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Introduction

Alpha-fetoprotein (AFP) is a tumor-associated fetal 
glycoprotein (i.e., oncofetal protein) that serves as a serum 
ligand carrier transporter that also functions in the regulation 
of both ontogenic and oncogenic growth. The oncofetal protein 
is composed of 609 amino acids including a 19 amino acid NH2- 
terminal leader sequence segment [1]. AFP is a 69 kD single chain 
glycoprotein with 4.0% carbohydrate residues linked via N-glycan-
associated amino acids. Mammalian molecular AFP has been 
reported to be a V-shaped three-domain cysteine-rich translated 
protein belonging to the albuminoid gene family consisting of 
5 members: these include albumin (ALB), alpha-albumin, AFP, 
Vitamin-D binding protein, and the ARG-protein [2]. During fetal 
development, the single chain polypeptide is first synthesized 
in the fetal yolk sac and then in fetal liver and gastrointestinal 
tract during the course of mammalian pregnancy. In juvenile and 
adult life, AFP is synthesized and expressed in hepatoblastomas, 
hemangiomas, hepatomas, and germ cell tumors. It is the dual 
characteristic of its presence in the embryo/fetal compartment  

 
and in adult malignant tumors which has enabled AFP to serve as 
an oncofetal serum biomarker for pregnant, pediatric, and adult 
clinical patients [3,4]. AFP was the first protein to be employed 
as a clinical tumor marker and has remained the “gold standard 
marker for liver cancer since the late 1960s.

Objectives

The purposes and objectives in the present review and meta-
analysis are three-fold in purpose. First, this review was intended 
to provide an all-inclusive compendium of the multiple and varied 
ligands capable of binding to mammalian AFPs. However, present 
day biomedical literature is devoid of a single comprehensive 
survey reference source detailing all presently known ligands that 
bind AFP as a carrier transport protein. Such ligands include the 
following: 1) bilirubin; 2) fatty acids; 3) estrogenic compounds 
including flavonoids and synthetic steroids; 4) dyes; 5) toxins; 6) 
retinoids; 7) thyroid hormones; 8) commercial drugs; 9) heavy 
metals; and 10) plant and insect lectin agglutinins. Although not 
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enumerated and described in the many literature reports, the AFP-
bound ligands total nearly 50 different bio-compounds. Secondly, 
the binding association/dissociation constants and binding site 
numbers on the AFP polypeptide, if reported, have presently been 
listed and enumerated in five text (Tables 1). Thirdly, many of the 
human methodologies and assays employed to identify, detect, 

and assay the ligands bound to AFP are discussed when such 
information was available. In summary, the surveyed information 
on ligand-binding to AFP should provide a valuable resource to 
the scientific community at large in attempting to more clearly 
elucidate the many biological activities of mammalian AFP.

Table 1: Bilirubin, Estrogen, and Fatty Acid Binding to Mammalian Alpha-fetoproteins Derived from Mice, Rats, Bovine, and Humans.

Ligand Name Dissociation Constant N# Sites References

1) Bilirubin 1.1X10-6M
2.6X10-7M

1.0
2.0 7,8,9,10,11,12,13,14

2) Estrogens:
(Estradiol, Estrone)

0.8X10-8M
0.3X10-9M

0.3
0.1

14,15,16,17,20,22
23,24,25

3) Non-esterified fatty acids
A) Arachidonate

B) Palmitic
C) Oleic

D) Linoleic
E) Docosahexaenoic

(C14(0) to C22(6))
0.3X10-7M
1.9X10-7M
2.4X10-7M
2.6X10-7M
9.7X10-7M

4-5
0.8
0.9
1.0
0.9

15, 16, 17, 18
20, 23

4) Folic Acid Binding, NR NR 80

5) Low Carbon Alcohols:
A) Methanol
B) Ethanol

C) Propanol

0.66X10-6M
0.71X10-6M
7.23X10-6M

2.6
2.3
1.2

85

6. Synthetic Estrogen Analogue
A. Diethylstilbestrol (DES)

1.5X10-6M
0.2X10-6M 2.0

0.7 22

Alpha-fetoprotein as a Carrier/Transport Protein

A major biological activity of AFP involves the functions of 
binding and carrier/transport of a multitude of ligands including 
both hydrophilic and hydrophobic compounds. In fact, during fetal 
development, AFP serves to function as a ligand shuttle protein 
being capable of entering a cell, delivering and dropping off cargo, 
with the AFP exiting back into the extracellular compartment 
[5]. In this fashion, AFP has been found to bind and transport 
a multitude of ligands including various drugs, dyes, steroids, 
hormones, fatty acids, and many others. An early study [6] 
determined that AFP bound ligands comparable to the Albumin’s 
site-I region (warfarin, phenyl-butazone) and albumin’s site II 
region (tryptophan), but not albumin’s site III region (cholic acid, 
digoxin). This prior study further reported that AFP was capable 
of binding low-carbon alcohols (methanol, ethanol, and propanol) 
depending on the ligands’ hydrophobicity. In addition to the 
ligands discussed above, AFP was also demonstrated to bind 
streptomycin, phenytoin, congo red dye, and 8-anilinonapthalene-
sulfonic acid (ANS). Conversely, AFP was not capable of binding to 
acetyazolamide, tetracycline, and amethopterin (see drug binding 
section below).

Both rodent (mouse/rat) and human AFP have been reported 
to bind a variety of ligands both hydrophilic and hydrophobic 
in nature. In the case of one organic compound, AFP has been 

demonstrated to bind bilirubin as does its albumin counterpart. 
The ALB binding site for bilirubin was found to be similar to that 
of AFP since both proteins are low affinity, high-capacity blood 
plasma transport/carrier proteins.

Bilirubin Binding to AFP

Bilirubin binding to rat AFP (RAFP) was first reported by 
Versee and Barel in 1978 [7] and later confirmed in a study by 
Berde et al the following year [8]. The latter study demonstrated 
that Bilirubin exhibited both a strong binding site and a weaker 
one on RAFP (See (Table 1) for binding dissociation constants). 
It was the team of Ruoslathti et al., [9] that further established 
the binding of bilirubin to human AFP (HAFP) at a single site in 
contrast to 2 sites on RAFP. However, a later study was able to 
elucidate that HAFP was indeed capable of binding bilirubin 
at one dominant site but also with a 2nd minor site of lower 
affinity [10]. In 1979, Aoyagi et al., [11] employed fetal-derived 
versus hepatoma-derived HAFP to demonstrate that both derived 
sources of AFP molecules bound bilirubin at a major site and a 
lesser minor site [12]. Subsequent studies on the competitive 
binding of bilirubin can be found in References [13] and [14]. A 
further study reported that neither the estrogen/fatty acid, nor 
the retinoid binding sites on RAFP were in competition with the 
major bilirubin binding site (15].
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Fatty Acids in Competition with Estrogen Binding to 
AFP

It was discovered early in the 1970s that the binding of 
estrogens (estradiol, estrone) to rodent AFP showed the presence 
of a competitive inhibitor of estrogen which was not bilirubin 
[15,16]. The competitive inhibitor was further characterized as a 
non-polar, non-phenolic, dialysable, and thermostable substance. 
The serum competitor of the estrogen binding to RAFP was 
subsequently identified as a class of non-esterified long chain 
polyunsaturated fatty acids (PUFAs) from both fetal and pregnant 
rat sera and amniotic fluid [17] (Table 1). Such PUFAs included 
arachidonic, palmitic, oleic, linoleic, and docosahexaenoic acid, 
which were fatty acids ranging from carbon chains- C14 to C22 
[17]. It is noteworthy that some of these fatty acid inhibitors 
bound to AFP even after intense purification and that the binding 
dissociation constants remained relatively high (10-7M). Finally, 
it is of interest that both human and bovine AFPs also displayed 
the similar PUFA inhibitory ligands as did the rodent AFPs [10].

The estrogen binding sites on rodent AFP were shown to 
display high binding dissociation constants equal or greater than 
those of the PUFAs [14]. While docosahexaenoic acid showed the 
highest affinity constant for AFP among the PUFAs (9.7 X 10-8 M 
‘compared to 10-7M) for other fatty acids, the estrogens’ affinity 
constants were 1 X 10-8M or more (estradiol and Estrone) [18]. It 
is of interest that rodent ALB does not bind estrogens whatsoever 
[19]. Although Arachidonic (C20:4) and docosahexaenoic (C22:4-
6) acids are weaker binding ligands for mouse AFP (0.3 X 10-7M), 
they serve as efficient concentration-dependent inhibitors of 
estrogen binding to mouse AFP [20]. Interestingly, estradiol has 

been characterized as a high affinity, low-capacity ligand (0.8 X 10-
8M) with 0.3 sites sites/mole of rodent AFP. None of the studied 
actions with rodent AFP were modified by bilirubin competitive 
binding even at high doses. It is important to note that full-length 
Human AFP does not bind estrogens (estradiol and estrone) in 
contrast to rodent AFP .(see concluding statements).

Diethylstilbesterol (DES) is a synthetic estrogen analogue 
previously used in human reproduction clinics [21]. DES was 
found to bind Human AFP, but with a weaker affinity than rodent 
AFP [22]. As discussed above, rodent and human AFP binding to 
estrogens are inhibited by endogenous hydrophobic compounds 
such as arachidonic and docosahexanoic acid and as such, it is also 
true for DES. The DES synthetic estrogen analogue binds to rodent 
AFP and display both low affinity and low capacity sites (0.2 X 
10-7M and N = 0.7/mol of AFP), [20]. Arachidonic acid readily 
displaces both E2 and DES on rodent AFP due to the fact that these 
three components are able to compete with one other for binding 
to Rodent AFP. Estrogenic hormones , which normally compete 
with fatty acids for the high affinity binding site on rat AFP, were 
found unable to displace arachidonic acid bound to the human 
AFP at a single high affinity site and several low affinity sites [23]. 
Although human AFP does bind DES, rodent AFPs are also able 
to bind the synthetic estrogen with both low affinity and a high 
capacity (Ka = 1.5 X 10-6M at 2 sites/mol of RAFP) [19]. These 
data are noteworthy in that human AFP does indeed bind DES and 
had been used to treat women with a history of reduced fertility 
and miscarriages between 1940 to 1971 [21]. Furthermore, DES 
had also caused genital abnormalities and abnormal semen levels 
in males exposed to DES in clinical studies.

Binding of Alpha-fetoprotein to Bioflavonoids and Phytoestrogens
Table 2: Phytoestrogen, Flavonoids, and Isoflavonoid Binding to Mammalian Alpha-fetoprotein.

Ligand Name Dissociation Constant #Sites per Mole References

Phytoestrogens
(Lignans)

Enterolactone
Enterodiol

Nordihydroguaiaretic Acid (NDGA)
Equal

Coumetarol

1.7X10-5M
2.2X10-5M
1.2X10-5M

6.7X10-6M
5.0X10-6M

NR
NR
NR

NR
NR

24,25,26,27,28

Flavonoids (Bioflavonoids)
Quercetin
Flavanone
Naringenin

Isoflavinoids
Daidzen

Genistein
Bisphenol-A

5.0X10-7M
5.1X10-7M
5.4X10-7M

5.0X10-6M
5.2X10-6M
5.0X10-6M

NR
NR
NR

NR
NR
NR

24,27

Rutin
Chrysin

Myricetin
Morin
Fizetin

Moderate
Binding

Occurs but
No metrics
Reported

-
-
-
-
-

26,27
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Bioflavonoids and phytoestrogen (environmental estrogens) 
are a group of natural plant, tea, and wine compounds with 
variable polyphenolic structures which are also found in fruits, 
vegetables, grains, and other plant substances. Flavonoids 
have a 15- carbon skeleton consisting of two phenyl rings and 
a heterocyclic ring (Table 2-4). Bioflavonoids are capable of 
influencing hormone action in mammals [24] and can affect growth 
of steroid-dependent breast and prostate tumors in addition to 
inducing abnormal development of steroid-sensitive tissues. 
Furthermore, bioflavonoids and isoflavinoids (at dietary levels) 
can inhibit estrogen binding to rodent AFP [25]. Phytoestrogen-

like lignames, such as enterolactone, enterodiol, and equal also 
demonstrate inhibitory action on the binding of both estrogens 
and fatty acids to rodent and human AFP [26], (Table 4). As a 
further action, some phytoestrogen binding to AFP can induce a 
conformational change in the AFP molecule. Although RAFP binds 
estrogen at dissociation constants of 10-8M to 10-9M, flavonoids 
and phytoestrogens are known to display Kds of 10-6M to 10-
7M, as seen with both Daidzein and Genistein [24,27]. Finally, it 
is of interest that some flavonoids such as “Quercetin” has been 
reported to display anti-proliferative activities in cell culture 
cancer studies [28].

Table 3: Retinoids, Thyroid Hormone, Dyes, and Toxin Binding to Mammalian Alpha-fetoprotein.

Ligand Name Dissociation Constants N# Sites per Mole References

Retinoids
Retinol

(Vitamin-A)

4.0X10-6M
2.6X10-6M 1.0

1.0 14, 35,36,23

a) L-thyroxine
b) L-tetra

iodothyronine

0.82X10-5M
5.20X10-6M
1.7X10-6M
1.3X10-6M

1.0
1.0

2.0

Dyes
A) Cibacron Blue

(F3G-A)
B) Procion-Red

(HE-3B)
C) 8-anilino-napthlene-1-

Sulfonate (ANS)
D) Congo Red

Not Reported

Not Reported

2X10-4M
2X10-6M

Not Reported

-

1.4
1.0

16,29,30

31,32-33

Indoles
A) Seratonin
B) Melatonin

C) Indolyl-
3-Acetic Acid

All indoles were non-binding for AFP 37, 38

6. Mycotoxin (aspergillus flavus)
A) Aflatoxin
B) Gossypol

3.7X10-5M

1.75X10-6M

4.0

NR

34

69

Table 4: Pharmaceutical Drugs Binding to Mammalian Alpha-fetoproteins Derived from Mice, Rats, and Human. Note: Binding metrics were not 
always reported in these studies.

Ligand Name Dissociation Constant N# Sites per Mole References

Phenylbutazone
Warfarin

L-tryptophan methyl Ester
Streptomycin

Phenytoin
Azapropazone

0.37X10-6M
1.40X10-6M
0.91X10-6M
6.90X10-6M
0.31X10-6M
0.86X10-6M

3.4
1.6
2.2
1.3
3.9
0.4

6, 37,38

Acenocoumarin
4-hydroxycoumarin

Mefenamic acid
Flufenamic acid

Tolbutamide (sulfonamides)
Acetylsalicylic acid (analgesic)

Diazepam
Digitoxin

Cholic acid

Binding, NR
Binding, NR
Binding, NR
Binding, NR
Binding, NR
Binding, NR
Non-Binding
Non-Binding
Non-Binding

-
-
-
-
-
-
-
-
-

37, 38
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Dye and toxin Binding to Alpha-fetoprotein

It is of interest that various dye and toxin binding to AFP have 
been reported in the literature as early as 1978. Displacement 
experiments of bound radiolabeled estradiol with various 
dye compounds were used to investigate the specificity of the 
estrogen-binding site on rodent AFP. The fluorescent dye 8- 
anilinonaphthalene -1- sulfonate (ANS) was found capable of 
displacing estradiol binding to AFP at physiological concentrations 
[16]. In comparison, an early study by Cittanova et al., [29] 
reported that ANS displayed an association constant of 2 X 10-6 
for dye binding to AFP. Further studies of AFP dye binding have 
utilized affinity chromatography columns utilizing triazine dyes 
such as Cibacron Blue F3G-A, congo red, and Procion-red HE-3B 
that bind human AFP [30-33]. Lastly, in a non-related separate 
study it was demonstrated that rat AFP was capable of binding 
aflatoxin, B1, a non-dye carcinogenic mycotoxin from the plant 
fungus Aspergillus flavus [34]. This fungal toxin is known to cause 
acute liver damage.

Binding of Retinoids, Indoles, and Thyroid Hormones 
to Alpha-fetoproteins.

Studies have demonstrated that rat AFP displays binding 
sites for three different and distinct classes of compounds that 
include: (1) retinoids including retinol, vitamin-A, and thyroid 
hormones; (2) fatty acids (Arachidonic acid) and estrogens 
(estradiol, estrone); and (3) indoles and tryptophan methyl esters 
[14]. The retinoids displayed a disassociation constant of 4X 10-
6M with one binding site on HAFP, while thyroid hormone binding 
affinity occurred at 0.8X10-5M for thyroxine and 1.7 X 10-4 M 
for triiodothyronine [35]. In comparison, estradiol displays one 
high affinity binding site on RAFP (1X10-8M), while Arachidonic 
acid displayed one high affinity site (2 X 10-7M) and multiple 
low affinity sites at 1.5 X 10-6M (14 [36]. It is noteworthy that 
the rodent AFP binding sites described above are quite distinct 
from the previously reported bilirubin binding site. It was also 
clearly shown that, in contrast to rat Albumin, neither rodent 
nor human AFP was capable of binding indoles such as serotonin 
and melatonin [36]. Finally, it was reported by Aussel & Myasseff 
[13,23] that the individual binding site locations of the three 
ligand, (i.e.), a) retinoids, b) fatty acids and estrogens, and 3) 
metals and tryptophan esters were located on and reflected the 
three domain molecular structure of full- length AFP. 

Drug Binding Properties of Alpha-fetoprotein

The drug binding properties of human and rodent AFP were 
investigated by standard photometric and fluorescence- spectral 
methods. As noted above, human AFP bound pharmacologic 
drugs at two of the three major sites comparable to those of 
human ALB. HAFP bound warfarin and phenlbutazone at ALB 
site-I and tryptophan at ALB site-II but did not bind cholic acid 
and digoxin at the comparable ALB site-III [6]. Moreover, cord 
serum-derived HAFP was further capable of binding Congo Red 

and ANS dyes, in addition to the low-carbon alcohols denoted 
above (Table 1). Rodent AFP is also capable of binding warfarin 
and phenylbutazone at two additional sites [37]. The warfarin 
site is also specific for the binding of coumarin and anthranilic 
drugs, whereas the phenylbutazone site binds more hydrophobic 
compounds such as estrogens and fatty acids; however, bilirubin 
is bound at a different distinct site [37,38]. In contrast to HAFP, 
rodent AFP lacks the ALB site-II as well as the ALB site III. Thus, 
RAFP was found to bind warfarin and phenylbutazone, in addition 
to azapropazone, at a site comparable to the ALB site-I exhibiting 
0.5 sites per AFP molecule. Other drugs displacing the rodent AFP 
at the ALB site-I were sodium valproate, cloxacillin, Furosemide, 
and others [37,38] (Table 4).

Binding of Heavy Metals to Alpha-fetoprotein

 The binding of heavy metals to AFP has been reported in the 
literature for the last 4 decades. An early study by Toyagi in 1978 
[39] demonstrated that umbilical cord-derived HAFP could bind 
1.0 mol of copper (III) ion per mol of protein at a pH range of 5.4 to 
6.0. This range approximates the pK value of the imidazole group 
of histidine. Human AFP derived from amniotic fluid was further 
shown to bind zinc [40]. Subsequent purification of rat AFP was 
shown to be accomplished by means of a copper chelate column 
[41]. In a later study the total number of zinc binding regions 
on human AFP was demonstrated to occur at 16 different sites 
in which 4-5 of those sites were of moderately high affinity with 
Kds being 6.8 X 10-6M [42]. These latter authors showed that the 
zinc binding sites on HAFP were also capable of binding calcium, 
copper, and lead, while Anderson et al., [43] showed that HAFP 
could be purified on nickel as well as copper (but not cobalt) 
affinity columns. It is germane to this discussion that increased 
levels of zinc in the amniotic fluid of fetuses with neural tube 
defects approximated the high fluid levels found for AFP [40,44]. 
Finally, increased levels of serum AFP, correlating with copper 
and zinc levels have also been employed to serve as metallic 
barometers in hepatocellular carcinoma- bearing patients [45,46].

Lectin Binding to Alpha-fetoprotein

 Both rodent and human AFP have been found to differ 
individually in their carbohydrate glycan forms and in their sialic 
acid content. The microheterogeneity of all three mammalian 
AFP (rat, mouse, human) molecules have been studied by a 
variety of separation methodologies using various lectins as 
carbohydrate (sugar chain) binding proteins [47]. The lectins 
are derived from plants and insects and bind specific sugar 
groups on certain protein molecules which cause agglutination 
of cells containing glycoconjugates and polysaccharides [48]. 
The various lectins that bind AFP and their source of origin (in 
parenthesis) are the following: Concanavalin-A (Jack Bean) [49]; 
Ricinus communis (Castor bean) [50]; Allomyrina dichotoma 
(beetle hemolymph) [51]; Phaseolus vulgaris (French bean) [51]; 
Lentil agglutinin (lentil plants) [52]; Lens culinaris (lentil bean) 
[53]; Pisum sativum (peas plants) [54]; Erthro-agglutinating 
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phytohemagglutinin (legume plants) [55]; Erythrina cristagalli 
(legume stems) [56]; Cephlosporium curvulum (Pathogenic fungi) 
[57]; peanut agglutinin (Arachis hypogea) [58], and Datura 
stramonium (Jimsen weed) [59] (Table 3). The AFP separation 
methodologies employed to separate and identify lectin binding 
of AFP are included as follows: lectin affinity and immune-
absorbent chromatography, preparative PAGE electrophoresis, 

2-dimensional affinity electrophoresis, and mixed lectin 
electrophoresis [60]. In addition to the agglutination and cell 
recognition functions, lectins have been employed to induce 
mitogenic blast transformation in cultured leucocytes. There are 
certain lectins that do not exhibit any interaction with AFP such as 
the following: Ulex, Lotus, and Wheat Germ lectins [61] (Table 5).

Table 5: Lectin Binding to Mammalian Alpha-fetoprotein. Note: No binding metrics were reported.

Ligand Name Plant/Insect Source Clinical Application References

Lectins
(mitogens)

1. Concanavalin

2. Pisum sativum
3. Allomyrina dichotomia

4. Ricinus communis

5. Phaseolus vulgaris
6. Lentil agglutinin

7. Lens culinaris

8. Erythrina cristagalli
9. Cephlasporium curvulum

10. Peanut agglutinin

11. Erythroagglutinin phyto-
hemagglutinin

12. Datura stramonium

Jackbean

Peas plant
Beetle Hemolymph

Caster Bean

French Bean
Lentil plant
Lentil bean

Legume plants
Pathogenic fungus

Arachis hypogea plant
Legume plant

Jimson weed

Turner’s syndrome, neural tube defects, fetal 
death

HCC vs liver disease
HCC vs liver disease

Liver,gastric cancer, yolk sac tumors Hepati-
tis/cirrhosis

Liver cancer , tyrosinemia
HCC vs liver disease, tyrosinemia

Renal cancer, chromosomal defects HCC vs 
liver disease, tyrosinemia

Gastrointestinal cancer, yolk sac tumor

Breast cancer, growth inhibitor

RBC clumping, liver cancer, yolk sac tumor
Liver and other cancers

50,51,52,53,54,62,65,66,70
47,48,
49,50
51,52

53,54,55,56
57,58,59,60

61
62,63,64,65

66

Hence, one source of the microheterogeneity of mammalian 
AFPs can be traced to its lectin affinity for various N-linked 
oligosaccharides containing beta-galactose, mannose, and 
N-acetylglucosamine [62]. The sugar chain (carbohydrate) 
structure of some tissue/tumor derived AFPs were found to 
contain a monosialyl-bicentennary sugar chain with additional 
fucosylation at the proximal N-acetylglucosamine [63]. The various 
altered gycoforms of AFP are due to their different carbohydrate 
structural sugar moieties found in rodent and human AFPs [61]. 
Several different AFP glycoforms have been detected, identified, 
and isolated from AFPs which are associated with various human 
disease states [64]. Some HAFP glycoform entities appeared to 
resolve into 5-6 forms numbered from L1 to L6 [65] with the 
L3 being the most utilized AFP glycoform for use in the clinic. 
For example, the L3 glycoform of HAFP has been employed in 
the clinical assays to differentiate between liver cancer versus 
benign liver disorders such as cirrhosis and hepatitis [53]. AFP 
subfractions which were non-reactive with certain lectins were 
found to contain the galactosialyl forms, while AFP- reactive 
subfractions were of monogalyectosidyl and diagalactosyl forms 
[66]. The lectin-reactive versus the lectin non-reactive AFP forms 
have been employed to detect and identify various human diseases 
and disorders such as hepatomas, yolk sac tumors, metastatic 
gastric tumors, germ cell tumors, pancreatic cancer, and various 
fetal malformations.

Concluding Statements and Summary

The many types of ligands bound by AFP have been studied 
and reported since 1970. However, no one report and/or team 
of researchers have attempted to chronicle the total number 
and different types of ligands that AFP is capable of binding to 
date. Although one of the first ligands reported to bind AFP was 
bilirubin, it was reported thereafter that estrogenic steroids, such 
as estradiol and estrone, were strongly bound by rat and mouse, 
but not human AFP. Subsequently it was reported that rodent AFP 
displayed natural competitive inhibitors of estrogen binding to 
rodent AFP, which were later identified as polyunsaturated fatty 
acids (PUFAs). Even though human AFP does not bind estrogens, 
HAFP does bind all the PUFAs that bind to rodent AFP. Moreover, 
the unfolded human AFP molecule does bind estrogens at an occult 
site concealed in a molecular crevice of the normally-folded HAFP 
molecule. This hidden site is exposed following a conformational 
change in the AFP molecule. The conformational change can be 
induced by intercellular environments of high concentrations of 
fatty acids, estrogens, and growth factors [67,68]. When many of 
the major ligand binding sites of AFP gradually become known, 
it was logical to compare these binding regions to those already 
known for the three major binding sites on rodent and human 
albumin. Many of the AFP and ALB binding sites were determined 
to be high capacity, low affinity binding sites which are essential 
for the on-off loading function of serum carrier/transport 
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proteins. In comparison to ALB binding sites, AFP utilized the 
ALB-like binding sites I and II, but did not utilize the comparable 
ALB site-III for the binding to other ligands (see ref. 6 above).

It was later reported that mammalian AFPs could bind 
synthetic estrogen analogues, such as DES, as well as plant 
estrogenic compounds which included both the bioflavonoids 
and phytoestrogens [69-73]. These compounds were identified 
using AFP-ligand displacement experiments. The bound labeled- 
estradiol displacements by phytoestrogens reinforced the concept 
that AFP could strongly bind ligand compounds that displayed the 
rigid structure of the oestratriene skeleton (i.e., estrone, estradiol). 
Binding to AFP has not been observed with compounds of a more 
flexible structure, as found with hexestrol and bisphenol [16]. As 
a final notation, chemical modification of the cysteine residues 
on AFP resulted in little effect on AFP binding to estrogenic 
compounds suggesting that the estrogen binding site on AFP did 
not contain cysteine amino acid resides [7].

Subsequent binding site displacement experiments on AFP 
binding to estrogens led to the use of competition studies involving 
dyes, toxins, retinoids, and thyroid hormone binding to the fetal 
protein. Such studies revealed three separate and distinct binding 
regions representing each of the three domains of AFP [14]. These 
binding regions encompassed three individual group sites for; 1) 
retinoids; 2) polyunsaturated fatty acids and estrogens; and 3) 
dyes, metals, and tryptophan methyl esters. In the following years, 
some investigations led researchers to uncover the ability of AFP, 
(similar to Albumin), to bind a multiplicity of synthetic drugs 
developed by the pharmaceutical industry [74-78]. Such drugs 
included warfarin and phenylbutazone and included the binding 
of coumarinic, anthranilic, and hydrophobic drugs [6]. These 
compounds were reported to bind AFP at the site comparable to 
the ALB site-I; such binding further included drugs such as sodium 
valproate, cloxacillin, furosemide, and others [37,38].

In the decades of the 1970-1990s, published reports 
revealed that human AFP could readily bind heavy metals such 
as copper, nickel, lead, and zinc [39,41-43]. Such studies further 
demonstrated that the high levels of metals in the amniotic 
fluids during development correlated with the increased levels 
of AFP, especially in fetuses with developmental abnormalities 
[40]. The metal-binding properties of AFP was further utilized 
in the construction of chelated metal affinity columns to purify 
mammalian AFPs [41,43]. Finally, the discovery of lectin agglutinin 
binding of AFP to a multitude of plant and insect-derived lectins 
opened a new vista to A) purify and separate glycoforms of AFP, 
and B) to harness such altered AFP glycoforms for use in clinical 
assays. For example, the separated AFP glycoforms used in 
clinical assays was utilized to differentiate primary liver cancer 
from other benign liver disorders, such as cirrhosis and hepatitis. 
The lectin-AFP interaction assays in one/study demonstrated 
that the quality control assay metrics showed 86% accuracy, 
96% specificity, 82% sensitivity, 98% predictive values, and 
82% positivity for hepatocellular carcinoma [79]. In closing, it is 

obvious from the above discussion, that mammalian AFPs bind a 
vast array of ligands for the purpose of carrier transport to target 
tissues and organs throughout the body during development and 
in oncogenic growth [80].
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