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The present studies were undertaken to investigate the effect of a copper binding peptide on copper 
bioavailability. This peptide was extracted from the fruit bodies of the mushroom, Grifola frondosa, and 
purified to a single peptide using gel filtration and ion exchange chromatography. The purified copper 
binding peptide was an acidic peptide of molecular weight 2,240 in which four amino acids (aspartic 
acid, glutamic acid, serine, and glycine) occupied about 84% of total residues, and possessed specific 
properties to bind copper or to maintain copper in the soluble state at physiological pH. Molar ratio of 
the peptide and copper binding was 1.01. This peptide, when added to the mucosal solution in the in 
vitro experiment using everted intestinal sac of the rat, could significantly increase the amount of copper 
transported across the intestinal cells, compared with the addition of casein or its digestive peptides. These 
data suggest that this peptide enhances copper absorption in the small intestinal tract by increasing the 
amount of soluble copper. 
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Introduction 

It is generally recognized that proteins or peptides have 
various binding activities for cations, and the degree 
of affinity for cations is greatly influenced by their 
amino acid composition and sequence. There have been 
many reports showing dependence of mineral absorp- 
tion on dietary proteins 1 4 or free amino acids? -s How- 
ever, little evidence is available on the fact that the 
direct interaction between dietary proteins and min- 
erals can be better understood by clarifying the definite 
effect of a peptide found in food or formed during the 
digestion of its protein. 9 Especially in the relationship 
between copper absorption and peptides, there are 
many ambiguous points, in spite of their high chelating 
activity of copper, l°,n Therefore, it is nutritionally sig- 
nificant to investigate the physiological function of 
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peptides on the copper bioavailability, their structural 
characteristics, and binding properties. 

Heavy metals accumulating in some mushrooms are 
well known in the field of the toxicology or environ- 
mental sciences. 12 Edible mushrooms, which are rich 
in minerals and supply many nutrients, have not been 
well investigated with regard to their nutritional or 
physiological functions. Therefore, we previously stud- 
ied this edible mushroom with particular interest in 
examining the effect of copper binding peptides found 
in its fruit bodies on copper absorption, and elucidating 
the mechanism of the interaction between copper and 
its binding peptide. Accordingly, in the present studies 
we attempted to purify the copper binding peptide in 
the fruit bodies of the mushroom, Grifola frondosa, 
which contained the highest amount of copper com- 
pared with other Japanese mushrooms, such as Pleu- 
rotus ostreatus and Lentinus edodes, and to study its 
function for copper bioavailability. 

Materials and methods 
The fruit bodies of the artificially cultivated mushroom Gri- 
fola frondosa (Japanese name: Maitake) were purchased 
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from local grocery stores. Sephadex G-50 was purchased 
from Pharmacia (Piscataway, NJ USA). DEAE-Cellulose 
(DE-32) was from Whatman (Clifton, NJ USA). HPLC col- 
umn, Asahipak GS-320, was from Asahi Chemical Industry 
Co., Japan. BCA (bicinchoninic acid) Protein Assay kit was 
obtained from Pierce Chemical Co. (Rockford, IL USA). 
Dialysis tubing was purchased from Spectrum Medical In- 
dustries Inc., USA. All other chemicals used were of the 
highest grade of purity commercially available. 

All the purification procedures of the copper binding 
peptide from G. frondosa were carried out at 4 ° C. To avoid 
air oxidation during purification, all buffers used were pre- 
viously saturated with nitrogen gas. The washed fresh fruit 
bodies of G. frondosa (300 g wet wt.) were sliced and ho- 
mogenized with 300 mL of 20 mmol/L Tris-HC1 buffer (pH 
8.0) containing 2.0 mmol/L dithiothreitol(DTr), and then 
centrifuged at 17,000g for 30 minutes. The supernatant ob- 
tained was applied to a Sephadex G-50 column (6 x 105 
cm) equilibrated with 20 mmol/L Tris-HCl buffer (pH 8.0) 
and eluted with the same buffer. The eluted low molecular 
weight (MW) fractions, rich in copper, were combined and 
immediately applied to a DEAE-Cellulose (DE-32) column 
(2.4 x 7.0 cm) equilibrated with 20 mmol/L Tris-HCl buffer 
(pH 8.0). After washing the column with the same buffer, 
it was eluted with a linear gradient of NaC1 in the buffer 
from 0-0.3 M. The eluted copper binding fractions were 
immediately lyophilized after dialysing against 10 mmol/L 
ammonium bicarbonate (pH 8.0) using dialysis tubing (Spec- 
tra/Por6, MW cutoff:1000) and again dissolved in the same 
solution. Further purification of the copper binding peptide 
was performed by gel filtration on a Sephadex G-50 column 
(1.5 x 100 cm) equilibrated with 10 mmol/L ammonium 
bicarbonate. The eluted fractions containing the copper bind- 
ing peptide were collected and lyophilized immediately. 

The protein concentration was determined by using the 
BCA protein assay kit. The copper analysis was performed 
using atomic absorption spectrophotometer AA-640-13 (Shi- 
madzu, Japan). 

The homogeneity of the purified copper binding peptide 
was established by a multimode HPLC using an Asahipak 
GS-320 column (0.75 x 50 cm), at the flow rate of 0.5 mL/ 
min at 30 ° C. The buffer system was 50 mmol/L ammonium 
acetate (pH 8.0) and the absorbance was recorded at 220 
n m .  

The copper binding peptide was rendered metal free by 
dialysis against 0.01 M HC1 for 6 hours at room temperature, 
followed by gel filtration on Sephadex G-25 (1.5 x 40 cm) 
in 0.01 M HC1. 

To investigate the amino acid composition of the copper 
binding peptide, the lyophilized apoprotein was hydrolyzed 
in 6 M HC1 for 22 hours at 110 ° C in a vacuum-sealed glass 
tube, and then applied to an amino acid analyzer L-8500 
(Hitachi, Japan). Just before or after hydrolysis of the pep- 
tide, the determination of amino groups with TNBS (2,4,6- 
trinitrobenzensulfonic acid) was performed using the method 
of Fields '3 to calculate the chain length of the peptide. The 
apparent molecular weight of the copper binding peptide 
was estimated by gel filtration following the method of 
Andrews TM on a Sephadex G-50 column (1.0 x 50 cm) equi- 
librated with 50 mmol/L Tris-HCl buffer (pH 8.0) containing 
0.1 M KC1. 

The effect of the copper binding peptide on copper sol- 
ubility in phosphate buffers of variable phosphate concen- 
tration were determined as follows. To 0.45 mL of Na- 
phosphate buffer (pH 7.0), ranging in final concentration 
from 0-40 mmol/L containing either 0.5 mg of the copper 
binding peptide or none, was added 0.05 mL of 25 mmol/L 

CuSO4 and the solution was rapidly mixed. After standing 
for 2 hours, the resulting insoluble copper was removed by 
centrifugation at 3,000g for 10 minutes, and the copper 
content in the supernatant was measured with atomic ab- 
sorption analysis. 

To examine the effect of peptide concentration on copper 
solubility in a buffer with constant phosphate concentration, 
0.05 mL of 25 mmol/L CuSO4 and 0.05 mL of 50 mmol/L 
Na-phosphate buffer (pH 7.0) were added to 0.4 mL of the 
copper binding peptide solution ranging in final concentra- 
tion from 0-1.2 mg/mL and mixed well. After standing for 
2 hours, the soluble copper content was determined as above. 

The effect of pH on the stability of the copper-peptide 
complex was also determined using an equilibrium dialysing 
method. '~ The copper binding peptide was dialyzed against 
20 mmol/L HC1-KCI buffer (pH 2.0) for 12 hours at room 
temperature to remove copper ions from the peptide using 
dialysis tubing (Spectra/Por6, MW cutoff: 1000), and then 
equilibrium dialysis was performed in the above cellulose 
tubes using a continual equilibrium dialysing cell (Sanplatec 
Co., Osaka, Japan). Each dialysis was performed in cells 
containing 0.5 mL of apoproteins (16.7 ~g/mL) or blank 
solutions, against 20 mmol/L buffers of several types for 20 
hours at room temperature, and after the addition of 5 ~g 
of copper ions (as CuSO4) in cells, further dialysis was run 
against the same buffer for 20 hours. The copper content of 
the inner solution was determined as described above. 

The effect of the copper binding peptide on copper trans- 
port by the rat was determined by using an in vitro everted 
intestinal sacs technique. Wistar male rats were fed a com- 
mercial diet. Ileal segments of rats fasted for 24 hours were 
used. The everted intestinal sac was prepared by the method 
of Barr and Riegelman. '~ The mucosal solution contained 
122 mmol/L NaCI, 5 mmol/L KCI, 26 mmol/L NaHCO,, 1 
mmol/L KH2PO~, 1.2 i~mol/L CuSO~, and 16.7 ~zg/mL of the 
copper binding peptide or other peptides. The pH was ad- 
justed to 7.4. The volume of the mucosal solution was 30 
mL. The serosal solution contained 1.0 mL of the same buffer 
without peptides. After incubation for 0, 5, 10, 20, and 60 
minutes at 37 ° C, the copper concentration translated to 
serosal fluid from mucosal fluid was determined by meas- 
uring their copper concentrations. 

Result 

The  purif icat ion of  the copper  binding pept ide f rom 
the m u s h r o o m ,  G. frondosa, was pe r fo rmed  with gel 
filtration and ion exchange column chromatography .  
The  elution pat tern  of  the first gel filtration on a 
Sephadex  G-50 co lumn is shown in Figure 1. F r o m  the 
four  copper -conta in ing  peaks  observed,  the fraction 
indicated by the bar  was eluted as the ma jo r  peak 
be tween  the high molecular  weight  and the salt peak.  
This fraction was fur ther  purified by the D E A E - C e l -  
lulose ch romatography .  Table 1 shows the results of  
the purif icat ion of  the copper  binding peptide.  The  
coppe r  content  per  mg protein  of  the pept ide eluted 
by r ech roma tog raphy  on the Sephadex G-50 column 
increased up to 221 times that of  the supernatant .  

W h e n  the purified copper  binding pept ide was ap- 
plied to the GS-320 H P L C  column,  as shown in Figure 
2, it was revealed to be homogeneous ,  as it was eluted 
in a single symmetr ical  peak.  

The  apparen t  molecular  weight of  the copper  bind- 
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Figure 1 Gel filtration pattern of 12,000g supernatant of homog- 
enate. The supernatant (150 mL) was applied to a Sephadex G-50 
column (6 x 105 cm) equilibrated with 20 mmol/L Tris-HCI buffer 
(pH 8.0) and eluted with the same buffer at the flow rate of 86 mL/ 
hr. Fraction size was 21.5 mL. The copper content ( ~ )  and ab- 
sorbance at 280 nm (o---o) were measured. The low molecular weight 
fractions containing copper, indicated by the bar, were pooled and 
subjected to further purification. 

ing peptide was estimated to be 2,240 by gel filtration 
on the Sephadex G-50 column (Figure 3). 

The amino acid composition of the copper binding 
peptide is presented in Table 2. The peptide contains 
relatively high quantities of acidic amino acids (Glu, 
Asp), glycine and serine, which occupy about 84% of 
the total residues, while sulphur-containing, basic, or 
aromatic amino acids were rarely detected. The exis- 
tence of phosphoserine observed in caseinphosphopep- 
tide (CPP) was not confirmed by amino acid or atomic 
analyses. The peptide is composed of 23 residues of 
amino acid in accordance with the value estimated by 
the determination of amino groups with TNBS. Fur- 
thermore, the molecular weight of 2,240 estimated 
from gel filtration (Figure 3) agrees with that from 
amino acid composition. Accordingly, the copper con- 
tent in the purified copper binding peptide is 1.01 mol 
per peptide molecule. 

Table I Protein and copper contents in the copper-binding fraction 
at each purification step 

Protein a Cu a Cu/protein 
Fraction (mg) (Fg) (~g/mg) 

Supernatant 3740 469 0.13 
Sephadex G-50 155 279 1.80 
DE-32 45 193 4.29 
Sephadex G-50 4.9 141 28.78 

aFrom 300 g wet wt. of the fruit bodies. 

Purification of copper binding peptide: Shimaoka et al. 

T i m e  (m in )  

Figure 2 HPLC profile of the purified copper binding peptide. Ap- 
proximately 50 p.g of the copper binding peptide was applied to an 
Asahipak GS-320 column and eluted with 50 mmol/L ammonium 
acetate (pH 8.0) at the flow rate of 0.5 mL/min. Detection was 220 
rim. 

As shown in Figure 4, in the absence of the copper 
binding peptide copper is mostly precipitated in the 
mixture of 2.5 mmol/L copper and above 5 mmol/L 
phosphate buffer (pH 7.4). However, when copper 
and phosphate are mixed in the presence of the pep- 
tide, the amount of soluble copper apparently increases 
because 87, 79, 45, and 29% of copper are solubilized 
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Figure 3 Molecular weight estimation of the copper binding pep- 
tide by gel filtration. The purified copper binding peptide was ap- 
plied to a Sephadex G-50 column (1.0 x 50 cm) equilibrated 50 
mmol/L Tris-HCI buffer (pH 8.0) containing 0.1 M KCI and eluted 
with the same buffer. (a) RNase A (Mr 13500), (b) Cytochrome C 
(Mr 12200), (c) Aprotinin (Mr 6500), (d) B chain of insulin (Mr 3500), 
(e) Neurotensin (Mr 1670), (f) Bacitracin (Mr 1450), (g) Gly-Gly-Tyr- 
Arg (Mr 450) were used as standard protein and peptide markers. 
The eluted copper binding peptide is represented by the arrow. 
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Table 2 Amino acid composition of the copper-binding peptide 

Composition 
Amino acid (mol%) Nearest integer a 

Asp 28.8 7 
Glu 15.4 4 
Gly 20.2 5 
Ser 194 4 
Ala 6.0 1 
Thr 5.7 1 
Pro 44 1 
Total 99.9 23 

aThe nearest integer was calculated on the assumption that proline 
was 1.0. 

in the 5, 10, 20, and 40 mmol/L phosphate buffer, 
respectively. Moreover, Figure 5 shows that the en- 
hancing effect of the copper binding peptide on copper 
solubilization is dependent on the concentration of the 
peptide. These results demonstrate that the copper 
binding peptide prevents copper ions from precipitating. 

The effect of pH on the stability of the copper- 
peptide complex was investigated with continual equi- 
librium dialysis against several buffers. The peptide 
had the highest affinity for copper at pH 7.0-8.0, while 
it could hardly be bound to copper under pH 5.0, as 
shown in Figure 6. The maximal copper content bound 
to the peptide was 1.2 mol per peptide molecule at 
pH 7.8. 

Using the in vitro everted intestinal sac procedure, 
it was observed that the copper binding peptide sig- 
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Figure 5 Effect of peptide concentration on copper solubility in a 
buffer with constant phosphate concentration. Under the condition 
of 2.5 mmol/L CuSO4 and 5 mmol/L Na-phosphate buffer (pH 7.0), 
the soluble copper content was measured in the presence of the 
copper binding peptide with concentration of 0-1.2 mg/mL (e e). 

nificantly increased the transport of copper across the 0 . 6 -  
ileal segment of rats compared with casein or casein 
digestive peptides (Figure 7). 
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0 5 10 2 0  4 0  Figure 6 Effect of pH on the stability of the copper-peptide com- 
plex. Equilibrium dialysis was carried out in cellulose tubes using 

Phosphate ( m M )  continual equilibrium dialyzing cell against different 20 mmol/L buff- 
ers as described in Materials and methods. After dialysis for 20 
hours, the copper content of the inner solution was determined by 
atomic absorption spectrophotometry. The closed circle (~-o)  rep- 
resented the copper content that bound to the peptide by the ad- 
dition of copper ions at the respective pH. Buffer systems: pH 3; 
KCI-HCI, pH 4-6; Sodium-acetate, pH 7-9; Tris-HCI, pH 10; NaOH- 
glycine. 

Figure 4 Effect of the copper binding peptide on copper solubility 
in phosphate buffers of variable phosphate concentration. Reaction 
mixture consisted of 2.5 mmol/L CuS04, Na-phosphate buffer (pH 
7.0) with concentration of 0-40 mmol/L containing either 0.5 mg of 
the copper binding peptide (e e) or not (o~o). After 2 hours, the 
soluble copper content was estimated. 
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Figure 7 Effect of the copper binding peptide on the in vitro ileal 
transport of copper in rats. The everted sac was prepared by the 
method of Barr and Riegelman. 16 The copper concentration trans- 
lated to serosal fluid from mucosal fluid was determined by meas- 
uring copper concentrations of both fluids using atomic absorption 
spectrophotometry. The Y-axis represented the copper concentra- 
tion increased in serosal fluid. Each point is the mean +_ SEM of 
seven (copper binding peptide; e e and casein; & - -A  groups) or 
three (casein peptides group; B - - I I )  intestinal sacs. *Significantly 
different from casein group at P < 0.05. 

Discussion 

As for the dietary factors influencing copper absorp- 
tion in the intestinal lumen, it has been reported that 
zinc, 17,18 thiomolybdateJ 9 ascorbic acid, 2° fructose, 21 and 
fiber 22 inhibited copper absorption, conversely amino 
acids, 5,23 nitrilotriacetate, 24 EDTA, 5 and phytic acid 25 
enhanced its absorption. Particularly, Kirchgessner and 
Grassman found that copper-amino acid complexes 
were absorbed to a greater extent than CuSO4. 5 In 
another study, it was reported that copper-histidine 
complexes did not improve copper absorption. 23 High 
protein diets have generally been shown to exert a 
positive effect on copper absorption, 2,26 but not always. 27 

Accordingly, it is assumed that copper absorption 
seems to be greatly influenced by the direct interaction 
between copper and amino acids or macropeptides 
formed during the luminal digestion of dietary protein. 
The uptake of copper by the small intestinal tract may 
depend on the degree of binding strength or solubili- 
zation of copper-amino acid or peptide complexes. 
Judging from the process of protein digestion in the 
small intestine, the copper absorption should be influ- 
enced mainly by peptides rather than free amino acids. 
As ligands of copper, however, dietary peptides reg- 
ulating copper absorption have not yet been found. 

In the present investigation we demonstrated that 
the copper binding peptide extracted and purified from 
the mushroom G. frondosa was an acidic peptide of 
MW 2,240 that consists of 23 amino acid residues. The 
peptide binds specifically to about 1 mol of copper per 
peptide molecule at pH 7.0-8.0. We confirmed that 
this peptide significantly increased the transfer of cop- 
per into the mucosal tissue. Although the present result 

Purification of copper binding peptide: Shimaoka et al. 

of intestinal everted sac experiments in vitro (Figure 
7) is insufficient to prove the increasing effect of the 
copper binding peptide for copper absorption, it is 
certain that the solubility of intra-intestinal copper is 
maintained by the existence of the copper binding 
peptide. As a result, luminal copper ions can be ab- 
sorbed into mucosal cells with high efficiency by a 
passive type transport. It is supported by the fact that 
we confirmed in in vitro studies that the amount of 
soluble copper was obviously increased when a mixture 
of the peptide and copper ions was added to a solution 
containing phosphate, though copper generally is pre- 
cipitated and changes into an insoluble state in the 
physiological environment (Figures 4 and 5). 

CPP, 28,29 phosvitin, 3° and glutathione 7 have been 
known to influence calcium or iron absorption. Espe- 
cially, Naito et al. definitely demonstrated the in vivo 
formation of CPP, solubilization of calcium in the small 
intestinal lumen, or enhancement of calcium absorp- 
tion in the presence of CPP. 9 They also suggested 
through the structural research that phosphoserine res- 
idues of CPP molecules might contribute to the solu- 
bilization of calcium. 31 

When the relationship between copper solubiliza- 
tion and absorption by the copper binding peptide is 
argued, the structural characteristics of the copper 
binding peptide come into question. Certainly the sol- 
ubilization of a mineral in the lumen should be the 
first step in promoting the mineral bioavailability be- 
fore it can be absorbed. But the increase of the soluble 
copper in the small intestinal lumen may not neces- 
sarily enhance copper absorption. Because, when the 
ligand binding force is very strong, copper absorption 
might be inhibited even if copper is dissolved. In fact 
Sato et al. showed that phosphopeptides derived from 
luminal digestion of the iron binding egg yolk protein 
inhibited iron absorption due to its tight binding to 
iron. 3° However, our results show that the binding 
force of the copper binding peptide is not so strong as 
to inhibit copper absorption. Therefore copper solu- 
bilization by the peptide appears to be very significant 
for the enhancement of copper absorption. 

As shown in Table 2, the copper binding peptide 
does not contain cysteine and histidine, which have 
been proved to possess a high affinity for copper, and 
phosphoserine, which is observed in CPP and phosvi- 
tin. But this peptide is characterized by four amino 
acid residues, namely Asp, Glu, Set, and Gly, which 
account for about 84% of total residues. Therefore, 
we speculate that these four amino acids may be con- 
cerned with copper solubility and binding, though fur- 
ther detailed investigation on primary structure of the 
peptide is required to elucidate the copper binding 
site. 

Recently, a nonphosphorylated compound, syn- 
thetic polyglutamate was approved to have a soluble 
effect to calcium phosphate similar to CPP. 32,33 The 
extremely anionic property of this polypeptide may be 
applicable to the recognition of character of the copper 
binding peptide except for the difference of binding 
metal. 
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Investigation of the direct effect of peptides on var- 
ious mineral absorption gives very significant infor- 
mation showing that copper absorption is greatly 
influenced by the copper binding peptide that we re- 
ported in this paper. Further studies are being under- 
taken in vivo and in vitro to investigate the mechanism 
of copper absorption enhanced with copper binding 
peptide. 

References 

1 Forbes, R.M., Weingartner, K.E., Parker, H.M., Bell, R.R., 
and Erdman, J.W. Jr. (1979). Bioavailability to rats of zinc, 
magnesium and calcium in casein-, egg- and soy protein-con- 
taining diets. J. Nutr. 109, 1652-1660 

2 Greger, J.L. and Snedeker, S.M. (1980). Effect of dietary 
protein and phosphorous levels on the utilization of zinc, cop- 
per and manganese. J. Nutr. 110, 2243-2253 

3 Cousins, R.J. and Smith, K.T. (1980). Zinc-binding properties 
of bovine and human milk in vitro: influence of changes in 
zinc content. Am. J. Clin. Nutr. 33, 1083-1087 

4 Hallberg, L. (1981). Bioavailability of iron in man. Annu. Rev. 
Nutr. 1, 123-147 

5 Kirchgessner, M. and Grassman, E. (1970). The dynamics of 
copper absorption. In Trace Element Metabolism in Animals, 
(C. F. Mills, ed.), p. 227-286, Livingstone, Edinburgh, Scotland 

6 Wapnir, R.A., Khani, D.E., Bayne, M.A., and Lifshitz, F. 
(1983). Absorption of zinc by the rat ileum: affects of histidine 
and other low-molecular-weight ligands. J. Nutr. 113, 1346- 
1354 

7 Layrisse, M., Martinez-Torres, C., Leets, I., Taylor, P., and 
Ramirez, J. (1984). Effect of histidine, cysteine, glutathione 
or beef on iron absorption in humans. J. Nutr. 114, 217-223 

8 Hempe, J.M. and Cousins, R.J. (1989). Effect of EDTA and 
zinc-methionine complex on zinc absorption by rat intestine. 
J. Nutr. 119, 1179-1187 

9 Naito, H. (1986). Significance of processing in industrialized 
countries. Searches for the diverse roles of foods. In Proceed- 
ings X l l l  Intl. Congress o f  Nutrition, (T.G. Taylor and N.K. 
Jenkins, eds.), p. 771-774, John Libbey, London, UK 

10 Mason, K. (1979). A conspectus of research on copper metab- 
olism and requirements of man. J. Nutr. 109, 1979-2066 

11 Davis, G.K. and Mertz, W. (1986). Copper. In Trace Elements 
in Human and Animal Nutrition, 5th ed. (W. Mertz, ed.), p. 
301-364, Academic Press, New York, NY, USA 

12 Meisch, H.-U., Scholl, A.-R., and Schmitt, J.A. (1981). Cad- 
mium as a growth factor for the mushroom Agaricus abrupti- 
bulbus (Peck) kauffmann. Z. Naturforsch. 36, 765-771 

13 Fields, R. (1971). The measurement of amino groups in pro- 
teins and peptides. Biochem. J. 124, 581-590 

14 Andrews, P., (1964). Estimation of the molecular weights of 
proteins by Sephadex gel-filtration. Biochem. J. 91, 222-233 

15 Meisch, H.-U., Beckman, I., and Schmitt, J.A. (1983). New 
cadmium-binding phosphoglycoprotein, cadmium-mycophos- 
phatin, in the mushroom, Agaricus macrosporus. Biochim. 
Biophys. Acta 745, 259-266 

16 Barr, W.H. and Riegelman, S. (1970). Intestinal drug absorp- 
tion and metabolism I: Comparison of methods and models to 
study physiological factors of in vitro and in vivo intestinal 
absorption. J. Pharm. Sci. 59, 154-163 

17 Cousins, R.J. (1985). Absorption, transport, and hepatic me- 
tabolism of copper and zinc: special reference to metallothi- 
onein and ceruloplasmin. Physiol. Rev. 65, 238-309 

18 Hoffman, H.N., Phyliky, R.L., and Fleming, C.R. (1988). 
Zinc-induced copper deficiency. Gastroenterology 94, 508-512 

19 Dick, A.T., Dewey, D.W., and Gawthorne, J.M. (1975). 
Thiomolybdates and the copper-molybdenum-sulphur interac- 
tion in ruminant nutrition. J. Agric. Sci. 85, 567-568 

20 Johnson, M.A. and Murphy, C.L. (1988). Adverse effects of 
high dietary iron and ascorbic acid on copper status in copper- 
deficient and copper-adequate rats. Am. J. Clin. Nutr. 47, 96- 
101 

21 Fields, M., Holbrook, J., Scholfield, D., Smith, J.C., Reiser, 
S., and Los Alamos Medical Research Group (1986). Effect 
of fructose or starch on copper-67 absorption and excretion by 
the rat. J. Nutr. 116, 625-632 

22 Kelsay, J.L., Jacob, R.A., and Prathers, E.S. (1979). Effect 
of fiber from fruits and vegetables on metabolic responses of 
human subject. III. Zinc, copper and phosphorous balances. 
Am. J. Clin. Nutr. 32, 2307-2311 

23 Gollan, J.L. and Deller, D.J. (1973). Studies on the nature 
and excretion of biliary copper in man. Clin. Sci. 44, 9-15 

24 Keen, C.L., Saltman, P., and Hurley, L. (1980). Copper ni- 
torirotriacetate: a potent therapeutic agent in the treatment of 
a genetic disorder of copper metabolism. Am. J. Clin. Nutr. 
33, 1789-1800 

25 Lee, D.Y., Schroeder, J., and Gordon, D.T. (1988). Enhance- 
ment of Cu bioavailability in the rat by phytic acid. J. Nutr. 
118, 712-717 

26 Davis, P.N., Norris, L.C., and Kratzer, F.H. (1962). Interfer- 
ence of soybean proteins with utilization of trace minerals. J. 
Nutr. 77, 217-223 

27 Turnland, J.R., Michel, M.C., Keyes, W.R., Schultz, Y., and 
Margen, S. (1982). Copper absorption in elderly men deter- 
mined by using stable 65Cu. Am. J. Clin. Nutr. 36, 587-591 

28 Manson, W. and Annan, W.D. (1971). The structure of a 
phosphopeptide derived from casein. Arch. Bioch. Biophys. 
145, 16-26 

29 Naito, H., Kawakami, A., and Imamura, T. (1972). In vivo 
formation of phosphopeptide with calcium-binding property in 
the small intestinal tract of the rat fed on casein. Agric. Biol. 
Chem. 36, 409-415 

30 Sato, R., Noguchi, T., and Naito, H. (1987). The effect of 
feeding demineralized egg yolk protein on the solubility of 
intra-intestinal iron. Nutr. Rep. Intl. 36, 593-602 

31 Sato, R., Noguchi, T., and Naito, H. (1983). The necessity for 
the phosphate portion of casein molecules to enhance Ca ab- 
sorption from the small intestine. Agric. Biol. Chem. 47, 2415- 
2417 

32 Termine, J.D. and Posner, A.S. (1970). Calcium phosphate 
formation in vitro. I. Factors affecting initial phase separation. 
Arch. Biochem. Biophys. 140, 307-317 

33 Naito, H. (1987). Intestinal protein digestion and bioavailabil- 
ity with special reference to casein phosphopeptide on Ca 
absorption. Bifidobacteria Microflora 6, 1-6 

38 J. Nutr. Biochem., 1993, vol. 4, January 


