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ABSTRACT

The utilization of leguminous tree orchards with a grass-sod cover
is suggested as the ideal minimal energy input agriculture because: 1)
This system would not require machinery and fuel for tillage; 2) The
perennial soil cover would prevent soil erosion and reduce nutrient leach-
ing; 3) Leguminous trees fix their own nitrogen and often have a high
protein content in the seed; 4) Leguminous trees produce nutritious pala-
table pods with large, or larger yields than conventional annual crops.

The uses and yields of leguminous trees of the genera Acacia, Gleditsia,

Leucaena, Parkia, Pithecellobium, and Prosopis are documented in North and

South America, Africa, and Asia. The protein and amino acid composition of
the seeds of 15 species of leguminous trees have been determined and a
large genetic diversity found indicating that a breeding and selection pro-
gram could be successful in further increasing the value of these trees.

A leguminous tree seed has been found that contains 69% protein (Prosopis
chilensis) as well as one with a chemical nutritional score of 0.79

(Pithecellobium lobatum). This compares favorably with the chemical

scores of 0.58 for casein and 0.47 for soy protein. Unfortunately,

Pithecellobium lobatum is the seed with the lowest protein content, and

the Prosopis chilensis seed has many deficient essential amino acids.

A modification of a quantitative gas-liquid chromatographic assay
for the amino acids other than histidine, tryptophan, and cystine as their

N(0)-Perfluorobutyryl-0-isoamyl derivatives is reported. An additional



method for quantitative determination of cystine, histidine, and tryptophan
as the N-acetyl-n-propyl esters from proteins is also reported. The
latter procedure utilizes disulfide reduction and S-alkylation followed
by acid hydrolysis in 6 N HC1 with dithioethane and metallic tin as a
tryptophan protectant. An isotope-dilution method was employed with
cystine, histidine, and tryptophan to permit correction for losses during
acid hydrolysis and gas-1iquid chromatography. The 70 eV fragmentation
patterns are presented for N(0)-perfluorobutyryl-0-isoamyl derivatives
and for the N-acetyl-o-methyl derivatives.

A colorimetric micro-Kjeldahl method is described which permits nitro-

gen determinations on 3 to 30 ug of protein.
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INTRODUCTION

The ultimate objective of this research was the identification of
agricultural systems which would require minimal inputs of fossil fuels,
capital, and mechanization and still yield large amounts of high quality
protein. The bulk of the experimental work of this thesis involved develop-
ment of glc techniques for amino acid analysis so that amino acid composi-
tion data could be used to assess the nutritional quality of plant proteins.

The experimental section consists of 5 papers, the first of which has
been published, the second accepted for publication, and the remaining
three submitted for publication. Sections I and II deal with glc techniques
for amino acid analysis, section III with a micro-kjeldahl method for nitro-
gen determination, and sections IV and V with the protein and amino composi-

tion, and potential for development of tree legume agricultural systems.



I. Gas-Liquid Chromatography of Amino Acids

Leguminous trees have been proposed as the ideal food source for
developing nations (Felker and Bandurski, submitted for publication).
Thus, it becomes important to survey the seeds from a number of tree
legumes for their protein and amino acid content with the hope of deter-
mining their protein quantity and quality. Since an amino acid analyzer was
not available to me on a regular basis it was decided to assay the amino
acids using published methods on glc of amino acids. It soon became apparent
that glc of amino acids was not as easily performed as had been reported.
Even with conventional amino acid analyzers, problems arise in determining
amino acid composition of foods because carbohydrate in the sample and the
degree of anaerobicity during hydrolysis markedly affects the yield of
threonine, serine, tyrosine, methionine, and cystine. Tryptophan is usually
destroyed during acid hydrolysis (Moore and Stein, 1963).

The labile amino acids, especially cystine, methionine, and tryptophan,
whose analyses are most difficult, are the most important nutritionally.
For example the average amino acid composition of soybeans, beans (Phaseolus
vulgaris), wheat, oats, corn, and rice taken from Food and Agricultural
Organization (FAO) values (Autret, 1972), as compared to the recommended
values for methionine, cystine, and tryptophan in the human diet (Autret,
1972) reveals that all but rice are below the recommended value for
methionine; that all but oats are low in cystine; and that all are low
in tryptophan.

It is obvious that amino acid composition studies used to determine
nutritional quality should include the amino acids cysteine, methionine,
and tryptophan. Legume seeds are known to be low in the sulfur amino

2



acids, and cereals are known to be low in lysine. Practically all grains
are deficient in one of the sulfur amino acids and in tryptophan. The
fact that these amino acids are present in small quantities further com-
pounds the problem of analysis, as quantitation of these amino acids is
made difficult by the presence of other amino acids such as glutamic acid
present in concentrations an order of magnitude larger.

Because of the importance of assays for the limiting amino acids, it
was decided to see what progress could be made with a glc amino acid analy-
sis method to reduce the cost of analysis, increasing the reliability, and
shorten the analysis time for those amino acids. There is a wealth of
information on chemical modification of proteins, peptide synthesis, and
amino acid chemistry and it was decided to bring this knowledge to bear
on the problems of glc analysis of cystine, methionine, histidine, and
tryptophan derived from protein.

The review of the glc of amino acids is confined to 1968 to date
since literature prior to 1968 is reviewed by Roach and Gehrke (1969) and
by Coulter and Hann (1971). The glc of amino acids since 1968 has been
almost exclusively devoted to derivatives in which the amino group is
acylated with an acid anhydride after the carboxyl group has been blocked
by esterification with an aliphatic alcohol. The only exception to this
is a paper published by Gehrke and Leimer (1971) on trimethylsilylation
(TMS) of amino acids. In spite of the convenient one step synthesis of
amino acid derivatives this method is in little use today. The scant use
of this technique may be due to the fact that several derivatives are
formed for each amino acid. For example three derivatives of glycine

are formed each with different retention times. A critique of the TMS-



amino acid procedure has been published by a commercial supplier of glc
accessories (Supelco 1971).

The use of the n-propyl-N-acetyl derivatives of amino acids for glc
was one of the most successful of the earlier methods. Coulter and Hann
(1968), in a very thorough paper, described the preparation of the n-propyl-
N-acetyl derivatives in a special apparatus and the conversion of arginine
and histidine to a more suitable form for derivatiiation. Very recently,
modifications of this method (the use of a more basic acylation solvent)
have been described by Adams (1974) permitting glc of histidine and arginine
without modifying these amino acids prior to derivatization. The n-propyl-
N-acetyl derivatives are more poorly separated than with other methods.

Most publications of amino derivatization techniques have come from
Gehrke's laboratory. Gehrke prepared the amino acid derivatives by two
methods which differed in the method of preparation of the alkyl ester.

The first method utilized methyl esters prepared in methanolic HC1, followed
by evaporation of the methanolic HC1 and transesterification to the n-butyl
ester. This transesterification method was used as it is difficult to
solubilize, and thus derivatize amino acids in n-butanol-HC1. Methyl
esterification, followed by n-butyl transesterification, requires about 3.5
hr for completion and this stimulated Roach and Gehrke (1969) to develop

a method for direct esterification of the amino acids in butanolic HC1 by
heating the butanolic-HC1 for 1 hour at 110 C. Direct esterification saved
approximately 2.5 hr of derivatization time, but did encounter difficul-
ties with the esterification of cystine, as it is the least soluble of all
the amino acids. After removal of the butanol-HC1 the amino groups were
acylated at 150 C for 5 min with a methylene chloride, trifluoroacetic-

anhydride mixture. These two esterification methods followed by acylation



at 150 C are the basic methods upon which many modifications and prepara-
tions of homologous esters and amides have been used. For example
Cancalon and Klingman (1974) studied the effect of sonic oscillation on
direct formation of the n-butyl esters.

Gehrke et al. published numerous papers on glc of amino acids using
the N-trifluoroacetyl-0-n-butyl ester of amino acids. Gehrke and Takeda
(1973) studied the stability and separation of amino acids on ten different
liquid phases, the preparation of biological fluids prior to derivatization
for glc (Zumwalt et al., 1970), methods for shortening the derivatization
time of amino acids by direct esterification (Roach and Gehrke, 1969), and
the possibility of using Matsubara and Sasaki's (1968) tryptophan acid
hydrolysis protectant, thioglycolic acid, in connection with glc procedures
(Gehrke and Takeda, 1973). Gehrke's group is certainly to be lauded for
jdentification of the problems in glc that needed to be solved, and for
advancing solutions to the problems of glc of amino acids. While Gehrke's
derivatives are not now the derivatives of choice, because the separation
of the amino acids by glc has been much better achieved by use of different
derivatives, than by different column packings, much of this methodology
has been adapted to the new derivatives. For example the use of the N-
heptafluorobutyryl-0-n-propyl derivatives of Moss et al., (1971) gives much
better separation of the amino acids than Gehrke's methods.

Moss et al., (1971) also found that the use of acetic anhydride as a
"chaser" in the syringe markedly improved the recovery of histidine. This
has been confirmed by MacKenzie and Tenaschuk (1974), and appears to be
superior to the glc method for histidine reported by Gehrke. While the
separation achieved by Moss et al. (1971) was much improved over that of

Gehrke et al. there remained problems with the separation of methionine



and aspartic acid when seed proteins were analyzed. Methionine and aspartic
acid are about 50% resolved as a doublet when using standards, but seed
protein hydrolysates may contain 10 times more aspartic acid than
methionine and then the resolution is poor.

A solution to the methionine-aspartic acid dilemma was provided by
the use of the N-heptafluorobutyryl-0-isoamyl esters of Zanetta and
Vincendon (1973) in which the methionine and aspartic acid peaks are
completely separated from all other peaks. The preparation of the methyl
esters of histidine, arginine, tryptophan, and cystine by the method of
Zannetta and Vincendon (1973) was found to be not quantitative by Felker
and Bandurski (1975) who reported on a quantitative methyl esterification
of these amino acids. Felker and Bandurski (1975) also showed that trans-
esterification and preparation of the amides in vacuo greatly increased
the yields of methionine, arginine, cystine, and tryptophan. Felker and
Bandurski (1975) were unable to obtain a histidine peak following the method
of Zanetta and Vincendon (1973), and reported that the derivatization of
cystine was too irreproducible to be quantitative. The mass spectra of the
N-heptafluorobutyryl-0-isoamyl esters were also reported by Felker and
Bandurski demonstrating for the first time that the arginine guanido group
was diacylated.

Although the isoamyl esters were superior to the n-propyl esters, there
remains a problem with chromatography of tyrosine as the isoamyl ester in
hydrolysates of seed proteins because glutamic acid is present in seed
proteins in approximately 10 fold excess over tyrosine. This difficulty
was overcome by MacKenzie and Tenachuk (1974) who used an ester one methy-
Tene shorter than the isoamyl ester. Since glutamic acid has two carboxyl

groups esterified in comparison with one of tyrosine, using a shorter



alcohol to esterify the carboxyl shifted glutamic acid to a lower tempera-
ture relative to tyrosine. Thus the isobutyl ester gave excellent resolution
of all amino acids even from a protein hydrolysate. MacKenzie and
Tenaschuk (1974) confirmed the finding of Felker and Bandurski on the
inability to chromatograph histidine as reported by Zanetta and

Vincendon (1973). However MacKenzie and Tenaschuk did not find that

the use of acetic anhydride as a chaser in the syringe would yield a
histidine peak. In a later paper MacKenzie and Tenaschuk (1975) reporting
on the rapid formation of the isobutyl esters found that the esters could
be made satisfactorily at 120 C in 20 minutes. Thus it is now possible to
derivatize all the amino acids from a hydrolysate in approximately 0.5
hours, have them all well separated, and have the chromatogram taken only
35 minutes.

Despite the success achieved in glc of amino acids, major problems
remain involving stabilization and protection of cysteine-cystine, and
tryptophan during acid hydrolysis, and reliable quantitation of the un-
stable imidazole acetate derivative of histidine during glc. The litera-
ture pertaining to analysis of cystine, histidine, and tryptophan will now

be discussed in turn.

II. Cystine-Cysteine Analysis
The difficulties associated with glc of cystine-cysteine are numerous.
Cysteine is easily derivatized and analyzed by glc but cysteine is spon-
taneously oxidized to cystine even in acid solution. The resulting cystine
is the most water insoluble of all the amino acids (Sober et al., 1970) and
in other solvents,'making derivatization of this amino acid difficult.

Also cystine is the only amino acid which will not methyl esterify



quantitatively under conditions adequate to methyl esterify the other
protein amino acids (Felker and Bandurski, 1975). A major problem with
amino acid analysis using either an amino acid analyzer or glc of cystine
derived from proteins is the instability of cystine and cysteine during
acid hydrolysis. If protein hydrolysis is not done at a low oxygen tension
in the absence of carbohydrate it is possible to obtain a value of zero
cysteine-cystine when indeed cystine is present. The most widely used
method for analyzing cysteine involves performic acid oxidation (Hirs, 1967)
of the protein to oxidize cystine and methionine to cysteic acid and
methionine sulfone since they are more stable to acid hydrolysis. An
example, illustrating the necessity of performic acid oxidation is the
amino acid composition of the protein associated with the plant photo-
receptor, phytochrome done without performic acid oxidation, and with no
reported cysteine. Later when performic acid oxidation was performed on
the protein 11 cysteines per molecule were found (Briggs and Rice, 1972).
Since performic acid oxidation of proteins was the most widely accepted
method for cysteine determination in proteins, and since a method for glc
of cysteic acid as the trimethylsilyl (TMS) derivative had been reported
(Shahrokhi and Gehrke, 1968) it was decided to attempt to quantitatively
determine cysteine by performic acid oxidation followed by glc of the TMS
derivative of cysteic acid. In the paper reporting on the derivatization
of cysteic acid, the smallest scale on which the derivative was prepared
was 10 mg. This synthesis is at least two orders of magnitude higher
than would be useful for quantitative glc. With considerable effort it
was possible to adapt this derivatization to as low as 25 ug of cysteic

acid for glc. Unfortunately, this derivative was not stable in the presence



of other amino acids, and required cleaning of the glc flame ionization
detector (FID) after every injection.

Since glc of cysteic acid presented so many difficulties analysis of
cysteine by glc of cysteic acid was abandoned. The other major method
for stabilization of cystine during hydrolysis involved S-alkylation of
the thiol produced after disulfide reduction. The common S-alkylation
reagents in use today are ijodoacetic acid, N-ethylmaleimide, and acryloni-
trile. Use of iodoacetic acid is complicated by iodide released by the
1ight and during storage and thus requires frequent recrystalization
(Noltmann et al., 1962). Iodoacetic acid is reported to be more reactive
in alkylation of amino groups than is acrylonitrile. N-ethylmaleimide (NEM)
does not have to be recrystalized but NEM is not as specific for thiols as
acrylonitrile. For example NEM has been shown to react with the peptide
N terminal amino group and with the imidazole group of histidine (Smyth et
al., 1964). When NEM is reacted with the dipeptide glycyl-L-alanine in
0.2 M phosphate buffer pH 7.4, after 1.2 hours only 50% of the peptide re-
mained (Smyth et al., 1964). In contrast Cavins and Freidman (1968) report-
ed no modification of any of the amino acids in bovine serum albumen at pH
7.0 for 30 min with acrylonitrile except for quantitative S-alkylation of
cysteine. Thus acrylonitrile was chosen as the best S-alkylation reagent.
Acrylonitrile has the further advantage of yielding a derivative which is
easily further derivatized by standard glc procedures.

While acrylonitrile reacts quantitatively with thiols, it doesn't
react with disulfides and thus disulfide reduction is necessary prior to
S-alkylation. Disulfide reduction is easily accomplished if the disulfides
are not buried in the interior of the protein. Proteins are normally de-

natured in 8M urea or 6 M guanidine prior to disulfide reduction with the
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urea or guanidine then being dialyzed away from the protein after S-alkyla-
tion. Dialysis was not desirable in our case as quantitative transfer
after dialysis is difficult for small, 100 ug, samples and the time re-
quired for dialysis is long. Since the proteins from the seeds were being
precipitated by trichloroacetic acid (TCA) as a purification procedure,
it was felt that the denaturation would be sufficient to expose all disul-
fides to the reducing agent. Further TCA has the added advantage of being
easily removed from the protein by extraction with organic solvents such
as diethylether and chloroform. Initially, mercaptoethanol was used as a
reducing agent for the disulfide reduction of our model protein, but as it
seldom gave complete disulfide reduction, dithioerythritol (DTE) was tried.
Because DTE reproducibly gave quantitative disulfide reduction, DTE was
adopted as the reducing agent.

In summary, the analysis of cystine finally adopted employed protein
TCA precipitation and denaturation, a solvent wash to remove the TCA,

disulfide reduction with DTE, and S-alkylation with acrylonitrile.

III. Chemistry and Analysis of Histidine

Histidine remains the most difficult amino acid to derivatize for glc.
As the carboxy and the amino group are rather easy to derivatize, the
difficulty probably arises in derivatization of the imidazole side chain.
Difficulties with derivatization of imidazoles have plagued organic
chemists for some time. For instance T. C. Bruice (1963) begins a review
on acyl-imidazoles with "The great susceptibility of N-acetylimidazoles
to hydrolysis delayed its preparation until 1952". As an example the
hydrolysis of the acetylimidazole bond in water occurs with a half life of

one hour at pH 6 or 7.5. Considering that protein amide bonds are indefi-
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nitely stable at pH 6, the lability of the acetyl imidazole becomes more
striking.

The reaction mechanism for the hydrolytic breakdown of the acyl
imidazole has a unimolecular and a bimolecular component (Staab, 1956).
Acyl imidazole breakdown was studied with acetyl imidazole replacing the
hydrogens one at a time with methyl groups. The Sn2 reaction was studied
with amines in anhydrous tetrahydrofuran while the E1 mechanism was studied
with the acylimidazoles in water. The bulky (CH3)3C0 prevented the amine
from attacking the amide bond and thus the order for the rate of hydrolysis
was (CH3)3C0<(CH3)2CHC0<CH3CH2C0<CH3CO as would be expected for an Sn2 re-
action. When the derivatives were allowed to hydrolyze in water at neutral
pH the order for rate of hydrolysis was exactly the opposite (Staab, 1956).
This was as expected as the stability of tertiary carbonium ions are greater
than secondary which in turn are more stable than primary. The possibility
of acylated histidine reacting with another amino group in the supposedly
anhydrous triethylamine acetic anhydride reaction mix, would be reduced by
using the t-pentoic anhydride. On the other hand to prevent the unimole-
cular disociation it would be best to use acetic anhydride. Probably
though both reagents should be evaluated.

Not only are acyl imidazoles susceptible to hydrolysis but harsher
conditions of acylating the imidazole nitrogen, e.g. Schotten-Baumann con-
ditions with benzoyl chloride and sodium hydroxide, causes ring opening
(Ruggli et al., 1929). While the triacylated ring opened product (Kossel
and Edlbacher, 1914) of the reaction of histidine methyl ester with sodium
carbonate and benzoyl chloride should be quite stable it would have a mole-
cular weight of 448 and consequently would require a high temperature for

glc. Even if the volatility was sufficient, there would be the problem of
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preserving the ester on the carboxyl group under such basic reaction condi-
tions, and of eliminating salts prior to glc.

Acetyl imidazoles not only can be hydrolyzed by water but they can
also be destroyed by donating their acetyl group to another amino or
hydroxyl group. As an example N-acetylimidazole is used to acetylate
tyrosines in carboxypeptidase A (Means and Feeny, 1971). Indeed, trimethyl-
silyl, perfluorobutyryl, perfluoroacetyl, and acetyl imidazole are commer-
cially available derivatizing reagents for glc. Since these reactions all
occur at room temperature, it is little wonder that acylimidazoles are
unstable in the injection port of a glc at 230 C in the presence of a de-
rivatized protein hydrolyzate.

Attempts have been made to use acylimidazoles for glc which have
longer half lives than acetyl imidazole. For example ethoxyformic anhydride
yields an imidazole ethoxyformyl derivative with a half life of 55 hr at
pH 7 (Melchior and Fahrney, 1970). The first reported use of ethoxyformic
anhydride for glc of histidine was by Moodie (1974). In a study of ethoxy-
formylation of the methyl esters of amino acids, it was found that the
first injection onto a new column packing worked splendidly, but thereafter
the peaks became successively smaller (unpublished) unless the injection
port was cleaned after every injection. As cleaning the injection port
after every injection is clearly an impossibility, this method had been
discontinued. The ethoxyformyl derivative has the added disadvantage of
being incompatable with strong bases in acylation solvents, since hydroxyl-
amine readily cleaves this linkage (Melchior and Fahrney, 1970).

A little used method for analysis of aliphatic amines by glc without
derivatization was also tried (Supelco 1973). This method utilizes the

fact that amine free bases are often volatile liquids, whereas the corres-
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ponding hydrochloride salts are often solids melting over 200 C. Thus

the glc packing had KOH incorporated into it to liberate the free base of
the respective amino group. It was found possible to chromatograph
imidazole at 90 C, and tryptophol at 160 C but meager success was achieved
chromatographing histidinol. At least six combinations of liquid phase
and KOH concentration were coated onto several supports, including crushed
fire brick and diatomaceous earth before abandoning the method.

A paper by Roach et al. (1969) out of Gehrke's laboratory, reported on
three methods for glc of histidine. Two of the methods were based on glc
of the N-trifluoroacetyl-n-butyl esters as the monoacyl and diacyl deriva-
tives which were postulated to differ only by the presence of a trifluoro-
acetyl group on the imidazole nitrogen. No evidence was presented to demon-
strate a diacy