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@-Casein carboxyl or amino groups were modified either by reaction with ethanol in acidic condition 
or by reaction with acetaldehyde via reductive alkylation at  pH 8, respectively. Different degrees of 
esterification and alkylation were obtained. The extent of hydrolysis after 48 h of alkylated P-casein 
by a-chymotrypsin decreased, depending on the degree of alkylation. The conformation of alkylated 
@-casein was different from that of the native 0-casein. Mean isoionic points for ester derivatives 
were 5.75, 7.80, 9.30, and 9.75 as compared to 5.30 for @-casein; those of alkyl derivatives were not 
significantly changed. Solubilities and emulsifying activities of ethyl-esterified @-casein were signif- 
icantly lower than that of native @-casein. Solubilities of ethyl-alkylated @-casein were not signifi- 
cantly changed as compared to native @-casein, but their emulsifying activities were higher than that 
of native @-casein. 

INTRODUCTION 

The properties of proteins can be significantly altered 
by physical, chemical, and enzymatic treatment. There 
is an extensive literature on this subject (Kinsella, 1976; 
Whitaker and Puigserver, 1982; Kilara and Sharkasi, 1986; 
Feeney, 1987; Jimenez-Flores and Richardson, 1987; 
Chobert and Mesnier, 1988; Iung and Linden, 1988, and 
references cited therein). 

Chemical modification has been proposed and tested 
as one of the ways to improve solubility and nutritional 
quality of alimentary proteins (Franzen and Kinsella, 1976; 
Barman et al., 1977; Feeney, 1987). 

Amphipathic properties of some nutritive proteins facil- 
itate their aggregation at  interfaces, which is induced by 
the clusters of polar and nonpolar amino acid residues. 
This phenomenon driven by the hydrophilic/ hydrophobic 
domains on the surface of proteins is widely exploited in 
the stabilization of foams and emulsions. Unique func- 
tional properties of milk proteins make them especially 
useful in these applications. @-Casein is one of the most 
tension-active milk proteins (Mitchell e t  al., 1970; Ben- 
jamin e t  al.; 1975; Dickinson et  al., 1985). This particu- 
lar feature may be attributed to the amphiphilic proper- 
ties of its molecule. Considering the important contri- 
bution of @-casein to the surface properties of whole casein, 
modification of this protein altering in any way its inter- 
face action may be of special interest. Recently, the con- 
tribution of tryptic modifications to the solubility and 
emulsifying properties of @-casein has been determined 
(Chobert et al., 1989). 

Modification of the functional properties of P-casein 
may result from the change of the protein net charge 
from negative to positive a t  pH 7. It is possible to induce 
positive charges on the proteins by adding positively 
charged functions or substituting negative ones. Ester- 
ification with alcohol has proven useful for blocking 
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exposed carboxyl groups in proteins (Wilcox, 1972). On 
the other side, alkylation leads to retention in the num- 
ber of positive charges in proteins (Means and Feeney, 
1968). 

Correlation of chemical and functional properties of 
proteins can provide further insight into the possible ways 
of tailoring new properties of derivatized proteins for spe- 
cific nutritive applications. Already existing studies are 
often difficult to compare because of lack of standard- 
ized methods of measure of the functional properties. 
Because of their objectives, they are difficult to analyze, 
being frequently highly irreproducible multicomponent 
mixtures. 

The aim of this work was to determine systematically 
the effects of the esterification of carboxyl groups or alky- 
lation of amino groups on some physicochemical and func- 
tional properties of the modified 0-casein. We wanted 
also to analyze the influence of the degree of these sub- 
stitutions. 

MATERIALS AND METHODS 
Preparation of ,&Casein. Crude &casein A1 was prepared 

as described in Zittle and Custer (1963) from the milk of a cow 
homozygous at the four casein loci. This fraction was then chro- 
matographed, according to the method of Mercier et al. (1968), 
on a Q-Sepharose fast-flow column (5 X 50 cm; Pharmacia, Upp- 
sala, Sweden). The elution of P-casein from the column was 
carried out with 0.02 M imidazole hydrochloride buffer (pH 7.0) 
containing 3.3 M urea under a linear gradient of NaCl (0.15 - 
0.30 M). The @-casein fraction was dialyzed against distilled 
water and then freeze-dried. The homogeneity of the final prod- 
uct was checked by electrophoresis and RP-HPLC. The con- 
centration of the &casein solution was determined after filtra- 
tion on 0.45-pm filters, from the extinction coefficient EYGYd 
= 0.46 given by Swaisgood (1982). 

Chemicals and Enzyme. Organic solvents used for HPLC 
were from Carlo Erba. All other reagents were of analytical 
grade. Buffers and solvents for HPLC were filtered through 
Millipore 0.45-pm filters (Millipore Corp., Bedford, MA) and 
degassed under vacuum before use. Bovine chymotrypsin treated 
with Na-p-tosyl-L-lysine chloromethyl ketone (40-50 units/ 
mg), PTH amino acid standards, sodium cyanoborohydride, 2,4,6- 
trinitrobenzenesulfonic acid (TNBS), and L-leucine were obtained 
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Table I. Extent of Esterification of &Casein with Ethanol 

Chobert et al. 

molarity in degree of 
samples HC1, N pmol of ester" esterification, 90 

est A 0.06 1.75 37 f 0.4 
est B 0.12 2.05 43 f 0.2 
est C 0.23 3.3u 69 f 0.5 
est D 0.68 4.50 94 f 0.1 

a Ethyl acetate was used as a standard. 

Table 11. Extent of Alkylation. of 8-Casein with 
Acetaldehyde 

mol of 70 lysine alkylated as measured by 
CH3CHO/NHz amino acid 

samples group TNBS analysis 
alk A 1.75 52 64 
alk B 3.50 76 82 
alk C 7.00 81 91 
alk D 14.00 89 100 
a Alkylation was performed with 4.17 X M casein and vary- 

ing concentrations of carbonyl reagent at pH 8.0 in the presence of 
0.035 M NaBH3CN 

from Sigma Chemical Co.; 6 N hydrochloric acid, phenyl isothio- 
cyanate (PITC), and amino acid standards were from Pierce 
Chemical Co. Rapeseed oil was from Carrefour, France. 

Preparat ion of Esterified @-Casein. Esters of 8-casein were 
prepared by using a modification of the procedure described 
by Fraenkel-Conrat and Olcott (1945). Purified 8-casein, dried 
for 48 h under nitrogen, was then suspended in cold ethanol to 
give a 2 % suspension. While the protein-ethanol suspension 
was stirred, concentrated HCl was slowly added to make the 
suspension 0.06-0.68 N in HCl (Table I). Each mixture was 
stirred at  4 "C for 10 days and then washed under vacuum 3 
times with ethanol and finally with ethyl acetate. Dried sam- 
ples were stored a t  -80 "C. Appropriate control was prepared 
in the same manner in the absence of HC1. The overall weight 
yields of all control and esterified $casein preparations were 
-90%. 

Analysis of Esterified @-Casein. To quantify the extent 
of esterification of @-casein with ethanol, the color reaction using 
hydroxylamine hydrochloride developed by Halpin and Rich- 
ardson (1985) was used with modifications according to Bertrand- 
Harb et  al. (1989). 

Preparat ion of Alkylated @-Casein. The procedures for 
alkylation were performed in general according to the method 
of Means and Feeney (1968). All alkylations were done at  room 
temperature (23 "C). A 2% solution (50 mL) of 8-casein in 0.2 
M sodium borate, pH 8.0, was stirred for 2 h. Acetaldehyde 
and reductive reagent (sodium cyanoborohydride) were then 
added. The amount of aldehyde was varied according to Table 
I1 to produce various degrees of modification. The reaction mix- 
ture was stirred for 24 h and then dialyzed against 3 mM tri- 
ethylamine, pH 9, for 2 days and lyophilized. Appropriate con- 
trol was prepared in the same manner in the absence of car- 
bonyl reagent. The overall weight yields of all control and 
alkylated @-casein preparations were -70%. 

Analysis of Alkylated @-Casein. The degree of alkylation 
was determined by quantitating the decrease in free amino groups 
with TNBS (Adler-Nissen and Olsen, 1979) and by measuring 
the loss in lysine by amino acid analysis. 

Amino Acid Analysis. After acid hydrolysis under vac- 
uum in the presence of 6 N HC1 for 24 h a t  110 "C in a Pico- 
Tag station (Waters), amino acids were derivatized with PITC 
according to the method of Bidlingmeyer e t  al. (1984) and quan- 
tified by RP-HPLC on a Pico-Tag '2-18 column (3.9 mm i.d. x 
15 cm, Waters). Dried samples were dissolved in 95% 2 mM 
Na2HP04, pH 7.4/5% acetonitrile. The HPLC column was equil- 
ibrated in solvent A (94% 0.14 M CH3COONa + 0.5 mL of 
TEA/L,  pH 6.4/6% acetonitrile). Column elution was per- 
formed with a gradient from solvent A to solvent B (40% H20/ 
60% acetonitrile) with a flow rate of 1 mL/min. Both the col- 
umn and solvents were maintained a t  38 "C. Absorbance was 
recorded at  254 nm. The HPLC equipment consisted of an 
autosampling injector Model 231 (Gilson, France), assisted by 

a chromatography work station Maxima 820, an APC IV com- 
puter, and a pin writer P6 (NEC Corp., Boxborough), two sol- 
vent delivery systems Model 510, a temperature control sys- 
tem, and a variable-wavelength UV monitor Model 455 (Waters 
Associates, Milford, MA). 

Isoionic Points. Ten milligrams of protein was dissolved 
in 10 mL of distilled water with stirring. Mixed-bed ion- 
exchange resin (1.5 g; AG 501-X-8, So-Rad,  Richmond, CA) 
was added to the protein solution and the pH monitored until 
it became constant. The isoionic point of each protein was con- 
sidered to be attained at  this pH, and proteins of known isoionic 
points were used as standards (Ho and Waugh, 1965). 

I n  Vitro Hydrolysis. The degree of hydrolysis of &casein 
and alkylated @-casein by a-chymotrypsin was determined by 
measuring the amount of amino groups liberated with TNBS 
(Adler-Nissen and Olsen, 1979). The reaction mixtures con- 
tained 0.2% native or alkylated 0-casein in 0.02 M borate buffer, 
pH 8.25, and the reaction was performed at  38 "C. For deter- 
mination of rates and extent of hydrolysis, assays were done 
with an E / S  ratio of 1%. Aliquots removed at  intervals for a 
period of 48 h were quenched by 0.05 N HC1. 

Fluorescence Spec t ra  of Alkylated &Casein. Equal con- 
centration (A- = 1.0) solutions of native and alkylated @-casein 
were prepared in 0.2 M sodium phosphate buffer, pH 7.10. Emis- 
sion spectra were recorded on a SLM Aminco Model 4800 C 
fluorescence spectrophotometer equipped with a thermostated 
cell holder and an expanding recorder a t  excitation wavelength 
280 and 300 nm. All measurements were done in 1-cm quartz 
cells with a 1-nm excitation and emission slit width. 

Chemical Stability of Ester Groups. The stability of the 
ester groups a t  various pH values was determined by dissolv- 
ing 2 mg of esterified protein in 250 p L  of buffer (alternatively 
0.1 M sodium phosphate, pH 7.0 and 8.2; 0.1 M sodium citrate, 
pH 2.4, and 5.1; 0.1 M sodium bicarbonate, pH 10.5) and incu- 
bating 24 h at  26 "C. Saponification was performed by dissolv- 
ing esterified protein in 250 pL of 0.1 N NaOH (pH 13.7). The 
degree of esterification was then measured as described above. 

Solubility. Native, alkylated, and esterified P-caseins were 
dispersed in distilled water (0.1% w/w) by mixing with the help 
of a shaker. The pH was adjusted from 1.0 to 11.0 by using 
concentrated HCl or NaOH to limit dilution. After an equili- 
bration period of 10 min at  room temperature (23 "C), a por- 
tion of each solution was used to  determine emulsifying prop- 
erties. The remainder was centrifuged for 15 min at  4 "C (cen- 
trifuge Sigma 201) a t  5000 rpm (2700g). The protein content 
in the supernatant was determined by the method of Lowry et 
al. (1951) with 8-casein or modified @-casein as standards. The 
solubility was expressed as a percentage of total protein con- 
centration. 

Emulsifying Activity. Three milliliters of 0.1% protein solu- 
tion a t  desired pH and 1 mL of rapeseed oil (a, volume frac- 
tion of the dispersed phase = 0.25) were shaken together and 
homogenized a t  20 000 rpm for 30 s a t  room temperature (Kine- 
matica GmbH Polytron equipped with a Reco 20 T speed and 
time control system). The emulsifying activity of the caseins 
was evaluated by spectroturbidity according to the method of 
Pearce and Kinsella (1978), with slight modification. The ali- 
quots were immediately taken from the emulsion and diluted 
500-fold into 0.1% (w/v) SDS in 0.1 M NaC1, pH 7.0. The tubes 
were inverted three times to obtain homogeneous mixtures, and 
then absorbance at  500 nm was recorded. Identical 1 cm path 
length glass cuvettes were used and were rinsed with a jet of 
distilled water and dried between two determinations. Absor- 
bancies of duplicate aliquots of each emulsion were measured 
and the individual values plotted. The emulsifying activity was 
expressed as its emulsifying activity index (EAI) 

EA1 = 2T/@c 
where T is turbidity (2.3 A/1 [ A  is absorbance a t  500 nm and 1 
is the light path (1 cm = 10-2 m)], @ is the oil phase volume 
(0.25), and c is the concentration of protein (0.1%) before the 
emulsion is formed. 

Emulsion Stability. The stock emulsions prepared above 
were held a t  room temperature for 24 h and then heated a t  80 
"C for 30 min. After the emulsions were cooled to room tem- 
perature and stirred, turbidity was again measured as above 
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Table 111. Isoionic Points of &Casein and &Casein 
Derivatives 
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Table IV. Extent of Hydrolysis of Alkylated &Casein by 
a-Chymotrypsin after 48 h of Incubation 

samples degree of alkylation, % relative extent 

1323 

apparent apparent 
samples isoionic point samples isoionic point 

~~~ 

P-Cn 5.30 alk A 5.30 
est A 5.75 alk B 5.40 
est B 7.80 alk C 5.20 
est C 9.30 alk D 5.35 
est D 9.75 

(EAI, 80 "C). The emulsion stability was calculated by the for- 
mula 

EA1 - EAI,80 "C PEA170 = EAI 

The smaller the value of AEAI%, the better the stability. 

RESULTS AND DISCUSSION 

Analyses of Esterified &Casein. The extent of ester- 
ification of /3-casein with ethanol, determined by the color 
reaction using hydroxylamine hydrochloride, is shown in 
Table I. Because there are 23 carboxyl groups per @-casein 
molecule susceptible to esterification (22 combined glu- 
tamic and aspartic acid residues and 1 carboxyl end group), 
results of the hydroxamic acid reaction indicate that 37, 
43, 69, and 94% of the available carboxyl groups were 
esterified with ethanol, depending on the amount of cat- 
alyst used. 

Analyses of Alkylated @-Casein. The extents of alky- 
lation of @-casein by acetaldehyde, determined by the 
TNBS method and amino acid analysis, are shown in Table 
11. We have achieved different degrees of alkylation by 
varying the ratio of the alkylating agent to the amount 
of available amino groups. Generally, the results based 
on the TNBS analyses agree well with the results of amino 
acid analyses; 64,82,91, and 100% of the lysine e-amino 
groups were alkylated. For all the alkylated @-casein, the 
losses in lysine were accompanied by a corresponding 
increase in the alkyllysine derivative. According to Means 
and Feeney (1968), the diethylamine is produced only in 
small amounts and a t  high pH (>9.5) with acetaldehyde. 
Therefore, it may be considered with some degree of prob- 
ability that only the monoalkyl derivative was obtained. 
There were no significant changes in other amino acids 
of the alkylated &casein. 

Isoionic Points. Isoelectric points, determined as the 
pH a t  which a protein has zero mobility in an electric 
field, and isoionic points, the pH of a protein solution 
with no ions present except the hydrogen and hydroxyl 
ions produced by the dissociation of water and the pro- 
tein, are generally very close in values (Mattarella et al., 
1983). Isoionic points determined by adding a mixed- 
bed ion-exchange resin to the protein solutions are shown 
in Table 111. Isoionic points of esterified @-casein var- 
ied between 5.75 and 9.75 compared with 5.30 for native 
@-casein. No significant modifications could be observed 
for alkylated derivatives. 

Extent of Hydrolysis of Alkylated &Casein by 
a-Chymotrypsin. Increases in TNBS reaction of amino 
groups were used to determine the rates of hydrolysis of 
@-casein and alkylated @-casein by chymotrypsin. Up to 
60 min incubation time, the sample with 91% lysyl res- 
idues alkylated was slightly more susceptible to chymo- 
trypsin hydrolysis as compared to native @-casein and 
other alkylated derivatives; the sample with 61 70 lysyl 
residues alkylated was least susceptible to hydrolysis in 
the first 30 min (data not shown). Table IV shows that 
after 48 h, the extent of hydrolysis of chymotrypsin-sus- 
ceptible bonds in alkylated @-casein was significantly lower 

0-Cn 
alk A 
alk B 
alk C 
alk D 

0 
64 

91 
100 

a2 

100 
89 
74 
76 
73 

0 4  
2 4 6 0 10 12 1 4  

Pi1 
Figure 1. Stability of ester derivatives of P-casein to various 
pH values for 24 h. 

than that of native @-casein. The degree of alkylation 
affected the extent of hydrolysis particularly for the most 
alkylated derivatives (alk, A, 64% modified, 89% rela- 
tive extent; alk B-D, 82-100% modified, 73-76% rela- 
tive extent). 

Fluorescence Spectra. The fluorescence spectra of 
alkylated @-casein (data not shown) display consider- 
able quantum yield enhancement induced by intense mod- 
ification. Concomitant blue shift of the emission maxi- 
mum ( X E  337 - 334 nm) may be observed above 90% 
alkylation. Spectral shift of the fluorescence emission 
maximum indicates the changes of hydrophobicity of the 
tryptophan neighborhood brought about by the grafting 
of alkyl groups (Lakowicz, 1983). The explanation of the 
fluorescence signal enhancement is more complex (Turro, 
1978) and indicates possible rigidification of indole chro- 
mophore, induced by the chemical substitution of the 
@-casein. The last should be taken, however, as a tenta- 
tive explanation remaining to be confirmed by other meth- 
ods. 

Chemical Stability of Ester Groups. The extent of 
hydrolysis of ester groups increased a t  alkaline pH (Fig- 
ure 1). After 24 h at  pH 10.5, the amount of ester groups 
had decreased 70-75% except for sample ester C, which 
had decreased only 25%. These results differ from those 
of Mattarella and Richardson (1983), who observed a slow 
rate of hydrolysis of ester groups in ethyl-esterified &lac- 
toglobulin, as measured by a decrease in the isoionic point. 

Solubility. (a) Esterified @-Casein. The solubility pat- 
terns of esterified @-casein at  different pH values are shown 
in Figure 2. The ethyl-esterified @-casein was much less 
soluble at  pH values between 5.0 and 10.0 as compared 
with native @-casein; the solubility was reversely propor- 
tional to the degree of esterification. For example, a t  
pH 7.0 ethyl-esterified 0-casein gave the following results: 
37% modified, 91% solubility; 43% modified, 27% sol- 
ubility; 69% modified, 5% solubility; 94% modified, 2% 
solubility. A t  very alkaline pH values (pH >lo),  an 
increase in solubility was observed, especially with sam- 
ple ester B, due certainly to the hydrolysis of the ester 
bond. This is in agreement with the results of the chem- 
ical stability study of the ester bond (Figure 1). In the 
acidic range of pH no significant change of solubility could 
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Figure 2. Solubilities of 0.1% w/w suspensions of native @-casein 
(-); ester A, 37% modified (- -1; ester B, 43% modified (- -); 
ester C, 69% modified (- - -) and ester D, 94% modified (-) a t  
various pH values; reported as mean of four determinations. 
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Figure 3. Solubilities of 0.1% w/w suspensions of native @-casein 
(-); alk A, 64% modified (- -); alk B, 82% modified (- -); 
alk C, 91% modified (- - -) and alk D, 100% modified ( -a) at 
various pH values; reported as mean of four determinations. 

be observed except for an increased solubility of sample 
ester C a t  pH 4.0. 

(b) Alkylated @-Casein. The solubility patterns of alky- 
lated @-casein at  different pH values are shown in Fig- 
ure 3. Alkylation does not change the number of posi- 
tive charges in the protein, and only a small decrease 
(-0.4-0.6 unit) in the pK, of the amino group can be 
observed (Means and Feeney, 1968). Ethyl-alkylated 
P-caseins were slightly more soluble than native 6-casein 
in the pH range 3.0-5.0. Above pH 6.0, there was no 
significant difference between alkylated and native 
0-casein. These results agree well with those reported 
by Sen et al. (1981), who demonstrated that methyl- or 
isopropyl-alkylated whole casein was significantly more 
soluble than native whole casein in the pH range 3.0-6.0 
when in the case of butyl-, cyclohexyl-, and benzyl-alky- 
lated whole casein, they have observed an overall decrease 
in solubility from pH 3.0 to 10.0 due to the presence of 
much larger hydrophobic groups. 

@-Casein is in a random coil configuration with very 
little helical structure (Slattery, 1976). Upon alkyla- 
tion, the grafting of hydrophobic ethyl residues (7-12 
residues/mol) may induce some rudimentary folding driven 
by increased hydrophobic interactions. A t  pH below 10, 

2 18.2f 1.0 9.OfO.3 14.3 f 5.0 8 .0f  3.0 nda 
3 28.6 f 1.5 18.6 f 3.0 33.8f 7.2 8.5 f 2.1 nda 
4 30.8f 0.1 16.8 f 10.0 33.6f 1.5 ndo 8.9 f 3.0 
6 nda 4.9 f 2.5 nda nda nda 
7 1.5 f 1.5 21.6 f 1.0 ndo 10.5 f 1.4 4.2 f 0.3 
8 5.6f 1.7 7.6 f 2.5 5.7 f 6.0 27.6* 5.6 35.3 f 1.4 
9 5.3f 0.5 17.5f 2.6 22.5 f 3.8 36.7f 4.0 34.0f 2.7 

nd, not determined because of emulsion collapse. 

due to the electrostatic repulsion between still positively 
charged amino nitrogens, the hydrophobic interactions 
between introduced hydrophobic residues are weaker than 
they might be otherwise. In the case of ethyl-esterified 
derivatives, a greater number (8-22 residues/mol) of hydro- 
phobic ethyl residues were attached to @-casein. Conse- 
quently, the number of salt bridges was decreased due 
to the loss of several negatively charged carboxylates. This 
could tentatively explain the poor solubility of ester deriv- 
atives in the pH range 5.0-10.0. 

Emulsifying Activity and Emulsion Stability. (a) 
Esterified @-Casein. Native @-casein had better emulsi- 
fying activity than any of the modified proteins under 
the conditions used in the pH ranges 1.0-3.0 and 5.5- 
9.0, except for the less esterified derivative, which had 
an emulsifying activity slightly increased in the pH range 
7.0-9.0 (Figure 4). The extent of deviation from that of 
native @-casein correlated with the extent of modifica- 
tion. The higher the esterification, the smaller were both 
the emulsifying activity and the emulsion stability (Table 
V), in pH values above 5.5. 

(b) Alkylated @-Casein. In contrast to esterified 
@-caseins, all alkylated @-caseins had better emulsifying 
activity than native 0-casein under the conditions used, 
in the pH ranges 1.0-4.0 and 5.5-9.0 (Figure 5). At pH 
2.5, the less alkylated derivative had the best emulsify- 
ing activity. Higher alkylated derivatives had better emul- 
sifying activities in the pH range 6.0-9.0. In general, alky- 
lated derivatives showed a better emulsion stability in 
the acidic range of pH as compared with native @-casein 
(Table VI). 

The utilization of surplus milk proteins in general may 
be increased through a fundamental understanding of 
structural factors contributing to the transformations of 
their properties. Furthermore, useful nontoxic deriva- 
tives of milk proteins may find applications as more sophis- 
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mate and aspartate could represent a more desirable 
approach to formulate novel yet nutritious proteins. How- 
ever, while emulsifying activity and emulsion stability of 
ethyl-esterified @-lactoglobulin were greatly increased (Mat- 
tarella and Richardson, 1983), the ethyl-esterified @-casein 
had poor solubility and emulsifying activity. The data 
reported in this paper illustrate that one must be very 
careful in the proper choice of chemical modification meth- 
ods in food proteins. 
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Figure 5. Emulsifying activity index of native and alkylated 
0-casein as a function of pH. Symbols as in Figure 3; reported 
as mean of four determinations. 

Table VI. Emulsion Stability of Alkyl Derivatives of 
&Casein ( AEAI % ) 

pH 6-Cn alk A alk B alk C alk D 
2 18.2f 1.0 34.5f  0.6 5.5 f 0.05 10.5 f 1.1 0.0 
3 28.6 f 1.5 27.6 f 1.0 13.9f 0.6 12.7 f 0.7 9.6 f 0.03 
4 30.8f  0.1 21.6 f 4 . 4  8.1 f 1.6 12.8f 1.1 14.5f 1.6 
6 nda 20.7 f 0 . 2  13.1 f 0.06 9.8f 0.7 8.1 f 0.1 
7 1 . 5 f  1.5 19.6 k 0 . 3  9.1 f0 .15  3.6 f 0.6 5.6f 1.6 
8 5 . 6 f  1.7 12.7 fO.6 1.1 f 1.0 7.8f 0.2 15.6f 0.1 
9 5.3 f 0.5 nda 2.9 f 0.5 9.4 f 0.2 9.4 f 2.0 

* nd, not determined because of emulsion collapse. 

ticated food additives. The studies of chemically and 
physically induced protein transformations may, in the 
future, yield valuable structural information for design- 
ing and producing more diversified food proteins for mis- 
cellaneous uses. Numerous studies on chemically mod- 
ified alimentary proteins have established the useful- 
ness of this approach (Kinsella, 1976; Kinsella and Shetty, 
1979; Sen et al., 1981; Mattarella and Richardson, 1983). 
I t  seems reasonable to expect that only extensive confor- 
mational changes can induce modification of the physi- 
cal properties studied in this work in proteins lacking 
tertiary structure, such as caseins. Those, in turn, might 
be imposed by the application of nontoxic chemistry. 

Grafting of hydrophobic groups by reductive alkyla- 
tion changed the conformation of @-casein in the neigh- 
borhood of tryptophan as shown by the fluorescence spec- 
tra. Solubilities were slightly increased over that of native 
@-casein in the acidic range of pH and were not decreased 
in its alkaline part. Thus, the covalent attachment of 
hydrophobic groups to proteins may increase emulsify- 
ing activities of food proteins. Moreover, reductive alky- 
lation may be useful as a mean of protection of the lysyl 
residues against deteriorative reactions such as nonenzy- 
matic browning during food processing and storage, result- 
ing in the development of the certain taste, color, and 
odor (both desirable and undesirable) of some food. One 
must be aware of the fact, however, that greater extent 
of alkylation induces lower digestibility of the alkylated 
@-casein by a-chymotrypsin (Table IV). This may or may 
not have an adverse effect on the nutritional quality of 
the modified protein (Matoba et al., 1980), especially when 
the alkylated protein constitutes only a small fraction of 
the total. Even considering their limited digestibility, 
the alkylated proteins could be used as a filler in the 
foods ingested during weight-watching diets. Derivati- 
zation of nonessential amino acid residues such as gluta- 
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Abscisic Acid Accumulation and Carotenoid and Chlorophyll Content in 
Relation to Water Stress and Leaf Age of Different Types of Citrus 

Shirley M. Norman,’ Vincent P. Maier, and Darryl L. Pon 

Agricultural Research Service, Fruit and Vegetable Chemistry Laboratory, U S .  Department of Agriculture, 
263 South Chester Avenue, Pasadena, California 91106 

The abscisic acid (ABA), carotenoid, and chlorophyll composition was determined before and after 
water stress for detached leaves of Valencia and Pineapple orange, Marsh grapefruit, Eureka lemon, 
Ichang lemon, and West Indian lime. ABA and base-hydrolyzable ABA conjugates were measured 
by ELISA using a monoclonal antibody specific for (+)-ABA. Carotenoids and chlorophylls were 
separated by HPLC. ABA levels increased 3-67-fold, while Chl and carotenoid levels were not affected 
by short-term water stress. The carotenoids were identified by comparison of HPLC retention times, 
by on-line spectral measurements from a diode array UV-vis detector, and from visible absorption 
maxima of isolated pigments in various solvents. The carotenoids in citrus leaves have not been 
reported previously. The different citrus species and cultivars were qualitatively similar in caro- 
tenoid content but were quantitatively different. The major xanthophylls were trans-lutein, trans- 
violaxanthin, 9’-cis-neoxanthin, and minor amounts of luteoxanthin, antheraxanthin, and zeaxanthin. 
The carotenes included CY- and 0-carotene. Cis isomers of violaxanthin and lutein were tentatively 
identified. The ratios of chlorophyll a to b were between 2.7 and 4.0. 

INTRODUCTION 

ABA, carotenoids, and the phytol side chain of chlo- 
rophylls (Chls) share mevalonate as a common precur- 
sor in the isoprenoid pathway. Endogenous levels of ABA 
increase considerably when plants are stressed (Davies 
and Mansfield, 1983, 1988; Hirai, 1986; Milborrow, 1981; 
Wright, 1978; Zeevaart and Creelman, 1988). There are 
numerous reports of the occurrence of ABA, caro- 
tenoids, and Chls in the fruit of citrus (Goldschmidt, 1984; 

Sinclair, 1984; Wheaton and Bausher, 1977). However, 
only a few reports pertain to ABA and Chl content in 
citrus leaves (Arguella and Guardiola, 1977; Goren et al., 
1971; Mauk et al., 1987; Norman et al., 1988; Syvertsen 
and Smith, 1984; Wheaton and Bausher, 1977; Weill et 
al., 1979). The identity and quantity of carotenoids in 
citrus leaves have not been previously reported. 

An indirect enzyme-linked immunosorbent assay 
(ELISA) for measurement of (+)-ABA in citrus leaves 
(Norman et al., 1988) makes it possible to conveniently 
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