference within experimental 

variation 

Recoveries from pure mixtures up to 12 hours were 90-10* except 
for cys and trp (lower) and his (higher). Destruction of all amino acids 

became pronounced between 12 and 16 hours. 

26E10E4 
Most amino acids had reached maxima by 8 hours except val. Tyr 
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Table 3.2  

% Recoveries of amino acids from the 
'hydrolysis' of pure mixtures  

Amino acid 
With 16N 112804 
for 8 hours 

With 12N B2804  
for 12 hours 

Aspartic acid (asp) 98.3 102.8 

Threonine (thr) 95.9 97.1 

Serine (ser) 95.2  94.7 

Glutamic acid (glu) 98.1 90.2 

Praline (pro) 98.0 100.7 

Glycine (gly) 100.5 94.7 

Alanine (ala) 100.2 96.3 

Cystine,(cys) 94.6  87.2 

Valipe (val) 100.1 99.2 

Methionine (met) 96.3 92.5 
(Methionine sulphoxide 2.4) 

Iso leucine (ile) 99.7 98.7 

Leucine (leu) 98.0 97.9 

Tyrosine (tyr) 82.5 91.7 

Phenylalanine (phe) 96.0 90,0 

Histidine (his) 113.5 107.5 

Tryptophan (trp) 6.6 29.1 

Lysine (lys) 101.0 95.5 

Arginine (arg) 96.2 96.9 
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and phe 	j particularly in PG. Apart from his, tyr)  

trp recoveries of amino acids from pure mixtures were in the range of 

95 to 1o10. (See Table3a) The recoveries of his. above Noy; are 

likely due to overlapping with a breakdown product of trp during 

chromatography. 

24N 11280 

Over the same period as 16N 112504  there were higher values for 

asp, glyl  val, ile and leu but much lower values for cys, met and tyr. 

Effect of dialysis  

When FG was dialysed against 51 distilled water or 0.0IM EDI'A at 

40C, recoveries by 16N 112804  hydrolysis were improved for ser, tyr, phe 

and lys. 

Effect of addition of ion exchange resin  

1 g of Zeo-Earb 225 was added to a 16N II2SO4 hydrolysis of:p,.G. 

Higher yields of asp, ile and hiaoccurred after 2-4 hours, but there 

was no overall improvement in yield after 8 hours: 

Summary  

There is fairly good consistency between various conditions of 

112804. Values tend to be lower in 14004 than in EC1 and the closest 

agreement is obtained with 12N from 16-24 hours. 

3.3:2 Sodium hydroxide  

The most reliable determinations of trp have so far been obtained 

using alkaline hydrolysis. This method was therefore investigated for 

estimation of the nutritionally important amino acids. The indispensable 

amino acids are ile, leu, lye, phe, tyr, cys, met, thr, trp, val and 

possibly his. In addition, for poultry arg and gly are essential, and 

for pigs some arg is required. The following shows the limiting amino 
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acids for some foods based on the FLO recommendations of the amino acid 

pattern of whole egg. The table indicates that trp, lys and the sulphur 

amino acids are the ones most often limiting. 

Limiting amino acid 
Food 	"egg pattern"  

Egg albumen 	trp 

Cow's milk 	oat + eye 

Casein 	 met + cys 

Beef 	 met + eye 

Fish 	 trp 

Oats 	 lye 

White flour 	 lys 

Wheat germ 	met + cys 

5 g casein was hydrolysed with 25 ml Neal in 50 ml polypropylene 

tubes in an autoclave at 15 p.s.i. (12100). 1 ml of hydrolysate was 

diluted to 100 ml with addition of BD1 to bring the pH to 1.5 and the 

sample was then loaded directly. Variation with concentration and time 

was tested from 1- 10N and 1-10 hours. 

NaOH concentration in the range 1 to 1011 for 1-10 hours gave low 

recoveries from casein for all amino acids except trp. Therefore 

hydrolysis with 6N and 8N NaOH was extended to 48 hours. Recovery 

experiments on pure amino acid mixtures showed that losses of asp, thr, 

ser and cys were complete. After 16 hours there were low recoveries of 

arg (390 his (41g) phe (72%) and met (72%). Gly and ala were produced 

from ser and thr respectively. OC -aminobutyric acid was formed from 

thr, and ornithine from arginine. Recoveries of 85-9C% were obtained 

for lys, tyr and glu, and 95-100$ for pro, val, leu, trp and ile (when 

the alloisoleucine and isoleucine peaks were added). 
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Table 3.3  

  

 

Amino acid analysis of casein  

 

Amino acid  Values taken from time 
course  graphs 	an ino 

acid residue 

 

F .A . O. values  

     

Aspartic acid 	6.96 plateau 	 - 6.67 

Threonine 	4.50 maximum 	4.36 

Serine 	5.13 maximum 	5.65 

Glutamic acid 	19.58 maximum 	20.622 

PrOline 	7.63 plateau 	10.83 

Glycine 	1.86 plateau 	1.85 

Alanine 	2.91 plateau 	2.88 

Cystine 	0.48 performic acid 	0.34 
oxidation 

Valine 	5.96 plateau 	6.31 

Methionine 	 2.90 maximum 	 2.61 

Iso Leucine 	5.61 plateau 	5.06 

Leucine 	9.30 plateau 	8.90 

Tyrosine 	5.91 maximum 	5.45 

Phenylalanine 	5.68 maximum 	4.90 

Histidine 	2.93 plateau 	2.73 

Lysine 	 8.58 maximum 	 7.60 

Arginine 	4.17 plateau 	3.50 

Total: 	100.09 	100.26 

Footnote: Values were read from the graphs taking the maximum values 
or the plateau of the curve as indicated. 

/ 'Amino ac id - c ontent of foods' 1  F.& .0. Nutritional Studies No .24 , 
Rome (1970). 
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3.3.3. hydrolysis with 13-toluene sulphonic acid 	+ 

Liv and Chang (1971) reported that hydrolysis of pure proteins 

with p-toluene sulphaaic acid did not destroy trp. This method was 

tested with three protein materials: egg white lysozyme (3 

crystallised) casein and FG. 

20 mg protein were hydrolysed with 5 ml 3N p.t.s. containing 

0.2% 342-amino) ethyl indole in a re-usable sealed tube at 108°C. 

10 ml 1.0N NaOH was added to the hydrolysate which was then diluted to 

25 ml and filtered through glass fibre paper. 

Results 

For lysozyme there was fairly close agreement with the 6N L1 

values. Trp was higher than with 6N BC10  but lower than with NaOH. 

For casein and F.G. cys and met were lower than with 6N B01 and there was 

a low recovery of trp iny G. This appears to confirm the previous 

evidence that the technique can be useful for the determination of amino 

acids including trp in pure proteins but is not as effective with crude 

proteins in the presence of carbohydrate. Other sulphanic acids have 

been inveetigated.(See under the section on tryptophan analysis.) An 

advantage over 	is that no evaporation step is required prior to 

analysis. A disadvantage is that for routine analysis the reagent is 

about ten times more expensive than IE1. 

3.3.4 Hydrolysis with uerchloric acid  

With casein 10104  gave higher recoveries than BC1 over a slightly 

shorter period for ala, val and his. However, there was complete 

destruction of cys and oxidation of met occurred. Recoveries of other 

amino acids were low. An increase of strength from 6 to 8N destroyed 
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methionine sulphoxide and tyr and caused a further decrease in 

recoveries. Therefore the oxidising properties of H3104 overrule its s  

use for hydrolysis. 

3.4 The estimation of amino acids by chemical modification of proteins 

3.4.1. Alternative methods for the determination of cystine  

The direct determination of cystine and cysteine in protein by 

acid hydrolysis is not always applicable to foodstuffs. Cysteine is 

subject to oxidation to cystine during acid hydrolysis and exposure of 

the hydrolysate to air. During hydrolysis of proteins containing a 

large percentage of tryptophan an appreciable amount of cystine may be 

converted to cysteiner(Olcott and Frankel-Conrat, 1947). The 

racemisation of cystine to DL- and meso-cystine has been reported to 

occur on hydrolysis of proteins (Hirs et al., 1954) which gives an 

asymmetrical peak for cystine due to the overlap of the components. 

However, this has not been observed on hydrolysates performed here, and 

furthermore integration of peaks by the Trapezium rule allows for 

asymmetry. Cystine has been reported to be unstable on acid hydrolysis 

particularly in the presence of carbohydrates. Recoveries of cystine 

in cereals and oilseed meals were generally higher when estimated as 

cysteic acid (Tkaohuk and Irvine, 1969). 

3.4.1.1. Determination as cysteic acid  

Schram et al. overcame these inaccuracies by prior oxidation of 

the cystine and cysteine residues to cysteic acid which is stable in 

acid solution (Schram et al., 1954). Moore and Stein suggested that the 

conditions most suitable for oxidation of a protein should be determined 

in each individual case if possible (Moore and Stein, 1963). Generally 
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a ten-fold excess of reagent over the quantity theoretically required 

is used. The excess reagent can be removed by dilution with water and 

freeze drying. Alternatively, 4 HBr can be added and the material 

evaporated under reduced pressure at 30°C to remove the bromine that is 

produced (Moore, 1963). Methionine is converted to the sulphone which 

can be estimated.. However, the accuracy is more likely to be decreased 

by over-oxidation than is eystine. Quantitative conversion to cysteic 

acid is not achieved and the maximum recovery is 95%, so that a 

correction factor has to be applied. Interference in chromatography 

can be caused by the presence of serine-o-phosphate and serine-o-

sulphate which is thought to be formed on hydrolysis in the presence of 

inorganic sulphate (moore,1963). Another disadvantage of the method is 

the destruction of other amino acids, since the reagent is a very 

powerful oxidising agent. The indole ring of tryptophan is opened to 

form products such as N-formylkynurenine. Most of the tyrosine 

residues are also destroyed. 

Method 

Perfarmic acid was prepared by adding 10 ml 3( hydrogen peroxide 

to 80 ml lopA formic acid. The mixture was allowed to stand at room 

temperature for 1 hr. and was then cooled to oolo. 5 ml of performie 

acid solution was added to 10 mg of sample. After standing overnight 

at 0°C the mixture was diluted ten times with water and freeze-dried. 

The freeze-dried material was then hydrolysed with 6N H01 under reflux 

by the normal method. 

3.4.1.2. Determination as B-A-(4-wridylethyl) cysteine (PEC) 

Protein - SH groups react with 4-vinyl pyridine to produce a 

derivative which is stable to acid hydrolysis (Caving and Friedman, 

(1970). It is reported that other amino acids are not modified and the 
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method can be used for cereal proteins and seed meals (Friedman et al., 

1970). 

Method 

1 g of the protein was dissolved by stirring in 100 ml of 8M 

urea, pH 7.5, Tris buffer. 1 ml mercaptoethanol was added under nil o?gen 

and the mixture was stirred for 16 hours at room temperature by bubbling 

nitrogen through continuously. The free -SR groups were then reacted 

with 4-vinyl pyridine. For casein 1.5 ml was added and the solution was 

stirred for 2 hours. For food materials 4.5 ml was used and the 

suspension was stirred for 4.5 hours. The solution was then neutralised 

to pH3 with ,glacial acetic acid, dialysed against 0.01N acetic acid for 

72 hours and freeze-dried. 100 mg of the reduced-alkylated protein was 

hydrolysed with 100 ml 6N H01 using the normal procedure. 

The pyridyl ethylcysteine eluted just before histidine. Since not 

all the urea was removed on dialysis a concentration factor was 

calculated from the ratio of leucine determined by direct hydrolysis to 

the value found in the allglated proteins  

cys = PEC x molecular wt cys x 	leu (protein)  
molecular wt PEC % leu(alkdated protein) 

Results  

The levels of cystine determined by both methods are shown below. 

Direct 
Hydrolysis 

Performic 
acid 

Pyridylethyl 
derivative 

Casein 0.56 0.56 0.59 

Fishmeal 0.61 0.85 0.87 

A F D egg 1.23 1.55 1.51 

Extract soya meal 0.53 0.52 0.55 

F .G. 0.45 0.61 0.58 

Wheatgerm 0.31 0.37 0.33 

Flour 0.12 0.24 0.20 
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As the level of lipid or carbohydrate in the foodstuff increases 

the two modification methods give higher values for cystine than direct 

hydrolysis. 

3.4.2. Alternative methods for the , determination of methionine  

Methionine residues may be oxidised to methionine sulphoxide in 

food proteins. In a model system consisting of casein and methyl 

linoleate stored under various conditions'  Tannenbaum et al. (1971) 

found that there was a loss of methionine due to conversion to 

methionine sulphoxide and a subsequent chain reaction. Photo-oxidation 

of methionine to the sulphoxide can occur in the presence of a photo-

sensitive dye and has been used in the determination of structure of 

active sites in enzymes (Ray, 1967). During normal acid hydrolysis 

methionine sulphoxide disappears possibly via a disproportionation 

reaction forming methionine and the sulphone. KeUtmann and Potts (1969) 

found that the addition of if -mercaptoethanol converted the sulphoxide 

quantitatively to methionine. However, cystine was extensively 

destroyed presumably due to formation of a mixed disulphide with 

mercaptoethanol. Stein et al. (1974) added 1% mercaptoethanol to acid 

hydrolysates of stained protein bands from polyacrylamide gels and 

found that it also protected tyrosine and histidine which were otherwise 

oxidised under these conditions. 

Titanium triohioride is an efficient reducing agent. Addition of 

0.0% Ti C13  to 6N E1 can improve the recovery of methionine by 

conversion of methionine sulphoxideto methionine if oxygen is present 

in the acid, as can happen after failure to completely evacuate the 

sealed tubes. However, in a reflux hydrolysates of.F.q: no increase in 

methionine was observed when Ti C13 was added to the acid, nor was any 

methionine sulphoxide detected in the control hydrolysate. 
/ 4 
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Conclusions  

Reactions which protect amino acid residues during hydrolysis 

are useful checks on the standard procedure. Several of these reactions 

have been developed for the investigation of peptide structure. (Methods 

in Enzymology Vol.11, 1967) In addition to those already mentioned 

carboxymethylation (the reaction of iodoacetate with nucleophilic 

protein groups at a pH close to the pK of the nucleophilic group) 

yields carboxymethyloysteine, which is stable to acid hydrolysis, and 

nitration of tyrosine residues with tetranitromethane also gives a stable 

derivative. However, the residues most prone to degradation during 

hydrolysis are cystine and cysteine in particular and, to a smaller 

extent, methionine. Even these amino acids are not as unstable in the 

acid hydrolysis of foodstuffs as was once thought, particularly if oxygen 

is excluded and a high ratio of acid to sample is used. In addition, 

a lengthy derivitisation procedure on a foodstuff could introduce errors 

through losses of material and side reactions and also would be 

unsuitable for routine analysis. Inglis and Liu (1970) proposed the 

addition of tetrathionate to acid hydrolysates to convert cysteine to 

S-sulphacysteine which is eluted near the beginning of the amino acid 

chromatogram. In their method hydrolysates were treated with 

dithiothreitol and sodium tetrathionate which converts closely related 

cystine derivatives to sulphocysteine. Evidence of the occurrence of 

derivatives such as bis-(2-amino-2-carboxyethyl) trisuiphide in wool 

hydrolysates was found by Fletcher and Robson (1963). The addition of 

tetrathionate during hydrolysis of pure proteins was found to protect 

cystine when a relatively large proportion of tryptophan residues 

occurred in the protein (Inglis and Liu, 1970). 

The overall conclusion seems to be that performic acid oxidation 

is a convenient method to check the recovery of cystine where 
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decomposition is suspected, but that careful hydrolysis conditions can 

lead to good recoveries of cystine. Care with chromatographic conditions 

is also important. Since cystine is usually the smallest peak in a 

chromatogram of a food hydrolysate and its retention time is most 

variable, it can be missed through broadening of the peak or overlapping 

with neighbouring peaks. 

3.5 The effect of pre-treatment of materials for hydrolysis  

In foodstuffs most of the protein is often enclosed within cell 

walls which may consist of polysaccharide and lipoprotein complexes. 

It was thought it would be worth treating the foodstuff prior to 

hydrolysis in an attempt to break down these complexes, to make the 

protein more accessible to hydrolytic attack and to remove possible 

interfering compounds. 

(a) Solvent extraction - Accelerated freeze-dried egg was chosen 

as a test material as it contains about 50P lipid. A sample was 

Soxhlet extracted for 16 hr. with each solvent. Diethyl ether and 

buts/?-1-ol-saturated water extracted the most lipid, slightly more than 

propan-2-ol, and petroleum spirit 40/60 extracted the least. No relative 

improvement in individual amino acid yields was detected when amino acid 

analyses of normal dried egg and solvent extracted egg were compared. 

Complete extraction of lipids from foodstuffs can be difficult. 

The presence of protein can prevent complete extraction (Pearson, 1970). 

Folch (1951) employed a mixed solvent (chloroform/Methanol, 2:1) to 

extract brain lipids. The use of the solvent may also modify the amino 

acid composition of the protein. For example extraction of fish protein 

concentrate with 1,2 dichloroethane partly converts cystine and 

methionine to thio ethers\(Ellinger 	Communication). 
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(b) Grinding of the foodstuff prior to hydrolysis - Samples of 

whole wheat were subjected to the following treatments: (i) Grinding in 

a Glen Creston micro hammer mill through a coarse mesh of 1.5 mm; 

(ii) Grinding through a fine mesh of 0.2 mm diameter; and (iii) Grinding 

through a fine mesh followed by homogenisation in water for 5 mins. 

Amino acid analyses were carried out after reflux hydrolysis and showed 

that fine grinding gave no higher yields than coarse grinding or than 

unground wheat grains. Therefore penetration of the acid is not a 

rate determining stage in the hydrolysis of this type of material. 

Conclusion  

The pre-treatment procedures above offer no advantage over direct 

hydrolysis of the material. 

3.6 Bi4her temperature and shorter time hydrolysis  

Since hydrolysis for periods of 20 hours or longer represents a 

delay in the analysis of routine samples, it is worth considering what 

steps can be taken to shorten this time. The use of sulphuric acid for 

periods of 2-8 hours will:be discussed later. However, in brief, the 

recovery of amino acids from casein using 24N 112504 for 4 hours was 

similar to that with 6N Hl (20 hours) for several amino acids, 

although there was destruction of cystine, methionine and tyrosine. 

Roach and Gehrke (1970) found that hydrolysis of ribonuclease and 

bovine serum albumin at 145°C for 4 hours with 6N BC1 gave similar 

results to hydrolysis at 110°C for 24 hours. Thomas (personal 

communication) has confirmed that it is possible to obtain almost 

complete hydrolysis at 145°C in 2 hours with 6N B01. 
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3.7. The effect of ion exchange resin on hydrolysis  

Ion exchange resins can behave as catalysts in liquid media such 

as the inversion of sucrose by commercial sulphonic acid resins 

(Sussman, 1946: Levesque and Craig, 1948). Samuelson (1963) has 

suggested that the sulphonic acid group is dissociated and exists as a 

concentrated solution in the interior of the resin. Other reactions 

which can be performed in the presence of the Bit form of cation exchange 

resins are esterification, acetal synthesis, alcoholysis and ester 

hydrolysis. Attempts to hydrolyse proteins using cation exchange resins 

have been reported by Paulson et al. (1953). When casein was hydrolysed 

with boiling 0.05N B01 and Dowex 50 (30-791 size) the values for 

glutamic acid,valine and isoleucine were lower than with 6N HCl alone. 

The rate of hydrolysis depended on the test protein. The hydrolysis of 

coffee protein with Dowex 50 and water for 94 hours gave values quite 

close to those obtained with 6N BCI for 12 hours, except for glutamic 

acid which was low. 

Materials and method  

1 g of Zeo-Karb 225 spherical resin (about 20)1 diameter) was 

added to the hydrolysis mixture. For time course experiments using 6N BOI 

a sample was withdrawn using a pipette, the resin centrifuged off and 2m1 

of solution were mixed with 1 ml norleucine (20pg/M1). After 

evaporation the residue was dissolved in 2 ml 0.1N HJ1. 

Results  

Bydrolysates of casein and F.G. with resin showed more rapid 

increases for some amino acids from 12 to 20 hours. For longer periods, 

the values for control and resin were closer together. The increases in 

amino acid release were statistically significant in the cases listed 

in Table 3.4. 	Resin was also added to 16N B2804 hydrolysates of F.G. 

There was a greater increase after 2 hours but similar values to the 

control occurred for longer times. 
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Table 3.4  

Amino acids released from hydrolysates more 
rapidly in the presence of ion exchange resin  

Amino acid Protein 
Hydrolysis time 
in I.E1 (hr) 

Student's t test 
level of significance 

Aspartic acid casein 20 5% 

Tyrosine F.G. 12 5% 

Lysine F.G. 12 gr. 

Serine F.G. 16 5% 

Glutamic acid F.G. 16 VA 

Leucine F.G. 16 5% 
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3.8 Separation of free from protein bound amino acids  

A complete hydrolysis of a foodstuff gives the values for the 

protein bound plus free amino acids. Since the free amino acid content 

could vary for different foods and also for the same food, it is 

important to establish the actual proportion if a true value for protein 

is required. The free amino acid pools of an extensive range of animal 

tissues, plants and micro-organisms have been analyzed but a very wide 

range of solvents have been used for their extraction. Bent and 

Morton (1964) assessed the relative efficiencies of hot water, hot and 

cold trichloracetic acid and boiling and cold ethanol on Penicillium 

griseofulvium. All have similar free amino acid contents and also 

extracted smaller amounts of peptide-bound amino acids. Extraction 

procedures were also studied by Hancock (1958) using Staphylococcus 

aureus. For plant tissues the following solvents have been used: 

90A ethanol (Child and Fothergill, 1967), 7( ethanol (Thornton and Fox, 

1968) and 50% glycerol (Shellard and Jolliffe, 1968). Thornton and 

McEvoy (1970) compared boiling water, boiling 70% ethanol, boiling 

methanol/chloroform/water (12:5:3) and 5% trichloroacetic acid at 100°C 

on the oven dried mycelium of three fungal species. Whilst 5% trichloro-

acetic acid extracted the most ninhydrin positive material, it 

interfered with separations by thin layer chromatography. Nguyen and 

Aquin (1971) used phenol, acetic acid, water (1:1:1) at 0°C to extract 

proteins and amino acids, followed by acetone precipitation of the 

proteins. The extract had a similar amino acid content to that obtained 

with successive extractions using 90%, EtoA and 7c0 ethanol at OT,. 
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Materials and methods  

Extraction with boiling solvent, 

10 gF.G.:was placed in a Soxhlet thimble and siphon and extracted 

with 140 ml Analar methanol for 18 hours. The extract was ;dried to 

constant weight in vacuo at 40°C. 25 ml 0.1N HC1 was added and shaken 

for 30 min. at 20°C. 10 ml of this 31- extract was diluted to 50 ml 

with 0.1N HC1 and filtered through a G4 s.g. filter for analysis. A 

further 5 ml was hydrolysed with 100 ml 6N HC1 for 20 hours, filtered, 

rotary evaporated and made up to 25 ml for analysis. 

The extraction was repeated with further batches of methanol up 

to 90 hours and these extracts were treated in the same way. 

Extraction at 200C  

10 g of.F.C.Joas shaken with 100 ml batches of methanol for periods 

up to 6 hours. The extract was filtered off and prepared as before. 

Successive extractions were performed in the same way using 0.1N 

.3)1 in methanol (9.8 ml 32% HC1 diluted to i litre with methanol). 

Results  

Soxhiet extractions with alcohols gave recoveries of free amino 

acids in the order methanol> ethanol > propanol. Extraction with 

methanol for periods longer than 18 hours gave little improvement in 

recoveries. At 20°C there were similar recoveries and the yield of all 

amino acids started decreasing after 30 minutes. The addition of BCI 

to 0.1N improved the efficiency of extraction with methanol. Extraction 

with 0.1N 3)1 in methanol yielded the maximum amounts of free amino acids 

after 30 minutes. When fresh batches of solvent were used for longer 

extraction periods there was only a slight increase in the yield of amino 

acids. 

Compared toI.G.other foodstuffs yielded a smaller proportion of 

free amino acids e.g. AFD egg (0.37/0 of total dry matter), soya (0.3%;), 

fishmeal (0.7%) and wheatgerm (0.4%). 
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Table 3 5 is a comparison with extraction of free amino acids 

using boiling 2% sulphosalicylic acid (SSA) and boiling 5% 

trichloroacetic acid (TCA) for 2 hours. Both methods extract less than 

methanol/BC1 although aspartic acid values are the same. 

Although the amounts of free amino acids in foods are relatively 

small compared with the total (protein) amino acids, some may be of 

physiological importance. Altamura at al. (1967) isolated a ninhydrin 

positive fraction from edible mushrooms by successive solvent extractions 

and concentration in which they detected 53 ninhydrin positive compounds. 

Taurine (a constituent of bile acids) and cystathionine (an important 

free amino acid in brain tissue) were found in this fraction. In the 

present work on F.G y *aminobutyric acid was found at levels of about 

100 ppm which may be of interest in view of its function as an 

intermediate in the breakdown of glutamate to succinate. 

The use of a mixed solvent seems to aid the penetration of a 

variety of food materials for extraction of amino acids. Bloor (1914) 

found that the addition of ethanol which is water soluble aided the 

extraction of fat by diethyl ether in moisture containing samples. 

Folch (1951) used a mixture of chloroform and methanol to extract lipids 

from brain tissue and Atkinson (1972) found that a mixture of chloroform, 

water and methanol was at least as good as the conventional Soxhlet 

extraction with petrolOmm spirit for the extraction of lipids from animal 

tissues. Saifer (1971) compared the performance of extraction 

procedures for amino acids in brain tissue. Be found that organic 

solvents gave low recoveries of basic amino acids compared with per4 Aoric 

acid. The combination of methanol and BC1 seems to provide a 

satisfactory method for the extraction of amino acids. Presumably 

therefore it is effective at breaking down the lipoprotein and 

polysaccharide cell wall components and also in dissolving the amino acids. 
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Table 3.5  

Free amino acids in F.G. estimated 
by three extraction procedures 

TCA Amino acid 

mg/g in sample 

Methanol /A31 SSA. 

Aspartic acid 1.01 0.97 1.02 

Threonine 0.83 0.37 0.56 

Serine 0.77 0.28 0.48 

Asparagine 1.41 n.d. n.d. 

Glutamic acid 7.08 2.84 3.94 

Glutamine 3.19 n.d. n.d. 

Proline 0.82 0.17 0.20 

Glycine 	7  0.33 0.13 0.25 

Alanine 2.85 1.60 2.25 

Cystine 0.07 < 0.01 0.07 

Valine 0.31 0.21 0.25 

Methionine 0.16 0.13 0.14 

Iso Leucine 0.24 0.15 0.16 

Leucine 0.27 0.23 0.26 

Tyrosine 0.18 0.06 0.12 

Phenylalanine 0.18 0.05 0.10 

Histidine 0.29 0.15 0.18 

Lysine 0.42 0.25 0.54 

Tryptophan 0.15 

Arginine 0.48 0.25 0.38 

Total. 

n.d. - Not determined 

21.04 7,86 10.90 
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349 The determination of tryptophan  

Tryptophan is essential for the nutrition of mammals but its 

determination poses problems especially in foodstuffs. Several workers 

have tried modifications to the normal acid hydrolysis technique in order 

to prevent tryptophan breakdown. 	Istsubara and Sasaki (1969) found that 

the addition of 2-4A thioglycollic acid to 6N B01 improved recoveries of 

tryptophan to 88-96% from 19-60A for some pure proteins. The recoveries 

of other amino acids remained the same. Tryptophan has been noted to 

be stable in some sulphonic acids such as p-toluene sulphonic acid (see 

Bection3.3.3)0 mercaptoethanesulphonic acid (Penke et al., 1974) and 

methanesulphonic acid containing 0.r. 3-(2-aminoethyl)indole (Lantz, 

1974). These reagents can give recoveries of over 	for tryptophan 

from the hydrolysis of some pure proteins, but: not ire the presence of 

glucose at levels similar to those in carbohydrate containing foods. 

The methods of choice for hydrolysis of foods prior to 

tryptophan determination have involved alkali, usually sodium hydroxide 

or barium hydroxide. However, vessels constructed of normal glass are 

attacked by alkali over a period of time. This is particularly severe 

with barium hydroxide which precipitates barium silicate. The use of a 

resistant glass e.g. Vycor, has been suggested (Noltmann et al., 1962). 

Oelshlegel et al. (1970) proposed a simplified solution in which an 

alkali resistant centrifuge tube e.g. polypropylene, is used as a liner 

for an evacuated glass tube. 

Several efforts have been made to eliminate the effects of 

destructive side reactions during hydrolysis. Stewart and Nicholls 

(1972a, b) in their studies of the kinetics of alkaline degradation of 

tryptophan confirmed that atmospheric oxygen was involved. Heavy metals 

increased the rate of degradation particularly at NaOH concentrations 

about 11M. These authors suggested that a free radical mechanism was 
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initiated by protonation at position 1 or 3 of the indole nucleus and 

that impurities in the glass or surface catalysis might play a part. 

However, their data could not account for all the decomposition of 

tryptophan. Both starch.(Hugli and Moore, 1972) and thiodiglycol 

(0eishlegel, 1970) have been reported as effective antioxidants for 

protection of tryptophan. Spies (1967) has recommended the addition 

of histidine and basic lead acetate to prevent side reactions with 

cystine and threonine. 

The protective action of starch cannot be fully explained. 

Whistler and Bemiller (1958) have summarised some of the effects of 

alkali on amylase and cellulose and suggest that isosaccharinates are 

formed as end products e.g. 

H2OH 

-0 C -C - CH2 - CH - CH2OH 
II 	I 
0 OH 	OH 

The steps involved are complex but it appears that atmospheric oxygen 

can be taken up in the degradation, so that starch may be "moppine up 

traces of oxygen in the hydrolysate. The degradative effect of 

carbohydrates in acid solution on tryptophan may be explained in a 

parallel manner through the nature of the breakdown products. Starch 

and cellulose are hydrolysed in hot aqueous acid to hexoses which are 

degraded mainly to 5-hydroxymethyl-2-furaldehyde, levulinic acid and 

polymeric materials. [The fdtmation of furfurals in acid is used as 

the basic of the orcinol and anthrone methods for the determination of 

carbohydratesj met (1964) has suggested a reaction mechanism and 

this has been modified by Feather and Harris (1973) to explain the 

formation of levufinic acid. It has been known for some time (Voisenet, 

1905) that tryptophan reacts with various aldehydes to form coloured 
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products. Friedman and Finley (1971) have pointed out that tetra-

hydrocarboline derivatives are formed by the reaction of tryptophan with 

simple aldehydes in acid solution. ThUS conditions can occur in hydrolysis 

of foods containing carbohydrate for decomposition of tryptophan by this 

e hanism. 

Barium hydroxide hydrolysates require further purification after 

hydrolysis by precipitation of barium as the sulphate (e.g. Miller, 1967) 

or by Sephadex gel filtration (Slump and Schreuder, 1969). Traces of 

air have to be removed and,as 4N barium hydroxide solution is saturated 

at room temperaturel preliminary boiling is required to drive off air 

before addition of the sample or efficient evacuation is required to 

ensure good recoveries. Sodium hydroxide hydrolysates involve simpler 

manipulation. Screw top polypropylene bottles are satisfactory for the 

hydrolysis. If these are flushed with white spot nitrogen and sealed 

using teflon tape recoveries of free tryptophan in the range 90-100,* 

are obtained. Care must be taken during neutralisation to prevent 

overheating of the solution e.g. by cooling in liquid nitrogen. Most of 

the published work uses the colorimetric method with p-dimetbylamino-

benzaldehyde and sodium nitrite at 250C for reaction periods of thr. 

(miller, 1967), 11-  hr. in the dark (Matheson, 1974) and 1i hr. in the dark 

(Spies, 1967). 

Tryptophan can be separated in a hydrolysate by column 

chromatography using a shortened buffer gradient cna programmer starting 

at pH 7. However, in routine analysis it is often convenient to have a 

separate method for its determination so that the chromatography system 

can be used continuously for the analysis of the other amino acids,. 
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3.10 A summary of methods for the determination of specific amino acids  

The amino acid analysis system for programmed gradient elution 

described in Chapter 2 can be adapted relatively easily for the 

determination of specific amino acids. In nutritional work where large 

numbers of amino acid analyses are required e.g. for the formulation of 

diets and for the screening of novel protein sources, the use of a rapid 

spedific method can save time. Table 3.6- is a summary of specific methods 

for sulphur amino acids and tryptophan which are often limiting in 

foodstuffs. Screening of fungal protein sources has been performed at 

REM using the amino nitrogen determination (since Kjeldahl nitrogen 

gives an overestimate of crude protein due to the presence of 

substantial levels of non-protein nitrogen in chitin and RNA) and using 

the estimation of sulphur amino acids (since these are limiting in 

fungal proteins). 

Naterials  

Iodoplatinate  
, 

Chloroplatinic acid solution_ ; (1mg/M1) As prepared from 5% w/v 

H2Pt C16 61120 by diluting 25.3m1 to 1 litre with distilled water. This 

solution 	protected from the light. 192m1 of this diluted solution 

- is mixed with 32m1 1.0M potassium iodide and the mixture allowed to stand 

for 5 min. 2,400m1 glacial acetic acid and 3360m1 distilled water Yore 

then added. The maximum optical density of the completed reagent 

developet. in about 30min and is stable at room temperature for at least 

one week. 

Trinitrobenzenesulphonic acid reagent. TNBS 

1 g 2,4,6 trinitrobenzenesulphanic acid is dissolved in I litre 

of distilled water. The buffer is made up by mixing equal volumes of 

sodium carbonate (58.3 el) and sodium bicarbonate (46.471). 

Standard solutions for calibration are made up from 0.5% leucine 
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solution which is diluted to give concentrations of 10,20,30,40,50 and 60 

reml. 

Methods  

1. Cystine 	Cystine is determined as cysteic acid after performic acid 

oxidation (see Section 3.4.1.). The column chromatography system 

described in Chapter 2 is used in the following way. The column is regenerated 

with buffer 1 (pH 2.2). Samples are loaded sequentially every 15 mins and 

eluted with pH 2.2 buffer. Cysteic acid is frontally eluted and the other 

amino acids are retained on the resin. Ten samples are analysed by this 

method after which the column is washed with buffer 2 (pH 12) and 

regenerated. The analytical system is the same as that used for normal 

amino acid analyses. 

2. Methionine Methionine is determined directly in protein hydrolysates 

by the iodoplatinate method based on the work of Awwad and Adelstein (1966). 

The reagent is bleached within 5 mins by methionine.Cystine also reacts 

but much more slowly, so that there is little interference. Samples are 

analysed in the range 5 to 3011g/M1 of methionine. In the case of some 

microfungal hydrolysates a blank value is added due to some absorbance at 

500 nm. 

3. Amino nitrogen 	Protein hydrolysates are evaporated to dryness 

overnight in a vacuum oven at 37°C. An evaporating dish with sodium 

hydroxide flakes is placed next to the hydrolysates during evaporation 

to absorb the acid. The residue is dissolved in distilled water for 

analysis. 

Results  

These methods have been employed mainly on the analysis of 

microfungal hydrolysates. The coefficients of variation on such a 

hydrolysate were cystine 2.6%, methionine 4.1%, amino nitrogen 2.2% 

indicating reasonable consistency. Comparisons with ion exchange amino 



Flow rates ml/min 

	0.42 	chromatography column 

	

0.56 	hydrazine sulphate 

	

1.06 	ninhydrin 

	

0.60 
	

0
2 free nitrogen 

waste 
	

1.37 

           

           

       

waste < 	1.37 

 

        

           

           

           

           

Li 
Colorimeter 
570 nm 

0Q9,  15mm flowcell Recorder 

   

           

           

Heating 
bath 

Flow diagram of system for cysteic acid and amino acid analysis 



0.42 	sample 

	 121112321__ 	 	 1.20 iodoplatinate 
0.80 air 

waste 	1.37 

Time delay 
Coil(2 mins 
refrigerate 
at -20°C 

waste 	1.06 

Colorimeter 
500 sun 
15 mm flowcell—QPLZ" Recorder 

Flow rates ml/min 

Fig 34, Flow diagram of methionine assay 



Flow rates ml/min 

1.20 	Air 

mixing coil 

	&C29-9-2a2earg2d 	 

	

0.23 	Sample 

	

1.20 	TNBS 

	

1.20 	Buffer 

Heating 
37
o
C bath 

waste 	i 	2j',50 

Colorimeter 
420 urn JUSEQ0424112 
15 mm flowcell 

Recorder 

Fic). 3 7. 	Flow diagram of amino nitrogen assay 



- 84 

Table 3.6 

Automated procedures used for the 
analysis of novel proteins  

Determination 

 

ilydrolytic 
technique 

 

Chromatographic 
system 

Detection 
system  

   

     

a) 1% Ninhydrin/ 
0.020A hydrazin 
sulphate in 2- 
methoxyethanO1 
sodium acetate 
buffer, water(2: 
1:1 v/v. 
Estimates amino 
acids + ammonia + 
amino sugars. 
or b) 0.1% 
trinitrobenzene 
sulphonic acid in 
pH 9 sodium 
carbonate buffer. 
Estimates amino 
acids only, except 
for proline. 

Amino nitrogen 6N H01 -Under 
	

None 
nitrogen reflux 
or in sealed 
bottle 

Methionine 6N HCl under 	a) First half of 
nitrogen reflux normal amino acid 

analysis buffer 
programme 
b) None 0.003% platinic 

iodide in 40g) 
acetic acid. 

Cystine and 
cysteine 

Oxidation of 
cystine and 
cysteine to 
cysteic acid with 
performic acid 
followed by 
hydrolysis with 
6N EC1 

Elution with pH 2 
sodium citrate 
buffer 

Ninhydrin 

Tryptophan 	a) 4N Ba(OH)2 at 
12100 

b) 6N NaOH at 
1210C 

None 

Elution with 
shortened buffer 
programme from 
PH 7. 

1% p-dimethyl-
aminobenzaldehyde 
in conc. BC1. 
Ninhydrin 
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acid analyses show no significant differences for methionine in micro-

fungal hydrolysates. When calibrated with a standard mixture analogous 

to a hydrolysate, amino nitrogen determinations show no significant 

difference from the anino acid total. The TNBS system has an advantage 

for analysis of proteins over the Kjeldahl method as it does not 

estimate amino sugars, ammonia or nucleic acids. However, it is 

insensitive to proline. 

3.11 Discussion  

In foodstuffs most of the protein is often enclosed within cell 

walls which may consist of polysaccharide and lipoprotein complexes. 

Treatments which could break down these complexes and made the protein more 

accessible to hydrolytic attack could accelerate hydrolysis. When coarse 

ground whole wheat was compared with homogenised whole wheat, both gave 

identical amino acid profiles after hydrolysis with 6N BC1 for 16 hours 

indicating that the acid itself penetrates rapidly to the protein. 

Extraction with petroleum ether and 0.1N BM_ in methanol and dialysis did 

not accelerate hydrolysis although they do remove possible interfering 

materials. The interaction between pure protein and various acids under 

a range of conditions yields a satisfactory hydrolysis. However, 

it is the interaction in crude materials which creates the biggest 

problems especially with cystine and tyrosine. 

,3.12 Conclusions  

In comparing the effects of the various acid treatments on the 

amino acid yield, the trends which have been observed with 6N BCI are 

generally repeated (Figs.3.3,3.4)•  Asp, thr, ser and glu are released 

relatively rapidly with H2SO4 and B0104. Thr and ser also show' 

progressive destruction with time. Cys is unstable with BC104  and 
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higher concentrations of H2SO4. Val, lie and leu are released 

relatively slowly but higher values are obtained with H2SO4  in shorter 

times than with HC1. Met was progressively destroyed with high 

concentrations of H2SO4 and was largely converted to sulphoxide by BC104. 

The destruction of tyr by 112804 was pronounced at concentrations above 

16N. It was even more pronounced with F.G. In fact the recovery of free 

tyr in 16N H2SO4  after 7 hours was 8310 but when F.G. was added the 

recovery was reduced to 6%. Higher values for his were obtained with 

both H2804 and 11)104. Lys was released more slowly in H2SO4 but its 

release was accelerated by increasing the acid concentration. Table 3.3 

shows the composition of casein taken from the 6N BC1 time course graphs. 

The values obtained with Na0Hwere usually lower than with acid. 

His, leu and tyr were fairly close to the 6N 121 values. The 

usefulness of this technique, therefore, still seems to be limited, to 

trp determinations. 
	 • 
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Chapter 4 

The amino acid composition of the young growing rat 

	

4.1 	Introduction - The evaluation of proteins by 

measurement of the protein content of the rat. 

	

4.2 	Materials and methods. 

	

4.3 	Results 

4,4 	Discussion 
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4.1 Introduction 

In biological test methods for the evaluation of proteins, the 

measurement of the protein content of the rat is often employed. 

Usually this is done by the measurement of growth rate or carcass 

nitrogen. These methods can be grouped under three headings; 

(a) screening tests, (b) quantitative measurements, and (c) indirect 

methods. 

(a) Screening tests include those methods which involve 

measurement of weight gains and protein intakes and therefore involve 

relatively few analytical measurements. 

Protein efficiency ratio PER +.= Gain in body weight  
Protein intake 

is a long standing method first conceived by Osborne, Mendel and Ferry 

(1919). The PER enables growth increments to be compared but it has 

limitations. The weight increase is not necessarily an index of protein 

synthesis, since the body composition of water and fat may also be 

altered. The weight gain varies with the protein level in the diet 

and decreases at higher levels (10-20$ protein) for some foods (Henry, 

1965). Even when PER values are determined as a ratio to casein, 

differences in protein levels may have a significant effect on PER values 

because the variation of PER against protein level (N x 6.25) in the diet 

is different for each protein (e.g. casein and lactalbumin see Bunce and 

King, 1969a, b). However, despite this the PER test has been adopted 

for legislative purposes in the U.S.A. for the assessment of the 

nutritive quality of plant protein products used as meat extenders or 

meat replacers (ACLO 1970). In addition the ACAO method can be 

criticised because it does not define the animal house temperature, 

relative humidity or daylight time. 

Bender and Doell (1957) have criticised the PER method because no 
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value is obtained if the protein quality is too poor to permit growth. 

However, this objection is not serious since a protein that cannot 

upport growth in the rat is unlikely to be useful for children unless 

it can be used as a supplement. They included another group of rats fed 

on a non-protein diet and defined net protein retention = 

gain in body-weight with test protein 
+ loss in body weight with N-free diet  

Protein intake 

An advantage is that both the protein used for growth and protein used 

for maintenance can be measured. However, there is conflicting evidence 

on whether or not the method is more reproducible than the PER and 

whether it gives a closer correlation with NPU. 

Repletion methods have been used so that the same rats could be 

used for several determinations. The protein content of the rat is 

depleted after which partial repletion is allowed and the gain in weight 

is compared with the intake of protein nitrogen. A major drawback of 

this method is that the growth of individual tissues with different 

amino acid requirements is likely to proceed at a different rate 

according to how the amino acid composition of the test protein matches 

their requirement. 

(b) A more direct method of measuring carcass protein is by the 

measurement of total nitrogen. The biological value (By) introduced by 

Thomas (1909) and modified by Mitchell (1924), is the ratio of nitrogen 

retained to the nitrogen absorbed from the diet BV = 

100 xl\-  intake = (faecal N-metabolic N) - (urinary N-endogenous N) 
N intake (faecal N-metabolic N) 

It provides a measure of the efficiency of the absorbed protein for the 

combined functions of growth and maintenance. The Net Protein 

Utilisation NPU can be determined directly from the carcass nitrogen 

(Miller and Bender, 1955) - 
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NPU = Carcass N with test protein - 
carcass N content with N free diet  

N intake 

or from balance data by the equation 

NPU = BV x TD 

where TD is the true digestibility defined by Mitchellas the ratio of 

absorbed N to the N intake. 

The two methods of calculation of NPU differ in that the carcass 

method measures the nitrogen retained in the carcass directly. Although 

the balance method measures the metabolic faecal and endogenous 

urinary excretion of nitrogen it takes no account of nitrogen losses 

through the shin. The methods used in the determination of NPU 

(carcass) are relatively simple and require a relatively short 

experimentation period of 10 days. The measurements made for the trial 

consist of daily liveweights per rat, dead weights, dry weights per cage, 

feed intake per cage and Kjeldahl nitrogen in the feed and in the dry 

matter per cage. In the last measurement the accuracy depends mainly on 

how well the dried rats have been homogenised. There is no need for the 

collection of faeces or urine as in the nitrogen balance methods. 

Although the PER method has been preferred to NPU as a routine screening 

test, it is doubtful whether there is much difference in the total 

effort required for both methods. The nitrogen determinations in NPU 

take 10-20A of the total effort, whereas the selection, preparation 

and maintenance of animals takes about the same time in both methods 

bearing in mind that PER is normally conducted over 28 days compared 

with 10 days for NPU. 

Hegsted (1965) has criticised thoYER on the grounds it does not 

fulfil the conditions for a valid assay viz. a plot of dose against 

response is not linear, the plots for different proteins do not 

necessarily intersect at the same point or intersect the response axis 
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at zero dose levels. He disagrees with Miller and Payne (1961) over 

whether dose/response curves have a linear or quadratic relationship at 

feed levels which are just sufficient for maintenance. In addition the 

response for good quality proteins may be closer to linearity than that 

of poorer quality proteins. Scrimshaw and his co-workers (1914) have 

found that in humans, as in the rat, the efficiency of utilisation of 

egg protein is lower when fed at maintenance levels than at deficient 

levels. They have recommended that for assessing individual protein 

sources by growth or balance methods, at least two levels of intake 

should be tested (Scrimshaw and Young, 1974). 

(c) An assay for nutritive value based on the protein content 

of the liver was suggested by Henry et al. (1953). For amall/rotein 

intakes, the proportion of liver nitrogen in the carcass varied 

linearly with the amount of protein eaten. However, Rippon (1959) has 

found this method unreliable as a measure of protein quality.  

Blood urea concentration increases proportionally to the protein 

content of the diet and Eggum (1973) has concluded that an increase in 

blood urea shows a good correlation with a decrease in the quality of 

the protein in diet.1100va7pboth the protein content of the diet and the 

time 	at which 	blood samples are taken have to be 

standardised. 

Wirthgen et al. (1967) found a relationship between the 

activities of some liver enzymes in rats and the quality of their 

protein feed. Glutamate pyruvate transminase, ornithine carbamoyl 

transferase and argininase activities decreased linearly with biological 

value of some proteins whereas glutamate oxalacetate transaminase 

activity was higher with higher quality protein.WeenChaudry and EVans 

(1971),taking tyrosine transaminase activity in the rat liver as a 
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measure of the intensity of protein synthesis found that the available 

tryptophan of some proteins was ranked in the same order both by 

measurement of the enzyme in the liver and by chemical measurement of 

tryptophan in the feed. (See also Chapter 6, Section 6.1.1.) 

Although several thousand studies of protein evaluation using 

rats have been pUblished and although carcass protein analysis is used 

routinely, there is an underlying assumption that the carcass amino 

acid composition remains constant during growth and on different diets. 

The discrepancies found between evaluations of proteins at different 

dietary levels, mean that NPU and PER measurements have to be treated 

with caution. Although liver enzyme measurements and blood urea look 

promising as the basis of screening methods they have yet to be fully 

studied. 

During the growth of an animal it is to be expected that the 

reqixements for tissue synthesis would constitute an important part of 

the total amino acid requirement. The relative growth of particular 

tissues, therefore could affect the amino acid requirement. Using the 

evidence available in 1950, Mitchell ;had proposed that carcass amino acid 

analyses could be useful in the estimation of some mammalian growth 

requirements. Albanese (1959) tested this idea with young infants and 

found that their utilisation of dietary proteins increased as the lysine; 

tryptophan ratio of the protein approached that of muscle tissue. The 

ratios of essential amino acids to lysine in whole egg protein were used 

by Johnson and Fisher (1958) as a basis for the determination of the 

minimal levels of the essential amino acids required by laying hens. 

Williams et al. (1954) used carcass analysis of the rat, chick and pig 

at different ages to determine their amino acid requirements for growth. 

They found that there was a close agreement between requirements 

determined in feeding trials and those based on analyses. Additionally, 



- 93 - 

the amino acid profile of the carcass at different ages was similar. 

Carcass analysis measures directly the increase in amino acid content 

in relation to intake. Therefore among the methods for the 

determination of the nutritive value of proteins it has the merit of 

measuring directly the availability for tissue synthesis. The 

developments in ion exchange chromatography have enabled the problems 

of handling large numbers of amino acid analyses to be overcome. 

Additionally the assessment of hydrolytic techniques has increased 

confidence in the standard acid, hydrolysis method. This means that the 

analysis of tissue amino acids can be more usefully employed. 

A study was made of the amino acid composition of young growing 

rats over a period of 13 days after they had been weaned and conditioned. 

The purpose was twofold. 

(1) The age period Selected was that normally used for NPU 

determinations, so that the carcass composition could be monitored and 

its consistency checked. 

(2) Information on the rates of amino acid uptake by tissues during 

growth is likely to be more useful for the determination of their 

requirements than the measurement of static levels at one particular age. 

4.2 Materials and. methods 

Diets 

The rats were fed a conditioning diet of the following 

composition g/Kg: 

casein 181, fat 100, sucrose 100, cellulose 50,-, starch 517, 

mineral mix 40 vitamin mix 10 ,, DL methionine 2. 

The % analysis was: nitrogen 2.24, oil 10.20, moisture 7.75, fibre 2.50, 

ash 4.84. 
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Animals  

Male rats of the same age of the Charles River CD strain were 

fed on the conditioning diet after weaning. Groups of four rats of 

similar weights were taken at intervals for carcass analysis. The rats 

were starved for 16 hours and then killed by gassing with COI. The fur was 

removed from each rat with scissors, after which the abdominal and 

thoracic cavities were opened and the liver was removed. Both the liver 

and: carcass were dried at 101504C in a circulating air oven for 72 hours. 

The carcass was extracted for 8 hours with petroleum spirit (40/60°) in 

a Soxhlet apparatus. After drying to constant weight, the carcass was 

ground in a hammer mill with a 0.1 mm mesh screen. Duplicate samples 

were taken for all the analyses. 

Analysis  

Nitrogen was determined using a semi-micro Kjeldahl digestion 

followed by automated determination of ammonia with phenol/hypochlorite 

reagent (Law, Nicholson and Norton, 1971). Moisture was determined by 

the ACAC method (1970). 

.Hydrolysis was performed with 6N ECI under reflux as described 

in Chapter 3. Amino acid analyses were performed as described in 

Chapter 2. 

4.3 Results  

Analysis of rat carcasses  

The average weights and analyses for each group of four rats are 

shown in Table 4:1. It is obvious that while the liver increases in 

weight at the same rate as the rest of the body, remaining at 6-TA of 

the dry weight, the fur constitutes a' 	higher proportion of the body 

weight in the younger animal falling from 4% at 50g to 2% at 150g. 

The nitrogen contents are fairly constant except for the lower liver 
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nitrogen of the youngest group which was taken for analysis without 

prior starvation for 16 hours. The liver of this group would contain 

more glycogen than those which had been starved. There is a slight 

decrease in the nitrogen content of the fur with growth. 

The fur, liver and the carcass residuum of each animal were 

analysed separately, and the composition of the complete carcass was 

found by adding the three values. Tables 4.2, 4.3 and 4.4 show the 
mean composition of the carcass residuum, fur, and liver amino acids. 

Their contributions to the complete carcass are Shown in Table 4.5. 
The most striking effect of the fur content is that in the youngest 

group it contains 29g of the total body cystine compared with 19% in 

the oldest grout 	Fur is imbalanced also in its low content of lysine 

and methionine, which are only 2% of the total carcass levels. Apart 

from an increase in histidine which was not statistically significant 

there did not appear to be any change in fur composition with age. 

The proportion of nitrogen recovered as amino acids is 83-87/0 compared with 

8 found by Pellett and Huda Kaba (1972). 

Relation of carcass amino acid composition to live weight  

In Table 4.6 the data are expressed as g/100g total amino acid 

and are compared with the results of Pellett and Huda Kaba (1972) for 70g 

rats, and with those of Nadeem Chaudry (1971). A comparison of the 

three studies Shams that nine of the amino acids agree within ± 5%; 
viz aspartic acid, glutamic acid, proline, alanine, valine, leucine, 

tyrosine, phenylalanine and lysine. Cystine 	25%) is subject to 

variation in the amounts of fur in the different strains. 

The amino acid composition of the carcass residuum protein remains 

extremely constant during growth, with the exception of proline and 

histidine which increase with growth (significant at the 0.11i, level). 

The fur is also of virtually constant composition. The liver shows the 

greatest variation as may be expected, but even here the changes, 
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presumably due to fluctuations in the free amino acids pools, are not 

great. Lysine in the youngest group is significantly lower (at the 0.1% 

level) than in the other groups. 

The rate of incorporation of amino acids into new tissue protein 

over the experimental period was determined by calculating the 

correlation between the increase in carcass amino acids, and the ga 

in weight. The rate of incorporation was then taken as the slope of 

the linear regression equation. The results are shown in Table 4.7. 

In the complete carcass there was a positive linear correlation between 

amino acid incorporation and live weight gain which was significant at 

the 0.1% level for all the amino acids, except proline. For liver there 

was a positive linear correlation which was significant at the 0.1% 

level for all the amino aoids except glutamic acid, lysine and arginine 

(significant at yg level) and proline (significant only at the 5% level). 

4.4 Discussion  

Pellet and Buda Kaba (1972) have emphasized the extreme uniformity 

of amino acid composition of the carcasses of rats which had been fed a 

wide variety of dietary proteins. They concluded that any changes 

which do occur are more a reflection of age differences between the zero 

day controls and the test animals killed some 10 days later. This study 

shows that the carcass amino acid profile also shows very little 

variation with age and weight. Taking into account data calculated 

from redeem Chaudry (1971) as well as Pellet and Buda Kaba, Table 4.6 

shows that this uniformity also holds good from strain to strain for at 

least the majority of the amino acids. The underlying assumption on 

which the carcass analysis method of determining ITPU is therefore 

substantially reinforced. 



Table 4.1. 

Age (days) 

Average Weights and Nitrogen Analyses for each Group of Rats 

28 

Av dive wt.g. 49.4+1.5 71 .04.4.5 91.3+,1.2 100.4+0.3 137.5+3.0 154.5+3.3 

Carcass residuum 9.229+0.407 12.989+0.819 16.724+0.237 19.390+0.515 26.155+0.176 29.701+1.213 
Av.dry wt.g. 

Fur 0.435+0.059 0.460+0.046 0.4104-0.070 0.516+0.016 0.610+0.064 0.666+0.053 
Av.dry wt.g. 

Liver 0.731+-0.064 0.961+0.130 1.213+0.096 1.352+0.061 1.700+0.103 1.941+0.157 
Av.dry wt .g. 

Fat as % of dry 
carcass residuum 

21.9 21.9 25.4 23.7 24.3 23.1 

% Nitrogen in - 
Carcass residuum 11.85±0.08 12.25+0.19 12.44+0.22 12.75+0.05 13.01+0.07 12.84+0.08 

Fur 14.85±0.35 14.75+0.08 14.54+0.20 14 .60+0.04 14.52±0.13 14.44+0.07 
Liver 9.64+0.23 12.13i-0.58 12.24+0.34 12 .66+0.20 12.83+0.13 12 .97+0.20 

\AD 

Food intake 	 10.8 	12.0 	14.2 	16.5 	17.1 
drat/day 



Table 4.2. 

Mean amino acid can-position of carcass residuum (± standard deviation) for each age group mg/160rair,N) 

Age (days) 
Amino acid. 28 

86.2 + 6.2 
39.5 + 4.2 
45.4 -14- 2.5 

141.7 + 9.6 
33.7 + 2.1 
84.8± 6.5 
56.2 + 1.4 
11.6 +- 1.4 
47.3 41- 3.6 
22.2 + 1.1 

-36.1 + 2.0 
73.6 +- 4.4 
31.6 + 1.4 
34.5 + 2.4 
31.1 + 1.6 
67.5 +- 5.2 
76.1 + 2.0 

84 

33 

83.5 + 3.6 
38.5 + 1.3 
43.1 41- 2.3 

139.2 + 2.0 
43.5 + 6.9 
88.1 + 1.7 
57.4 + 6.3 
10.1 + 1.3 
46.o ± 3.2 
20.5 + 1.3 
35.3 ± 1.4 
70.6 + 2.9 
29.9 + 1.0 
33.5 + 1.4 
32.6 + 3.0 
67.9 + 3.1 
75.5 + 1.6 

87 

35 

83.0 + 4.1 
39.8 + 4.9 
44.6 + 4.8 

133.4 + 3.4 
47.4 + 3.6 
85.0k 2.9 
61.2 + 4.3 
9.1 + 1.3 

44.4 * 2.3 
21.8 + 2,4 
33.7 + 0.8 
68.2 + 1.7 
29.5 + 0.9 
37.7 + 2.6 
32.8 + 3.1 
65.3+ 4.0 
72.4 + 4.0 
5.6 + 0.8 

87 
4.4 

36 

80.4 4,- 5.5 
36.7 4,- 5.9 
43.1 +- 3.8 

128.2 + 3.5 
45.4 ÷ 7.8 
83.1 + 3.9 
52.1 + 2.9 
8.3 + 0.4 

42.7 + 1.3 
19.7 + 2.0 
31.9 + 1.7 
67.o + 2.3 
27.6 + 1.1 
31.8 4, 1.2 
32.4 +- 2.9 
61.3+ 2.5 
71.8 + 4.5 

83 

40 

81.0 + 5.9 
38.1 +- 3.5 
44.3 4,  3.8 

135.3 + 8.7 
50.1 + 9.8 
92.0±11.8 
57.2 45.9 
10.6 + 0.5 
40.6 + 2.5 
21.0 * 3.5 
29.8 ± 1.9 
664 + 4.2 
28.1 + 0.6 
36.0 ± 5.2 
39.5 + 3.0 
62.5 + 542 
69.7 ± 5.0 

85 

41 

80.9 ± 0.8 
38.6 ii- 0.8 
43.9 + 0.8 

135.4 + 1.8 
50.0 + 5.9 
84.3 + 1.4 
55.9 + 1.7 
9.9 + 0.6 

41.6 + 1.7 
21.9 + 2.2 
30.3 + 1.0 
67.o + 0.8 
27.4±-  1.0 
31.4 + 1.3 
37.2 4,- 3.0 
64.2 +-1.4 
67.7 ± 2.0 

85 

1 
,...o a) 
1 

Aspartic acid. 
Threonine 
Serine 
Glutamic acid. 
Proline 
Glycine 
Alanine 
Cystine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Histidine 
Lysine 
Arginine 
Tryptophan 
% IT recovered. 
as amino acids 

% Ammonia 



Table 4.3. 
Mean amino acid composition of fur (± standard deviation) for each age group (mg/16CmgN) 

Age (days) 
Amino acid. 28 33 35 36 40 41 

Aspartic acid. 52.7 +- 1.7 54.8 + 1.6 55.6 ± 2 .1 55.571, 1.1 52.3 + 2.8 53.0± 2.9 
Threonine 47.3 + 1.6 45.1 ± 5.2 39.9 it 0.7 39.9 ± 0.5 39.1 4- 2.1 38.1 + 2.1 
Serino 69.3± 3.0 69.5 ± 4.0 71.5 ± 2.1 68.0 t 3.0 66.7 * 3.5 65 .9 + 3.8 
Glutamio acid. 125.9 + 4.2 135.1± 7.4 128.5 ± 3.6 137.4 	6.7 129.84- 7.0 126.9 + 3.4 
Proline 45.5± 7.o 53.7 ± 7.0 58.0 + 6.3 51.6 + 4.3 45.8 4,  1.2 42.3* 3.9 
Glycine 62.9 +- 5.8 65.2 ± 2.6 65.2 	2.7 65.5 J: 1.6 57.8 + 2.4 59.5 + 4.1 
Alanine 23.9 ± 1.2 27.7 + 1.1 27,2 +- 0.7 28.6 it  1.5 27.4 + 1.7 27.3 	1.2 
Cystine 77.8 + 4.7 86.6 + 7.9 89.9 ± 2.9 86.3 ± 1.7 90.4 + 50 93.5 it 5.4 
Yaline 32.8 + 1.2 35.6 + 2.1 37.4 + 1.3 37.2 IL 0.9 34.2 ± 1.6 34.2 	0.7 
Methionine 5.5 + 0.2 5.8 + 0.4 6.0+ 0.2 59± 0.3 6 .8 + 1.3 6.5 + 0.3 
Isoleucine 20.4 ± 0.8 23.o + 0.8 25.1 + 1.1 21,7 ± 0.4 19.8 + 0.9 20.2 + 0.8 
Leucine 35 .1 + 2.4 59.6 + 2.5 61.2 + 2.0 60.2 ± 1.6 58.6.  +- 2.1 57.3j 3.5 
Tyrosine 53.2 +- 1.1 58.4 * 2.3 60.5 + 1.8 59.6 ± 1.9 52.7 + 1.3 54.3± 3.2 
Phenylalanine 30.7 ± 0.8 33.2 ± 1.2 33.9 + 1.9 34.5 it  0.9 29.9 +- 0.9 30.9 	2.2 
Hist idine 17.5 + 1.0 19.7 ± 1.1 20.3 + 0.5 21.1 	2.3 22,4 + 2,5 22.5 + 1.1 
Lysine 28.0 ± 1.9 27.3 + 1.7 25.3 	0.7 31.7 :t 4.1 29.9 ± 1.7 29.7 + 1.6 
Arginine 59.2 + 4.4 67.4 + 1.9 72.8 + 1.1 77.3k 3.8 77.3 +- 4.1. 75 .0 + 3.5 

N recovered as 
amino acids 74 80 81 81 76 76 

% Ammonia 5.9 



Table 4.4. 

Mean amino acid composition of liver (± standard deviation) for each age group (ragil6CingN) 

Age (days) 
Amino acid 28 

84.7 	4.1 +  
38.6 + 0.7 
39.7 + 2.3 

105.3 + 6.0 
42.3 + 1.9 
41.6 + 1.5 
53.9 +10.7 
7.2 + 1.1 

52.8 + 3.5 
21.6 + 2.4 
39.2 + 2.4 
84.0 + 7.1 
32.5 + 2.1 
43.3 + 3.6  
39.1 + 3.6 
36.5 + 0.9 
53-4 	2.4 +  

73 

33 

88.0 + 1.5 
42.5 +- 0.8 
41.1 + 0.9 

106.6 + 1.7 
60.5 + 3.2 
44.3 + 0.8 

5.6 + 0.8 
56.7 + 0.6 
20.1 + 0.4 
39.2 + 1.0 
88.8 ± 2.3 
33.1 + 0.8 
45.9 + 1.4 
4 
62.7 + 2 
2.7 

 + 2.7 
7  

60.2 4- 3.3 

79 

35 

91.9. +10.3 
41.3 + 4.0 
41.2  + 3.5 

111,8 + 2.4 
31.9 * 5.0 
49.7 + 8.5 
52.5 * 4.8 
7.6 + 0.6 

54.7 + 2.4 
18.5 + 1.4 
34.5 + 1.8 
84.3 + 1.9 
33.5 + 1.4 
42.6 + 1.4 
43.4 + 1.7 
73.9 + 5.5 
61.6 + 5.6 

78 
6.3 

36 

88.8 + 6.4 
39.3 + 1.8 
42.3 + 4.9 

112.6 +- 6.6 
44.9 + 9.7 
45.5 + 1.5 
54.9 * 6.6 
7.0 + 0.7 

55.4 + 3.8  
21.3 + 2.3 
35.3 + 2.2 
91.1 ± 7.2 
34.1 + 1.1 
45.8 + 4.6 

4- 47.0 	4.6 
86.1 ± 8.9 
69.2 ± 2.7 

83 

40 

87.4 + 7.9 
40.7 + 4.0 
41.7 + 4.1 

101.5 + 8.3 
40.8 + 6.9 
47.1 + 4.3 
55.2 + 6.7 
6.5 + 2.5 

53.4 ± 5.6 
22.5 + 2.5 
32.3. + 2.4 
88.9 + 7.0 
35.0 ± 3.0 
46.7 ± 2.3 
45.2 + 0.7 
76.9 +2.5 
60.9 + 1.1 

79 

41 

84.5 + 3.9 
38.7 + 2.4 
39.9 + 2.6 
95.9 + 4.5 
37.2 + 2.8 
446..06  ++ 02..56 
53.2 + 3.9 

51.3* 2.6 
20.5 + 2.7 
31.2 ± 1.6 
84.6 + 4,6 
32.4 +- 2.6 
42.2 + 5.9 
43.4 + 1.7 
70.0 + 2.2 
53.8 ± 1.9 

74 

Aspartic acid. 
Threonine 
Serine 
Glutam io acid 
Proline 
Glyoine 
Alanine 
Cystine 
Valine 
Methionine 
Isoleucin e 
Leucine 
Tyrosine 
Phenylalanine 
Histidine 
Lysine 
Arginine 
% N recovered 

as amino acids 
% Ammonia 



expressed as mg/rat 
(F), liver (L) and complete carcass (C) for each group 

Table 4.5. 

Average amino acid composition of 

Amino acid 

C 

.602 
305 
360 
991 
268 
560 
418 
115 
328 
164 
248 
513 
254 
268 
238 
438 
409 

6479 

28 
F 

20 
17 
27 
49 
18 
25 
10 
33 
13 
3 
8 

21 
23 
13 

8 
11 
20 

319 

L 

35 
17 
18 
43 
19 
17 
24 
4 

19 
9 
16 
34 
14 
19 
17 
14 
17 

336 

C 

846 
429 
489 
1408 
504 
851 
623 
143 
466 
221 
355 
719 
324 
381 
361 
653 
574 

9347 

33 
F 

22 
19 
31 
55 
23 
25 
13 
39 
15 
3 
10 
25 
28 
15 
9 
11 
23 

366 

L 

59 
31 
30 
71 
44 
29 
42 
4 
37 
15 
26 
59 
24
33 
33 
41 
30 

60e 

C 

37100 
'570 
642 

1746 
668 

1070 
852 
158 
585 
304 
436 
896 
438 
476 
475 
827 
705 

11948 

Age group (days) 
36 
F 

25 
25 
25 
65 
22 
29 
13 

126 
3 
9 
25 
27 
16  
12 

 29 

396 

L 

88 
42 
46 
111 
46 
44 
59 

8 
54 
23 
34 
89 
38 
49 
51 

51 

915 

30 

 

C 

1735 
ago 

33-290 

311169. 
1310 

285 
870 
470 
628 

1419 
677 
749 

M: 
1084 

19327 

40 
F 

26 
21 
36 

15 
51 
17 
4 

10 
29 
29 
17 

31",? 
29 

426 

L 

109 
56 
57 

129 
56 
59 
75 
9 
66 
30 
40 
110 
48 
64  
61 

58  

1121 

Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Cystine 
Valine 
Methionine 
Iso Leucine 
Leucine 
Tyrosine 
Phenylalanine 
Histidine 
Lysine 
Arginine 

Totals 

35 
F 

19 
15 
25 
44 
21 
21 
10 
33 
13 

2 
8 

20 
22 
12  

8 
8 

18 

299 

L 

82 
38 
37 
96 
30 
42 
49 

7. 
46 
17 

71 
31 
39 
40 
62 
38 

755 

C 

1264 
633 
737 

2013 
768 

1242 
878 

tg 
329 
492 
1055 
493 
557 
565 
946 

13671 

41 
C F L 

1928 29 122 

1142 :40 56 62 
140 

Ilt 73 58 
63 190

9 33 84 1 
301 56 10 1-,  

0 74 	1._. 

989 19 7g 
1587 32 120 
762 33 51 
828 18 66 
999999 15 68 
1473 16 99 
1196 31 58 

21251 475 1209 



Amino acid 

Table 4.6. 

Comparison of amino acid compositions of rat carcasses  

(a) 
This study Charles River 	 (b) 
C .D. strain. Mean values 	This study 	Nadeem Chaudry(1971) Pellet and Kaba 
(+ standard deviation) 	Charles River 	Wistar strain 	(1972) Sprague- 
of all age groups mg/ 	CD strain 	 Baxley strain 
16Cmg nitrogen 

g/100g total amino acid 

Aspartic acid 81.9 + 1.7 9.24 9.52 8.94 
Threonine 38.7 + 1.0 4.37 4.11 4.70 
Serine 44.6 +1.3  5.03 6.11 4.83 
Glutamic acid. 137.1 + 4.5 15 .47 14.22 14.17 
Proline 44 .7 + 4 .9 5.04 2.94 5,93 
Glyoine 82.7 + 3.0 9.33 10.58 8.77 
Alanine 54.3 + 2.0 6.13 7.17 6.43 
Cystine 12.2 + 1.6 1.38 2.70 2.00 
Val ine 44.1 + 2.1 4.97 4.94 4.83 
Methionine 20.6 +- 0.9 2.32 2.00 2.08 
Iso Leucine 32.7 + 2.3 3.69 3.29 3.79 
Leuc ine 69.4 + 2.3 7.83  7 .64 7.85 
Tyrosine 30.1 + 1.6 3.40 3.41 3.73 
Phenylalanine 33.2 + 1.2 3.75 4.00 . 	4.11 
Histidine 34.6 + 3.4 3.90 3.17 3.135 
Lysine 63.8 + 1.2 7.20 6.93 7.44 
Arginine 71.8 + 2.9 8.10 7.29 7.35 



Table 4.7. 
Rates of utilisation of amino acids 

Amino acid 

Minimum amino acid 
requirements for growing rats m 

	

(a) 	(b) 
Amino acid 	Liver, 	as% of Calculated according 

Complete carcass. 	intake mg 	Rate of 	diet 	to the food intake I/ 
Rate of imrease 	per g. live 	increase mg/g 	of this experiment 
mg/g live weight 	weight gain 	live weight 	 mg/g live weight gain 

Aspartic acid 12.81 18.50 0.803 0.44 7.4 
Threonine 6.64 8.87 0.368 0.56 9.4 
Serine 7.68 13.26 0.418 
Glutamic acid 21.85 61.21 0.889 4.40 74.1 
Proline 9.32 32.38 0.329 0.44 7.4 
Glycine 13.60 4.21 0.438 
Alanine 9.74 6.53 0.556 
Cystine 1.90 0.54 0.068 
Valine 6.21 12.46 0.478 0.67 11.3 
Methionine 3.71 11.50 0.231 0.67 11.3 
Iso Leucine 4.27 11.99 0.257 0.61 10.3 
Leucine 10.32 27.74 0.819 0.83 14.0 
Tyrosine 4.95 16.03 0.353 0.89 15.0 
Phenylalanine 5.39 19.26 0.448 
Histidine 7.58 5.56 0.481 0.33 5.6 
Lysine 9.79 16.00 0.793 1.00 16.8 
Arginine 7.54 4.23 0.406 0.62 10.4 

m Calculated from 'Nutrient Requirements of Laboratory Animals', National Research Council (1972) 
/ Mean food intake was equivalent to 1.68g/g live weight 



Table 4.8.  

Some comparisons of gains in muscle and bone  

Species 
Body weight 

% Muscle 

Gain in 
muscle 

Kg. % Bone 

Gain in 
bone 

Rat (1) 0.C5 
04 

42 ) 
30 ) 0.009 20 

19 0.009 

Human 	(2) 5 
70 

27 
43 

29 14 
11 

) 
) 

9 

Pig 	(3) 5 (age 4 weeks) 50 ) (2.5 427.5) 20 ) (14 7.7) 
(Large white) 70 (age 6 months) 39 ) 25 11 6.7 

Sheep 	(3) 5 62 ) (3.14 33) 25 ) (1.2 4 7.2) 
(Suffolk) 60 (age 13 months) 55 ) 29.9 12) 6 

Cow 	(3) 40 (1 week) 64 ) (25.6.. 	190) 23 (9.2- 	51) 
(Shorthorn Cross Steer) 340 (2 years) 56 ) 164.4 15 41.8 

References: (1) This study 
(2) Garrow (1974) 
(3) Values summarised from data of Lodge (1970) 

and G.rrard (1971) 



The increased proportion of proline in the larger animals can be 

accounted for by the increased proportion of collagen, rich in the amino 

acid. The high content of cystine in the young animal suggests that 

there may be a high requirement early in growth. Ivernhart (1970) has 

cited evidence that hairless mutants have a lower requirement for 

sulphur amino acids than rats with normal fur, and also that due to the 

fur, rats at weaning have a relatively higher requirement for sulphur 

amino acids than human infants. In this study cystine was incorporated 

into tissue at 3.i times the rate at which it was supplied in the diet, 

but methionine was available in muzh greater quantity than was required 

for protein synthesis. Bunce and King (1969a, b) produced useful data 

from retention studies to support the view that the requirement of amino 

acids for tissue synthesis comprises the most important part of the total 

need. However, errors in methionine analysis lead to the improbable 

conclusion that this amino acid was being synthesised by the rat at low 

intakes of lactalbumin. 

Table 4.7 shows that threonine, glutamic acid, valine, isoleucine, 

leucinattyrosine, phenylalanine and lysine were incorporated at levels 

well below the stated minimum requirements and the dietary supply. 

On the other hand, glycine, alanine, cystine, histidine and arginine 

were incorporated into tissue protein at a greater rate than the 

dietary supply. In the case of arginine this lends support to the idea 

that lower levels of this amino acid are required in diets containing 

high proline and glutamic acid (over 29% in this diet). 

It might be expected that the liver would reflect the deficiency 

in these amino acids, although glycine and alanine should be freely 

available by transamination. The liver did have lower levels of glycine, 

cystine and arginine than the whole carcass but more histidine. 

Histidine was supplied up to suggested nutritional requirements and a 



Fig 4.1 Amino acid composition of carcass residuum 
showing . the contributions of muscle (red) 
and bone (yellow). 
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net synthesis (about 3C$ of the carcass contenq occurred. The carbon 

skeleton for this is probably available from glutamic acid. The 

differences, in particular for lysine, in liver protein composition 

between the youngest group, which were not starved, and the other groups 

which were, has a parallel in suggestions that the liver controls 

movement of amino acids by breakdown of proteins during starvation 

(3Woxam, 1970 Detailed carcass analysis of this type would be useful 

in the determination of the efficiency of utilisation of amino acids on 

various diets, by calculation of the difference between final and 

initial body content divided by the food intake (Nadeem Chaudry, 1971) 

Amino acid requirements of individual tissues 

Skeletal muscle and bone are the main sources of protein in 

mammals. The main organs together constitute about 14% of the body 

weight in the growing Wistar rat of 100g body weight; kidney 1.4%; 

heart 0.6%; spleen 042; stomach 1.1%; small intestine 3.89; 

liver 6.69. Widdowson and McCance (1963) found similar organ weights 

in the Hooded Norwegian strain. The protein contents of the major 

organs range" from 10-15% on a wet weight basis (Long, King and Sperry, 

1961). In order to compare the contributions of skeletal muscle and 

bone to the mammalian carcass their proportions in some species are 

shown in Table 4.8. It is interesting that the rat has a higher 

proportion of bone than the other species shown. Furthermore, bone and 

muscle are quite different in their relative proportions of amino acids 

(see Fig.4.1). If the amino acid requirement of these animals during 

growth reflects the needs for tissue synthesis then the rat would be 

expected to differ from the others in this respect. 

Collagen, which comprises nearly all the bone protein, has a 

distinctive amino acid composition. Approximately 1 in 3 residues is 

glycine; proline and 4-hydroxyproline constitute 1 in 4 residues; 
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glycinepalanine, proline and hydroxyproline together account for 2 out 

of every 3 residues and 1 in 6 residues is hydroxylated (either 

hydroxyproline or hydroxylysine). Moreover, it is the most widespread 

protein in mammalian tissues e.g. skin (4(%), tendon (25%), splanchnic 

tissues (2-80 (Bailey, 1968), and there is a great similarity in its 

amino acid composition from different sources (Eastoe, 1967). However, 

there are differences in the hydroxylysine contents of rat tissue collagen, 

although there is a reciprocal relationship with lysine so that the total 

of the two amino acids is constant (Pies and Likins, 1957). Skeletal 

muscle contains varying proportions of collagen from the endo: and 

peri-mysium. The proportion is apparently higher in more active muscles 

and younger tissues e.g. veal compared with beef (Lawrie, 1974). An 

increase of collagen to 47% of the muscle protein has been recorded in 

severe malnutrition of a child (1aterlow and Alleyne, 1971). 

Compared with bone, muscle contains relatively larger amounts of 

sulphur amino acids and lysine. Purthermore, muscle contains several 

proteins of varying amino acid composition, the major components being 

myosin (9.0 of the muscle fibril) , actin (3.8%) and tropomyosin (2.7%) 

Oeifter and Gallop, 1966). The composition of actin (Gosselin-Rey 

et al., 1969) and tropomyosin (Cummins and Perry, 1973) differ mainly 

with respect to lysine and glutamic acid (higher in tropomyosin) and 

proline and threonine (higher in actin). However, the amino acid 

composition of these proteins from different species and from cardiac 

and skeletal muscle differs very little. 

As mentioned earlier the young rat has a high cystine requirement 

for fur growth. Similar high cystine levels are found in other 

keratinised structures such as wool and feathers. Human hair contains 

even higher cystine levels (approximately twice the amount according to 

Crewther et al., 1965). Although there appears to be little published 
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information on the components of fur, a fairly large investigation 

has been carried out on wool proteins which exhibit a high degree of 

heterogeneity. They can be divided into high sulphur (approximately 

lefio cystine) and lower sulphur (approximately 5% cystine) components. 

Furthermore the proportions of several other amino acids differ, in 

particular the high sulphur class contains relatively more proline, 

threonine and serine and less aspartic acid, glutamic acid, histidine, 

lysine and leucine (Swart and Haylett, 1971; Swart, Parris and 

Joubert, 1973). It has been shown by Gillespie et al. (1964) that the 

total amount of the high sulphur proteins in wool can be increased by 

cystine supplements in the diet. 

Turnover of tissue protein  

In conditions where the intake of protein is limited, the demands 

for synthesis of some tissues have to be met at the expense of others. 

When growing rats underwent a period on a low protein diet after an 

adequate one, in the work of Widdowson and McCanee (1963), bone continued 

to grow, presumably because of its strongly anabolic metabolism, at the 

expense of the liver, spleen, heart and intestine. In order to 

determine the relative lability of tissues, attempts have been made to 

measure protein turnover rates by infusion or injection of labelled 

amino acids in vivo or by incubation in vitro. There are difficulties 

in obtaining accurate measurements: (a) It is necessary to know the 

specific radioactivity of the amino acid in the protein and this is 

difficult to calculate since it changes rapidly after a single injection 

of the label; (b) Recycling of the labelled amino acid can occur due to 

re-utilisation of it after liberation by catabolism. Using a constant 

infusion of tracer over several hours to obtain a steady state, half-lives 

have been found to be of the order of 9 days for mixed muscle protein, 

7 days for liver proteins, 1.4 days for plasma protein (Waterlow and 
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Stephen, 1966; Garlick, Millward and. James, 1973). The proteins of 

skin, which comprise about Nec; of the total body protein, are also 

rather labile (Neale and Waterlow, 1974). 
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Chapter 

The absorption of dietary protein by the 

small intestine 

	

5,1 	Introduction 

5.1.1 The absorption of amino acids 

5.1.2 The absorption of oligopeptides 

5.1.3 The absorption of protein 

5.1.4 The rate of absorption of amino acid mixtures 

5.1.5 The nutritional relevance of plasma amino acid 

measurements 

	

5.2 	Materials 

	

5.3 	Methods 

	

5.4 	Results 

	

5.5 	Discussion 



5.1 Introduction 

In the growing mammal the requirement of amino acids for tWsue 

synthesis is of prime importance. It is thought that protein 

synthesis can occur only if amino acids arrive simultaneously. 

Therefore the:qtake and metabolism of amino acids by the gut and the 

liver is important as it governs the rate at which the sites of synthesis 

are supplied. 

This is explored in the next two chapters by reference to (a) the 

rate at which absorption occurs in the small intestine,and (b) the 

metabolism of amino acids by the isolated perfused liver using young 

growing rats. At the same time the possibility of using these 

techniques as aids to the nutritional evaluation of proteins is examined. 

5.1.1. The absorption of amino acids by the small intestine  

Amino acids are absorbed by active transport systems involving 

carriers. The process is associated with expenditure of metabolic 

energy in the case of most amino acids. Schultz and Curran (1970) have 

suggested that transport of amino acids is linked to the 'sodium pump' 

mechanism in the intestinal cell. The mechanism for exit from the cell 

could be by diffusion, like glucose, the transport of which across the 

cell basal membrane is apparently not sodium dependent in contrast to 

its passage across the brush border (Leese, 1973). In any case the entry 

is by a different mechanism to the exit. The structural requirements 

for absorption, which have been studied mainly in rats and guinea pigs, 

have been reviewed by Spencer (1969) and by Matthews (1972) and the main 

points are summarised here. 

Studies with analogues showed that some D-amino acids inhibited 

the transport of the .L-form, i.e. stereospecificity is exhibited. The 

requirements for active transport are the presence of an oc-aMino group, 
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imino group or an N-methyl group and a free carboxyl group. There are 

at least four specific transport groups which may correspond to different 

carriers - 

(a) Acidic amino acids: aspartic and glutamic acids are probably 

actively transported but this is complicated by transmmination occurring 

during absorption. 

(b) N#Utral amino acids with short hydrophilic side chains e.g. glycine, 

alanine, proline, hydroxyproline and possibly threonine and serine. 

(e) Neutral amino acids with longer lipophilic side chains e.g. 

methionine and leuoine. 

(d) Dibasic amino acids and cystine. 

This grouping may be blurred by factors such as species 

differences, cross-competition for transport between groups (Larsen, 

Ross and Tapley, 1964) and transport of individual amino acids by two or 

even more carriers (Reiser and Christiansen, 1969). 

5.1.2. The absorption of oligopeptides  

It has become apparent in recent years that the absorption of 

oligopeptides as well as free amino acids plays a part in the uptake of 

protein digestion products. Matthews (1974) has pointed out that the 

idea of polypeptide absorption was popular at the end of the 19th century 

and that in fact the possibility of oligopeptide absorption and hydrolysis 

in the mucosa was recognized at the beginning of this century. Furthermore, 

since that time it was generally assumed that only free amino acids left 

the intestinal lumen. However, it has been known for some time that the 

complete enzymic digestion of protein in vitro is too slow to allow for 

hydrolysis to free amino acids prior to absorption, requiring 20 to 30 

hours (see e.g. Hill and Schmidt, 1962). 

Newsy and Smyth first reported on peptide transport in 1959 and 
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'demonstrated the uptake of peptides and hydrolysis to amino acids by the 

mucosal cell in 1960. Further evidence of the intact absorption of 

peptides in man was provided in 1968. Craft et al. showed that glycine 

entered the blood more rapidly after oral doses of glycyl-glycine or 

triglycine than after the equivalent dose of free glycine, while Adibi 

and Philips showed that glycine and leucine left the intestinal lumen 

more rapidly from glycyl-glycine or glycyl-leucine than from the 

equivalent free amino acids during perfusion of the jejunem. The 

phenomenon of more rapid absorption of amino acids from oligopeptides 

than from the free form has been shown in other species e.g. 14C-

glycyl dl-and tri- peptides by rabbit ileum in vitro (Rubino et al., 

1971), methionine and methionylmethioniaty rat small intestine in vitro 

(Cheng et al., 1971). Furthermore, the competition between individual 

amino acids such as glycine and leucine for absorption may be avoided 

when they are presented as peptides (Adibi, 1971). 

There is evidence that the mechanisms for uptake of peptides and 

free amino acids are independent. It comes from investigations on 

diseases caused by amino acid transport defects, effects of dietary 

alterations and from studies on competition between peptides. Heiner 

et al. (1973) suggest that peptides like amino acids may be coupled to 

sodium ions during transport. In Hartnup disease in man absorption of 

free phenylalanine was found to be poor but absorption of phenylalanine 

from its dipeptide was almost the same as in normal subjects (Asatoor 

et al., 1970). In another patient, free histidine was taken up poorly 

in a jejunal biopsy whereas its uptake from glycyl-histidine was much 

greater (Tarlow et al., 1970). There were comparable findings in 

cystinuria for lysine and lysyl-lysine (Heiner et al., 1971). In both 

these diseases patients can sustain their protein nutrition, suggesting 

that peptide absorption could play a part. Addison et al. (1972) with 
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hamster jejumum, in vitro, showed that uptake of glycyl-sarcosine which 

is hydrolysed very little and which accumulates intact in the intestinal 

wall, was inhibited by methionyl-methionine but not by free methionine. 

Similarly carnosine, which also passes into the mucosa intact, competes 

for uptake with several other dipeptides of neutral amino acids 

(Matthews D.M., Personal Communication). It is interesting that 

carnosine comprises about 4% of the dry matter (10$ of the total nitrogen) 

of commercial meat extracts. Lis, Crampton and Matthews (1972) Showed 

that a short-term reduction of a dietary intake in the rat or a high 

methionine diet stimulated absorption of free methionine but had little 

effect on methionylmethionine. Furthermore, protein depletion greatly 

reduced ileal absorption of an amino acid mixture but did not affect 

that of a mixture of amino acids and oligopeptides in which the latter 

predominated. 

5.1.3. The absorption of protein 

Intestinal absorption of intact protein occurs in many newborn 

mammals such as the absorption of X-globulin which can constitute a 

source of protective antibodies in the young (Morris, 1968). Its 

importance in general nutrition is likely to be small but it could be 

significant in certain cases. There have been reports that elastase 

(Katayama and Fufita, 1972) and bovine serum albumen (Warshaw et al., 

1974) can be transported intact across the intestinal wall into the 

lymph although the level absorbed was less than 2,,g of the amount 

administered. Recent work on coeliac disease has put forward the view 

that the observed lesions of the intestinal wall are caused by a 

deficiency of intestinal peptidase leading to an accumulation of peptides 

causing immunological reaction in the cell wall (Townley at al, 1973). 

Further evidence for an immune reaction in the subepithelial connective 
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tissues was obtained by Shiner (1973) in microscopic studies on the 

jeuna1 mucosa of coeliac children 

5.1.4. The rate of absorption of amino acid mixtures.  

Several studies have been performed on the relative rates of 

absorption of amino acids from mixtures. Delhumeau et al. (1962) found 

that in rats amino acids were absorbed to a greater extent from a 

mixture simulating egg albumen than from mixtures simulating casein and 

zein and equimolar mixtures, although the percentage absorptions of the 

amino acids were in the same relative order in each mixture. In general 

amino acids with larger polar side chains were absorbed more rapidly. 

On the other hand when young starved rats were administered suspensions 

of egg albumen and casein, the concentration of amino acids in the 

hepatic portal vein rose more quickly with casein (Chernikov and 

Usacheva, 1972). Rats previously fed a synthetic diet without essential 

amino acids for 3 days were given a mixture of essential amino acids by 

tube. The free amino acids disappeared from the gut more rapidly in the 

first hour after feeding and then more slowly at a rate of about 100 of 

the amount given per hour Wellers et al., 1972). 

Comparisons have been made between the uptake of proteins and their 

equivalent amino acid mixtures. Janney (1915) found that the rate of 

nitrogen excretion in dogs fed casein, serum albumin and gliadin were 

similar. Also the absorption of yeast protein and yeast protein 

hydrolysate in man (Crane and NeUberger, 'l960) and beef and an amino 

acid mixture in rats were the same. Gupta, Dakroury and Harper (1958) 

indicated that the rate of uptake was the same whether amino acids were 

free or protein bound and was surprisingly fast at least when fed at the 

low concentrations used by these workers. However, the work of Rolls 

(1970) has indicated that proteins less soluble than those above are 
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absorbed more slowly. 

Enzymic hydrolysates of proteins seem to be taken up more rap•.zdly 

than acid hydrolysates or amino acid mixtures. This effect has been 

demonstrated using tryptic hydrolysates of casein in tied loops of rat 

small intestine (Crampton et al., 1971) and in the jejunal perfusion of 

man (Silk et al., 1973). Recently the application of this phenomenon 

to the treatment of patients with cystic fibrosis has been explored 

(Clegg Kat., Personal Communication). The absorption of an enzymic 

hydrolysate of casein containing oligopeptides appears to be at least as 

good as that of the equivalent amino acid mixture (Silk et al., 1975). 

It may in future be an advantage to use such enzymic hydrolysates instead 

of medically defined diets containing free amino acids, because of their 

lower osmotic effects, and possibly lower cost of production. 

The quantitative imtortance of oligopeptide absorption in overall 

protein nutrition is not clear. However, from the evidence above it 

appears to play a part in disease states. Furthermore it would be strange 

if the mechanism was available and not used. Much of the work by 

Matthews and others on oligopeptide uptake has been performed with peptides 

Which may occur infrequently in normal diets e.g. glycyglycine, and at 

concentrations which are well above normal physiological levels in the 

gut. Nixon and Mawer (1970) found that the concentrations of free amino 

acids in the jejunal lumen of humans ranged from 0.1 to 0.7mM. Fern 

et al. (1969) found the jejunal concentration of peptides were no more 

than 0.04mM, although the work of Rolls et al. (1972) indicates that 

peptide concentrations in the small intestine of rats trained to eat 

single meals were in the range 0.1 to 1 MK. 

Both the method of feeding and the composition of the diet affect 

the uptake of amino acids. There is evidence of an enhancement in the 

absorptive capacity of the rats' small intestine after an overnight fast 

(Gallo-Torres and Ludorf, 1973); and after a change from a low to high 
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protein diet (Schlotke and Scharrer, 1974). Some carbohydrates decrease 

the uptake of neutral amino acids in rats. Galactose appears to compete 

during transport (Newey and Smyth, 1964) and feeding of sucrose or raw 

potato starch reduces the absorptive capacity of the small intestine 

(Parnell and Chang, 1974). High levels of dietary fibre increase faecal 

nitrogen excretion (Cummings, 1973) but it is uncertain whether this is 

due to a'Aeorease in digestibility. Nasset (1972) has claimed that 

large quantities of endogenous protein from mucosal cells and enzymes are 

added to the gut contents after a meal and in excess of that from the 

diet. This has been interpreted as giving rise to a homeostatic effect 

on amino acidconcentration in the gut. Geiger et al. (1958), however, 

found the endogenous nitrogen levels were weILbelow the dietary nitrogen 

in the rat, in contrast to Nasse0s work which was performed mainly on 

dogs. Since the amount and composition of the enzyme mixture added to the 

intestine may affect the overall amino acid profile of the contents, it is 

relevant to consider how it is affected by the diet. As a result of her 

measurements of pancreatic proteases, Twombly Snook (1965) suggested that 

dietary protein regulates enzyme synthesis through the amino acid p$ols 
(1971) 

in the pancreas. Christophe at al, found that levels of lipase were 

increased and amylase was decreased when glucose utilisation was impaired 

or dietary lipids abundant whilst the opposite conditions gave the 

reverse effects. These workers also showed that amylase, trypsin and 

chymotrypsinogen activity in rats rose from 15 days of age onwards, 

a 
which parallels the change from a high fat, high protein diet to,mixed 

diet richer in carbohydrate. The amino acid analysis of pancreatic juice 

differs in some respects from normal dietary proteins e.g. there is 

relatively more cystine (2.5% of the protein) than methionine (0.9S). 

However, the daily amount secreted is relatively low, at least in pigs, 

in proportion to the food intake (about 1%, Corring and Jung, 1972). 
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Hence this component of the endogenous nitrogen is not likely to affect 

the overall composition of the intestinal contents. 

5.1.5 Nutritional relevance of plasma amino acid measurements  

The site of hydrolysis of oligopeptides is uncertain, that is it 

is unknown whether hydrolysis occurs at the brush border or in the mucosal 

cell (Elliott 41 0 C °rifler 1972)• However, it is generally agreed that only 

free amino acids appear in the portal blood, with the possible exception, 

as discussed earlier, of some peptides which can be absorbed intact. 

The studies on plasma amino acid levels for nutritional purposes 

have been reviewed in the publications of Berry (1970), Porter and Rolls 

(1973), Rolls (1970), Wa.terlow and Alleyne (1971) and Harper et al. (1970). 

The work can be divided into several groups. 

1. The demonstration of a greater rise of free amino acids in the 

hepatic portal vein than in the systemic plasma. 

2. The nature and duration of the rise and its dependence on 

nutritional status. 

3. The dependence on the nature and quantity of protein ingested. 

4. The dependence on dietary protein level and fasting. 

5. The effects of different dietary proteins. 

6. The effect of other dietary components particularly carbohydrates. 

7. The homeostatic effects with deficient or unbalanced diets and the 

relationship to the limiting amino acid in the diet. 

8. The effect of large excesses of a single amino acid. 

9.' 	The effect of disease, particularly protein deficiency and 

metabolic defects. 

10. The turnover rates of tissues. 

11. The effect of alterations in vitamin intake or hormone levels. 

Several workers have suggested various indices of plasma amino 

acid concentrations as indicators of nutritional status. Longenecker 
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and %use (1961) suggested the difference between fasting levels in dogs 

and levels 1-5 hours postprandially. Rlavins (1965) compared portal 

levels after a meal to the theoretically expected values. Whitehead 

(1964) suggested the ratio of some non essential to essential amino acids 

in systemic plasma and Arroyave (1970) suggested the valine/glycine ratio 

as indices for humans. Although several workers have recognized that 

hepatic portal vein levels are more likely to reflect the amino acids 

available for tissue synthesis than systemic levels, relatively few 

studies have been performed on the metabolism of amino acids by 

individual organs. In fact the portal levels are the net result of the 

absorption process and the metabolism of the small intestine and 

represent the amounts available to the liver. 

Experiments were-carried out to determine the changes in hepatic 

portal and plasma amino acid levels in rats after a meal of F.G. or 

casein. Also an indication of the solubility of these protein sources 

in the small intestine was sought. 

5.2 Materials  

Animals - Male Sprague Bewley derived rats (C.D. S.P.F. strain) 

were obtained from Charles River, France. They weighed approximately 

100g on arrival and were maintained on a standard conditioning diet for 

5 days. 

Cages - Tubular cages were used to prevent coprophagy and were 

similar to those described by Metta et al. (1961) and Buraczewski et al. 

(1971). The cages were tubes constructed as squares of 30 x 30cm and 

diameter 5cm. Food was placed in a stainless steel tray which was then 

fixed to the mesh. The cage wad supported on a tray. 
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5.3. Methods  

Feeding - After the conditioning period, the rats were 

transferred to the tubular cages for 2 days. Food was withdrawn 16 hours 

before the experiment, but access to water was maintained. After this 

time the rats were dosed by stomach intubation with either 2m1 of 

distilled water (controls) or 2m1 of a casein suspension in water 

(100mg/m1) or 2m1 of F.G. (Fusarium graminearum) suspension (100mg/m1). 

Collection of samples - Samples were taken by a procedure based 

on that outlined by Buraczewski et al. (1971) although there are likely 

to be some slight differences in technique. At the appropriate sampling 

time the rat was anaesthetized using diethyl_ethat containing 0.000A 

pyrogallol as antioxidant McFarlane Lang Ltd.) and maintained under 

anaesthesia using ether *apour and a face mask. An area of the abdomen 

5cm square was shaved, the skin and abdominal wall were out and folded 

back. The loop of intestine lying over the gall bladder was taken and 

some mesentery cleared so that 2 ligatures could be tied at the pylorus. 

A cannula produced from a 2cm length of glass tubing, widened in the 

middle and narrowing to 0.2cm, was inserted, tied and connected to a 25m1 

syringe containing 0.9% (w/v) saline. The intestine was out at the 
cannula 

junction with the oaecum and another/inserted. The intestinal contents 

were washed into a beaker with 50m1 of saline. Using heparinised 

syringes up to 2m1 samples of blood were withdrawn from the hepatic 

portal vein and from the heart after opening the thorax. 

Preparation of samples - The intestinal contents were immediately 

centrifuged at 40C at 10,000 rpm for 10 min. The residue was washed with 

10m1 of saline and recentrifuged. The supernatant and washings were 

combined and made up to 100m1 with saline. A portion was taken for 

nitrogen and dry matter determinations. The rest was freeze dried. 

The blood samples were centrifuged for 2 min; 0.3m1 14 sulpha 
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salicylic acid was added to the plasma and mixed using a vortex mixer. 

The precipitated proteins were centrifuged off in 5 min. Whenever 

possible samples were analyzed immediately or otherwise stored at -20°C. 

Analyses dry matter and nitrogen were determined as in the 

Methods section of Chapter 4. 

Amino acids were determined directly on the deproteinised samples 

using a lithium buffer system to separate asparagine and glutamine. 

5.4. Results  
The levels of free amino acids found in heart and hepatic portal 

plasma are shown in Tables 3-.1,3.2. The fasting levels refer to those 

found in rats after a 16 hour fast, i.e. before dosing. Control animals 

were dosed with 2m1 distilled water. The accuracy of the determinations 

were adversely affected by the small volumes of plasma obtained (less 

than 0.4m1 in some cases).Proline, cystine and tryptophan sensitivities 

were low due to their low concentration and their appearance as low 

broad peaks, which were difficult to integrate. Ornithine and ammonia 

were also detected. 

As expected, levels were higher in the hepatic portal vein 

compared to the systemic plasma for the same treatments. All treatments 

caused appreciable increases in plasma amino acid levels by 2 hours 

after dosing. Portal levels of alanine increased up to 5 hours otherwise 

there were either slight decreases or similar levels at 5 hours. There 

was not much difference between the systemic levels after casein orrY.G. 

The relative proportions in the portal vein differed in some 

respects between the treatments. Total glutamic acid and glutamine, 

valine, methionine, isoleucine and leucine were higher after casein, 

which contains relatively more of these amino acids than F.G.(see 

Chapter 3). 
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Table 5.1. Levels of amino acids in the hepatic portal vein of rats 

imio1/10(1111 plasma  
- 

Amino acid Fasting Control+ 
2h. 

Csein 
lh. 	2h. 	5h.  

F.G. 
lh. 	2h. 	5h.  

Aspartic acid. 6.8 6.1 13.2 21.5 14.5 10.5 23.1 18.0 

Asparagine 13.2 12.0 47.3 -',56.2 56.7 40.8 - 	48.2 27.3 

Threonine 18.1 32.3 100.4 89.0 80.2 45.8 58.2 87.3 

Serine 35.3 60.2 56.1 75,2 61.1 46.7 70.1 84.2 

Glutamic acid 14.2 33.9 20.4 25,6 28.2 12.9 14.1 12.9 

Glutamine 60.0 81.9 78.0 90.4 70.1 43.2 51.8 47.2 

Proline 1 10 10 20 20 20 20 20 20 

Glycine 37.4 78.8 65.1 106.7 90.5 120.4 149.4 167.8 

Alanine 55.7 90.1 140.2 214.9 251.4 111.6 192.3 170.0 

Valine 30.9 38.2 95.3 87.2 80.3 56.8 67.5 60.4 

Methionine 12.1 15.3 20.2 42.0 40.7 12.9 22.7 18.2 

Iso leucine 12.5 36.8 64.1 58.4 44,2 25.1 31.6 24.7 

Leuoine 26.0 55.2 70.8 90.8 81.8 55.9  50.2 41.4 

Tyrosine 10.5 28.3 21.6 36.5 32.4 25.7 27.9 26.2 

Phenylalanine 9.6 27.4 24.5 28.1 32.9 22.8 31.1 25 .5 

Tryptophan 1 5 5 10 10 10 10 10 10 

Histidine 8.5 27.7 15.8 28.3 34.6 24.1 33.7 28.6 

Lysine 42.0 100.5 130.2 160.5 139.8 92.9 120.6 100,8 

Arginine 10.4 15.0 12.9 14.8 17.5 19.8 23.2 14.4 

Fated for 16 hours 

+ Dosed with 2m1 of distilled water 

/ Only approximate values are given for these amino acids since the 
peaks on the chromatograms were small 
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Table 5.2. Levels of amino acids in heart plasma of rats 

p mo1/100m1 plasma 

Amino acid Fasting Centror 
2h. 

Casein 
lh* 	2h. 	5h. 

F.G. 
. 	lh. 	2h. 	5h. 

Aspartie acid 2.1 4.4 9.0 7.9 12.8 8.8 11.7 7.5 • 

Asparagine 7.6 8.7 12.1 10.9 14.0 12.3 12,1 16.5 

Threonine 14.6 28.1 42.6 49.8 38.7 30.4 28.8 25.7 

Serine 28.3 57.7 36.2  48.8 53.4 34.1 40.3 46.2 

diatomic acid 15.8 24.9 16.4 28.1 22.0 21.3 34.4 30.2 

Glutamine 43.4 56.2 52.3 59.8 51.2 42.2 40.1 38.8 

Proline 1 10 10 20 20 20 20 20 20 

Glycine 25.2 54.3 49.1 96.7 81.1 64.4 110.3 102.3 

Alanine 42.7 72.2 60.5 150.3 123.4 79.8 148.6 95.6 

Val ine 17.3 34.8 72.2 61.2 45.6  32.5 40.1 31.6 

ligethionine 8.1 10.5 8.7 11.4 10.7 8.8 18.7 16.7 

Iso leucine 10.4 24.3 35.9 40.4 31.4 25.5 21.4 24.6 

Leucine 14.9 40.6 50.4 45.7 48.3 45.6 56.7 39.9 

Tyrosine 7.2 19.1 18.2 25.6 15.6 14.6 24.8 20.9 

Phenylalanine 9.3 15 .4 14.3 16.8 12.9 19.9 17.6 24.4 

Tryptophan / t 5 5 10 10 10 10 10 10 

Histidine ' 	7.5 ' 12.3 18.7 28.7 13.6 14.7 24.7 10.1 

Lysine 38.1 65.7  70.5 94.1. 64.4 47.5 82.4 63.0 

Arginine 
t 

7.0 10.2 8.1 12.6 15.6 9.1 12.2 8.7 



Table 5.3 Analysis of intestinal contents 2 hours after dosing 
(Averages of 3 rats + standard deviation) 

Insoluble material 
total dry wt.mg/100g rat 

% 
Nitrogen 

Soluble material 
total dry wt.mg/100g rat 

% 
Nitrogen 

Casein 5.12 + 1.88 5.29 + 0.77 51.4 + 8.2 6.12 + 0.55 

F.G. 7.22 + 2.05 4.86 + 0.88 46.5 I- 743 5.11 + 0.68 

Control 3.95 + 1.04 6.72 + 0.90 34.9 + 	10.2 4.60 + 0.39 
(2m1 of saline) 
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The determination of glutamine can present special problems and 

interpretation of data on this amino acid should be made with caution. 

Blanshard et al. (1975) hsve reported significant cyclisation of 

glutamine to pyrrolidone-2-carboxylate in solutions of:pH2to 10 at 

room temperature and conversion to glutamate at pH 10. Armstrong 

and Stave (1973a) have pointed out that degradation can also occur in 

the storage of samples. 

Although aspartic and glutamic acids comprise a large proportion 

of the residues in casein, relatively small amounts appear in the portal 

blood. It has been known for some time that the small intestine has the 

capacity to transmmiaate aspartate and glutamate to alanine in vivo 

(Neame and Wiseman, 1957). Moreover, it has been demonstrated in vitro 

(Parsons and Volman-Mitchell, 1974) in the rat and guinea pig that the 

capacity for transamination could amount to 60-85% of total absorbed 

dicarboxylic acid at levels up to 10616. This can be compared to a total 

aspartate and glutamate of about 6mM in the intestinal lumen in these 

experiments. The formation of glycine from glutamate and glyoxylate is 

also feasible and is favoured thermodynamically (Meister, 1965). 

5.5 Discussion  

The rises in portal levels were more closely related to the type of 

treatment than were the systemic levels. It would be expected that dosing: 

• with distilled water would result in an increased secretion of dietary 

enzymes. Since there is relatively little change in the insoluble or 

soluble dry matter, and their proportions of nitrogen, in the small 

intestine, it would appear that endogenous material contributes 

considerably to the contents in all three treatments. 

The levels in fasting plasma are similar to those found by Rolls 

(1970) apart from glycine and alanine which are lower. The reason for 
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this is not clear but he used older rats and there is some evidence in 

humans that plasma alanine and to some extent glycine increase with age 

(Armstrong and Stave, 1973). Furthermore, alanine could have a 

specialised role in metabolism (Felig, 1973). The levels found after 

casein administration, compared with those of Rolls for rats trained to 

eat single meals of casein, are higher. It is possible that this is due 

to the different treatment of the animals. In this work dosing might be 

expected to increase the stress on the animal, leading to release of 

adrenaline and causing splanchnic vasoconstriction. Although the rate of 

absorption may remain the same, variations in blood flow through the 

hepatic portal vein would alter the absolute concentrations of amino 

acids. The resistance to flow and hence the pressure drop between the 

portal vein and liver sinusoids is relatively low. The portal venous 

system drains the vascular beds of the organs of the alimentary canal, 

each of which presents a characteristic resistance to flow thus 

affecting the volume and pressure of the portal flow. Furthermore, 

anaesthesia may be associated with varying degrees of oxygen saturation 

in the blood leading to vasoconstriction. Variations in liver weight 

also account for changes in blood flow (Ohnhaus and Locker, 1975). 

Measurements of the portal blood flow would give an indication of 

the rate at which anino acids reached the liver. Total liver blood flows 

of lml/min/g of liver have been reported (Handbook of Physiology - 

Circulation, Coda,C.F.Ed., Amer.Pbysiol.Soc.,Washington,1968). 	It is 

thought that the flow through the hepatic artery is approximately half 

that of the portal vein. Thus with a total liver blood, flow of lml/Min/g 

the flow rates through the portal vein and hepatic artery would be about 

0.67 and 0.33 respectively. 

Although the dosing method may be ,unphysiological,  it could be 

useful for further studies on the uptake of amino acids after a meal. 
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It is now feasible to analyse for labelled amino acids quite accurately. 

Methods might also be developed allowing a few specific amino acids in 

a microbial protein to be labelled, since F.G. for example can take up 

some amino acids specifically from its growth medium in preference to 

the synthesis of its complete requirement. This type of labelled protein 

could be useful. However, Rogers (164) has pointed out that a proportion 

of the dietary protein is recycled quite rapidly after absorption, 

re-appearing in the digestive secretions. 
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Char-ter 6 

The uptake and utilisation of amino 
acids by the isolated perfused liver 

6. 1. Introduction 

6.1.1 The effects of dietary amino acid supply on catabolic enzymes. 

6. 1.2 Possible relationships between amino acid supply and 

gluconeogenesis.-: 

6.1.3 Relationships between hormones and amino acid supply. 

6.1.4 Relationships between amino acid supply and protein synthesis. 

6.1.4.1. Effects on albumin turnover. 

6.1.4.2. Effects on ribosome activity. 

6.1.5 The movement of amino acids between the liver and the tissues. 

6,1.5.1. Possible mechanisms for amino acid movement in the blood. 

6.1.6 Rationale for the use of the isolated perfused liver in 

nutritional studies. 

6. 2. Materials and methods. 

6. 3. Results 

6. 3.1. Perfusions with no added amino acids. 

6. 3.2. Changes in perfusate concentrations at normal plasma amino 

acid levels. 

6. 3.3. Changes in perfusate concentrations at four times normal 

plasma levels. 

6.3.3.1. Normally fed rats 

6.3.3.2. Starved rats 

6.3.3.3. Diabetic rats 

6.3.4. The effects of the omission of glucose or glycerol, lactate, 

pyruvate mixture from the perfusate. 



- 129 - 

6.3.5. Urea formation in the perfused liver. 

6.3.6. The effect of the omission of lysine from the perfusion 

medium. 

6.4. Discussion 

6.4.1. The uptake of amino acids by the liver. 

6.4.2. The effects of lysine -deficient perfusions on the liver. 

6.5. Conclusions 
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6.1. Introduction  

In the previous Chapter the part played by the small intestine 

in the regulation of the appearance of amino acids in the portal vein 

has been discussed. The liver may vary both the rate of uptake of 

amino acids and the blood flow is the portal vein. The blood supply to 

the liver can increase by virtue of increases in size (Ohnhaus and 

Locker11975). Therefore, in one sense, the liver and the small 

intestine may be regarded as one organ. The rate of incorporation of 

protein into the liver of the growing rat is about 66 mg/day (see 

Chapter 4), which is about one fifteenth of the protein incorporated 

into the whole carcass. This amount represents a small proportion of 

the total amino acid flow which passes through the portal vein. The 

part played by the liver in the rate of uptake of amino acids, therefore 

merits investigation. 

6.1.1. The effect of dietary amino acid supply on liver enzymes 

It has been evident that the liver plays a central role in the 

regulation of amino acid utilisation since the classical studies on 

hepatectomized dogs (Bollman et al.1926). In Chapter 4 reference was 

made to the attempts to relate the activity of some liver enzymes to 

the diet. Schimke (1962) showed that there was a decrease in the 

concentration of urea cycle enzymes in the liver of rats fed on diets 

containing no protein but adequate energy. The activity of serine 

(threonine) dehydratase is increased greatly when essential amino acids 

are force-fed (Peraino et al.1965). Acetyl coenzyme A. carboxylase is 

degraded more rapidly in starvation and synthesised more slowly on a 

high fat diet (Majerus and Kilburn,l969). The activity of both liver 

alanine aninotransferase and aspartate aminotransferase are reduced on 

low protein diets (Nikonorow et al.1973). One must take into account 
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that both the rate of synthesis and the rate of degradation govern the enzyme 

levels, and either factor may be affected by an alteration in the diet. 

Some enzymes of amino acid catabolism are known to be activated by their 

substrates e.g. tyrosine aminotransferase and tryptophan oxygenase (Knox 

and Creengard,1965). Jost et al. (1970) found that the administration 

of essential amino acids to rats increased the synthesis of serine 

dehydratase and the concentration of cyclic AMP in their livers. They 

suggested that both cyclic AMP and the supply of amino acids were 

responsible for the increase of the enzyme. In contrast, Pertalia and 

Sols (1970) showed that serine and threonine inactivated serine 

dehydratase, in the absence of pyridoxal phosphate, but not at 

physiological pH and substrate concentrations. However, Miller (1965) 

found that in the perfused liver cyclic AMP not only accelerated 

gluconeogenesis and could contribute to an accelerated uptake of amino 

acids but also stimulated protein catabolism. In the intact animal 

the supply of amino acids is not constant and there are large variations 

in starvation and re-feeding. Potter et al. (1968) showed that when 

rats were adapted to controlled feeding schedules there were large 

oscillations of tyrosine aminotransferase. The enzyme rose to a 

maximum during feeding, which paralleled the daily variations occurring 

in normally fed animals, and also there were indications that the liver 

amino acid pools were lower in periods of fasting. This could be 

explained by the availability of amino acids altering the rates of 

synthesis of a rapidly degraded enzyme. In fact, as mentioned in 

Chapter 4, Nadeem Chaud67/.  and Evans (1971) have suggested the 

determination of tyrosine aminotransferase as an assay for the available 

protein-bound tryptophan of foods. Furthermore, like tyrosine amino- 

transferase, the activities of serine dehydratase and tryptophan pyrrolase 

are increased when small doses of tryptophan are added to the diet of 
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rats previously fed on a tl,yptophan-deficient mixture of amino acids 

(Schlike and. Doyle, 1970). The liver has a higher content of labile 

protein than other tissues. An increase in the labile protein could be 

accounted for by the stimulation of protein synthesis and by the 

reduction in the breakdown of catabolic enzymes caused by an influx of 

amino acids. This process is more intense in the liver than in other 

tissues because of its direct access to high concentrations of amino 

acids. Gan and Jeffay (1967) have illustrated this ebb and flow of 

protein turnover with various diets fed to rats. There is the 

possibility that if an enzyme'had an unusual amino acid, composition, it 

might be particularly sensitive to the supply of an essential amino acid. 

Although there are differences in composition between enzymes it is 

uncertain whether this is an important factor. Arginase has a relatively 

high lysine content (100) whereas aspartate aminotransferase and alanine 

aminotransferase were much lower in lysine, but the latter is relatively 

high in cystine (34) and methionine (34). (Kirschenbaum, 1972,1973) 

6.1.2 Possible relationships between amino acid supply and sluconeogenesis  

The key enzymes of gluconeogenesis are divided between the 

mitochondria and the cytosol of the liver cells. Pyruvate carboxylase is 

found mainly in the mitochondria whereas phosphoenol-pyruvate carboxylase, 

fructose 1,6 diphosphorylase and glucose-6-phosphorylase are found in the 

cytosol. The rate of exchange of anions between these two parts of the 

cell may be a feature of gluconeogenesis. Cornell et al. (1974) found 

that some amino acids, particularly lysine, affected the rate of 

gluconeogenesis from lactate, but not pyruvate, in isolated rat liver 

cells. They postulated that this was due to differences in the metabolic 

pathways from lactate and pyruvate, which involve transfers of different 

carboxylic acids from the mitochondria and cytosoll  and consequently 

different equilibria are involved. Krebs (1975) has suggested that the 
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interchange of pyruvate and alanine in muscle via alanine amino-

transferase (see review of Felig, 1973) can be interpreted by the 

consideration of the equilibrium concentrations of alanine, leucine 

and keto acids. Hence, the main factor governing some of the steps in 

gluconeogenesis may quite simply be the relative concentrations of amino 

acids and keto acids that are present. 

6.1.3. Relationships between hormones and amino acid supply   

Hormonal factors are also known to regulate enzyme activities. 

The activity of serine dehydratase is increased by glucagon (Greengard 

and Dewey, 1967). The concentration of tyrosine aminotransferase in 

the liver of rats is increased, apparently independently, by glucagon 

and insulin (Greengard and Dewey, 1967; Schimke, 1962) and also by 

cortisone, although the latter had little effect when casein hydrolysate 

was fed (Peraino, Lamar and PitO, 1966). Hydrocortisone increases 

the liver concentration of tryptophan oxygenise in intact and in 

adrenaleotomized rats (Knox, Piras and Tokuyama, 1966) and of alanine 

aminotransferase. In the case of the latter the increase is probably 

due to an increase in the rate of synthesis (Kim, 1969). 

Studies with the isolated perfused rat liver have provided more 

understanding of the nature of the action of hormones on liver proteins. 

Mortimore and !Condon (1970) found that insulin inhibited the release of 

valine by the perfused liver thereby suggesting that insulin inhibited 

proteolysis. This action on proteolysis is supported., to some extent by 

the work of Kelman et al. (1972). Their studies indicated that insulin 

Slowed the catabolism of albumin whereas glucagon, growth hormone and 

hydrocortisone had no effect. The likelihood that insulin can have an 

effect on the liver in vivo is supported by the fact that the entire 

pancreatic output passes through the liver prior to entry into the 

general circulation. In a review by Field (1973) evidence is cited that 
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about half the insulin can be removed in passing through the liver and 

that the amount extracted may be increased in proportion to the amount 

secreted. John and Miller (1969) pointed out that an enhancement of 

plasma protein synthesis by the perfused rat liver was caused by 

combinations of cortisol and insulin with amino acids. They also 

demonstrated that insulin enabled the perfusion system to maintain 

positive nitrogen balance (i.e. more amino acids were removed by the 

liver than it converted to urea). Griffin and Miller (1973) found 

further indications that insulin was required for positive nitrogen 

balance but that increased plasma protein synthesis could occur even if 

the balance was slightly negative. Furthermore, they showed that 

thyroxine at approximately normal physiological concentrations could 

enhance plasma protein synthesis when in combination with cortisol, 

insulin and amino acids. 

There seems to be no direct evidence that insulin stimulates the 

incorporation of amino acids into liver protein, since the above studies 

indicate that its effect could be due to the inhibition of proteolysis. 

This is in contrast to the direct stimulation by insulin of amino acid 

uptake by muscle. However, insulin may have a direct effect on the 

reduction of _hepatic gluconeogenesis from alanine (Felig, 1973). 

Mallette et al. (1969d)demonstrated that glucagon acts in the reverse. 

sense in the perfused liver. They found that glucagon caused a threefold 

increase in the conversion of alanine to glucose and also stimulated 

glucose and urea production from an amino acid mixture. Wahren et al. 

(1972) tried to determine whether alterations in liver metabolism or an 

increased substrate availability were responsible for accelerated 

gluconeogenesis in diabetes. They collected blood samples from adult 

humans by means of catheters inserted in the hepatic vein and some 

peripheral vessels. They concluded that in diabetics there was twice 
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the splanchnic uptake of alanine and other glucogenic amino acids, 

although the peripheral output of these amino acids was the same as in 

control subjects. It has been suggested that in the intact man the 

ratio of the concentrations of insulin and glucagon changes according 

to the requirements for carbohydrate fuels (Unger, 1973). The relative 

response of these two hormones to a protein meal varies according to 

nutritional state. A decrease in insulin relative to glucagon occurs 

after starvation, and this could channel amino acids wastefully into 

gluconeogenesis and not into protein synthesis. On the other hand, 

glucose infusion increases the ratio of insulin to glucagon greatly 

and may account for a 'protein-sparing' action of glucose. 

6:1.4 Relationships between amino acid supply and protein synthesis  

6.1.4.1. Effects on albumin turnover  

The control of albumin synthesis and degradation by the liver 

has been studied because of its importance as a means of eliminating 

protein overload and maintaining constant plasma protein concentrations. 

According to Hoffenberg et al. (1970) the rate of catabolism of serum 

albumin in the perfused rat liver is proportional to the albumin 

concentration in the perfusate. The rates of albumin synthesis in 

in vitro liver systems are highest in the perfused liver, at least 

judging by the measurements published so far. Compared with an in vivo 

rate of synthesis of 0.74meg of liver/hr. Peters (1973) estimated 

the rate was 0.15 in liver slices, whilst the rate was 0.15 in isolated 

liver cells, (East et al. 1973) and 0.5 in the perfused liver (John and 

Miller, 1969). In the postabsorptive state the liver has a 

requirement for amino acids for e.g. protein synthesis and gluconeogenesis 

even though the external supply of amino acids may be reduced. The idea 

that amino acids themselves play a part in the control of liver protein 

turnover is supported by Woodside and Mortimore (1972). These workers 
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in the perfused liver. They showed that the infusion of a mixture of 

amino acids decreased net protein breakdown. Furthermore, amino acid 

mixtures at about ten times normal plasma levels increased the rate of 

protein synthesis. However, the levels of valine added in their 

perfusions were about 100 times normal plasma levels. The reason for 

this was that a proportion of the intracellular valine in the liver is 

'compartmented,  i.e. it fails to equilibrate with valine in the external 

medium and is thought to arise from,intracellular proteolysis (Mortimore 

et al. 1972). At high external concentrations this compartmented 

proportion is reduced. 

6.1.4.2. Effects on ribosome activity  

The way in which the amino acid supply can influence protein 

synthesis in the liver is not fully understood, although some light has 

been shed on the subject by investigations of ribosome formation. 

Uefferson and Korner (1969) found that ribosomes in the perfused liver 

had their maximum protein synthetic activity in the presence of a 

sufficient supply of arginine, asparagine, isoleucine, leucine, lysine, 

methionine, phenylalanine, proline, threonine, tryptophan and valine at 

ten times normal plasma concentrations. The integrity of polyribosomes 

appears to be dependent on a complete supply of amino acids. Wanner 

et al. (1966) demonstrated that smaller ribosomal units accumulated in 

the liver of rats fed a tryptophan deficient mixture. This effect was 

confirmed in vitro by the incubation of liver polyribosomes in a cell-

free system with and without amino acids (Baliga et al. 1968). A 

complete mixture of amino acids restored the formation of polyribosome  

aggregates to a small extent and also increased protein synthetic 

activity. Baliga et al. suggested that amino acids could stimulate 

the attachment of free ribosomes to mRNA. On'iow protein diets, liver 

cells of rats had lower protein synthetic rates and lower proportions 
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of polyribosomes than on 18$ casein diets (Wannemacher et al. 1971). 

The effects were also correlated with lower intracellular concentrations 

of the amino acids mentioned above. These authors thought that amino 

acids could stimulate an increase in the number of ribosomes that 

actively synthesise proteins. This was supported by the observations of 

Wool and Kurihara .(1967) on in vitro  protein synthetic rates in muscle 

in diabetes. There are indications that the activity of the liver 

ribosomes is quite sensitive to alterations in the quality of dietary 

protein. A decrease in activity on less well-balanced proteins can be 

detected before a decrease in liver protein synthesis has occurred 

(von der Decken and Omstedt, 1974). Furthermore, the recovery of 

activity by liver ribosomes after an amino acid deficient diet can take 

up to a day longer than the recovery of skeletal muscle ribosomes 

(Omstedt and von der Decken, 1974). McCown et al. (1973) confirmed the 

results of Jefferson and Korner (1969) when they showed that a 

combination of amino acids was necessary for the maintenance of 

polysomal integrity in the perfused liver. In both studies relatively 

large amounts of amino acids were required, although, unlike Jefferson 

and Korner, McGown et al. infused an amino acid mixture resembling 

normal plasma levels every 15 mins. to maintain the polysomes. The 

omission of methionine or tryptophan caused disaggregation of the 

polysomes. In fact Sidransky et al. (1968) suggested that tryptophan 

had a special capacity to control liver polysome formation. However, 

taking all this work into account it appears that control of polysome 

formation depends upon a proper balance of essential wino acids 

(Munro, 1968). The effect of a particular amino acid, such as tryptophan 

may be related to its low concentration both free and protein-bound, in 

the liver and the tissues. 
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6.1.5 The movement of amino acids between the liver and the tissues  

In the last few years, there has been support for the idea that 

the liver is the key organ in the control of the amino acid supply to 

the tissues. The evidence has come from studies on the net balances of 

amino acids across various organs in vivo in the dog (Elwyn et al.,1968), 

in man (Wahren eta], 1972), in sheep (Wolff et al. 1972) and in rats 

(Yamamoto et'al. 1974). However, there are drawbacks with in vivo  

determinations of amino acid uptake and release due to the difficulties 

of sampling. Firstly, the liver receives blood supplies from the hepatic 

artery and portal vein, each containing different concentrations of amino 

acids which would need to be determined to calculate the net balance. 

Secondly, the flow may have to be stopped in the hepatic artery and 

inferior vena cava to facilitate sampling and the plasma concentrations 

may consequently alter. Aikawa et al. (1973) used a variety of sampling 

procedures in order to examine these effects. Their, conclusions were that 

the liver utilised most amino acids, whereas peripheral tissues (i.e. 

skeletal muscle, skin and adipose tissue) released considerable amounts 

of glutamine, alanine and glycine. These workers (Matsutaka et al. 1973) 

considered that the small intestine played a major part in the conversion 

of glutamine nitrogen to alanine and in the supply of alanine for 

hepatic gluconeogenesis in fasted rats. In fed sheep the liver can take 

up most amino acids and the intestine utilises glutamine (Wolff et al 

1972). However, on a 24 protein diet there was an extensive production 

of ammonia by the gut. Also there was probably a stimulation of hepatic 

gluconeogenesis from amino acids, since there is little absorption of 

dietary glucose by ruminants. This perfusion study thus emphasised 

that there was a large wastage of protein in sheep on a continuously fed 

high protein diet. Lindsay et al (1975) found a similar pattern of 

amino acid uptake in the isolated perfused sheep liver, indicating the 
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validity of the perfused organ for studies of amino acid metabolism. 

6.1.5.1. Possible mechanisms for amino acid movement in the blood  

After absorption from the gut, amino acids may be transported 

either free, in the plasma and erythrocytes, or protein-bound. Some 

attempts have been made to determine quantitatively the amounts 

transported by each method. Horikawa (1969) fed labelled amino acids to 

rats and dogs. About two-thirds of the radioactivity was retained in 

the gut wall, in bound form, presumably protein, and about half the 

remainder entering the portal blood was retained in the liver. After 

feeding 14C labelled Chlorella protein to rats, Dawsonand Porter-"(1964) 

found that nearly all the radioactivity occurred in the blood cells and 

in plasma free amino acids. Therefore, they considered that dietary 

nitrogen was transported in the portal vein in the form of amino acids. 

Although the intestinal mucosa is an active site of protein synthesis, 

there was no evidence from either study to suggest that this protein 

passed into the circulatory system. Tryptophan is known to bind to 

serum albumin and may be largely transported in this way, although it may 

be displaced by sufficient concentrations of other compounds such as 

salicylate (Badawy and amith, 1972). A comparable phenomenon is the 

binding of methionine to the proteins of certain microfungi, after 

addition to the medium during growth. However, in contrast methionine is 

not displaced by the normal protein precipitants (Thomas A.J., Personal 

Communication). 

There is conflicting evidence on the part played by the 

erythrocytes in amino acid movements between the tissues. In vitro  

there is a relatively slow equilibration of amino acids across the 

erythrocyte, for example leucine, valine and methionine take about 

30 mins to reach a distribution ratio of 1. (Winter and Christensen,1964). 

However, Elwyn et al. (1968) called attention to the possible role of the 
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erythrocytes, with measurements in dogs. This work suggested that the 

blood cells accounted for 20-30A of both the alanine output from the gut 

and the alanine uptake by the splanchnic bed. However, the variations 

in the whole blood concentrations of most amino acids paralleled the 

shifts in plasma concentrations. Aoki -et al. (1973) found that in man 

up to half of the muscle uptake of branched chain amino acids following 

ingestion occurred via the blood cells. However, their conditions were 

unusual since their patient had fasted for 6 weeks. Therefore it appears 

that the role of the erythrocytes is unconfirmed and that measurements of 

plasma amino acids indicate the direction of transfer and the relative 

contributions of individual amino acids. 

6.1.6 Rationale for the use of the isolated perfused liver in  

nutritional studies  

Since work on pancreatectomized dogs (Okada and Hayashi, 1922) 

it has been known that there is an increase in total plasma amino acid 

content in diabetes. Investigations of individual amino acid levels have 

shown that this increase is due almost entirely to an accumulation of 

branched chain amino acids, whereas alanine levels are reduced (Felig 

et al. 1970; Wahren et al. 1972). In diabetic animals there is also an 

impairment of hepatic glucose utilization, with low hepatic glycogen 

concentrations. In view of the altered hormone balance in diabetes and 

its possible effect on amino acid flux and protein turnover referred to 

above, the utilisation of amino acids by the liver in the diabetic state 

merits investigation. The aim of the work described in this Chapter was 

to study the liver metabolism of amino acids by young growing rats under 

different nutritional states, in order to shed light on the response of 

the liver to dietary amino acids. In addition the rats were of an age 

and species similar to that generally used for feeding trials. The 

isolated perfused liver was chosen as a technique for these studies because 

of the following advantages: 
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1. It can be investigated as a closed system free of other tissues. 

2. Alterations and additions to the perfusing medium can be made and 

the same liver can be used to monitor these changes. 

3. Frequent samples can be taken without the manipulative difficulties 

of sampling from blood vessels in vivo. 

4. The effects of pre-treatment or nutritional state in vivo can be 

observed. 

Some investigations on hepatic amino acid utilisation have been 

reported in fed, starved and diabetic rats (Bloxam 1971, 1972a,b). 

However, these studies were based largely on in vivo blood sampling and 

perfusions were carried out only on livers from animals starved for about 

1 day. In the work to be described here, perfusions were performed in 

the presence of glucose and 'glucogenic' precursors, namely lactate, 

glycerol and pyruvate, at concentrations which give maximum rates of 

glycogen (Hems et al. 1972) and fatty acid (Salmon et al. 1974) synthesis. 

Furthermore, increased levels of glucose, and possibly these precursors, 

are likely to occur in the hepatic portal vein after diets containing 

moderate to high levels of carbohydrate. Such conditions are more 

relevant to those which occur on feeding than are perfusions without 

added carbohydrate. In Chapter 5 measurements of hepatic portal plasma 

amino acids were shown. This data was used to simulate conditions in 

perfusion experiments which could occur in the portal vein after a protein, 

feed. 

6. 2, Materials and methods  

Animals  

Livers from male Sprague-Cawley rats were used. The rats were 

maintained on standard laboratory pellets and water ad lib« 
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Perfusion apparatus  

The apparatus is based on the work of Miller et al. (1951), 

Schimassek (1965) and Hems et al. (1966) and is illustrated in Fig. 6.1 

It was maintained at 38°C in a cabinet with a vertically sliding perspex 

window, heated by means of a thermostatically controlled fan heater. 

The glassware and tubing were cleaned scrupulously with detergent, washed 

and dried prior to use. In assembling the apparatus, care was taken to 

butt joints together to avoid dead spaces where haemolysis might occur. 

The perfusion medium was circulated by means of a peristaltic pump 

(Watson Marlow type MIRE). 

Solutions  

Krebs-Ringer-Bicarbonate physiological saline was made up, freshly 

by adding the following solutions in order: 50m1 0.5M Na3C031  5Cml 2.368M 
10m1 

10m1 0.47M E01, 10m1 0.118K KH2PO4,,(0.1184 Mg504•7H20. The solution 

was diluted to 900m1 with distilled water and 10m1 0.252M CaC12  added, 

after which the solution was made up to 1 litre and mixed. 

The perfusion medium was made up from 50m1 of this solution to 

which was added 10m1 filtered bovine serum albumin solution (Fraction V, 

Pentex Ltd. Miles-Servas) giving a concentration of 2.5Y0 in the medium. 

Washed rat erythrocytes were prepared as follows. About 25m1 of 

blood was withdrawn from the aorta of 700g adult donor rats, defribinated 

by swirling with glass beads and centrifuged. The erythrocytes were 

washed with about 30m1 of the warmed oxygenated Krebs-Ringer-Bicarbonate 

solution and' centrifuged for 5 mires. The straw coloured supernatant was 

removed and the erythrocytes were washed again. There were sufficient 

erythrocytes. for two perfusions. When approximately 5m1 was added to the 

medium a haemoglobin content of about Y. wiv was obtained. This was 

sufficient for oxygenation of the liver, but at the same time the low 

erythrocyte concentration gave the medium a relatively low viscosity 
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facilitating better flow. During perfusions haeinolysis was no more than 

1%. 

Operation of the perfusion system  

As the temperature for the optimum performance of the 

liver is critical to within 1°C the apparatus is allowed to warm up to 

38°C for about an hour before use. The Krebs-Ringer-Bicarbonate solution 

was circulated through the apparatus which was gassed with a mixture of 

02  and CO2  (95:5) passed through a sintered glass distributor in a wash 

bottle of the solution. Care was taken to ensure an even flow of solution 

over the bulbs of the oxygenator. The overflow from the oxygenator was 

set to a height of 10 to 15cm above the level of the fluid in the 

collecting vessel. Adjustment of the oxygenator was facilitated by means of 

a,-...plate connected to a ball and socket joint and clamped to a vertical 

rod. This gave sufficient pressure for optimum flow through the liver. 

Warmed perfusion medium was circulated through the apparatus and, at this 

point glucose (2M) and lactate, glycerol and pyruvate (IM) were added to 

give these levels in the medium: glucose 50mM, lactate 5mM, glycerol 

3.3mM, pyruvate 1.7mM. These were added if required to the collecting 

vessel, the contents of which were magnetically stirred. 

Preparation of the liver  

The rat was anaesthetised with ether in a desiccator and 

anaesthesia was maintained by means of a beaker containing a tissue pad 

moistened with ether and placed partly over the nose of the animal. The 

animal was taped to a perspex tray. The fur was dampened with 

physiological saline and the abdomen was opened by incisions along the 

middle and across just below the diaphragm. The gut was placed to the 

left of the animal, covered with a pad of tissue moistened with 

physiological saline and the portal vein, inferior versa cava and bile 

duct were exposed, 0.1m1 of heparin was injecte0 into the saphenous vein. 

The mesentery was cleared of connective tissue at the point where 
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the portal vein branches and enters the fat and a loose ligature was 

inserted round the vessel. At the point where the portal vein divides 

to enter the liver a second ligature was inserted. This was performed 

by gripping either side of the vessel with curved forceps and turning 

over to expose the hepatic artery, which pulses close to the portal vein 

at this point. The ligature was tied loosely round both vessels. Next 

the inferior vena was gently pinched with forceps and a loose ligature 

tied round it. 

The portal vein was cannulated by means of a No.16 trocar and 

cannula, which was inserted along the line of the vessel and was tied. by 

the ligature nearest to the liver. The needle was removed by gently 

rotating and pulling out and the second ligature round the portal vein 

was tied. At this point a good back flow of blood was obtained if the 

cannulation was successful. 

The thorax was opened by cutting downwards leaving the diaphragm 

intact to expose the heart. A loose ligature was placed round the 

inferior vena cava close to the heart. A plastic cannula sharpened to a 

point was inserted in the inferior vena cava by pushing it down through 

the right atrium. The cannula was rotated so that the point was downwards 

and tied in position by the ligature. 

The perspex tray was placed. on the collecting vessel of the perfusion 

apparatus and the portal cannula connected. The first 101n1 of venous 

blood. from the liver was discarded. 5 ml washed erythrocytes were added 

and the peristaltic pump was slowed. The bile duct was cannulated by 

means of an incision made in the duodenum. A plastic cannula 20cm long 

was inserted and pushed as far as the bile duct and secured by a cotton 

ligature. The preparation was then covered with a small mesh cage, a 

pad of saline soaked tissues and a, plastic sheet. 

The operation takes 5 to 10 mins and a good liver preparation 
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should have an even red colour and be unswollen and moist. In addition 

sufficient blood flow (about 16m1/min for a.7g liver) was maintained 

without excess input pressure. Bile flow was normally 0.5ml/hr. 

Amino acids were added to the collecting vessel after the perfusate had 

circulated for 2 to 3 min. For this purpose, a stock solution simulating 

100 times fasting portal plasma levels (see Table 5.1) was used, and had 

the following composition (/ml): aspartic acid 7, asparagine 13, 

threonine 18, serine 35, glutamic acid 14, glutamine 60, proline 10, 

glycine 37, alanine 56, cystine 5, valine 31, methionine 12, isoleucine 12, 

leucine 26, phenylalanine 10, tryptophan 5, histidine 9, lysine 42, 

arginine 10. 0.6m1 of this solution was added to the medium for 

perfusions at normal plasma levels, and 2.4m1 for perfusions at four 

times normal levels. Solid tyrosine was added separately to the medium 

(1.5mg and 6mg respectively), owing to its incomplete solubility at high 

concentrations. 

6.3. Results  

The work described here was performed on two groups of young 

growing rats. One group weighed on average 217g (referred to as older 

rats) and were either normally fed, starved for 48 hours or were made 

mildly diabetic by an intravenous injection of streptozotocin (75mg/kg). 

The other group weighed on average 94g (referred to as younger rats) and 

were either normally fed or starved for 48 hours. Perfusions were 

carried out with added glucose (30mM) and lactate, glycerol and pyruvate 

(5.0, 3.3 and 1.7mM respectively). Glucose concentrations were in the 

range 22-28MM at the end. ,of perfusions. When glucose was omitted from 

the medium its concentration at the end was 7m11 and when lactate, glycerol 

and pyruvate were omitted the final glucose concentration was 18mM. 
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Amino acids were added to the perfusate to give a final concentration of 

approximately four times fasting levels. The perfusate concentrations 

were then monitored up to 3 hours of perfusion• Amino acids were also 

monitored when no amino acids were added and when the initial levels were 

approximately the same as fasting levels. The perfusion experiments 

which were perfo 	ed are summarised thus (X) as follows:- 

Older Rats 	Younger Rats  

Fed Starved  Diabetic 	Fed Starved  

Amino acid levels 
initially: 

4 times plasma 	X 	X 	X 

4 times plasma 
(without lysine) 

Normal plasma 	X 

None added 	X 	X 	X 	X 	X 

6.3.1. Perfusions with no added amino acidS  

In the case of livers from normally fed animals most of the amino 

acids occurring in blood appeared in the perfusion medium. (see Table 6.1). 

The concentration of most amino acids tended to reach a constant value 

after about 2 hours. This could reflect a decline in the availability of 

hepatic protein for breakdown. Starved and diabetic livers released 

negligible amounts of all amino acids. Thus hepatic proteolysis under 

these perfusion conditions was not greatly increased by starvation or 

diabetes. The free amino acid pool concentrations in fed livers are of 

the order: glycine 250, alanine 200, branched chain amino acids low,/ 

100g wet weight. If the pool of a liver was released into 60m1 of 

perfusate the resulting concentrations of glycine, alanine and branched 

chain amino acids in the perfusate would be about 35, 30 and lliM/gwet 

weight respectively. In comparison (Table 6.1) the perfusate 
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Table 6.1. 

Release of amino acids by the perfused fed liver 
from 200g rats in the presence of 30mM glucose. 
Values are ±. S.D. of mean (3 -perfusions)  

mM in perfusate after 90 min 

Amino acid 100g rats 
liver wt.4.1g 

200g rats 
liver wt.7.6g 

Aspartic acid 0.027 	+ 0.004 0.069 	+ 0.006 

Asparagine 0.025 + 0.007 0.044 + 0.015 

Threonine 0.045 + 0.004 0.103 + 0.018 

Serine 0.130 + 0.007 0.283 + 0.020 

Glutamic acid 0.143 + 0.021 0.350 + 0.052 

Glutamine 0.154 + 0.055 0.342 + 0.032 

Proline 	/ 0.02 0.02 

Glycine 0.102 + 0.013 0.140 + 0.034 

Alanine 0.105 + 0.004 0.692 + 0.082 

Cystine 	-/ 0.0e 0.02 

Valine 0.136 + 0.032 0.243 + 0.039 

Methionine 0.026 + 0.004 0.02 4 
Iso Leucine 0.082 + 0.010 0.171 + 0.025 

Leucine 0.138 + 0.013 0.260 + 0.052 

Tyrosine 0.026 + 0.005 0.062 + 0.015 

Phenylalanine 0.042 + 0.006 0.093 + 0.012 

Histidine 0.058 + 0.006 0.087 + 0.016 

Ammonia 0.445 + 0.095 0.841 + 0.075 

Lysine 0.056 + 0.012 0.220 + 0.060 

Ornithine 0.034 - 	0.010 0.090 + 0.020 

/ Approximate value 
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concentrations of these amino acids are 20-30 i/g wet weight, showing 

that the branched chain amino acids are released at much greater levels 

than are present in the pool. Similar proportions of amino acids were 

released by both younger and older livers, apart from alanine which was 

released more extensively by the older livers. 

6.3.2, Changes in perfusate concentrations at normal plasma amino acid, 

levels (Table 6.2.)  

With livers from normally fed rats most of the amino acids in the 

perfusate decreased in concentration. Aspartic acid, threonine, serine, 

glycine, methionine, tyrosine, lysine and arginine were taken up. 

Glutamine,asparagine, histidine, phenylalanine hardly changed and the 

branched chain amino acids remained fairly constant. Alanine and 

glutamic acid were released by the liver and increased in the perfusate. 

6. 3.3. Changes in perfusate concentrations at four times normal plasma  

levels 

These perfusions were carried out on livers from rats which were 

either normally fed, starved or diabetic. The differences in amino acid 

uptake between these three conditions are detailed in the subsections 

below. The data for these perfusions were fitted to linear or quadratic 

equations in order to test for any significant relationship between the 

perfusate concentration and time. The average rate of the uptake or 

release of an amino acid was calculated from the slope of the curve. 

In the case of the quadratic function the slope was calculated at zero 

time, to give an indication of the initial rate of flow, and at 90 mins, 

representing about half way through the perfusion. As was expected the 

branched chain amino acids and cystine did not vary much during the 

perfusions (Table 6.3.). The flow rates of other amino acids lay within 

similar ranges for both age groups (Table 6.10). Although the rates of 

uptake by the diabetic livers were, on the whole, greater than the 
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Table 6.2.  

Concentrations of amino acids in perfusate 
of liver from fed rats after perfusion with 
an amino acid mixture at approximately normal 

plasm, level s 

Livers of older fed rats, average liver weight 7.6g.  
Concentration of amino acid in plasma (,pM)  

Final 
Aminoacid Initial (80-100min) 

Aspartic acid 68 21 +- 4 

Asparagine 130 95 + 20 

Threonine 181 62 4 15 

Serine 350 110 4-25 

Glutamic acid 142 1106 # 156 

Glutamine 620 693 *120 

Glyc ine 550 160 4:25 

Alanine 374 1280 + 54 

Valine 300 279 4 58 

Iso Leucine 125 100 + 25 

Leucine 266 275 +- 30 

Methionine 120 23 4 5 

Tyrosine 105 60 + 15 

Phenylalanine 96 70 4 25 

Histidine 85 65 + 12 

Lysine 420 220 +- 40 

Arginine 110 0 
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Tables 6..Aal,2. 

Uptake and release of amino acids from rat 

livers after perfusion with a mixture of amino acids 

at 4 times normal plasma concentrations. Averages 

of 2 perfusions. 

Average liver weights: 

Older rats: 	normally fed 	7.6g 

starved for 48 hr 	6.5g 

diabetic 	 6.7g 

Younger rats: 	normally fed 	4.1g 

starved for 48 hr 	3.3g 
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Table 6.3  

Equilibrium concentrations in perfusate  

+ Standard Deviation 

Older rats Fed. Starved Diabetic 

Cystine 187 + 31 ( 185) 216 + 60 (211) 302 + 54 (255) 

Valine 1124 + 82 (1186) 1091 + 242 (1155) 1474 + 139 (1203) 

Iso Leucine 401 + 10 (391) 374 + 85 (386) 409 + 30 (407) 

Leucine 755 + n (787) 671 + 97 (704) 883 4. 78 (791) 

Younger rats Fed. Starved 

Cystine 171 + 17 (194) 188 + 17 (188) 

Valine 1085 + 91 (1042) 1109 + 104 (1189) 

Iso Leucine 369 + 23 (365) 381 + 35 (392) 

Le uc ine 798 + 55 (830) 827 + 49 (861) 

Initial levels in perfusate,, approximately 

4 times plasma concentration, in brackets. 
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Table 6.4= 

Older rats  

Output (+) or uptake (-) of amino acids 
by normally fed rat liver ?NIA. Wet weight 

tissue 

Perfusion time mins 

Amino acid 20 60 ,90 , 120 180 

Aspartic acid -9 -16 -18 -18 -19 

Glutamic acid +36 +93 +126, +155 +145 

Proline 60 	 

Glycine -41 -107 -140 -149 -146 

Alanine +48 +72 +266 + 355 +359 

Methionine m  ' -5 -21 -39 -41 -49 

Tyrosine -36 -36 -43 -50 -59 

Phenylalanine m -13 -35 -34 -41 -51 

Histidine m -18 -33 -39 -40 -41 

Lysine -24 -49 -67 -81 -80 

Arginine m -11 -33 -39 -43 -45 

/ Only approximate values are given for proline 
since the peaks on the chromatograms were 
negligible 

m Reduced to zero or very low levels in the 
perfusion medium after 90 mins. 



Amino acid 20 

Aspartic acid +4 

Threonine -25 

Serino 	• -50 

Glutamic acid +41 

Glycine -31 

Alanine +13 

Methionine -19 

Tyrosine 0 

Phenylalanine -32 

Histidine -14 

Lysine -10 

Arginine -13 

Asparagine 0 

Glutamine 0 

Tryptophan 0 

Ammonia 0 

X-aminobutyric acid 0 

Ornithine 	0 
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Table 6 .5  . 

Younger Rats 

Output (+) or uptake (-) of aminekacids 
by normally fed rat liver 74 wet weight 

tissue 

Perfusion time(mins) 

60 

0 

-43 

9.9 

0 

-55 

120 180 

+8 

-75 

+13 

-81 

-105 -110 -132 -141 

-72 -113 -133 -182 

-59 -134 -175 -196 

+34 +230 +339 +392 

-59 -68 -71 -90 

0 0 +8 +22 

-45 -53 -55 -61 

-30 -38 -43 -54 

-34 -67 -118 -175 

-35 -49 -54 -60 

0 0 0 -67 

0 0 0 -12 

0 0 0 -33 

0 0 0 -84 

0 0 0 +29 

0 0 0 +18 
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Table 6.6. 
Older rats  

Output (+) or uptake (-) of amino acids 
bi starved rat liver  

05/g wet weight tissue 

Amino acid 

Aspartic acid 

Glutamic acid 

-16 

-32 

-24 

-14 

-30 

+40 

-31 

+58 

-30 

+115 

Proline / 60 

Glycine m -52 -208 -234 -222 -246 

Alanine -55 0 +46 -20 -66 

Methionine m -27 . -51 -52 -60 -62 

Tyrosine -69 -68 -92 -100 -106 

Phenylalanine € 	-27 -47 -49 -46 -57 

Histidine € -31 -46  -61 -55 -57 

Lysine -76 -135 -118 -192 -226 

Arginine m -5 -45 -51 -51 -52 

/ Only approximate values are given for proline since the 
peaks on the chromatograms were negligible, 

m Reduced to zero or very low levels in the perfusion 
medium after 90 mins. 
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Table 6.7. 

Younger rats  

Output (+) or uptake (-) of amino acids by 
starved rat liver/2,1/F wet weight tissue  

Perfusion time (mm) 

Amino acid  

Aspartic acid 

Threonine 

Serine 

Glutamic acid 

Proline 1 

Glycine 

Alanine 

Methionine 

Tyrosine 

Phenylalanine 

Histidine 

Lysine 

Arginine 

A sparagine 

Glutamine 

Tyrptophan 

Ammonia 

'X' -am inobutyr ic acid. 

Ornithine 

20 60 22 120 180 

+13 +24 +25 +21 +30 

-29 -53 -`65 -89 -150 

-61 -191 -227 -258 -285 

+6 +18 +30 +100 +164 

60 

-48 -115 -194 -251 -330 

+76 +112 +227 +342 +409 

-21 -27 -52 -67 -97 

+18 +20 +12 +17 +9 

-17 -32 -46 -52 -63 

-52 -62 -65 -68 -66 

-18 -36 -102 -155 -215 

-39 -62 -72 -91 -102 

0 - 	0 0 0 -127 

0 0 0 0 -318 

0 0 0 O -61 

0 0 0 0 -47 

0 0 0 0 +14 

0 0 0 0 +2 

L Only approximate values are given for proline since the 
peaks on the chromatogram were negligible. 
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Table 6.8. 

Older rats  

Output (+) or uptake ( -) of amino acids by 
diabetic liverpVg wet weight tissue  

Perfusion time (min) 
Initial 
level in 
perfusate 

Amino acid 	20 60 .22 120 245.. pM  

Aspartic acid € 	-31 -34 -34 -32  -34 243 

Glutamic acid 	+24 +23 +56 +78 +60 410 

Proline / 60 409 

Glycine 	0 -155 -245 -245 -245 1643 

Alanine 	+91 +146 +415 +478 +452 2021 

Methionine m 	-5 -36 -46 -52 -70 416 

Tyrosine 	-18 -11 -31 -30 -72 776 

Phenylalanine € 	-5 -40 -52 -53 -50 421 

Eistidine € 	-19 -42 -51 -51 -55 406 

Lysine 	-113 -149 -169 -177 -194 1627 

Arginine € 	-10  -39 -49 -53 -57 413 

/ Only approximate values are given for proline 
since the peaks on the chromatogram were 
negligible. 

i Reduced to zero on very low levels in the 
perfusion medium after 90 mins. 
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Table 6.9.  

Uptake ( -) or release (+) of amino acids after 
90 mins of perfusion in the absence of either 

Glucose or gatp.  

pM/g wet weight liver 

Older rats 
Glucose only 

Younger rats 
Glucose only 

Amino acid. Fed Starved Fed Starved gip only 

Aspartic acid -50 -44 -22 -26 +3 

Threonine -4 -14 -11 

Serine -130 -321 -171 

Glutamic acid -22 +7 -5 -75 -15 

Glycine -46 -215 -171 -190 -182 

Alanine -181 -165 +31 -307 -272 

Cystine -30 -34 -25 -19 -22 

Valine , 0 -35 -120 

Methionine -52 -55 -61 -82 -67 

Iso Leucine -15 -27 -3 -12 -16 

Leucine -82 -74 0 0 +50 

Tyrosine -131 -132 -12 -76 -5 

Fhenylalanine -54 -58  -72 -77 -62 

Histidine -49 -52 -55 -79 -64 

Lysine -207 -211 -131 -262 -101 

Arginine -43 -56 -56 -87 -53 
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Table 6.10. 

Rates of uptake 	or release , 	of 
amino acids in hM/Min/g of liver  

Normally fed. 	Starved. 	Diabetic  
100g rats 200g rats 100g rats 200g rats 200g rats  

Taken up by 
the liver: 

Threonine 

serine 

Glycine , 

442 

902 

1170 Ro 	1868 
R,0 	870 

775 

1599 

1874 Ro 	3820 
R90 

 1277 
2388 

M4thionine 511 316 521 Ro 785 433 
R90  277 

Phenylalanine Ro 	1243 276 342  Ro 646 Ro 	1045 
R90 	537 R90  215 R90 	433 

Ristidine 295 224 Ro 	1892 Ro 692 Ro 	836 
R,0 	215 R,0 220 R90 	343 

Lysine 1009 513 1257 1046 925 

Arginine 1002 Ro 539 526 Ro 620 418 
R90 263 R90 175 

Tyrosine 0 237 0 385 196 

Released by 
the liver: 

Glutamic acid 1083 934 927 800 413 

Alanine 2506 2330 2291 0 3671 

Aspartic acid 0 0 136 0 0 

1 Not a significant linear or quadratic fit. 

A single value for the rate is given for amino acids which showed 

a linear relationship with time. Two values are given for those which 

showed quadratic relationships: Ro calculated rate at zero time, R,0  

calculated rate at 90 mins. 
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Table 6.11. 

Nitrogen balance in the liver after 
perfusion with an amino acid mixture 

at 4 times 'normal' plasma concentrations  

Change in amino nitrogen mM 

Not accounted 
for as urea 

Rat Amino acid Urea or amino acid 

Fed -8i7-  7.4 -1.3 

Starved -14.8 11.0 -3.8 

Diabetic -12.2 12.2 0 

Negative values denote an uptake 
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6.3.4. The effects of the omission of glucose or glycerol, lactate, 

pyruvate mixture from the perfusate  

The glycerol, lactate, pyruvate (gip) mixture was omitted from 

one perfusion of a starved and fed liver in both age groups. Glucose 

was added at the same levels as in the other perfusions and amino acids 

were added at four times normal plasma levels. In the case of most amino 

acids much lower levels were left in the perfusate after 90 mins. The 

output of glutamate and alanine in the older fed liver became an uptake* 

Furthermore alanine was taken up by the starved liver. In view of the 

postulated existence of a 'glucose-alanine' cycle, the metabolism of 

alanine is interesting. In a perfusion without glucose but in the 

presence of glp, alanine was taken up, which implies that the release of 

alanine, presumably via transamination of pyruvate, requires the 

availability of all the carbohydrate substrates. In general, in the 

absence of glp, the starved livers removed more amino acids than the fed 

ones. Moreover the uptake was more marked in the older livers again 

reflecting their larger size. 

6.3.5. Urea formation in the perfused liver  

Urea concentrations were measured in the perfusate plasma of the 

older livers by the method of Marsh et al. (1965). The purpose was to 

assess the nitrogen balance during perfusion. No urea was present 

initially in the medium and the concentration was measured at 90 min in 

perfusions of the older livers with four times 'normal' amino acid 

concentrations. After 90 min perfusion urea was 5.7MM, 5.5mM  and 6.1m14 

in the fed, starved and diabetic livers respectively. The change in the 

perfusate amino acid concentration was calculated from the initial values 

and those after 90 min perfusion. 	Lysine, histidine and arginine 

were considered to provide 2, 3 and 4 mole of nitrogen respectively. A 

net uptake of amino nitrogen is denoted as negative and presumably this 
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reflects protein synthesis and hence the attainment of nitrogen balance 

in the perfusion system (Table 6.11.). In perfusions of fed or starved 

livers with four times normal amino acid levels (initial amine nitrogen 

16mM) there was a net uptake of amino nitrogen of 1.3mM.  Assuming this 

corresponded to protein synthesis the rate would be about 12mg protein 

nitrogen synthesised per hour. Although the amino nitrogen output in the 

bile was not measured, losses from this source are likely to be small 

(John and Miller, 1969). 

6.3.6. The effect of the omission of lysine from the perfusion medium  

Studies of diets and food composition indicate that lysine is 

frequently deficient e.g. in cereal based diets. Consequently the amino 

acid composition of the plasma in the portal vein tends to be lower in 

lysine than normal. Furthermore, the rate of incorporation of lysine 

into the carcass and liver protein by the young rapidly growing rat is 

relatively high (see Chapter 4). Other observations which suggest that 

the omission of lysine from the blood supply would have an effect on 

liver metabolism are :- 

1. It is an essential amino acid. Low lysine levels in the diets 

of mammals are known to reduce growth and impair metabolism 

generally. 

2. The liver releases lysine relatively rapidly, as indicated by 

the perfusions with no added amino acids, but can also rapidly 

utilise lysine, which is shown by the perfusions with added amino 

acids. 

Livers from fed younger rats were used in this experiment, since 

the weight of these rats was near the middle of the range used for 

carcass analysis (see Chapter 4). The livers were perfused with the 

amino acid mixture at 4 times normal levels used in the previous 

experiments, but without lysine. Carbohydrate substrates were added as 

before. 
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Table 6.32. 

Lysine deficient perfusions 

Amino ac id 	Initial (5min) 

A spar t ic ac id 	280 + 	52 

T hreonine 	824 + 	65 

Serine 	1429 + 	38 

Glutam ic ac id 	501 + 	28 

Praline 	 300 

Glyc ine 	1533 + 112 

Alan ine 	1972 + 159 

Cyst ine 	222 + 	37 

Val ine 	1200 + 120 

Me thion ine 	414 + 	46 

Iso Leucine 	466 +- 	39 

Leucine 	909 + 	75 

Tyrosine 	788 + 108 

Phenylalanine 	282 + 	15 

Histidine 	380 + 	69 

Lysine 	 0 
Arginine 	542 + 	22 
A 	 sparagine 	489 7 141 

G1 uteun ine 	1104 + 231 

Tryptophan 	223 + 	44 

Ammonia 	 944 + 203 

ir -am in ob utyr ic 	0 
ac id 

Ornithine 	 0 

Amino acid. c on c ent rat ion 
in Derfusate 	 

Final ( 90min) 

147 + 43 

558 + 78 

900 + 40 

637 + 96 

60 

607 +- 100 

1152 + 250 

139 + 9 

1033 + 113 

100 + 15 

389 + 58 

616 + 57 

103 + 21 

52 + 14 

248 + 95 

82 + 23 

-3Z --* ; 

590 +- 162 

0 

766 + 184 

85 + 27 

56 + 23 
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Most of the amino acids taken up by the liver in the previous 

experiments were also taken up at apparently unchanged rates. Lysine 

itself was released by the liver reaching a level (82pM) near to that 

found in perfusions with no amino acids (1193M). Furthermore, there was 

an effect on the movement of some other amino acids. The uptake of 

tyrosine was enhanced, since the concentration in the perfusate after 

90 mins was less than 10$ of theinitial level. Compared with the full 

amino acid mixture, the output of alanine was reversed and became a net 

uptake. Aspartic acid was taken up, compared with the relatively small 

change in the presence of the full amino acid mixture. 

6.4. Discussion  

6.4.1. The uptake of amino acids by the liver  

These experiments provide information on the rates of uptake of 

amino acids by the liver in conditions where an ample supply of carbo-

hydrate is available. There were insignificant increases in branched 

chain amino acids in the perfusate during perfusion, which shows that 

the breakdown of hepatic protein was minimal in the presence of amino 

acids at normal or four times normal plasma concentrations. The branched 

chain amino acids are not utilised by the liver, except for protein 

synthesis and therefore their behaviour provides a marker for protein 

changes. The conditions employed here may have permitted 'protein-

sparing', i.e. anti-proteolysis, by carbohydrate. Thus in Bloxam's work 

(1971) branched chain amino acid release'gradually increased in the 

absence of carbohydrate. In his perfusions with added amino acids, 

glucose was released by the liver to a level of about 2m116 in the medium, 

which is much lower than the levels of glucose added to the medium in 

this work. The uptake of the glucogenic amino acids glutamic acid and 
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alanine, which occurred in Bloxamts perfusions in the absence of 

carbohydrate, is in contrast to the release of these amino acids in these 

perfusions with added carbohydrate. Presumably this was facilitated by 

the availability of OC-ketoglutarate for transamination. It is noted that 

the mixture he used, although nominally representing the normal plasma 

levels in a starving rat, differed slightly from this one. The levels of 

glucose and gluconeogenic substrates used here were shown by Hems et al. 

(1972) to give the fastest rates of glycogen synthesis (0.68 - 0.82 Jmiol/ 

min/g of fresh tissue) in the perfused liver of the starved 200g rat. 

Moreover, in the absence of the precursors (i.e. gip) much lower rates of 

glycogen deposition were obtained, although, as in vivo, glycogen 

synthesis was dependent on the presence of glucose, it is emphasised that 

the levels of glucose and carbohydrate precursors were not chosen to 

match particular physiological levels. However, it is feasible that such 

concentrations could occur in the hepatic portal vein under certain 

dietary conditions e.g. high carbohydrate. This reinforces the point that 

in studying the uptake of amino acids by the liver, allowance should be 

made for the effect of the presence of carbohydrates. Further evidence 

comes from the work oT Mallette et al. (19640;These workers perfused 

fasted rat livers with various amino acid mixtures. The maximum rates of 

gluconeogenesis occurred only when using 20 times the normal physiological 

level of alanine (about 9mM) or three times normal levels of an amino 

acid mixture. This suggested that at high amino acid levels transamination 

became a rate limiting step and implies that the keto acids are the 

preferred substrates. 

The release of glutamate, observed in the perfusions reported 

here, implies that the liver is not impermeable to this amino acid, as a 

product, whereas according tc-Cornefl eta10974) its entry is inhibited. 

Although tyrosine uptake was delayed at the start of perfusion, the 
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uptake of phenylalanine was rapid, which may have been a contributory 

factor due to its partial conversion by phenylalanine hydroxylase. 

Other amino acids were not released despite the excess carbohydrate which 

confirms the importance of the liver in amino acid utilisation. In this 

respect, this study complements the others reported in the Introduction 

to this Chapter. 

In perfused livers from starved or diabetic rats, amino acids 

were apparently utilised more rapidly, although in general this effect 

was not statistically significant. Glucose or ketone bodies are likely 

to have been formed as a result. Bloxam (1972a,b) found evidence that 

there was a flow of amino acids from extra-hepatic tissues to the liver 

in diabetic rats, with the exception of the branched chain amino acids. 

However, his data was based on blood samples taken from the hepatic and 

portal veins and could be subject to error due to contamination of the 

hepatic venous blood with vena caval and phrenic venous blood. The 

appearance of branched chain amino acids was no greater in starved than 

in fed liver perfusions but was slightly greater in diabetic livers. 

Hence, in starved rat livers as in the fed ones glucose synthesis is 

apparently supported by the consumption of inflowing amino acids rather 

than the lysis of endogenous protein. The absence of an output of 

alanine in the starved livers, as opposed to the fed ones could be 

explained by an increase in the concentration of some of the key enzymes 

of gluconeogenesis. Such an increase in the liver of starved rats has 

been reported by 'w75..'hurst and Manchester (1970). The release of alanine 

from diabetic livers was not expected in view of the reduced systemic plasma 

alanine levels in diabetes (e.g. Wahren et al. 1972). It implies that, 

in diabetes, alanine is not an important precursor for hepatic 

gluconeogenesis when ample substrates are available. The diabetic liver 

had an increased initial rate of uptake of lysine, which was just 
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significant. Fiaxthermore, there was a tendency towards increased rates 

of uptake of some other amino acids which supports the idea that the 

diabetic liver concentrates amino acids (Bloxam, 1972). 

Few differences emerged between younger and older animals with 

respect to the rates of uptake. Tyrosine, aspartate and alanine were 

extensively utilised in livers from younger rats, presumably on account 

of formation from phenylalanine, oxaloacetate and pyruvate respectively. 

The trends which emerged in the perfusions at high amino acid 

levels were confirmed in perfusions at 'normal' levels. Thus even at 

these relatively low concentrations and even in the presence of excess 

carbohydrate, amino acid uptake predominates. 

6.4.2 The effects of lysine-deficient perfusions on the liver  

The lysine-deficient mixture did not alter proteolysis in the 

perfused liver compared with that in control perfusions, as indicated 

by a similar release of branched chain amino acids. Since the release of 

lysine itself was similar to that in the absence of other amino acids, it 

was therefore independent of their influence. Consequently its concentration 

may be controlled by the relative rates of formation and breakdown. This 

weighs against the likelihood of any generalised protein store in the 

liver, responsible for the 'autoregulation' of concentrations. Rather, 

it suggests that each amino acid is individually controlled. The 

advantage of such a system is that the amino acid levels would regulate 

to equilibria based on the tissue requirements of the animal. If the 

control system involved the breakdown and synthesis of a specific storage 

protein, the process could be less useful when essential amino acids 

reached the liver in short supply. Furthermore, amino acids are finally 

broken down to urea in the liver. If a storage protein was involved it 

could lead to the release of amino acids unnecessarily followed by their 

breakdown and hence wastage. 
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65. Conclusions  
In the intact rat there are three potential stored sources of 

fuel: tissue fat, tissue protein and glycogen (from muscle and liver). 

In 100g rats the proportions are 13.4g protein, 4.7g fat and approximately 

250mg liver glycogen. Thus compared with fat and protein, glycogen 

represents a very small energy supply. Longer term requirements for 

glucose need to be met by gluconeogenesis which indicates the importance 

of the liver metabolism of amino acids particularly in starvation or 

amino acid deficiency. Although this work confirms and extends previous 

studies, it emphasises the rapid rates of amino acid uptake even in the 

presence of preferred hepatic carbohydrate substrates, in the presence 

of glycogen (i.e. conditions which correspond to the fed state) and in 

the presence of glucose. 
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Chapter 

General discussion 
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General discussion  

Much of the work described here has been concerned with 

the development of the analytical methodology for amino acids. This was 

necessary because of two main problems fundamental to investigations 

into amino acid nutrition. These were)  firstly, the difficulties of 

coping with large numbers of amino acid analyses and secondly the need 

for a reliable hydrolysis technique for crude proteins. Although 

there were alternatives available for the automation of amino acid 

analysis, it was felt that the system adopted here fitted in best with 

the existing facilities and the nature of the-workload. There was 

analytical equipment already available which could be automated fairly 

economically. Furthermore, the use of a central computing system 

enabled the existing computer programmes to be extended for the 

automatic identification and calculation of amino acids. It is hoped 

that further work on the processing of this data will enable the 

compilation of restrospective searches of completed results. 

Although automated ion exchange chromatography is a rapid 

technique for amino acid analysis, it can involve more expense than is 

necessary to obtain the required results. It is felt that more 

emphasis could-be placed on the use of the automated methods for the 

determination of specific amino acids, which were described in this 

work. A particular application is in the analysis of microfungi as 

novel sources of food protein. As indicated in Chapter 2, micro-

fungi are limiting in the sulphur amino acids but Fusarium 

graminearum is a good source of other essential amino acids. The 

automation of cystine and methionine estimations has been useful for 

monitoring the protein quality of this organism and for screening 

other microfungi. Furthermore, when determining total protein in 
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microfungi, it is more meaningful to measure amino nitrogen rather 

than Kjeldahl nitrogen, due to the presence of appreciable levels of 

amino sugars and nucleic acids. Hence, in the development of new 

protein sources a combination of methods for specific amino acids, 

particularly the limiting ones, can be a useful analytical tool. 

As a result of the survey of hydrolytic techniques 

performed here, a recommendation could be made for the use of the 

reflux method with 6N hydrochloric acid in food analysis. A time 

course analysis is desirable when dealing with an unknown protein 

source. However, a 20 hour hydrolysis time gave the best overall 

amino acid analysis for casein and Fusarium graminearum and also ve 

consistent analyses for rat carcasses. When high levels of carbo-

hydrate are present it is still advisable to use the performic acid 

oxidation method to estimate cysteine and cystine. Nevertheless 

these amino acids are not as unstable in acid hydrolysis, using the 

reflux method, as was once thought. Although fairly rapid hydrolysis 

can be obtained with hydrochloric and sulphuric acids at higher 

temperatures, some amino acids are destroyed. These methods could 

help in screening large numbers of samples, but could not be recommended 

for accurate amino acid profiles. 

As was mentioned in the General Introduction to this work, 

the methodology was relevant to a project concerned with the 

development of microfungal protein as a foodstuff. Amino acid analysis 

has played an important part in three stages of this project. Firstly, 

large numbers of analyses were required for screening of potential 

species and strains. Secondly, the formulation of test diets for N.P.U. 

and amino acid availability determinations requires accurate analyses. 

Thirdly,the production process itself requires quality control. This 
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includes optimisation of the fermentation process and monitoring of 

heating and drying stages. Heat treatment may cause the degradation 

of amino acids (Waibel and Carpenter,1972), and interactions of amino 

acids with lipids (Labuza,l972) and carbohydrates (Eskin and Shenai, 

1970). As a result there may be a decrease in specific amino acids 

particularly cystine, methionine and lysine or the appearance of new 

compounds on amino acid chromatograms (Sulser,1973)• 

These considerations bring into question the usefulness of 

making the further increases in the speed of chromatography, which 

are now technically feasible, as far as nutritional work is concerned. 

As was discussed above, it may be more convenient to measure one or 

two specific amino acids when large numbers of similar samples have to 

be screened. In the least cost formulation of animal feeds, amino acid 

data is required to establish the range of variation of the raw 

materials e.g. fishmeal, meat and bone meal and soya meal. 

Subsequently, however, fewer analyses may be needed to update the 

information. When the feeds are optimised with respect to cost and 

performance, a point may be reached where the cost of further analyses 

offsets the possible saving and is unjustified. Therefore, it seems 

desirable for the amino acid chromatographic system to have a built-

in facility for other analyses, so that it could be used more 

economically e.g. for the analysis of carbohydrates, nucleotides or 

amines. 

Although the main emphasis in chromatography has been on 

speed, it is suggested more importance should be attached to the 

improved resolution of some amino acids and higher sensitivity of 

detection. There have been improvements in both these aspects recently. 

However, tighter legislative control on the toxicological testing of 

novel foods and food additives is occurring (Philip,1974). This may 
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well necessitate a higher certainty of the absence of toxic amino acids 

and hence a high resolving power in their chromatography. It was 

found that in this work the facility to analyse small amounts of tissue 

e.g. blood plasma, was useful for following amino acid uptake in the 

rat. The newly emerging fluorometric methods can raise sensitivity 

by a further order of magnitude. This could well facilitate the under-

standing of amino acid flow into the portal vein and improve the 

detection ofamyu usual.amino acids in small volumes of blood plasma. 

The results of the experimental work with rats reported 

here emphasise the complexity of the factors affecting the nutritional 

status of the animal. It confirms that the hepatic portal plasma 

amino acid levels after a feed reflect the type of dietary protein to 

a small extent. On the other hand the systemic levels are not 

necessarily related to dietary protein since they are also influenced 

by the net metabolism of the tissues. This work supports the 

important part played by the liver in amino acid metabolism. The 

liver has a major effect on the movement of dietary amino acids. 

Furthermore, the extent and the rate of its uptake of amino acids is 

affected by the nutritional status of the animals. The presence of 

carbohydrates in the diet and its amino acid composition may also be 

factors affecting the uptake of amino acids by the liver. Further 

studies on the perfused liver could elucidate these factors and the 

other effects of changing the conditions in the hepatic portal vein, 

for example by the simulation of various diets. The contributions 

of plasma proteins and erythrocytes to the transport of amino acids 

in the blood of the intact mammal is not fully understood. It might 

help to clarify this point if radioactively labelled amino acids were 

monitored during the perfusion of isolated organs. In drawing 
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analogies between the intact normal animal and metabolic studies 

in vivo, the possible effects of different anaesthetics should be 

considered. It has been suggested that diethyl ether causes hyper-

glycaemia by stimulating the rates of glycogenolysis and gluconeogenesis 

(Biebuyck,1973)• Halothane may also increase the rate of glycogenolysis 

and its metabolites accumulate in the liver by binding to the microsomes, 

at least in the isolated perfused liver (VanDyke and Wood,1973)• 

Whether this happens in the intact animal is uncertain and could be 

further investigated. 

These studies indicate the importance of taking other 

dietary components into account in amino acid nutrition as well as the 

relative proportion of amino acids required for tissue synthesis. The 

amino acid requirements of individual tissues for growth can vary widely. 

The rate of protein synthesis depends on the rate of supply of amino 

acids. 	Thus, when determining the nutritive value of a protein, it 

may be more appropriate to take into account the complete profile rather 

than individual amino acid requirements. Hence, a situation could be 

envisaged in which diets were formulated to a complete profile to match 

the rate of utilisation for tissue synthesis, with possibly a weighting 

for each amino acid according to its turnover. It is debatable whether 

the rate of supply of non-essential amino acids can influence the 

requirement for the essentials. The work of Kofranyi (1973) with egg 

and potato diets suggests that nitrogen balance in humans can be 

maintained more effectively when the optimal ratios of amino acids 

exist in foods. Clark et al.(1975) showed that egg albumen and the 

equivalent amino acid mixture gave similar nitrogen retentions when 

fed to humans. It is known that the amino acid profiles of some 

protein sources can complement each other. A 50/50 mixture of wheat 
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gluten (limiting in lysine) with dried Fusarium graminearum or soya 

meal (both limiting in sulphur amino acids) has a chemical score 

similar to that of meat. The presence of carbohydrate in the diet can 

spare some of the requirement for protein. The studies on the liver 

uptake of amino acids indicate a possible way in which this sparing 

effect can occur. Furthermore, there are indications that fat 

metabolism may also have closer links with amino acid metabolism than 

was once thought, although the effects may only become apparent in 

extreme deficiencies. It has been suggested that lysine (Tanphaichitr 

and Broquist,1975) and methionine (Tsai et al.1974) are required for 

the synthesis of small amounts of carnitine which is believed to have 

a role in the transport of fatty acids into mitochondria. Fatty acids 

may also retard the formation of amino acid degrading enzymes (Nakano and 

Ashida,1976) and when deficient may cause membrane alterations in the 

intestinal mucosa reducing the ability of the mucosa? cells to retain 

amino acids (Johns and Bergen,1974). In addition tryptophan may 

accelerate fatty acid synthesis (Sakurai at al.1973). All these 

factors probably emphasise the well-known need for a balanced diet 

made up from varied food sources. 

Although this work has underlined several problems which 

exist in amino acid nutrition, it is hoped that it has helped to 

elucidate some of the factors involved in the uptake and utilisation 

of amino acids by mammals. 
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APPENDIX I 

Amino acid analyses (% in the sample) of hydrolysates 

of casein and Fusarium Graminearum with various reagents. 



ormality 	0 .5 N 	2N 	4N 	6N 	8N 	11.6N 
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HYDROCHLORIC AC ID  

Casein 

Asp 7.28 7.12 7.30 7.23 7.95 
Thr 0.96 2.88 3.52 4.01 4.46 

lON 
Ser 1.32 3.56 5.11 6.22 6.07 

nu 9.60 14.24 21.07 21.17 22.06 

Pro 0.90 3.o0 5.43 8.98 7'069 
Gly 0.96 1.96 1.92 2.33 2.19 

Ala 1.16 2.02 2.24 3.02  3.14 
Cys 0.18 0.23 0.37 0.56 0.23 

Val 1.16 1.83 4.21 5.90 6.22 

Met 0.67 2.33 2,38 3.18 3.21 

Ile 0.40 1.28 3.74 5.91 5.84 
Leu 2.00 5.10 7.03 9.85 9.72 

Tyr 1.49 2.82 4.12 6.03 6.14 

Phe 1.74 3.26 4.69 6.22 6.09 

His 1.24 1.31 3.09 3.24 3.18 

Lys 0.74 5.04 7.74 8.71 8.63 

Arg 0.68 2.10 3.89 4.51 4.72 

8.09 

4.39 

6.02 

22.13 

7.31 
2.38 

2.87 

0.21 

6.77 

2.15 

6.22 

10.02 

5 .92 

5.88 

3.01 

8.57 

4.83 
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HYDROCHLORIC ACID  

Casein  

6N HC1 

Hydrolysis 
time (hr) 

12 

+ S.D. 

a 16 20 

+ S.D. 

.36 60 .2€ 

Asp 6.02 ± 0.29 6.51 6.98 7.22 + 0,42 8.01 8.05 7.35 

Thr 4.48 + 0.36 4.71 4.93 5.04 +- 0.43 5.30 4.31 3.26 

Ser 5.51 +- 0,41 6.02 6.19 + 0,26 5.28 5.21 4.32 

Glu 20.23 + 0.31 21.04 21.19 + 0.57 21.98 22.30 22.03 

Pro 7.33 +- 0.67 8.41 8,98 + 0.54 8.87 9.04 8.16 

Gly 2.03 + 0.18 2.27 2.34+ 0.11 2.45 2.39 1.98 

Ala 2.41 4i- 0.27 2.71 2.98 +- 0.30 3.65 3.49 2.85 

Cys 0.46 +- 0.05 0.54 0.56 + 0.03 0.53 0.45 0.22 

Val 4092 + 0.41 5.55 5.90 + 0.24 6.53 7,04 6.87 

Met 2.19 + 0.38 3.31 3.19 + 0.26 3.09 2.85 2.31 

Ile 4.51 4 0.50 4.89 5.47 +. 0.31 4.39 6.51 6.59 

Leu 8.39 +- 0,43 8.95 9.78 44- 0.52 10.62 10.78 10.91 

Tyr 4.24 +- 0.26 5.57 6.06 44- 0.31 6.56 5.89 5.11 

Phe 4.63 +- 0.19 5.71 6.56 4r 0.28 6.39 5.73 4.91 

His 2.31 + 0.23 2.89 3.31 + 0.32 3.16 3.21 3.08 

Lys 7.51 +- 0.41 8.04 8.72 + 0.36 9.19 9.78 9.31 

Arg 3.92 ± 0.33 4.11 4.43 +- 0.37 4.65 4.52  4.39 

Values + standard deviation (4. S.D.) 
are the averages of 3 hydrolysates. 
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HYDROCBLORIC ACID 

time (hr) 
+ S.D. 

6N 

Casein 

1E1 + resin 

Hydrolysis  

+ S.D. 
Asp 6.41 + 0.47 6.69 7.71 8.62 + 0.37 8.25. 8.42 
Mr 4.59 + 0.54 4.92 5.03 5.69 + 0.28 5.03 4.32 
Ser 5.91 + 0.51 6.48 6.53± 0.43 5.08 4.91 
Glu 21.49 + 0.66 21.67 21.86 + 0.41 22.18 22.31 
Pro 7.28 ± 0.44 8.14 9.12 + 0.51 9.03 8.98 
Gly 24 4 + 0.21 2.38 2.47 + 0.17 2.37 2.31 
Ala 2.38 44- 0.19 2.89 2.91 + 0.23 3.44 3.57 
Gys 0.48 + 0.06 0.52 0.56 + 0.04 0.52 0.42 
Val 5.29 + 0.29 6.01 6.17 + 0.37 6.67 6.91 
Met 2.73 + 0.25 3.51 3.44 +- 0.32 2.89 2.62 
Ile 5.49 ± 0.32 5.57 5.81 + 0.49 6.47 6.33 
Leu 8.62 + 0.61 9.28 9.72 + 0.45 10.76 10.91 

Tyr 4 .53 + 0.22 5.39 5 .91 + 0.16 6.34 5.69 

Phe 4 .57 +- 0.20 5,77 6.19 + 0.26 6.22 5.97 

His 2.37 +- 0.31 2.72 3.35 + 0.19 3.12 2.98 
Lys 7.98 + 0.30 8.43 8.71 + 0.39 9.17 9.69 
Arg 3.87 + 0.51 4.22 4.70 + 0.40 4.61 4.43 

Values + standard deviation (± S.D.) 
are the averages of 3 hydrolysates 

1 
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HYDROCHLORIC ACID  

6/T HC1 

Hydrolysis 
time (hr)  

12 16 60 

+- S.D. 

Asp 3.19 3.83 + 0.32 3.87 3.79 	0.27 3.94 3.80 

Thr 1.79 2.21 s 0.12 2.30 2,30+- 0.28 1.92 2.12 

Ser 2.20 2.60 + 0.19 2.57 2.88 + 0.13 2.83 2.08 

Glu 3.54 3.98 + 0.16 4.17 3.82 + 0.32 3.75 2.76 

Pro 0.94 1.20 + 0.09 1.46 1.87 + 0.21 1.36 1.53 

Gly 1.83 2.50 + 0.11 2.63 2.50 + 0.08 2,84 2.90 

Ala 2.64 3.35 + 0.22 3.57 3.35 + 0.13 3.78 3.55 

Cys 0.22 0.37 ± 0.07 0.45 0.43 + 0.04 0.32 0.31 

Val 1.47 2.75 + 0.23 3.61 3.76 + 0.28 4.20 545 

Net 0.61 0.74 -- 0.08 0.82 0.79 +- 0.05 0.74 0.64 

Ile 0.76 1.24 + 0.11 1.78 1.78 +- 0.09 2.21 2.41 

Lou 1.61 2.18 + 0.10 2.82 2.56 + 0.17 2.89 3.12 

Tyr 1.16 1.24 + 0.06 1.56 1.61 + 0.13.  1.79 1.54 

The 1.76 2.27 + 0.21 2.60 2.69 + 0.12 2.90 3,16 

His 1.91 2.72 + 0.31 2.28 2.43 + 0.18 1.82 1.41 

Lys 3.04 3.13 + 0.19 4.77 4.96 + 0.31 5.00 4.89 

Arg 1.68 2.45 + 0.19 3.03 3.20 + 0.24 2.68 2.01 

Values + standard deviation (+ S.D.) 
are the averages of 3 hydrolysates 
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HYDROCHLORIC AC  

F.G. 

Hydrolysis 
time (hr) 

8 

6N Hal + resin 

60 12 

+ S.D. 

14. 16 

+ S.D. 

Asp 2.88 4.17 + 0.25 3.87 3.76 +- 0.11 3.51 3.80 

Thr 1.54 2.66 ± 0.21 2.36 2.31 +- 0.31 2.57 2.12 

Ser 1.91 2.82 + 0.19 2.56 2.43 4- 0.17 2.58 1.98 

Glu 3.16 4.15 + 0.34 4.60 4.79 4- 0.22 4.46 3.45 

Pro 1.00 1.19 + 0.22 1.47 1.42 + 0.16 2.24 1.63 

Gly 2.03 2.42 + 0.08 2.55 2.59 4,-  0.19 3.12 2.91 

Ala 2.67 3.44 + 0.21 3.39 3,42 +0.22  3.92 3.65 

Cys 0.31 0.38 ± 0.03 0.37 0.38 + 0.04 0.34 0.34 

Val 1.95 3.01 + 0.25 3.56 4.03 + 0.27 5.27 5.59 

Het 0.67 0.79 ± 0.06 0.84 0.79 + 0.03 0.78 0.69 

Ile 1.17 1.31 + 0.11 1.77 2.02 + 0.14 2.26 2,28 

Leu 2.40 2.56 +- 0.22 2.88 3.12 + 0.18 3.04 3.03 

Tyr 1.35 1.45 + 0.08 1.53 1.64 + 0.12 1.51 1.57 

Phe 2..25 2.63 + 0.17 2,81 2.88 + 0.09 2.47 2.61 

His 1.68 2.52 + 0.24 2.11 1.91 + 0.11 1.87 1.65 

Lys 2.75 4.59 	0.36 4.51 4.72 4,  0.28 4.41 4.28 

Arg 1.69 2.92 + 0.27 2.98 2.84+ 0.32 2.19 1.37 

Values + standard deviation (± S.D.) 
are the averages of 3 hydrolysates 
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SULPHURIC ACID 

Casein 

1.2L1,1251.4) 16 

Hydrolysis 
time (hr) 

8 12 16 2A 2 A 6 8 

Met.sulphoxide 0.17 0.18 0.11 0.21 

Asp 7.26 7.92 9.43 6.78 6.82 7.08 7.21 6.99 

Thr 4.08 4.66 5.21 4.33 4.72  4.09 4.28 4.58 

Ser 5.77 5.57 5.63 5.12 5.10 5.32 5.44 4.91 

alu 22 .07 23.18 21.80 20.72 19.00 20.08 21.14 20.94 

Pro 10.31 10.08 9.91 8.94 7.55 8.32 8.79 Y8.63 

Gly 1.97 2.15 2.10 1.89 1.87 1.79 1.66 1.75 

Ala 4.19 4.40 3.13. 2.94 2.61 3.35 3.17 2.98 

Cys 0.40 0.38 0,49 0.41 0.14 0.21 0 18 0.20 

Val 5 .34 6.84 7.12 7.42 5 .61 6.35 7.04 7.56 

Met 2.56 2.81 2.98 2.84 2.81 2.75 3.04 2.92 

iLe 4.33 5.66 5 .91 6.11 4.38 5.16 4.98 4.62 

Lou 7.14 7.45 9.12 10.14 6.28 6.91 7.55 8.26 

Tyr 4.71 4.82 5.63 5.17 4.90 4.13 3.41 3.52 

Phe 5 .98 6.03 5 .91 4.79 5 .11 5.14 5 .47 4.89 

His 4.79 5.06  4.86 4.57 3.32  3.90 3.82 3.76 

Lys 6.56 6.73 6.62 6.42 6.21 6.64 6.84 6.92 

Arg 4.28 4.34 4.01 3.87 4.12 3.82 3.61 3.21 
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SULPHURIC AC ID 

Casein  

2.4.1L1.12§.24 

Hydrolysis 
time (hr) 

2 6 8 

Asp 7.62 8.20 8.03 7.38 

Thr 3.53 3.38 2.98 4.11 

Ser 2.81 3.22 2.31 1.72 

Glu 19.31 21.31 21.42 18.96 

Pro 7.26 8.13 7.82 7.08 

Gly 2.28 1.97 1.77 1.12 

Ala 2.64 2.80 2.96 2.06 

Cys "01  0 0 

Val 6.33 7.61 7.42 7.91 

Met 0.14 0.18 0.22 0.11 

iLe 5.62 5.41 5.11 5.33 

Leu 8.74 9.86  9.73 10.13 

Tyr 1.14 1.30 1.22 1.42 

Phe 5.34 5.21 5.04 4.46 
His 4.12 4.29 4.08 3.92 

Lys 7.11 8.22 8.31 7.91 

Arg 4.12 4.76 4.63 3.71 
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SULPHURIC AC ID 

F.G. 

12N 112§24  

Hydrolysis 
time (hr) 

8 10 12 16 22 

Asp 3.69 3.92 3.84 4.03 4.00 4.45 
Thr 2.42 2.55 2.13 2.34 2,21 2.07 

Ser 1.63 1.42 1.35 1.01 0.96 0.78 
Glu 3.65 3.60 341 3.71 3.80 4.01 
Pro 1.41 1.50 1.91 1.82 1.84 1.72 

Gly 1.60 1.75 1.62 2.12 1.91 1,64 
Ala 1.73 1.92 2.08 2,14 2.23 2.16 

Cys 0.28 0.27 0.27 0.21 0.19 0.19 
Val 2.18 2.28 2.31 2.37 2.62 2.87 
Met 0.49 0.54 0.69 0.58 0.58 0.53 
iLe 1.76 1.51 1.42 1.40 1.75 2.08 
Leu 2.61 2.50 2.62 2.81 3.19 3.41 

Tyr 0.48 0.24 0.30 0.28 0.19 0.20 
Phe 1.80 1.65 1.82 1.87 1.96 2.17 
His 2.06 1.96 1.92 1.91 1.81 1.79 
Lys 3.10 3.14 3.51 3.56 4.09 4.11 
Arg 2.34 2.21 2.76 2.41 2.11 2.27 
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SULPHURIC AC ID  

F.G.  

16N H2A9.4 16N SO + resin 

Hydrolysis 
time (hr) 

6 8 2 A 6 8 

Asp 3.26 4.14 4.21 4.31 3.43 4.22 4/411 4.18 

Thr 2.17 2.72 2.11 1.81 2,30 2.42 2.31 2,25 

Sex 2 .28 2.06 1.76 1.48 2.21 2.10 2.00 1.82 

Glu 4.10 4,12 3.72 3.65 3.85 3.98 3.92  3.71 

Pro 1.57 1.42 1.49 1.29 1.41 1.67 1.51 1.24 

Gly ,04 2.41 2.31 2.06 2.04 2.29 2.31 2.17 

Ala 2.03 2.51 2.62 2.41 2.11 2.38 2.43 2.60 

aye 0.22 0.29 0.32 0.24 0.20 0.22 0.23 0.21 

Val 2.70 2.95 3.11 3.42 2.71 2.82 3.18 3.34 

Met 0.60 0.6]. 0.56 0.40 0.61 0.66 0.63 0.61 

Ile 1.23 1,95 1.79 1.85 1.89 2.03 1.97 2.01 

Lau 2.29 2.92 3.09 3.02 2.72 3.01 3.09 3.14 

Tyr 0.13 0.11 0 0 0 Q 0 0 

Phe 1.27 1.77 1.89 1.62 1.91 2.01 2.09 1.94 

His 1.14 1.55 1.42 1.61 1.51 1.43 1.62 1.47 

Lys 2 .20 2.63 2,51 2.89 2,23 2.66 2,72 2.83 

Arg 1.65 1.93 2.01 1.96 1.62 1,76 1.81 1.93 
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SODIUM HYDROXIDE  

Casein 

6N NaOH 	8N NaOH 

Hydrolysis 10 16 a .42 16 a AL3 
time (hr}  

Asp 

Thr 

Ser 

3.96 

n.d. 

n.d. 

4.16 4.12 4.00 

n.d. 

n.d. - 

Glu 14.68 15.78 18.64 16.02 

Pro 6.64 6.o8 6.06 6.92 

Gly 2.08 1.92 2.88 1.95 

Ala 2.86 3.52 4.46 3.64 

Cys 

Val 3.25 4.01 4.68 4.42 4.21 4.98 4.73 

Met 1.78 2.11 2.32 2.21 2.17 2.28 2.04 

Ile 3.67 3.75 3.52 3.88 3.56 3.71 3.63 

Leu 6.42 8.13 10.27 10.41 8.25 10.86 10.79 

Tyr 2.76 4.25 6.43 4.62 4.38 6.29 5.41 

Phe 3.12 4.13 5.72 4.68 4.87 5.97 4.31 

His 1.81 3.51 3.24 2.41 3.23 3.11 2.29 

Lys 5.98 7.32 8.36 8.42 7.19 7.88 8.71 

Arg n.d. n.d. 

Based on the sum of the allo-isoleuoine and isoleuoine peaks. 

nod. Not determined 
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SODIIN HYDROXIDE 

F.G• 

6N NaOH 8N NaOH 
Hydrolysis 
time (hr) 

16 a it 16 a 48 

Asp 2.72 2.85 2.34 3.70 2.80 2.48 
Thr n.d. ■•■■••■■••■■••■ n.d. 111.t1116•100/a 

Sor n.d. n.d. 
Olu 3.10 3.77 3.45 4.76  4.23 3.63 
Pro n od s 41•11,011.1.1101. Nee ■■••1.11, n•d• MOON. 

Gly 3.49 1.76 3.19 2.02 1.46 2 .74  
Ala 1.76 1.83 2.83 3.35 2.60 2,96 
Cys ---- n.d. s ---- -....... n.d. --... 
Val 1.51 1.74 2.47 2.25 2.12 2.76 
Met 0.42 0.42 0.40 0.43 0.40 0.54 
Ile 1.28 1.52 1.64 1.50 1.50 2.07 
Leu 1.98 2.69 2.92 2.17 348 3.28 
Tyr 1.44 1.90 1.68 1.64 1.99 1.68 
Phe 1.52 1.90 1.92 1.74 2.00 1.81 
His 1.04. 1.15 0.92 0.93 1.05 0.92 
Lys 1.87 1.84 2.51 2.19 2.19 2.58 
Arg ---- n.d. ---- ---- n.d. ---- 

n.d. 	Not determined. 
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Amino acid. 

3N p-toluene sulphohic 
acid (22 hr) 

4M 0-phosphoric 
acid (20 hr) 

Casein F.G. Casein 

Asp 7.20 2.49 7.16 

Thr 4.35 1.07 2.80 

Ser 5.36 2.13 3.94 
Glu 18.69 4.56 13.44 
Pro 6 .99 2.68 5.85 

Gly 1.65 1.10 1.10 

Ala 2.67 1.55 1.40 
Cys 0.30 0.15 0.21 

Val 4.64 1.45 1.73 

Met 2.04 0.60 1.42 

Ile 2.39 1.27 2 .05 

Leu 10.11 2.95 4.57 
Tyr 5.02 1.37 2.65 

Phe 5.14 1.55 2.43 
His 2.69 0.96 1.09 

Lys 8.13 3.22 3.39 
Arg 4.01 1.45 1.61 
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PERC &CRTC ACID 

F.G.  

6NH0104 12hrs 8N HC1016 hrs 

Asp 4.32 

4 

4.89 

Thr 2.15 1.63 

Ser 2.06 2.14 

Glu 4.69 4.39 
Pro 2.63 1.34 

Gly 1.72 2.07 

Ala 2.07 2.27 

Cys 0 0 

Val 2.79 3.11 

Met 0 0 

Ile 1.44 2.12 

Leu 2.91 2.74 

Tyr 1.31 0.29 

Phe 2.14 1.32 

His 1.92 1.41 

Lys 2.77 2.12 

Arg 3.36 2.74 
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PE13011LORIC ACID 

Casein  

in sample 

Hydrolysis 
time (hr) 

3.7N 
12 

6N 

16 

8N 

12 16 20 12 16 

Asp 6.35 6.60 7.30 6.95 7.02 7.03 7.05 
Thr 4.45 4.35 4.20 3.73 4.09 3.65 3.89 
Ser 6.15 5.70 5.50 5.05 5.47 5.20  5.37 
G1u 20.93 21.92 21.25 21.45 22.10 19.68 20.16 
Pro 8.55 9.06 9.18 8.10 7.95 8.20 8.15 
Gly 1.11 1.16 1.74 1.94 1.92 1.90 1.95 
Ala 2.24 2.57 2.80 3.22 3.14 3.10 3.20 
Cys 0 0 0 0 0 0 0 
Val 3.86 3.91 5.40 6.87 7.05 6.16 6.42 
Met 1.90 2.08 2.76 1.15 0.94 0 0 
Met sulphoxide 1.82 1.83 0.30 0.35 
Ile 4.51 4.80  4.98 5.33 5.40 5.40 5.80 
Leu 9.03 9.50 10.10 9,52 9.63 9.34 10.05 
Tyr 4.41 4.81 5.05 5.80 5.40 0.35 
Phe 3.67 5.14 5.00 5.31 5.00 3.38 3.02 
His 2.77 2.90 2.85 4.80 4.61 3.78 4.65 
Lys 7.33 7.40 7.90 7.16 7.18 6.83 7.22 
Arg 2.93 3.11 4.05 4.70 4.62 2.75 2.82 
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THE EVALUATION OF NOVEL PROTEINS BY AMINO ACID ANALYSIS 

by M.G. Davies, The Lord Rank Research Centre, High Wycombe, U.K. 
and A.J. Thomas, Department of Biochemistry, Imperial College, 

London, U.K. 

ABSTRACT 

The evaluation of novel proteins by amino acid analysis  

In the last decade there have been rapid developments in systems 
for automated amino acid analysis. The production of protein from 
novel sources and the improvement of existing supplies mean there is an 
increasing need for fast and accurate amino acid analysis. A fully 
automated system for the analysis of a variety of foodstuffs which has 
been in operation here for the last four years, is described. An 
automatic sample loading and programming device enables protein 
hydrolysates to be analysed continuously unattended. High resolution 
cation exchange columns packed with 8p diameter spherical beads give 
separations suitable for a range of foods. Calculation of results is 
achieved using a data acquisition system. A new system using an on-
line 4K computer enables an amino acid profile to be completed in 35 
minutes. The analysis is automatically programmed and the complete 
profile is printed out. 

The applications of fast amino acid analysis in the development of 
a process for the production of microfungal protein is described. Its 
use in the quality control of novel proteins such as microbial protein 
and field bean isolate is also illustrated. Automated methods have 
also been developed for the routine screening of moulds for total amino 
nitrogen, cystine and methionine. 

INTRODUCTION 

The advances which have been made in automated analytical 
equipment in the last decade have enabled amino acid analysis to be 
used as a rapid routine technique in our laboratories. A research 
programme concerned with the production of protein from novel sources, 
particularly from microfungi, required that large numbers of amino acid 
analyses were performed rapidly. The amino acid analysis system, which 
had been purchased in 1966 (Technicon Instrument Co.Ltd.), could 
complete one amino acid chromatogram in 20 hours. The system was 
automated in two ways to achieve a faster rate of analysis. 

1. Data collection was automated to speed up the calculation of 
results, to remove the tedium from it, and to improve the 
precision. 

2. The chromatographic system was programmed and samples were 
loaded automatically. 
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AUTOMATION OF DATA COLLECTION 

The three-channel recorder of the analyser was modified and linked 
to a digital data acquisition system (Solartron Electronic Group Ltd.). 
A punched paper tape output of the data from the recorder is produced. 
This is processed by an off-line IBM 1130 computer using a Fortran IV 
programme (1,2) which gives a print-out of the peak areas and the 
percentage amino acid composition of each sample. 

AUTOMATION OF COLUMN CHROMATOGRAPHY AND SAMPLE LOADING 

An increase in the numbers of samples analysed can be achieved by 
multicolumn assemblies and by the use of more automated analysis 
channels. However, this is an extremely expensive solution to the 
problem. It was also found that the cation exchange resin and the 
gradient elution device on the original system could be improved to 
give a substantially better resolution of peaks. Ion exchange resin 
was prepared by fractionating a batch of Permutit Zeo-Karb 225, 8% 
cross-linked, bead size range 5-15p diameter, using an elutriator (3,4). 
Resin beads of 10p ± 1 were separated. These were used to pack the 
columns, which were shortened to 35 cm x 0.6 cm. Gradient elution was 
programmed automatically as described by Thomas (3). A buffer 
programme was developed using relatively simple stock solutions which 
gave peak separations suitable for the range of materials encountered. 

ROUTINE AMINO ACID ANALYSIS 

In a 24 hour period, 12 chromatograms can be produced by this 
system. Processing of paper tapes is performed by an overnight 
computer shift, so that the complete analyses can be obtained about 
1 day after chromatography. The rate determining step in protein 
analysis is now hydrolysis. The most accurate and convenient technique 
for our purposes is to hydrolyse the protein under nitrogen reflux with 
6N HC1 for 20 hours. Typical values for field bean isolates and 
Fusarium sp. are shown in Table 1. 

There are three aspects in the development of novel proteins where 
amino acid analysis plays an important part. 

1. Screening of protein sources  

Different varieties of beans and various species of fungi were 
screened initially for total protein content and for their overall 
nutritive value as indicated by the essential amino acid content. 
Total nitrogen by itself cannot necessarily be used as an accurate 
measure of protein content, particularly for fungi, since it measures 
also the amino sugars, nucleic acids and free amino acids which are 
present. The actual distribution of nitrogen can be determined by 
amino acid analysis, since it can be used to estimate amino sugars and 
free amino acids separately. 

2. Quality control of the fermentation process  

The selection of the optimum conditions for the production of 
microbial protein from waste carbohydrate and the scaling up of the 
process involve the variation of factors which could affect amino acid 
composition. One such factor is the use of different carbon sources 
in fermentation media. 
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TABLE 1 

AMINO ACID ANALYSIS 

Concentration 
in sample 

g amino acid/100g total amino acid 	` 

Amino acid Bean Fusarium Hen's 
isolate sp. egg 

Aspartic acid 11.38 9.89 
Threonine 4.01 5.13 5.1 
Serine 5.62 4.54 
Glutamic acid 17.28 16.47 
Proline 5.72 5.42 
Glycine 4.00 4.69 
Alanine 4.15 8.18 
Cystine 0.95 0.86 2.4 
Valine 4.80 4.92 7.3 
Methionine 1.01 2.08 3.1 
Iso leucine 4.15 3.78 6.6 
Leucine 8.15 6.98 8.8 
Tyrosine 4.07 3.57 4.2 
Phenylalanine 5.16 3.90 5.8 
Histidine 3.61 4.04 
Lysine 6.95 7.88 6.4 
Tryptophan 1.73 1.67 1.6 
Arginine 7.25 6.00 

371 



3. Feeding trials  

For the determination of net protein utilisation of test diets 
using rats, and amino acid availability studies with chicks, it is 
necessary to have an accurate amino acid analysis of the test protein 
and the other protein sources incorporated in the diet so that the 
correct formulation, can be made. 

The amino acid analysis system can be adapted relatively easily 
for the determination of specific amino acids. Tryptophan is largely 
destroyed in the acid hydrolysis of foods proteins which contain 
carbohydrate but is easily measured after alkaline hydrolysis. Sulphur 
amino acid determinations and amino nitrogen determinations are used in 
screening and therefore alternative methods which can be automated are 
useful as a cross check. These are listed in Table 2. 

FURTHER IMPROVEMENTS IN THE AMINO ACID ANALYSIS 

The speed of amino acid chromatography can be substantially 
increased by combining very small and uniform spherical bead resin in 
narrow bore columns, with programmed gradient elution. Using 8 ± 1 
micron beads in 2 mm x 35 cm columns with flow rates of about 170 pl/ 
min., amino acids can be successively eluted in volumes as small as 
150 pl and a complete hydrolysate separated in 35 minutes. Even 
allowing for regeneration this allows 26 analyses per day or 180 
samples per week. The analysis of the column effluent requires a 
specially designed analytical system with dead volumes minimised and 
flow cell washout volumes eliminated. 

A chromatograph with such a high output requires a matching data 
system. An analysis rate of 180 samples/week represents some 3500 peak 
areas. Even if these were measured by an on—line integration system, 
the further calculation required needs about 12 hours on an Olivetti 
Programmer. To enter the area data on punched cards requires 3 hours 
of operator time. Data logging of crude chromatographic data on 
punched paper tape generates about 200,000 data points/week. Such 
large amounts of tape are not easily assimilated by many central 
computer installations. 

Fortunately, the mini computer provides a solution. One type, the 
Digico Micro 16V offers extremely easy interfacing, a 16 bit word, 4K 
of store and a teletype for under £3,000. This has been incorporated 
on—line and performs noise reduction by statistical methods, applies 
baseline correction, calculates and identifies peak areas and compiles 
and calculates the information about the sample. It stores and updates 
its colour values and presents statistical and quality control data 
based on its comparison of standards. It also operates failure routines 
based on performance degradation rather than on gross breakdown 
detection. 

The combination of the high speed microchromatography with the 
mini—computer allows a precision of ± I% to be maintained with 
quantities of amino acids down to 2 nano—moles, and detection limits as 
low as 20 pico—moles. Newly emerging fluorescence methods may well 
extend this sensitivity by a further order of magnitude. 
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TABLE 2 

AUTOMATED PROCEDURES USED FOR THE ANALYSIS OF NOVEL PROTEINS 

DeterMination Hydrolytic 
technique 

Chromatographic 
system 

Detection 
system 

Amino nitrogen 6N HC1 under 
nitrogen reflux 
or in sealed 
bottle 

a) 	None a) 1% Ninhydrin/ 
0.026% hydrazin 
sulphate in 2-
methoxyethanol 
sodium acetate 
buffer, water (2: 
1:1 v/v). 
Estimates amino 
acids + ammonia + 
amino sugars. 
or b) 0.1% 
trinitrobenzene 
sulphonic acid in 
pH 9 sodium 
carbonate buffer. 
Estimates amino 
acids only, 
except for 
pro line. 

Methionine 6N HC1 under 
nitrogen reflux 

a) First half of 
normal amino acid 
analysis buffer 
programme 
b) None 0.003% platinic 

iodide in 40% 
acetic acid. 

Cystine and Oxidation of Elution with pH 2 Ninhydrin 
cysteine cystine and 

cysteine to 	, 
cysteic acid with 
performic acid 
followed by 
hydrolysis with 

sodium citrate 
buffer 

6N HC1 

Tryptophan a) 4N Ba(OH)2 at 
121°C 

None 1% p-dimethyl-
aminobenzaldehyde 
in conc. HC1. 

b) 6N NaOH at 
121°C 

Elution with 
shortened buffer 
programme from 
pH 7. 

Ninhydrin 
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starting from sample loading to data 
collection. Some of these developments 
are outlined here, as are some of the im-
provements now available in commercial 
apparatus. 

Chromatography 
Improvements in the design of the 

components of chromatography columns 
have increased the speed and precision 
of amino acid separations. 

M. G. Davies works at the Lord Rank 
Research Centre, High Wycombe. 

Dr. Thomas is a Senior Lecturer in the 
Biochemistry Department, Imperial College, 
London. 

X. C. Blanshard is a Research Officer in 
the same department. 

ecent Advances in the lon-exchange 
Chromatography of Amino Acids 
M. G. Davies BSc, A. J. Thomas MA, PhD, and K. C Blanshard BSc 

In view of the fact that the complete analysis-'and quantitation of one amino acid mixture, has 
required at least 24 hr, the authors have been working on the complete automation of the steps 
in amino acid analysis, starting from sample loading to data collection. Some of the developments 
are Outlined here, as are some of the improvements now available in commercial apparatus. 

ION-exchange chromatography of amino 
acids dates back to the early 1950s. 
It was largely the pioneering work of 
Moore and Stein which. developed the 
technique. At first they ,used starch 
columns, but then suggegie"the,use of 
cation-exchange resins consisting 'Of a 
polystyrene matrix. with sulPhonic:,acid 
side groups.' In order to completely 
analyse an amino acid mixture, two 
chromatography columns were set up. 
The acidic and neutral amino acids were 
separated on a column 140 x0.9 cm, 
eluting with sodium citrate buffers in-
creasing in pH from 2-5. The basic 
amino acids were separated on a smaller 
column (15 x 0.9 cm). Moore et a/2  and 
Hamilton3  devised systems for con-
tinuously monitoring the cplumo,.effluent 
for amino acids with ninhydrin. to avoid 
the necessity for collection anct.analysis 
of individual fractions. r  Nirihydrin was 
pumped into the column effluent con-
tinuously, after whiCh the mixture was 
reacted in a coil of tubing in a boiling 
water bath.  and then, passed to a colori-
meter. 

By 1966 studies on the nutrition of 
farm animals and the evaluation of micro-
fungal proteins were making an increasing 
demand for amino acid analyses. How-
ever, there were no. adequate Instruments 
for the measurement of relatively large 
numbers of samples. *survey of the corri 
mercially available instruments gave no 
cause for optimism since they had made 
little progress from Moore and Stein's 
original concept. The complete analysis 
and quantitation of one amino acid 
mixture still required at least 24 hr. In 
view of these limitations work started 
in the authors' laboratories to completely 
automate the steps in amino acid analysis,  

lon-exchange resins 
Cation-exchange resins such as Zeocarb 

225 8% crosslinked with divinylbenzene 
• (Permutit Co Ltd) are available in the 

form of spherical beads. A fairly simple 
elutriation device was used to separate 
batches of resin containing a range of 
particle sizes into uniform-sized fractions. 
A reduction in the size of resin beads used 
for chromatography meant that con-
siderably smaller columns could still give 
adequate resolution. A fraction of size 
10 p.m ±1 1.1.m was eventually chosen 
and was packed into uniform bore, thick-
walled borosilicate glass columns 40 x 0.6 
cm. When the column was maintained at 
60°C and the eluting buffers were pumped 
through at 0-42 ml/min, separation of a 
mixture of protein amino acids was 
complete within 3 hr. Provided the frac-

`.tionation is good enough, column pres-
sures remain extremely constant at about 
24 kg/cm2  (350 psi) for, periods of several 
months withoUt repacking. Medium pres-
sures up to 70 kg/cm2  (1,000 psi) can 
be handled with glass columns using a 
positive displacement pump of a type 
such as the Milton Roy minipump. The 
extremely uniform flow patterns resulting 
from these closed packed spheres of 
almost identical size contributes greatly 
to the resolution. The reduction in size 
of the beads increases the resin surface 
area and reduces the free volume of 
liquid between the spheres, thus facili-, 
tating ion-exchange equilibria between 
the sulphonic acid groups and the amino 
acids. 

Compared to the amino acid analysers 
available in 1966, the size of the chrome- 

tography column was thus reduced to 
one-third and the analysis time to one-
sixth. 

However, a further increase in the 
speed of analysis can be obtained. 
Using 8 ±1 p.m beads in 35 x 0.2 cm 
columns with flowrates of about 017 
ml/min, amino acids,  can be successively 
elgted,in volumes as ,small as 015 ml. A 
complete protein hydrolysate can be 
separated in 35 min. The detection of 
amino acids, in such small volumes of 
liquid requires a carefully designed analysis 
system and this will be described later 
(Fig 1). 

Programed gradient elution ;. 
ct:  In-the original Moore 'and Stein tech-
nique amino acids, were eluted by 
separate buffers of increasing pH and 
sodium ion concentration. In 1960, Piez 
and Morrie introduced a multi-chamber 
varigrad in which the successive eluting 
buffers were linked to produce a pH 
gradient. There are now several devices 
available for producing various shapes of 
gradients. However, although useful, they 
are difficult to use for repetitive work, 
since the appropriate buffer has to be 
measured into each chamber prior to an 
analysis. 	- 

A completely flexible electronic gra-
dient maker was devised and has been 
described by Thomas.5  It is able to read a 
graph depicting the required pH gradient 
to convert this to a buffer mixture. The 
programer consists of a - white Peripex 
drum carrying the program information 
in black (Fig 2). The drum is illuminated 
by a fluorescent tube and revolves at 
2 rpm. It is scanned by a photocell which 
is driven parallel to the axis of revolution 
during the 4-hr cycle of the chroma-
togram. At the end of the run the scanning 
head rapidly- reverses direction, returns 
to the start and recommences another run. 
The photocell output is amplified and 
controls a pair of valves which are 
operated so that when one of a pair is 
energised by the signal the other is de-
energised. A single pump draws acid 
buffer (0.05 M citric acid ± 0.2 M NaCI) 
through one of the valves and basic 
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Fig 1. Diagram of Chromaspek amino acid analyser 

DARK AREA ROTATING DRUM 

.--LIGHT TRACKS 

SCANNING HEAD WITH PHOTOCELLS 

Fig 2. Gradient 
elution programer 

MAINS 

Table 1. Steps in chromatography 
automated by the programer 

(1) Adjustment of buffer pH 
(2) Production of pH gradient 
(3) Regeneration of columns 
(4) Sample loader switched on 
(5) Analytical system washed out 

between samples 

buffer (0.05 M citric acid 	. 0.2 M 
NaOH) through the other one. The pump 
will therefore draw acid or base according 
to which valve is open, ie according to 
whether the photocell is seeing black or 
white. At any instant the scanning photo-
cell will see a slice of the drum, a propor-
tion of, black and white, defined by. the 
program: at 'that point. The successive 
segments of acid and base are delivered, 
to a small mixing chamber, where they 
produce a buffer of a pH defined by the 
black/white ratio of the drum at that time. 
This buffer then supplies the chromato-
graphic pumps. In addition to the photo-
cell which reads the analogue program 
on the drum, the scanning head also 
carries a series of parallel photocells 
which read a series of parallel light slits. 

The functions which are automated 
by the programer are summarised in 
Table 1. The programer gives elution 
times which are reproducible to 1-2 min. 
It is very flexible so that gradients can be 
easily modified to alter the separation, 
and also it can control several columns 
running in parallel. 	•, • 

Sample loading 
In the above system samples are 

loaded on the low-pressure side of the 
column pump. Originally a commercially 
available automatic analyser sampler unit 
(Technicon Sampler II) was substan-
tially modified with timing cams and 
relays.5  Samples for analysis are made up' 
in sodium citrate buffer pH 2. Two samples 
are completely analysed simultaneously 
by running two chromatography columns. 
The samplei are placed on the sampler 
in plastic tubes of 1 ml capacity and are 
routed directly through the pumps, to the 
columns. This method of sample -loading 
has the advantage of simplicity over 
devices which introduce the sample on 
the high-pressure side of the chromato-
graphy system. 

There are two types of mechanisM 
which work by the latter method. Both 
are quite ingenious and require high pre-
cision engineering. In one type samples 
are loaded on to cartridges made of 
Kef F which contain a small quantity of 
ion-exchange resin similar to that used 
in the :chromatography columns. When 
the sample is loaded (at a pH of about 2) 
the cartridge is aspirated by a vacuum 
pump to remove the excess buffer 
solution. The loaded cartridges are placed 
on a sampler turntable and for analysis 
each is clamped in turn to the top of the 
column. This system is used on the 
Technicon TSM analysers  and in practice 
the amino acid mixture is loaded on to 
two cartridges since two chromatography 
columns are used for one analysis as in 
the original Moore and Stein technique. 

The other type of sample loader uses  

coils of PTFE tubing about 1 mm diam. 
The coils, of capacity about 1 ml, are 
mounted on a rotating plate and a sample 
is injected into each one. At a signal 
from a timing mechanism the plate is 
moved on by ,one position to bring the• 
coil between the column pump and the 
chromatography column. A high-pressure 
fitting is formed at each end of the coil 
with silicone rubber 0-rings. An alterna-
tive to the coil is to use a straight tube 
which is threaded at one end to fit 
directly into the rotating plate. This type 
of sample loader is used on the Bio-Cal 
analyser (LKB Instruments Ltd). 

Analytical system 
Using programed gradient elution, 

two amino acid mixtures are analysed -
simultaneously with two parallel analytical 
systems every 4 hr. The column effluent 
is pumped into a stream of a mixture of 
ninhydrin and hydrazine sulphate which 
is segmented with nitrogen. Both reagent 
streams are pumped through glass coils 
which are immersed in the same oil bath 
maintained at 95°C. A peristaltic pump 
then pumps both streams containing the 
reacted amino acid and ninhydrin through 
continuous - flow colorimeters, which  

monitor them at a wavelength of 570 nm. 
As mentioned earlier, the speed of 

chromatography can be increased still 
further using even smaller spherical bead 
resins and narrower bore columns. The 
Chromaspek amino acid analyser (Rank 
Precision Industries Ltd) separates an 
amino acid mixture in 35 min on a 35 x 0.2 
cm column containing 8 jiln beads (Fig 1). 
The detection of such small volumes 
requires a microanalytical system and a 
specially designed colorimeter. Most exist-
ing continuous-flow colorimeters have a 
flow cell volume of 100 prey and the 
effective wash-through volume is several 
times this, due to turbulence. The 
Chromaspek analytical system has a total 
liquid flow of as little as 500 p.1/min. 
As an amino acid peak is eluted in a time 
of the order of 1 min, the response time 
of the detector has been designed to be 
about 5 sec. The segmented stream flows 
through a double beam detector head 
which monitors the absorbance of light • 
from a single energy source at 570 and 
440 nm via fibre optic light guides. 
The advantage of maintaining a seg-
mented liquid stream for analysis is that 
dispersion and loss of resolution is 

. less than in a non-segmented stream. A 
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'bubble-gating' circuit in the detector 
separates the signal from the bubbles 
from that of the liquid. Levels of amino 
acids down to 5 x 10-9  g can be detected 
with a precision of ±1% at 10' g. 

Data acquisition 
Chromatographs with such high rates 

of output require systems which can auto-
mate the collection and calculation of 
data. The manual integration of chroma-
togram peak areas is tedious and becomes 
the limiting factor in the production of 
results. Three ways in which data acqui-
sition has been automated are: (1) by 
an on-line integrator; (2) off-line com-
puter processing; (3) by a purpose-built 
on-line computer. 

On-line integration 
The outputs from the amino acid 

analyser colorimeters are recorded on 
logarithmic recorders (Vitatron, Fisons 
Ltd). These recorders were modified with 
servopotentiometers, to give a voltage 
output which is directly proportional, to 
the absorbance of the amino acid nin-
hydrin reaction mixture. These voltages 
are then fed via a baseline compensating  

device into a basic integration module 
(Honeywell Ltd). In chromatography the 
baseline between peaks can alter and the 
integration module cannot cope with 
these changes. A block diagram of the 
baseline compensator is shown in Fig 4 
and it is described in more detail by 
Thomas.5  In principle the device works 
by continuously 'updating the baseline. 
The signal from the servopotentiometer is 
differentiated and amplified and its level 
is detected. This enables the slope of the 
baseline to be monitored. If a positive 
(upward) slope or negative (downward) 
slope is found, ie a peak on the chroma-
togram, a time-delay circuit is switched 
off. When there is a flat portion on the 
chromatogram the time-delay circuit starts 
up and causes a memory circuit to read 
the voltage on the servopotentiometer. 
This reading is then used as the reference 
against which the peaks are measured. 
In this way, if a series of peaks occur on 
the chromatogram without a return to the 
baseline between them, the individual 
peak areas can be integrated and the. 
results printed out. A programable calcu-
lator, which is stored with the information 
from chromatograms of standard amino 
acid mixtures. accepts the peak areas 

and calculates the percentage composi-
tion of amino acids in the mixture. 

Although integration systems which 
can deal with amino acid data are avail-
able from some manufacturers. their costs 
are about three times that of the system 
described here. 

Off-line computer processing 
This system was developed to calcu-

late amino acid data from two anelysers 
each of which analyses a sample every 
4 hr. The chromatograms from , both 
analysers are produced on the same three-
channel chart recorder. An extra slide 
wire is fitted to the recorder to follow 
the movement of the existing:  slide wire 
and to produce a voltage which is sampled 
by a data logger,7•8  A block diagram of 
the data logger and its connections to 
the analyser via the modification to the 
recorder is shown in Fig 3. The data 
logger consists of a digital voltmeter 
punch drive unit and paper tape punch. 
The digital voltmeter measures the volt-
age from the slidewire and every- 7 sec 
produces a reading from each chromato-
gram. The punch drive •unit sorts these 
readings so that they appear on paper 
tape with alternate plus and minus 
symbols. This enables the readings from 
one chromatogram to be distinguished 
from the other. The tape is processed by 
an IBM 1130 computer in a central 
computer installation. A program Written 
in Fortran IV is used to give at-print-opt 
of peak areas and percentage composition 
without any further manual steps being 
necessary.' 

On-line computer processing 
The Chromaspek analyser, as des-

cribed earlier, can analyse, a.  mixture of 
amino acids in less than . an hour!  ie, an 
analysis rate of -180 samples/Week:. even 
if the peak areas were measured by an 
on-line integrator, the further calcUlation 
required would take two days on a pro-
gramable calculator. Data' logging could 

- still easily cope with such a large amount 
of readings. However, data processing 
would take up a lot of computer time. 
The mini-computer, which has become 
much cheaper, now offers a solution to 
the problem."' On the Chromaspek a 
Digico Micro 16V mini-comPuter is 
interfaced to the analyser. The results are 
presented on a teleprinter as peak areas 
and in various concentration units. Figs 
5 (a) and (b) show a chromatogram, and 
the corresponding computer print-out. 

In the past it has been a comolioated 
and expensive procedure to interface 
instruments- to computers. The main, 
function of the interface is to control the 
input of the data to the computer. This is 
now made easier by the development of 
digital-integrated circuits. Since the com-
puter itself is constructed of similar cir-
cuits, the voltages required are compatible 
and the interface can be plugged directly 
into the computer. The computer is 
programed by a fairly basic (assembly) 
language. It checks the data for peaks 
integrates peak areas and identifieS the 
amino acids. The computer also monitors 
the chromatographic separation itself and 
updates the elution times and peak areas 
for use in the calculations. 'Fail-safe' 
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Fig 5(a). Chromatogram of a standard mixture of amino ecids Onalysed by the Chromaspek 
The peaks are (from right to left): Methioninel sulphOne; •aspartic acid, threonine, serine, glutamic acid 
glycine, alanine, cystine, valine, methionine. iso-leucine, leucine, nor-leucine, tyrosine, phenylalanine 
s-aminoleutyric acid, histidine, tryptophan, lysine, ammonia, arginine 

Fig 5(b). Computer print-out of the results from the analysis 

STANDARD CHROMATOGRAM 	20 

NAME 	, TIME 	AREA MOLES 

STAN. 	I 	50.000 	5.000 

MOLARS MOL/FAC . GRAMS 	GRAM % WT/FAC 

UNKNOWN 268 85 .832 ' -.0077 .166 .003 ..058 .016 
METH SULP 310 4809 49.999 4.757 .9.999 7.454 5.256 1.491 
ASPARTIC 337 4320 49.999 4.757 9.999 6.654 4.692 1.330 
THREONINE 359 4447 49.999 4.757 9.999 5.954 4.199 1.191 
SERINE 378 4865 49.999 4.757 9.999 5.254 3.705 1.051 
GLUTAMIC 412 - 4588 49.999 4.757 9.999 7.354 5.186 1.470 
GLYCINE 	, 480 5200 49.999 4.757 49..999 3.754 2.647 .750 
ALANINE 493 4307 49.999 4.757 9'.999 4.454 3.141 .890 
CYSTINE 516 2961 49.998 4.757 9.999 12.014 8.471 2.402 
VALINE 546 4158 49.999 4.757 9.999"'5.857 4.130 1.171 
METHIONIN 598 5205 49.999 4.757 9.999 7.454 5.256 1.491 
1^LEUCINE 646 4180 49.999 4,757 9.999 6.559 4.625 1.311 
LEUCINE 667 5055 49.999 4.757 9.999 6.559 4.625 1.311 
N-LEUCINE 685 5104-  
TYROSINE 724 5208 49.999 4.757 9.999 .9.059 .6.308 1.811 
PHEN.ALAN 743 5405 49.999 4.757 9.999 8.259 5.824 1.651 
GAGA 823 3071 49.999 4.757 9.999 5.154  3.634 -1.031 
HISTIDINE 941 5690 49.999 4.757 9.999 7.754 5.468 1.550 
TRYPT. 1021 5622 49.999 4.757 9.999 10.209 7.199 2.042 
LYSINE 1097 5378 49.999 4.757 9.999 _7.354 5.186 1.470' 
AMMONIA 1109 2990 49.998 4.757 9.999 .840 .599 .170 
ARGININE 1120 5981 49.994 4.757 9.999 8059 6.176 1.751 
1050.79 141.816 

°mines can thus be operated by the 
detection of a degradation in performance 
rather than of a breakdown in the analyser. 

Conclusions 
The developments outlined here have 

helped to increase the rate of analysis of 
samples for amino acid analysis. Without 
automation of sample loading and data 
acquisition, the capital cost of an amino 
acid analyser is still high. Thus the equip-
ment can be used more economically. In 

addition, there are savings in operator 
time which reduce the cost per analysis. 
These factors, have been especially useful 
in projects concerned with the develop-
ment of microfungal food proteins. Large 
numbers of amino acid analyses have 
been required at several stages, namely 
the screening of microfungi, the monitor-
ing of microfungal growth and protein 
quality during fermentation and the 
formulation of diets for feeding trials. In 
addition, studies on amino acid meta- 

20 

holism in mammals continue to require 
large numbers of analyses. 

Although the analysis time for a protein 
hydrolysate has now been reduced to 
35-50 min, ion-exchange chromato-
graphy is still being used and it would 
appear unlikely that analysis times could 
be reduced much further by this technique: 
Gas chromatographic methods take about 
the sane length of time to separate an 
amino acid mixture and in addition vola-
tile derivatives have to be prepared. 

Fluorometric methods are now emerg-
ing which may increase the sensitivity 
of amino acid analysis by about 10 times. 
If they were used in conjunction with 
microchromatography, it would be pos-
sible to detect levels as low as 2 x 10-10  g. 

The improvements which have been 
described have other applications in 
liquid chromatography. An example is 
the separation of sugars and sugar phos-
phates" where ion exchange and pro-
gramed elution has given better resolu-
tion and reproducibility. 
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Symposia 
Course on the treatment and disposal of 
industrial wastewaters. A five-day course 
for practising engineers will be held on 
April 7-11, 1975, at the University of 
Newcastle upon Tyne's School of Ad-
vanced Studies in Applied Science. 
Further details: The Administrative Assis-
tant, Department of Civil Engineering 
University of Newcastle upon Tyne, 
Claremont Road, Newcastle upon Tyne 
NE1 7RU. 

Symposium on Ozone for Water and 
Wastewater Treatment. This second inter-
national symposium will ,be held in 
Montreal, Canada, on May 11-14, 1975. 
Papers are now being accepted for 
submission. Abstracts of 300-500 words 
should be submitted in triplicate to: The 
Symposium Chairman at 101 Headquar-
ters, International Ozone Institute, 24 
Central Avenue, Waterbury, Ct, Canada 
06702. 

lPACK4MA '76 will be held in the Milan 
Fair exhibition grounds on February 
16-22, 1976. The show will again house 
three sectors: packing and packaging: 
plants, machines, materials; packages-
equipment and machinery for the food-
stuffs industry-equipment and mach-
inery for mechanical handling. Applications 
for space are already being accepted 
by the organisers: 62 via C. Ravizza 
-20149 Milan. 
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An Investigation of Hydrolytic Techniques for the 
Amino Acid Analysis of Foodstuffs 

Michael G. Davies and Alan T. Thomas 

The Lord Rank Research Centre, Lincoln Road, High Wycombe, Bucks, England  
(Manuscript received 27 April 1973 and accepted 23 July 1973) 

A survey of hydrolytic methods for the amino acid analysis of foods is presented 
and the advantages, and disadvantages of the methods are discussed. Amino Acids 
were determined after hydrolysis of the proteins with hydrochloric acid, sulphuric 
acid, perehloric acid, p-toluene sulphonic acid and sodium hydroxide. The results 
are shown graphically using as examples a pure.protein (casein) and a potential 
food protein of microfungal origin (Fusarium graminearum). The addition of 
some cation exchange resin to acids catalysed the hydrolysis of some peptide 
bonds containing aspartic acid, threonine, serine, glutamic acid, valine and 
isoleucine. Whilst several methods gave close agreement for the analysis of a pure 
protein, hydrolysis with 6 N-hydrochloric acid gave the largest yield of most 
amino acids in food proteins. With the exception of extracted soya meal, protec-
tion of cystine prior to hydrolysis gave higher values than direct hydrolysis. 

1.. Introduction 

1.1. A review of the hydrolytic procedures that have been used in amino acid analysis of 
proteins 
The first experiments on the acid hydrolysis of proteins were performed by Braconnot 
in 1820,1  who used, concentrated sulphuric acid to hydrolyse gelatin, muscle fibres and 
wool. In the next 100 years, workers used a variety of hydrolytic reagents to partially 
hydrolyse proteins in order to study their amino acid sequences.2-1° Acid hydrolysis 
is most generally used for analysis of total amino acids because it leads to complete 
hydrolysis with the least destruction. Sulphuric acid was used in some of the earlier 
investigations on protein structure.11.12  At the present time, the hydrolytic reagent 
most generally employed is 6 N-HC1. 	 - 

There are a number of factors which can cause the amino acid composition to differ 
from that of the protein from which it is derived. Amino acids differ in the ease with 
which they Are liberated from peptides during hydrolysis. Syngen' 14  and Christen-
sen15.16  showed that in a series of dipeptides the resistance to hydrolysis with 10 N-HCI 
at 37 °C is greatly increased when the carboxyl groups of valine and leucine are involved. 
Isoleucine and valine were found to be liberated more slowly than the other amino 
acids during the hydrolysis of insulin and model peptides using hydrochloric acid of 
various normalities from 0.8 N to concentrated.''-22  The optimum time of hydrolysis 
for complete liberation of these amino acids depends on the nature of the linkage in 
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each particular protein. Generally, maximum yields have been obtained after refluxing 
with 6 N-HCI for 70 h for pure proteins23-26  and cereals.27. 28  Another factor which- 
has to be taken into account is the destruction of amino acids on hydrolysis. Extensive-
losses of glutamine, asparagine and trytophan occur on acid hydrolysis. Glutamine 
is converted quantitatively to glutamic acid and asparagine to aspartic acid.29  Trypto-
phan in proteins is destroyed by acid although considerable amounts can be determined 
if oxygen is rigidly excluded26  and by hydrolysis with hydrochloric acid in quartz 
vessels in the absence of heavy metals.m. 31  Tryptophan is not destroyed extensively 
when heated at 100 to 125 °C in 6 to 7 N-HC1 or H2SO4  in vacuo but degradation 
occurs in the presence of oxygen, cystine, serine and heavy metals.32-33.' Other 
amino acids are destroyed to a lesser extent as demonstrated by decreasing yields with 
increasing hydrolysis time. Threonine and serine are progressively destroyed when 
hydrolysed alone and in proteins.29  There is no general agreement on the rate of 
destruction.29  The degradation of threonine and'serine was found to follow first order 
kinetics in amino acid mixtures" but in proteins it differs from one to another.20, 36' 37  
Chibnall and his group .encountered quite high losses when hydrolysing with about 
10 vol. of 6 N-hydrochloric acid.38' 35  Extensive destruction of cystine and cysteine 
occurs in acid hydrolysis—especially when carbohydrate is present.25. 26' 28' 4°  Under 
these conditions cystine is often determined as cysteic acid in the oxidised protein.41-43  
During the hydrolysis of proteins containing a large percentage of tryptophan, such as 
lysozyme, an appreciable amount of cystine may be converted to cysteine.33  In some 
proteins, cystine may be partly converted to tri- and tetrasulphides.44, 45  Tyrosine is 
susceptible to oxidation by traces of residual oxidising agents during hydrolysis and 
some is converted to chloro derivatives.46-5° 

Alkaline hydrolysis of proteins is of limited use since extensive decomposition of 
some amino acids occurs. It is usually employed in the determination of tryptophan in 
foods, where the direct spectrophotometric methods used for pure proteins are not 
applicable. In one study, barium hydroxide was preferred to sodium hydroxide because 
a greater rate of hydrolysis could be obtained."' Removal of the barium after hydrolysis 
can cause variable losses of tryptophan.52  The presence of air in the reaction mixture 
also causes erratic recoveries of free tryptophan.53, 54  

Enzymes have been used to avoid hydrolytic losses of amino acids in studies on pure 
proteins."", 56  However, they cannot replace acids since those amino acids that are 
liberated from peptide linkage without destruction can be more accurately determined 
using acid hydrolysis. In addition, their application to crude proteins is limited. 

2.1. Amino acid analysis 

The sample for analysis was loaded through the low pressure side of the column 
pump on to a single column 40 x 0.6 cm of Zeo-Karb 225 (Permutit Co. Ltd) spherical 
resin 8 % cross-linked. Resin of 9 to 11 gm diameter was prepared from a broad size 
range by means of an elutriator.57  The column was thermostated at 60 °C and the 
buffer flow rate was set at 0.42 ml/min giving a pressure of 350 lb/in2. 

2. Experimental 
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The pH and Na + ion concentration changes necessary for separation of amino acids 
were controlled by a programmer described by Thomas.57  An analogue record was 
made up on black paper and attached to a rotating drum which was scanned by a moving 
photo-conducive cell. Three sodium citrate buffers were used: (i) pH 2.20, 0.2 m-Na', 
(ii) pH 2.20, 0.2 m-Na, 10 % methanol, (iii) pH 12.25,0.4 m-Na'. The other light tracks 
were used to control the reversal and re-setting of the scanner, the operation of the 
automatic sample loader and the replacement of ninhydrin with a wash of 50 % methyl 
cellosolve. 	 ,  

	

The analytical system consisted of standard Autoanalyser modules (Technicon 	• 
Instrument Co Ltd). Amino acids and related compounds were detected using a 
ninhydrin reagent mixed in 'situ from L% ninhydrin in methyl cellosolve: 4 N-sodium 
acetate buffer :water (2 :1 :1, v/v) and 0.026 % hydrazine sulphate in 50% methyl 
cellosolve containing a few drops of R2SO4.. 

2.2. Data acquisition  

The standard Technicon 3-point recorder was modified so that 'the, voltage could be 
sampled by a data logger.58  A 'comphter programme written in' FORTRAN iv calculated 
peak areas in a manner similar to that used by Robins et al.59  

2.3. Methods of hydrolysis 
2.3.1. Hydrolysis with Ha 	 - 
2.3.1.1. Reflux method 
100 mg of sample were refluxed in a 150-ml flask with 100 ml 6 N-HCI (Analar) which 
had been distilled in all glass apparatus. The hydrolysis flask was immersed in an oil 
bath so that the liquid level was just above the oil level. The bath temperature was set 
at 137 ± 2 °C and 02-free nitrogen was bubbled through the liquid continuously. 
Normally eight hydrolysates were performed at once using a manifold of glass tubing 
to supply the nitrogen. Samples were hydrolysed 'for 12 to 96 h and at the completion 
of hydrolysis the hydrolysate was, filtered through a G4 sintered glass filter, washing 
with 250-ml distilled water. 5 ml of nor-leucine (200 pg/mD were added as internal 
standard and the hydrolysate was made up to 500 ml. 25 ml were evaporated on a 

' 	rotary evaporator at 40 °C and the residue was dissolved in 5 or 10 ml of 0.1 N-HCI 
f 	depending on whether the protein content is less than or greater than 25% 

2.3.1.2. Sealed tube method 
20 mg of samples were weighed in a 25-ml Pyrex tube with a socket joint 18/9.20 ml of 
6 N-HCI were added and a stopcock with a ball joint fitted with a Viton 0 ring was 
clamped to the tube. The contents of the tube were frozen in solid CO2/acetone, 
evacuated through the stopcock and allowed to thaw slightly to release trapped air. 
Thawing and re-freezing were repeated until the air had been eliminated. The stopcock 
was closed and the tubes placed in an oven at 108 ± 1 °C. Samples were hydrolysed for 

, 12 to 96 h and the hydrolysates were treated as in the reflux method but using one-fifth 
of the volumes. 
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2.3.2. Hydrolysis with H2SO4 
2.3.2.1. In screw top bottles 
20 mg of sample were hydrolyed with 20 ml of acid in 25-m1 screw top bottles with 
butyl rubber seals in an oven at 108 °C. For a-amino nitrogen determination the hydro-
lysates were adjusted to pH 7 with 10 N-NaOH and diluted to 500 ml. 

2.3.2.2. Reflux method 
100 mg of sample were refluxed with 100 m1 of acid on an oil bath. Two procedures 
were used for the removal of acid. 

(i) A 50 % slurry of washed Zeo-Karb 225 (171.t 1-14form) was made with 0.1 N-HC1. 
1 ml was added to 1 ml of hyrolysate, diluted 5 times with distilled water and shaken for 
30 min. The supernatant was discarded, the resin re-suspended in 1 ml of 0.1 N-HC1 
four times and finally applied directly to the column. 

(ii) The same type of resin was poured into an 8 x 0.6 cm column. 1 ml of hydrolysate 
was loaded. 5 ml of water were pumped through followed by 20 ml 2 N-triethylamine. 
The effluent was rotary-evaporated and then twice more after the addition of 10 ml of 
water. The residue was finally dissolved in 0.1 N-HCI. 

2.3.3. Hydrolysis with p-toluene sulphonic acid 
20 mg of sample were hydrolysed with 5 ml 3 N-p-toluene sulphonic acid containing 
0.2 % 3-(2-amino) ethyl indole in a sealed tube at 108 °C.6° 10 ml 1.0 N-NaOH were 
added to the hydrolysate which was then diluted to 25 ml and filtered through glass 
fibre paper. 

2.3.4. Hydrolysis with perchloric acid 
100 mg of sample were refluxed under nitrogen at 137 °C with 100 ml of HC104. For 
time course studies 2 ml were withdrawn from the hydrolysate adjusted to pH with 1.2 
6 N-KOH and made up to 10 ml with distilled water. The precipitated potassium per-
chlorate was allowed to settle and the supernatant was analysed directly. 

2.3.5. Alkaline hydrolysis 
2.3.5.1. Barium hydroxide 
The hydrolysis conditions recommended by Miller61  were used and tryptophan was 
estimated by his method. 

2.3.5.2. Sodium hydroxide 
5 g of sample were hydrolysed with 25 ml of NaOH as above. After hydrolysis 1 ml of 
hydrolysate was diluted to 100 ml with the addition of HC1 to bring the pH to 1.5 and 
the sample was then loaded directly. 

2.4. Determination of cystine 
2.4.1. Performic acid oxidation- 
The method of Moore and Stein was used.62  Performic acid was prepared by adding 10 
ml 30 % hydrogen peroxide to 80 ml 100 % formic acid. The mixture was allowed to 
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stand at room temperature for 1 h and was then cooled to,0 °C. 5 ml of performic acid 
solution were added to 10 mg of sample. After standing overnight at 0 °C, the mixture 
was diluted ten times with water and freeze-dried. The freeze-dried material was then 
hydrolysed with 6 N-HC1 under reflux. 

2.4.2. Determination of S-13-(4-pyridylethY!) cysteine 
The protein was reduced with 2-mercaptoethanol and the SH groups were alkylated 
with 4-vinyl pyridine.63  The material was then hydrolysed with 6 N-HCI under reflux. 

3. Results 
3.1. Hydrolysis with HCI 
A sample of casein used in feeding trials (14.67 `X N, 2.70 % H20. served as a reference 
protein. The effect of acid concentration on the hydrolysis of casein is shown in Figure 1. 
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Figure 1. The effect of acid concentration on the hydrolysis of casein. 
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Concentrations less than 6 N give appreciably lower yields of all amino acids and from 
24 h onwards 12 N gives little improvement over 6 N but causes the breakdown of 
more Cys and Met. As expected Val, lle and Leu are still being released after 48 h. 

Sealed tube techniques, while giving similar' results are limited for nutritional work 
on crude proteins owing to the small sample size used. The re-usable sealed tube 



<1.5 

0 	 

i 1 	1 	1  1. 	1 	1 	I 	 1. 	1 	1 

o 

0-0 

1530 M. G. Davies and A. J. Thomas 

9 - 
Asp 8 

7 -- 
6 	  

Thr 4: 
5 

16 N - H2604 -1  24 N—  H2 SO4 

2 4 6 8  2 4  6 
I 	I 	I 

0 	0 

6 N HCI 
12 . 20 	36 - 	60 96 

	

Reagent 	12 N-1-12504 

	

Hydrolysis time (h) 
	

8 12 16 24 

3 	  
6 - 

Ser 	5 - 
4 - 
3 	  

:0 
O 

E  

23 

Glu 21 

19 

Pro 

Gly 2 

4 
Ala 3 

2 
Cys 0,4 

0.2 
7 

Vol 6 
5 

Met 4  
3 
2 

Ile 65 

7 
6 
5 
4 
3 
6 
5 
4 
4 
3 

Lys 

Arg 4 

Leu 

Tyr 

Phe 

His 

(a) 
Figure 2. The effect of reagent and hydrolysis time on the amino acid composition 
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Figure 2 (b). 



0

- 

00-.Cr0-0  

	0 :00°-', 0 

00

- 

0—°°-.0 
0 	0 

_oc

- 

p  Asio 

	0 

0 - c)00,0•-•0°  
-0 

I  

0- -0 	0 cs 
11,11111 	1 1 	r  9-4) 11 	I 11 1 	I 	 1  

" 1532 M. G. Davies and A. J. Thomas 

6 N-HCI 
Hydrolysis, time (h)  8 12 16 2412 	4 	6 	81  2 '4 	6 	8 I 12 :1618 12 20 	36 	60 

Asp --01 	0/C)  . 

6 N-HC104 
Reagent 12 N-1-12304;  16 N- H2504 ,16 N-H2SO4+ resin, 	if8 N-HC104 

2 

Thr 2  1.5 
1 
2 

Ser 1 

	 cr„--00----0 I 0 

0--°-°  

U 

0 

Glu 4 
2 
2 

Pro 1 

0 
3 

Gly 

3 
Ala 2 

Am
in

o  
ac

id
 (

%
) 

Vol 

None 

Ile 2  

Leu 

Tyr 

0 
Phe 2 

0 
His 2 

1 
0 
4 

Lys 3 
2 

4 
Arg 3 

2 

(a) 
Figure 3. The effect of reagent and hydrolysis time on the amino acid composition of Fusarium 

graminearum. 

C13 	 None 
Cys 0.2 - 

0.1 	  
- 

4 

2 - 

0.8 
0.6 
0.4 

Met 



1533 Food protein hydrolysis 

6 N—HCI + resin 	6 N—NaOH • 8 N — Na OH 	Reagent 
1 	' 

8 12 20 	36 	60 1624, 	48 t. 16 24 	48 Hydrolysis time (1"1) 
. T r 	I 	1 I 

	0 

0 	 

0 
4 
3 

3 ;)—* 

—0 

O 

a 
Asp 

0-6 o 	o 	o 	o 
0.8 

2 

Tyr 

2 

0 
His 2 

0 

2 

4 
Arg 3 

2 

(b) 

Figure 3 (b). 



1534 	 M. G. Davies and A. J. Thomas 

described simplifies and speeds up the evacuation and opening of the tube. However, 
the procedure is still lengthy since it is necessary to remove all traces of dissolved air in 
the HCI. If the tube is not well evacuated (down to 60 gm) appreciable amounts of 
cysteic acid, methionine sulphoxide and chlorotyrosine may be formed by oxidation. 
Under reflux the hydrolysate is degassed continuously and kept in an inert atmosphere. 
Larger amounts of sample can be used whilst maintaining the acid to sample ratio at 
about 1000 :1. Small ratios increase the humin concentration and cause variable losses 
of Thr, Ser and Cys as Chibnall et al. found.38.39  

The time-course graphs in Figures 2 and 3 show trends similar to those previosuly 
reported (see Introduction). Data are shown for casein and Fusarium graminearum 
(F.G.). Thr, Ser, Cys, Tyr and Phe reach maxima at 20 h; Asp, Glu, Pro, Gly, Ala 
and Ile are fairly constant from 36 to 60 h. 

3.2. Hydrolysis with 112SO4  
Combinations of acid strength from 1 to 24 N and hydrolysis times of 2 to 48 h were 
tried out using casein. Total a-amino nitrogen was determined in the hydrolysates 
with trinitrobenzene sulphonic acid" and those combinations which gave the highest 
values were analysed for amino acids. 

The ion-exchange procedures for removal of acid gave recoveries of 90 to 95 %for the 
neutral and basic amino acids but more variable results were obtained for the acidic 
and sulphur amino acids. Therefore, for each acid strength an adjustment of sample 
weight was made to give a concentration of 200 pg/ml when the hydrolysate was diluted 
to 0.1 N. Each hydrolysate could therefore be analysed directly. 

3.2.1. 12 N-H2 SO4 
Several amino acids gave peak values from 8 to 24 h. The following are comparisons 
with the maximum values obtained by 6 N-HC1 hydrolysis of casein: Asp, Glu, Pro, 
Ala and His gave lower values with 12 N-H2SO4, Thr, Ser, Cys, Met, Tyr, Phe, Lys and 
Arg gave higher values with 12 N-H2SO4. Recoveries of pure amino acids are shown in 
Table 1(a). Destruction of all amino acids became pronounced between 12 and 16 h. 

3.2.2. 16 N-H2 SO4 
Most amino acids reach maxima by 8 h except Val. Tyr and Phe are destroyed rapidly 
particularly in F.G. Apart from His, Tyr and Trp recoveries of amino acids from pure 
mixtures were in the range of 95 to 100 % [Table 1(a)]. The recoveries of His above 
100 % are likely to be due to overlapping with a breakdown product of Trp. 

3.2.3. 24 N-112SO4  
Over the same period as 16 N-H2SO4  there were higher values for Asp, Gly, Vat, Ile 
and Leu but much lower values for Cys, Met and Tyr. 

3.2.4. Effect of dialysis 
When F. G. was dialysed against 5 litres of distilled water or 0.01 M-EDTA at 4 °C 
recoveries by 16 N-H2SO4  hydrolysis were improved for Ser, Tyr, Phe and Lys. 
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TABLE 1. % Recoveries of amino acids from the "hydrolysis" of pure mixtures 

1 g of Zeo-Karb 225 was added to a 16 N-H2SO4  hydrolysis of F.G. Higher yields of 
Asp, Ile and His occurred after 2 to 4 h but there was no overall improvement in yield 
after 8 h. 

With increasing concentration of H2SO4  the hydrolysis time which gave maximum 
yield became considerably shorter. But in the range of 12 to 24 N the amino acid yields 
at optimum time were consistent. Values obtained with H2SO4  tend to be lower than 
with 6 N-HC1 and the closest agreement is obtained when 12 N-acid is used in the range 
16 to 24 h (see Figures 2 and 3). 	' 	• 

3.2.6. Hydrolysis with p-toluene sulphonic acid 
Liu and Chang" reported that hydrolysis of pure proteins with ,p-toluene sulphonic 
acid did not destroy tryptophan. It was therefore tested with three protein materials: 
egg white lysozyme (3 times crystallised), casein and F.G. In the case of lysozyme there 
was fairly close agreement with the 6 N-HCI values. For casein and F.G. Cys and Met 
gave lower values than with 6 N-HC1. There was also a low recovery of Trp in F.G. 
which confirms the previous evidence60  that the technique can be useful for pure 
proteins but is not as effective in the presence of carbohydrate. 

3.2.7. Hydrolysis with perchloric acid 
With casein HCIO4  gave higher recoveries than HC1 over a slightly shorter period for 
Ala, Val and His. However, there was complete destruction of Cys and oxidation of 
Met occurred. Recoveries of other amino acids were low. An increase of strength 
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from 6 to 8 N destroyed methionine sulphoxide and Tyr and caused a further decrease in 
recoveries. Therefore the oxidising properties of HC104  overrule its use for hydrolysis. 

312. Alkaline hydrolysis 
The most reliable determinations of Trp have so far been obtained using alkaline 
hydrolysis. The extension of the method to the estimation of other nutritionally 
important amino acids was investigated. Of the essential amino acids (Ile, Leu, Lys, 
Phe, Tyr, Met, Trp, Val'and possibly His for humans, together with Arg and Gly for 
poultry) the ones most often limiting in basic foods are Trp, Lys and the sulphur amino 
acids." 

NaOH concentration in the range 1 to 10 N for 1 to 10 h gave low recoveries from 
casein for all amino acids except Trp. Therefore hydrolysis with 6 N and 8 -NaOH 
was extended to 48 h. Recovery experiments on pure amino acid mixtures showed that 
losses of Asp, Thr, Ser and Cys were complete. After 16 h there were low recoveries of 
Arg (39 %) His (41 %) Phe (72 %) and. Met (72 %). Gly and Ala were produced from Ser 
and Thr, respectively. a-Aminobutyric acid was formed from Thr and ornithine from 
arginine. Recoveries of 85 to 90 % were obtained for Lys, Tyr and Glu and 95 to 100 
for Pro, Val, Leu and Trp. Ile racemises on alkaline hydrolysis but calculation of both 
alloisoleucine and isoleucine peaks gave a recovery of 96 %. 

3.3. The determination of cystine 
The direct determination of cystine and cysteine in protein by acid hydrolysis is not 
always applicable to foodstuffs. Cysteine is subject to oxidation to cystine during acid 
hydrolysis and exposure of the hydrolysate to air. During the hydrolysis of proteins 
containing a large level of Trp an appreciable amount of cystine may be converted to 
cysteine.32  Racemisation of cystine to DL- and meso-cystine has been reported to occur 
on hydrolysis of proteins' which gives an asymmetrical peak for cystine due to overlap 
of the components. However, this has not been observed on hydrolysates performed 
here and furthermore the integration of peaks by the Trapezium rule allows for asym-
metry. Cystine has been reported to be unstable on acid hydrolysis particularly in the 
presence of carbohydrates. Recoveries of cystine in cereals and oilseed meals were 
generally higher than when estimated as cysteic acid." 

3.3.1. Determination as cysteic acid 
Schram, Moore and Bigwood42  overcame these inaccuracies by prior oxidation of the 
cystine and cysteine residues to cysteic acid which is stable in acid solution. Moore and 
Stein suggested that the' conditions most suitable for oxidation of a protein should be 
determined in each individual case if possible.62  Generally, a tenfold excess of reagent 
over the quantity theoretically required is used. The excess reagent can be removed by 
dilution with water and freeze-drying. Alternatively 48 % HBr can be added and the 
material evaporated under, reduced pressure at 30 °C to remove the bromine that is 
produced.43  Met is converted to its sulphone which can be estimated. However, the 
accuracy is more likely to be decreased by over-oxidation for Met than for Cys. Quanti-
tative conversion to cysteic acid is not achieved and the maximum recovery is 95 % so 
that a correction factor has to be applied. Interference in chromatography can be caused 

t. 
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by the presence of serine-o-phosphate and serine-o-sulphate which is thought to be 
formed on hydrolysis in the presence of inorganic sulphate.° 'Another disadvantage 
of the method is the destruction of other amino acids since the reagent is a very powerful 
oxidising agent. The indole ring of Trp.is opened to form products such as N-formyl 
kynurenine. Most of the Tyr residues are also destroyed. 

3.3.2. Determination as S-13-(4-pyridyletkyl)eysteine 
Another derivative which is stable to acid hydrolysis is formed when protein-SH 
groups react with 4-vinyl pyridine.63  It has been reported that other amino acids are 
not modified and that the method can be used for cereal proteins and seed meals.67  
It was therefore tested with a wider variety of foodstuffs. The derivative, pyridylethyl-
cysteine (PEC) eluted just before His. Leucine is unaffected by the alkylation procedure 
so cystine was calculated: 

(X Cys = % PEC x  m.w.(Cys) 	% Leu (protein) ,  
m.w.(PEC) % Leu (alkylated protein)* 

The levels of cystine determined by both methods are shown in Table 2. As the level of 
lipid or carbohydrate in the foodstuff increases the two modification methods give 
higher values for cystine than direct hydrolysis. 

TABLE 2. Comparison of different methods for the determination of cystine 

of cystine  
Direct 	Performic 	Pyridylethyl 

hydrolySis- 	acid 	derivative 
; 	a 	• 

Casein 0.56 0.56 0.59 
Fishmeal 0.61 0.85 0.87 
A.f.d. egg 1.23 1.55 1.51 
Extracted soya meal 0.53 0.52 0.55 
Fusarium graminearum 0.45 0.61 0.58 
Wheatgerm 0.31 0.37 0.33 
Flour 0.12 0.24 0.20 

4. Discussion 

Since 6 N-HCI gave the best all round results for amino acid profiles, methods for 
improving this technique were tried. The most promising seems to be the addition of 
ion exchange resins as catalysts. The inversion of sucrose by polyrn.erised ligninsulphonic 
acid" and by commercial sulphOnic acid resins69-71  has been demonstrated. The 
addition of I g of Zeo-Karb 225 (20 gm diameter) per 100 ml of 6 N-HC1 prior to 
hydrolysis accelerated the release of Asp, Thr, Ser, Glu, Val and Ile in casein, F.G. 
and fishmeal. However, no effect was observed for flour, wheatgerm and a.f.d. egg. 

In foodstuffs most of the protein is often enclosed within cell walls which may 
consist of polysaccharide and lipoprotein complexes. Treatments which could break 
down these complexes and make the protein more accessible to hydrolytic attack 
could accelerate hydrolysis. When coarse-ground whole wheat was compared with 
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homogenised whole wheat, both gave identical amino acid profiles after hydrolysis 
with 6 N-HC1 for 16 h indicating that the acid itself penetrates rapidly to the protein. 
Extraction with petroleum ether and 0.1 N-HCI in methanol and dialysis did not 
accelerate hydrolysis although they do remove possible interfering materials. The 
interaction between pure protein and various acids under a range of conditions yields a 
satisfactory hydrolysis. However, it is the interaction in crude materials Which creates 
the biggest problems especially with cystine and tyrosine. 

5. Conclusions 

In comparing the effects of the various acid treatments on the amino acid yield, the 
trends which have been observed with 6 N-HCl are generally repeated (see Figures 2 
and 3). Asp, Thr, Ser and Glu are released relatively rapidly with H2SO4  and HC1O4. 
Thr and Ser also show progressive destruction with time. Cys is unstable with HOD, 
and higher concentrations of H2SO4. Val, Ile and Leu are released relatively slowly 
but higher values were obtained with H2SO4  in shorter times than with HC1. Met 
was progressively destroyed with high concentrations of 112SO4  and was largely 
converted to sulphoxide by HC104. The destruction of Tyr by H2SO4  was pronounced 
at concentrations above 16 .N. It was even more pronounced with F.G. In fact the 
recovery of free Tyr in 16 N-H2SO4  after 7 h was 83 % but when F.G. was added the 

TABLE 3. Amino acid analysis of casein 

Values taken from time 
course graphs (% amino 

Amino acid 	 acid residue) 
	

F.A.O. values' 

Aspartic acid 	 6.96 plateau 	 6.67 
Threonine 	 4.50 maximum 	 4.36 
Serine 	 5.13 maximum 	 5.65 
Glutamic acid 	 19.58 maximum 	 20.62 
Proline 	 7.63 plateau 	 10.83 
Glycine 	 1.86 plateau 	 1.85 
Alanine 	 2.91 plateau 	 2.88 
Cystine 	 -, 	0.48 performic acid 	0.34 

oxidation 
5.96 plateau 	 6.31 
2.90 maximum 	 2.61 
5.61 plateau 	 5.06 
9.30 plateau 	 8.90 
5.91 maximum 	 5.45 
5.68 maximum 	 4.90 
2.93 plateau 	 2.73 
8.58 maximum 	 7.60 
4.17 plateau 	 3.50 

100.09 	 100.26 

Values were read from the graphs taking the maximum values or the plateau 
of the curve as indicated. 

Amino Acid Content of Foods F.A.O. Nutritional Studies No. 24, Rome, 
1970. 

Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Histidine 
Lysine 
Arginine 
Total 
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recovery was reduced to 6 %. Higher values for His were obtained with both H2SO4  
and HCIO4. Lys was released more slowly in H2SO4  but its release was accelerated by 
increasing the acid concentration. Table 3 shows the composition of casein taken from 

‘ a 	the 6 N-Ha timecourse graphs. 
• The values obtained with NaOH were usually lower than with acid. His, Leu and 1 / 	Tyr were fairly close to the 6 N-HCl values. The usefulness of this technique, therefore, 
4 	still seems to be limited to Trp determinations. 
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