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Abstract 
The reactions of gossypol with certain amino 

acids and other amino compounds have been 
studied spectroscopically with respect to the 
effect of time and pH in the range from 5.7 to 
7.5 at 37 C. The rate of reaction of gossypol with 
amino acids increases with increase in pH and 
has been shown to be related to the distance of 
the amino group from the carboxyl group within 
the molecule. Reaction products of gossypol 
with amino acids and other amino compounds 
were subjected to various purification proce- 
dures and analysis to determine combination 
ratios. In  addition to the expected gossypot-to- 
amino compound ratio of 1:2, dictated by the 
formation of Schiff base-type bonds with the two 
aldehyde groups of gossypol, compounds witlh 
ratios of 1:3 and 1:4 were isolated. These re- 
sults indicate that each of the two aldehyde 
groups of gossypol can react ~dth two amino 
groups under the conditions studied. 

Introduction 
Gossypol, a yellow polyphenolic pigment of cotton- 

seed, has long been known to form complexes with 
protein, with the binding site thought to consist 
principally of the e-amino group of lysine. The 
nature of the reaction products of. gossypol with 
cottonseed protein and their detrimental effect on 
its digestion and utilization have been subjects of 
active research by chemists and biochemists for 40 
years. The chemistry of cottonseed pigments is not 
only a problem of intriguing scientific interest, but 
is also of major economic importance to the cotton 
industry. Because of their toxicity to monogastric 
animals, cottonseed pigments are responsible for loss 
of revenue to the cottonseed processing industry in 
terms of restricted markets and increased processing 
costs necessary to detoxify them. 

Clark (1) proposed that. the detoxication of gossy- 
poI achieved by heating moist cottonseed was the 
result of chemical reaction between gossypol and the 
free amino groups of cottonseed protein. Baliga and 
Lyman (2,3) found that lysine accounted for most 
of the free amino groups of cottonseed protein and 
that reaction of gossypol with cottonseed protein 
decreased lysine availability from 82.9% to 48.7%. 
Further investigation of gossypol-protein complexes 
by Lyman et al. (4) identified the free e-amino 
groups as the principal site of binding gossypol with 
the molar ratio of lysine to gossypol varying from 
2:1 to 1:1 as the concentration of gossypol was in- 
creased. Sedimentation velocity studies of these 
gossypol-protein complexes indicated the presence of 
from one to four different components, thus indicating 
that gossypol probably reacts to form a cross link 
between two or more protein molecules. 

Several investigators (4-6) have demonstrated that 
the presence of bound gossypol in proteins lowers 
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their digestibility. The extent of this lowered di- 
gestibility is greater than would be expected from 
the binding of gossypol of the e-amino groups of 
lysine alone, thus raising the possibility that sub- 
sequent reactions occur between gossypol and free 
amino acids or peptides or both as the degradation 
of the protein progresses in digestion and more amino 
groups become available. 

A wide variety of derivatives of gossypol with 
various aliphatic and aromatic compounds has been 
produced by workers interested in the compound 
(7--9,10). These derivatives have usually been 
formed, however, under conditions more rigorous 
than those found in physiological systems. Witkop 
and Beiler (11) demonstrated the greater reactivity 
of the e-amino group of lysine as compared to the 
alpha-amino group and Alley and Shirley (12) 
utilized this property to produce the Schiff base 
derivative of gossypol with lysine. 

In the present study, the amino acids arginine, 
ornithine, glutamine, asparagine, glycine and lysine 
were selected as ones which would be likely to. react 
with gossypol. Aspartic and glutamic acid were also 
used in order to compare the reaction with a-amino 
groups and amide nitrogen. This communication re- 
ports the results of an investigation of the reaction 
of gossypol with these amino acids and other amino 
compounds under physiological conditions of tem- 
perature and pit. 

Experimental Procedures 
Analytical Methods 

Standard Methods for Free a~d Total GossypoI. 
Free gossypol ~as routinely determined by the 
method of Ports and Guthrie (13) with the excep- 
tion that 80% 2-propanol (2-PrOH :HeO, 80:20, v/v) 
was used as the diluting solvent instead of 95% 
ethanol. In samples whose gossypol content was lower 
than the range of the usual determination (less than 
0.02 mg in the aliquot) or in samples whose size 
precluded the use of the standard procedure, the 
following modifications were used. The initial volume 
of the aqueous 70% acetone was reduced from 50 
to 25 ml, a 2 ml aliquot was taken, and the volume 
of the para-anisidine and acetic acid reagents was 
reduced from 3 to 1 ml. However, if the amount 
of gossypol in the aliquot is greater than 0.02 rag, 
the standard volumes must be used to prevent para- 
anisidine from being the limiting factor. 

Total gossypol determinations were made by the 
method of Pons et al. (14). For small samples or 
ones containing low levels of gossypol, the modifica- 
tions mentioned above were used in addition to re- 
duction of the initial volume for oxalic acid hy- 
drolysis from 100 to 25 ml. A standard curve, which 
demonstrated the linear relationship of aliquots of 
a standard solution containing 0.001 to 0.02 rag. of 
gossypol, was prepared using these modifications. 

Amino Acid Analysis. Quantitative determination 
of amino acid composition was performed on Model 
120A and Model 120C Beckman Amino Acid An- 
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alyzers using columns of Beckman Custom Research 
Resin Types AA-15, PA-28 and PA-35, by the pro- 
cedure of Spackman et al. (15). A modification of 
Spackman's 30 C-50 C system for physiological fluids 
was used to separate ornithine and v-amino butyric 
acid from lysine and 3-aminopropanol from am- 
monia. A 0.9 × 23 cm column of Beckman Type 
PA-35 ion-exchange resin was eluted with pH 4.25 
sodium citrate buffer containing 1% 1-propanol and 
pH 5.36 sodium citrate buffer and temperatures of 
32.5 C and 62.5C. fl-Alanine was determined by 
increasing the run time on the regular long column 
(PA-28) run for acidic and neutral amino acids from 
190 min to 220 rain. fl-Alanine is eluted after 
phenylalanine at about 190 rain. 

The samples were hydrolyzed by placing in heavy 
wall glass tubes with 6 N hydrochloric acid, freezing 
in acetone-dry ice solution, degassing and sealing 
under vacuum. After heating in an autoclave at 
110 C for 22 hr, the ampules were opened and the 
samples transferred to round bottom flasks with 
deionized water. The samples were reduced to dry- 
ness on a rotary evaporator, washed once with 
deionized water, and diluted to volume with pH 2.2 
sodium citrate sample-dilution buffer (Beckman). 
No correction has been made in calculating amino 
acid concentration for the destruction of amino acids 
during acid hydrolysis. 

React ion of  Gossypol  Wi th  Amino Acids  

Gossypol-amino acid complexes were formed by 
adding gossypol to solutions of various amino acids 
and incubating in test tubes in a water bath at 37 C. 
Gossypol was dissolved in 95% ethanol and added 
to the amino acid which was dissolved in 0.03 M 
sodium phosphate buffer. Aliquots were taken at 
intervals and the reaction was monitored by succes- 
sive scans from wavelengths of 320 to 500 m~ with 
a Beckman Model DB speetrophotometer. The reac- 
tion mixtures were shaken before and after sampling. 
A gossypol control was run to ascertain whether the 
spectral changes were due to changes in gossypol 
itself or to the formation of complexes with the 
amino acids. 

Each of the amino acids arginine, asparagine, 
glutamine and glycine were incubated with gossypol 
at pH 7.5 in a reaction mixture composed of 1 ml 
(2 ~moles) of gossypol and 1 ml (50 ~moles) of 
amino acid. For scanning, 0.05 ml of the reaction 
mixture was diluted with 3 ml of 95% ethanol: 0.03 M 
sodium phosphate buffer (1:1 v/v) .  Lysine was in- 
cubated with gossypol at pH 5.7, 6.1, 6.5, 7.1 and 7.5 
to determine the effect of pH on the rate of reaction. 

To further compare the effect of pH under the 
conditions utilized for enzymic digestion of gossypol- 
protein complexes, gossypol was incubated with 
ornithine, glutamine, asparagine, glutamic acid and 
aspartic acid at pH 5.7 and 7.5. This also permitted 
a comparison of the rate of reaction of gossypol 
with glutamic and aspartie acid and their amides. 
The possibility of oxidation was minimized by run- 
ning these reactions in an atmosphere of nitrogen 
during incubation. 

Gossypol-~,-Amino Butyric Acrid. ~,-Amino butyric 
acid (Calbiochem) was dissolved in 0.03h{ sodium 
phosphate buffer pH 7.4 and combined with gossypol- 
acetic acid dissolved in methanol in a 10:1 molar 
ratio. The container was flushed witb nitrogen, 
stoppered, and shaken in the dark at 37 C for 12 
hr. The reaction mixture was ]yophilized and ex- 
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tracted with ether. The ether-extracted residue w a s  
analyzed for gossypol and micro-Kjeldahl deter- 
minations were made for nitrogen content. This 
residue was dissolved in the butanol upper phase 
of a 2 phase system composed of 1-butanol and 
water containing 0.01 IV[ NaC1 (1:2 v/v)  and washed 
three times with the aqueous lower phase to remove 
water-soluble free y-amino butyric acid. The butanol- 
soluble material was chromatographed on thin layer 
plates (0.375 mm layer) of Adsorbosil-5 (Applied 
Science Laboratories, Inc., State College, Pa.) which 
had been activated at 110 C for 1 hr. A solvent 
system composed of ethyl acetate/2-propanol/water 
(65:24:11, v /v /v )  produced the best separation o£ 
the reaction products. 

Gossypol-fl-Alanine. fl-Alanine was combined with 
gossypol by dissolving 173 ~moles of gossypol-acetic 
acid in 25 ml of methanol and mixing with 25 ml 
of 0.03 M sodium phosphate buffer, pH 7.4, contain- 
ing 122 t~moles of fl-alanine. The flask was flushed 
with a stream of nitrogen, stoppered, and shaken in 
the dark at 37 C for 12 hr. The methanol was re- 
moved from the reaction mixture on a rotary 
evaporator and the remaining aqueous solution was 
extracted 5 times with 25 ml of ether. The ether 
extract was reduced to dryness on a rotary evapora- 
tor and suspended in methanol. This methanol solu- 
tion was fractionated by a series of preparative thin 
layer plates coated with a 0.5 mm layer of Adsorbosil- 
5. The plates were developed in ethyl acetate/2- 
propanol/water (65:24:11 v /v /v )  and the cor- 
responding bands from each plate were scraped off 
and pooled. The pooled bands were placed in fun- 
nels on Whatman No. 1 filter paper and elutcd with 
95% ethanol-water (70:30 v/v) .  The eluates were 
reduced to dryness on a rotary evaporator and trans- 
ferred to test tubes with methanol, leaving in the 
round bottom flask the small amount of adsorbent 
which had been dissolved in the ethanol-water elu- 
tion step. Concentration of these solutions and 
gossypol and amino acid content were determined. 

Preparation and Purif ication of  Gossypol  Complexes w i t h  
Other Amino Compounds 

Itippuryl-L-Lysine-Gossypol. The complex of 
gossypol and hippuryl-L-lysine (benzoyl-glycyl-L- 
lysine, Mann Research Laboratories, Inc.) was pre- 
pared by dissolving 100 t~moles of hippuryl-L-lysine 
in a 2:1 (v/v) mixture of 95% ethanol and 0.03 M 
sodium phosphate buffer p i t  7.4 and adding to it 
50 ~moles of gossypol dissolved in 95% ethanol. This 
mixture was heated in a capped test tube, cooled, 
filtered, and stored in a refrigerator at 4 C. A sam- 
ple of the reaction mixture was chromatographed on 
a 2.5 × 44 cm column of LH-20 Sephadex (Phar- 
macia Fine Chemicals, Inc.) which had been equili- 
brated with a 1:1 (v/v) mixture of 95% ethanol 
and 0.03 M sodium phosphate buffer p i t  7.4. The 
sample was pumped onto the column with a Holter 
Model RL155 Peristaltic Pump using upward flow 
with a rate of 41 ml/hr. The column effluent was 
monitored at 380 mt~ by means of a flow cell in a 
Beckman Model DB recording spectrophotometer and 
fractions were collected as they were eluted from the 
column. Absorption spectra and goss)~pol and amino 
acid content were determined. 

Gossypol-3-Aminopropanol. One hundred seventy- 
three micromoles of gossypol-acetic acid was dis- 
solved in 25 ml of methanol and combined with 25 ml 
of 0.03M sodium phosphate buffer, p i t  7.4, con- 
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Fro. 1. Absorpt ion spectrum of gossypol in 95% etha~zol- 
0.03 M sodium phosphate buffer (1:1 v /v )  pH 7.5 at  37C. 

taining 3.88 mmoles of 3-aminopropanol (Matheson, 
Coleman and Bell). The flask was flushed with nitro- 
gen, stoppered, and shaken in the dark at 37 C for 
12 hr. A yellow precipitate was present at the end 
of the reaction time and was removed by filtration 
through Whatman No. 5 filter paper. The precipitate 
was washed with methanol and ether and dried in a 
vacuum desiccator. 

The precipitate was fractionated by streaking it 
on a series of thin layer plates coated with a 0.5 
mm layer of Adsorbosil-5 and developing with ethyl 
acetate/2-pvopanol/water (65:24:11 v/v/v) .  The 
bands were scraped off and pooled and the material 
was eluted from the pooled adsorbent with the ethyl 
acetate solvent system. Aliquots were taken for the 
determination of concentration, gossypol and amino 
acids. 

Results and Discussion 
The absorption spectrum of gossypol in the solvent 

system used is shown in Figure 1 exhibiting maxi- 
mum absorbance at 392 m~. Gossypol was incubated 
in this system for 24 hr with no change in the 
spectrum other than a slow decrease in overall ab- 
sorbance toward the end of the period. Figure 2 
illustrates the changes in the absorption spectrum 
of gossypol during incubation with lysine. The in- 
cubation of gossypol with a number of other amino 
acids, peptides and amino compounds produced the 
same spectral changes, specifically the formation of 
a peak in the 406-408 mt~ area and a shoulder at 
432 mt~. The spectrum becomes stable after a period 
of time, depending on the compound involved in the 
reaction, and then begins to exhibit the same overall 
decrease in absorbance as was noted with gossypol 
alone. Stabilization of the absorbance spectrum may 
indicate the completion of the reaction or attainment 
of equilibrium. In monitoring the reaction of gossy- 
pol with amino compounds, the difference in absor- 
bance at 406 m~ and 392 mr~ was used as a measure 
of the extent of complex formation, unreacted gossy- 
pol having maximum absorbance in this system at 
392 mt~ and the gossypol-amino complex at 406 m~. 

In the experiments described in this paper, lysine 
was incubated with gossypol at pH values from 

O] 

2,5  hr, 7,1 hr 

0,( 

0.. 

O,E 

3 0 360 4 0 480 

WAVELENGTH (mlJ) 
FzO. 2. Change in the absorption spectrum (320-500 m~) 

of gossypol on incubation with lysine in 95% ethanol-0.03 M 
sodium phosphate buffer (1:1 v /v )  pH 7.5 at  37 C. 

5.7 to 7.5 to determine the effect of pH on the 
formation of the gossypol-lysine complex at body 
temperature (37C). Figure 3 depicts the effect 
of pH on the rate of reaction, revealing that, al- 
though reaction occurs at all levels, it proceeds more 
rapidly as the pH increases from 5.7 to 7.5. Higher 
pH values were not investigated because of the in- 
stability of gossypol in this region. 

The rate of reaction of the various amino acids 
with gossypol is illustrated in Figure 4 in which the 
ranking, in order of reactivity with gossypol, ap- 
pears to be as follows: arginine ~ lysine 
ornithine ~ glutamine ~ asparagine ) glyeine 
aspartic acid ~ glutamic acid. This is in general 
accord with the order expected on the basis of struc- 
ture and charge on the molecules at  pH 7.4. Gossy- 
pol is an acidic compound intermediate in acidity 
between phenols (pKa about 10) and carboxylic acids 
(pKa about 5). This greater acid strength relative 
to other phenols has been explained in terms of the 
delocalization of the negative charges in the divalent 
anion formed by loss of protons from the hydroxyl 
groups ortho to the aldehyde groups (16) as shown 
in Figure 5. Titration of gossypol shows pKz to 
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Analys is  of Gossypol 
by 
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TABLE I 

0omplexes W i t h  ~-AIanine and 3-Aminopropano] Separa ted  
Th in  Layer  Chromatography  a 

1~ Gossypol Amino  acid ]~iolar ra t io  
Sample  va lue  ~ ¢ [ / m g  ~5/[/mg G o s s . / A A  t) 

Gossypol-~-alanine (TLO B a n d  1) 0.06 
Gossypol-fl-alanine (TLC B a n d  2) 0,29 
Gc~s~ypol-~-alanine (TLC B a n d  3) 0,47 
Gossypol-fl-alanine (TLC B a n d  4)  0,72 
Gossypol-~-a]anine (TLC B a n d  5) 0,87 
Gossypol-3-aminopropanol  (TLC B a n d  A) F1)t. c 0,84 
Gossypol-3-aminopropanol  (TLC B a n d  A) Soln, e 
Gossypol-3-aminopropanol  (TLC B a n d  B)  0.76 

0.6943 1 ,8735 1 : 2 . 7 0  
0.3079 1 .1614 1 : 3,77 
0 .7739 1.2862 1 : 1.66 
0.1792 0 .2496 1 : 1 . 3 9  
0 .2070 0 .3906 1 :1 .89  
0 .5204 1.4354 1 :2 .76  
0 .3857 1.4083 1 :3 .65  
0 .1266 0 .4127 1 :3 .26  

( 1 : 3 )  
( 1 : 4 )  
(1:2) 
( 1 : 1 )  
( 1 : 2 )  
(1:3) 
(1:4) 
(I;3) 

a Adsorbent  layer,  Adsorbosi l -5;  solvent  system, Ethyl  acetate/2-propanol/water ( 6 5 : 2 4 : 1 1  v / v ) .  
b Gossypo l / amino  acid. 

After  isolation,  this  mater ia l  separa ted  and the two f rac t ions  were t rea ted  separately.  

be in the vicinity of pH 6 (17), therefore, at pH 7.4, 
both gossypol and the carboxyl groups of the amino 
acids involved in this study would bear a negative 
charge and would be mutually repelling. An a-amino 
group near to the carboxyl group would, con- 
sequently, be expected to react more slowly with 
gossypol than would an amino group in a position 
more distant from the carboxyl group and a di- 
carboxylic amino acid should react more slowly than 
a monocarboxylic amino acid. Figure 4 supports this 
hypothesis as can be seen by the fact that arginine 
and lysine react more rapidly than glyeine which 
reacts more rapidly than aspartic or glutamie acid. 

Gel filtration of hippuryl-L-lysine-gossypol on 
Sephadex LH-20 produced three major absorption 
peaks. The absorption spectra (Fig. 6) of fractions 
within each of these peaks and the order of their 
elution suggested that the first peak was di- 
(hippuryl-L-lysine)-gossypol, the second, mono- 
(hippuryl-L-lysine)-gossypol, and the third, free 
gossypol. The molar ratios between gossypol and 
lysine, obtained by amino acid analysis and gossypol 
determination on the fractions, did not, however, 
clearly confirm this hypothesis. The ratio of 1 mole 
of gossypol to 2.8 moles of lysine found in Peak 1 
is somewhat higher than would be expected on the 
basis of the reaction of a single e-amino group of 
lysine with each of the two aldehyde groups of a 
gossypol molecule, or a ratio of 1 to 2. This ratio 
of I :2.8 (or 1:3) may be obtained if each of the 

aldehyde groups of gossypol can combine with more 
than one amino group. 

The composition of the fractions of complexes of 
gossypol with fl-alanine and 3-aminopropanol iso- 
lated on thin layer plates is presented in Table I with 
Band No. 1 being nearest the origin and Band No. 5 
being nearest the solvent front for the: gossypol-fl- 
alanine complex and Band A being nearest the sol- 
vent front for the gossypol-3-aminopropanol com- 
plex. Since, in this solvent system, fl-alanine and 
3-aminopropanol barely move from the origin, while 
gossypol moves almost with the solvent front, it 
would be expected that various combinations of the 
two compounds with gossypol would have Re values 
ranging between 0 and 1, with the more highly sub- 
stituted complexes having the smaller Rf values. This 
is generally true for the fl-a]anine complexes, al- 
though the Rf value of the 1:4 complex (Band No. 
2) exceeds that of the ] :3 (Band No. 1), and that 
of one of the 1:2 complexes (Band No. 5) exceeds 
both the other 1:2 complex (Band No. 3) and the 
1:1 complex (Band No. 4). An explanation for the 
greater R~ value of Band No. 5 may be that the two 
fl-a]anine molecules are both attached to a single 
aldehyde group on the gossypol molecule, leaving 
the other aldehyde group free and thus allowing 
greater affinity for the inobile phase as compared 
with Band No. 3 in which one fl-alanine molecule 
may be attached to each aldehyde group. 

In the case of the gossypol-3-aminopropanol com- 
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FIG. 5. Resonance stabilized anion of gossypol. 

plex, Band A contained a mixture of 1:3 and 1:4 
while Band B contained only 1:3. Apparently, the 
free hydroxyl groups of the 3-aminopropanol im- 
part a greater affinity for the mobile phase, thus re- 
sulting in higher R~ values than for the comparable 
complexes with fi-alanine. The ratios of gossypol to 
amino compounds in these various complexes of 
from 1:1 to 1:4 can be explained in terms of the 
tetraanilino-gossypol complex of Murty and Seshadri 
(18). In this compound, two amino groups are 
bound to each aldehyde carbon giving a gossypol to 
aniline ratio of 1:4. Obviously, ratios of 1:1, 1:2 
and 1:3 could also be produced. The tetraanilino 
product was isolated at ambient temperatures and 
could be converted to the dianilino form by heating 
for 4 hr at 110 C. Since the complexes under dis- 
cussion were not subjected to temperatures in excess 
of 60 C, it is possible for molar ratios of 1:4 to have 
been produced. 

In the case of ~-amino butyric acid, gossypol to ~/- 
amino butyric acid ratios were found to be as high 
as 1:18 in some products. The fact that ~-amino 
butyric acid forms polymers rather easily under cer- 
tain conditions (19) probably accounts for these 
ratios. 

The reaction of gossypol with amino groups other 
than the e-amino group of Iysine at physiological pH 
and temperature offers a possible explanation for the 
unaccountably large effect of bound gossypol on the 
digestibility of proteins containing this material. As 
the protein is broken down by the enzymes in the 
digestive tract and more amino groups become avail- 
able, they may react with gossypol, with the re- 
sulting complex being resistant to further enzymic 
degradation because of steric hindrance by the bulky 
gossypol molecule. Evidence for this mechanism 
has been found in other studies on the effect of bound 
gossypol on amino acid availability. (Cater and 
Lyman, manuscript in preparation). I t  also presents 
a possible explanation of the mode of toxicity of 
free gossypol within the body in the binding of 
gossypol to the surface of enzymes, in particular in 
the area of the active center. Reaction with the 
e-amino group of lysine may result in a more stable 
bond than reaction with amino groups in other amino 
acids which are closer to the carboxyl group which 
would account for the identification of the e-amino 
group as the site of binding for bound gossypol. 
Samples containing bound gossypol have usually 
been subjected to temperatures in excess of 110 C 
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Absorp t ion  spectra  of f ract ions  of  hlppuryl-L- 
lysine ; gossypoI reaction mixture  e h t e d  f rom LH-20 Sephadex. 

either in processing or drying. The reaction of gossy- 
pol with amide nitrogen, as indicated by the dif- 
ferences in the rates of reaction between aspartic 
and glutamie acids and asparagine and glutamine 
with gossypol, suggests these groups as additional 
binding sites for gossypol on protein molecules. 
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