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Summary--Rat androgen-binding protein (rABP), human testosterone-binding globulin 
(hTeBG) and rabbit (rb) TeBG are heterodimeric proteins. The source of the heterogeneity 
arises from the differential glycosylation of a common protein core. This glycosylation results 
in a heavy subunit (more glyeosylation) and a light subunit (less glycosylation). Glycosylation 
is one factor responsible for multiple charged species seen when rABP, hTeBG, and rbTeBG 
are analyzed by two-dimensional gel electrophoresis. Enzymatic digestion with the endogly- 
cosidase, peptide: N-glycosidase F indicated that all three proteins have asparagine (Asn)- 
linked oligosaccharides as their major glycan substituent. Treatment with exoglycosidases 
provided evidence for terminal sialic acid, galactose and mannose and N-acetylglucosamine 
residues. About 16-22% of the mass of the heavy subunit and about 8-14% of the mass of 
the light subunit is contributed by carbohydrate. 

Serial lectin chromatography indicated that rABP is glycosylated differently from hTeBG 
and rbTeBG. About 40% of the rABP contains tri and tetraantennary complex oligosacehar. 
ides, while only about 20% of the hTeBG and TeBG from pregnant rabbits contains these 
types of glycans. About 9% of the TeBG from male rabbits bears these types of oligosacchar- 
ides. All of the biantennary complex oligosaceharides on rABP are fucosylated on the 
chitobiose core, but only 8% of those on hTeBG and none of those on rbTeBG are fucosylated 
in this manner. All three proteins are glycosylated at more than one site. The data indicate 
that the proteins may have more than one type of oligosaccharide on them. It is likely that 
differences in glycosylation are responsible for different physiological roles of the proteins. 

INTRODUCTION 

Androgen-binding protein (ABP) was originally 
detected in cytosol prepared from epididymides 
of rats[l] and rabbits[2] in the early 1970s. 
Since that time it has been reported to be 
present in epididymal and testicular extracts of 
several species including man [3-6]. It is now 
known that ABP is produced by the Sertoli cells 
of the testis [7] and makes its way into the 
epididymis via testieular fluid[8]. ABP is 
primarily confined to the epididymal lumen 
although some appears to be taken up by the 
epithelium of the epididymis [9-11]. Testoster- 
one-binding globulin (TeBG), which is also 
referred to by several other names including 
sex-steroid-binding protein (SBP) and sex hor- 
mone binding globulin (SHBG), is found in 
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the blood of humans[12] and several other 
species[13]. TeBG is produced by hepato- 
cytes [14]. Like ABP, evidence for the uptake of 
TeBG by cells has been reported [14, 15] and 
the recent data from Rosner's group[16-17] 
provide evidence that TeBG uptake by the 
prostate is a receptor mediated event. 

Both ABP and TeBG bind androgens with 
high affinity with the greatest affinity being 
for 5~-dihydrotestosterone (5~-DHT) [1, 2, 12]. 
They have very low affinity for the antiandro- 
gens that inhibit binding to the androgen recep- 
tor [17, 18], and their affinity for estradiol varies 
with the species from which the proteins are 
isolated, but it is very low compared to that for 
androgens [2, 4, 5]. We have shown that mono- 
clonal antibodies raised against rat ABP (rABP) 
can crossreact with human (h) and rabbit (rb) 
TeBG [20], emphasizing similarities between the 
proteins. The similarity between these molecules 
is further emphasized by the fact that there is a 
76% sequence identity at the nucleotide level 
between the eDNA of rABP and hTeBG and a 
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68% identity at the amino acid level [21, 22]. 
These latter data indicate that ABP and TeBG 
are the products of a highly conserved gene. 

The major difference between ABP and TeBG 
is in the types of oligosaccharides attached to 
them. The original evidence concerning this 
phenomenon was provided by a study that 
revealed that the chromatographic elution 
pattern of the proteins from immobilized con- 
canavalin A (Con-A) differed [6]. Since evidence 
from several sources indicated that glycosyla- 
tion of glycoproteins is an important factor 
regulating their mechanism of action (for a 
review, see Ref. [23]), we undertook studies to 
analyze the glycans on ABP and TeBG as a 
preliminary step to studies on their struc- 
ture/function relationships. 

EXPERIMENTAL 

Materials 
Rat ABP and hTeBG and rbTeBG were 

purified using an affinity column consisting of 
6-(5~-androstan- 17fl-hydroxy- 17~-yl) hexanoic 
acid linked to Sepharose CL-4B as described 
previously [24, 25]. Nonpurified rABP, hTeBG 
and rbTeBG were also used in some studies. 
[ I, 2 - 3H] 17fl - hydroxy - 4- 6, - androstadien- 3 - one 
(60Ci/mmol) and [1,2-3H]5~-androstan-17fl - 
hydroxy-3-one (5~-DHT), (50.8 Ci/mmol), were 
purchased from DuPont/NEN (Boston, MA). 
Isoelectricfocusing, electrophoresis and column 
chromatography supplies were from Bio°Rad 
(Richmond, CA). Con-A conjugated to Sepha- 
rose 4B was obtained from Sigma (St Louis, 
MO); all other immobilized lectins were from 
E.Y. Laboratories, Inc. (San Mateo, CA). 
The endoglycosidases N-glycanase (peptide: N- 
glycosidase F) and O-glycanase (endo-~-N- 
acetylgalactosaminidase) were obtained from 
Genzyme (Boston, MA). The exoglycosidases 
were from Sigma. Other chemicals, reagents and 
supplies were from Sigma, Fisher (Fairlawn, 
N J) or Sarstedt (Princeton, N J). 

Photolysis 
Affinity purified rABP, hTeBG and rbTeBG 

were exposed to [l,2-3H]17fl-hydroxy-4,6- 
androstadien-3-one and u.v. light (4 > 305 nm) 
for 60min and processed as described pre- 
viously [26]. 

Electrophoresis, electrophoretic transfer, im- 
munochemical localization and fluorography 

Denaturing polyacrylamide gel electrophor- 
esis (SDS-PAGE) was used to separate proteins 

according to molecular weight [27]. Two-dimen- 
sional gel electrophoresis was conducted 
according to the method of O'Farrell [28]. The 
first dimension consisted of isoelectricfocus- 
ing and the second dimension consisted of 
SDS--PAGE. In some cases after SDS-PAGE, 
proteins were transferred to nitrocellulose 
sheets [29]. The sheets were processed with a 
monoclonal antibody raised against rABP, 
appropriate secondary antibodies, peroxidase- 
antiperoxidase, and stained with diamino- 
benzadine[20]. Photolabeled samples were 
localized following fluorography [24]. 

Deglycosylation 

Purified rABP, hTeBG and rbTeBG were 
deglycosylated using endo- and exoglycosidases 
or triftuoromethanesulfonic acid (TFMSA) as 
described previously [24, 25]. 

Serial lectin chromatography 

Affinity purified or nonpurified rABP, hTeBG 
and rbTeBG preparations were subjected to 
chromatography on immobilized lectins as de- 
scribed previously [30, 31]. The proteins in the 
column fractions were identified by their ability 
to specifically bind [3H]5~-DHT[30, 31]. The 
androgen-binding proteins that were eluted 
from a given lectin with a haptenic saccharide 
were rechromatographed on other lectins with 
different carbohydrate specificities. 

RESULTS 

The effect of deglycosylation on rABP, hTeBG 
and rb TeBG 

One-dimensional PAGE. When native or 
photolabeled ABP is subjected to SDS-PAGE, 
two bands with Mr of ~ 48,000 and 43,000 can 
be detected (Fig. 1); these bands are present in 
a ratio of about 3:1. The fact that both of the 
promoters can be photoaffinity labeled indicates 
that they both bind steroid. These data 
suggested that ABP is a heterodimer composed 
of two dissimilar subunits. This phenomenon of 
two dissimilar subunits in different proportions 
appears to be a characteristic of androgen- 
binding proteins as it is also seen with hTeBG 
and rbTeBG [25, 32]. The unusually broad 
nature of the two protein bands (especially the 
heavier one) suggested that the protomers might 
be glycosylated and that differences in glycosy- 
lation might account for their different molecu- 
lar weights. 
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Fig. 1. SDS-PAGE of  photoaffinity-labeled rABP. Purified 
rABP was photoaffinity-labeled and analyzed by SDS-  
PAGE and fluorography. Mr, relative molecular weight; 
kDa, kilodaltons. The standard proteins used were 
phosphorylase-B, 97 kDa; bovine serum albumin, 68 kDa; 
ovalbumin, 45 kDa; ct-chymotrypsin, 25 kDa; and 

lysozyme, 14 kDa. 

To explore this possibility, we enzymatically 
deglycosylated rABP and hTeBG and rbTeBG 
using neuraminidase, to remove sialic acid, and 
with N-glycanase, to remove Asn-linked 
glycans, and with O-glycanase, to remove O- 
linked oligosaccharides. The proteins were also 
chemically deglycosylated using TFMSA. Neu- 
raminidase treatment resulted in an increased 
mobility of both the heavy and light subunits 
of all three proteins, indicating the presence of 
sialic acid on them. N-glycanase treatment of 
the proteins resulted in the greatest decrease in 
molecular weight of the protomers. In the case 
of hTeBG and rbTeBG only one subunit of 
approx. 40 kDa was detected after N-glycanase 
treatment. However, with rABP two subunits 
persisted; these had Mrs of 42,700 and 39,100. 
Treatment of the proteins with neuraminidase 
and O-Glycanase caused a somewhat greater 
reduction in apparent molecular weight than 
treament with neuraminidase alone, suggesting 
that, if O-linked sugars are present on the 
proteins, they make a minor contribution to 
their Mr. Deglycosylation with neuraminidase, 
N-glycanase and O-glycanase resulted in a 
single protomer for the TeBGs, but two protein 
bands remained with rABP. Deglycosylation of 

rABP and hTeBG and rbTeBG with TFMSA 
resulted in the appearance of a single subunit 
having an Mr of about 40,000. This should 
represent the completely deglycosylated form of 
the proteins. These data indicate that rABP, 
hTeBG and rbTeBG are actually composed of 
dimers made up of a single protomer that is 
differentially glycosylated. These data are 
presented in Refs [24, 25, 32]. 

Two-dimensional PAGE. To further evaluate 
the microheterogeneity of rABP, hTeBG and 
rbTeBG, the affinity purified proteins were 
analyzed by two-dimensional PAGE. Charge 
variants were separated by isoelectricfocusing, 
and molecular weight variants were separated 
by SDSPAGE.  These procedures were con- 
ducted on native proteins and on proteins that 
had been deglycosylated as described above. 
Both nonlabeled and photoaffinity-labeled pro- 
teins were used in these studies. Figure 2 
summarizes data on the isoelectric points of 
rABP isoforms, rABP purified from two sources 
was used in this study, i.e. from the epididymis 
(eABP) and from the serum of immature rats 
(sABP). We had previously shown [24] that 
sABP had an apparent molecular weight greater 
than eABP. This figure shows that ABP from 
the two sources also varies in the number and 
charge of their isoelectric variants. Although 
ABP from the two sources is affected by the 
deglycosylating enzymes, in no case did treat- 
ment result in identical isoforms for eABP and 
sABP suggesting that the oligosaccharides on 
them differed. None of the treatments, including 
chemical deglycosylation, resulted in a single 
isoform suggesting that substituents other than 
charged sugars might be contributing to charge 
heterogeneity of the proteins. Data similar to 
that obtained with ABP was obtained when 
hTeBG and rbTeBG were analyzed by two-di- 
mensional SDS-PAGE. That is, several charge 
variants were seen with the native proteins and 
none of the methods of deglycosylation pro- 
duced a single charged species [24, 25, 32]. 

The isoelectric point data on rABP, hTeBG 
and rbTeBG are summarized in Table 1. As can 
be noted, rABP has the most acidic charge 
variants and hTeBG has the least. Whether 
there is any functional significance to this obser- 
vation remains to be evaluated. 

The effects of complete deglycosylation on the 
molecular weight of rABP, hTeBG and rbTeBG 
are summarized in Table 2. As can be seen, the 
heavy subunit has a greater decrease in molecu- 
lar mass following complete deglycosylation 
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Fig. 2. Isoelectric points of  ABP isoforms. The pH values of  the isoelectric variants determined by 
two-dimensional PAGE of  control and enzyme-treated ABPs are plotted here. Control, untreated; NEU,  
neuraminidase; N-GLY-  N-glycanase; O-GLY,  O-glycanase; 3 enzymes, neuramin idase+N-g ly -  
canase + O-glycanase; chem, chemical deglycosylation; s, serum ABP; e, epididymal ABP; h, heavy 

subunit; and I, light subunit. Reprinted with permission from Ref. [24]. 

Table 1. Summary of isoelectric point data on ABP and TeBG 

Native 
pl range Deglycosylated b 

pI range, 
Sample Heavy a Light single protomer 

ABP 5.61-6.12 6.01-6.12 5.25-6.20 
hTeBG 5.87-6.55 6.14-6.55 6.37-7.02 
rbTeBG 5.89-6.10 6.10-6.24 6.23-6.55 

aHeavy and light refer to the heavy and light subunits. 
bABP and hTeBG were treated with TFMSA; rbTeBG was treated 

with neuraminidase, O-glycanase and N-glyeanase. 

than the light subunit, indicating that the former 
is more glycosylated than the latter. The mol- 
ecular weight of the completely deglycosylated 
protomer approximates the 40,000 predicted 
from the cDNA of rABP and hTeBTG [21, 22]. 
Based on the molecular weight of the protein 
core, carbohydrate constitutes 16-22% of the 
molecular mass of the heavy subunit and 8-14% 
of that of the light subunit. The heavy subunit 
of sABP appears to be the most heavily glycosy- 
lated with about 22% of its weight being carbo- 
hydrate. The heavy subunit of rbTeBG is the 
least glycosylated with carbohydrate accounting 
for only about 16% of its weight. The light 
subunit of hTeBG and rbTeBG contains 14 and 
11% carbohydrate, respectively, while the light 

subunit of sABP and eABP is about 8% carbo- 
hydrate. These estimates of molecular weight 
are only approximations since glycoproteins run 
anomolously on SDS-PAGE [33]. 

Serial lectin chromatography 

To further evaluate the oligosaccharides 
present on rABP, hTeBG and rbTeBG, we took 
advantage of the carbohydrate-binding specific- 
ities of a variety of lectins to probe the nature 
and structures of the carbohydrate units present 
on the proteins [34]. Figure 3 shows a flow 
diagram of the fractionation procedure. The 
proteins were first chromatographed on Con-A, 
a lectin that binds Asn-linked complex bianten- 
nary, high-mannose type and hybrid type gly- 
cans. The former can be eluted from the lectin 
with 10mM methyl-~-o-glucopyranoside (glu- 
coside) and the latter two types can be eluted 
with 500mM methyl ~-D-mannopyranoside 
(mannoside). Asn-linked tri- and tetraantennary 
complex oligosaccharides, O-linked oligosac- 
charides, and nonglycosylated proteins are not 
retained by Con-A [34]. 

Biantennary complex oligosaccharides can be 
separated into those that are and those that are 

Sample Heavy Light 

eABP 48,600 43,000 
sABP 50,900 43,300 
hTeBG 52,200 48,600 
rbTeBG 44,400 42,700 

aDcglycosylated with TFMSA. 
hAM,, change in M r. 
~% Carbohydrate. 

Table 2. Percentage of ABP and TeBG as carbohydrate 

M r Untreated AM~ % Carboh? 
Mr 

Dcglyc. a Heavy Light Heavy Light 

39,600 9000 3400 19 8 
40,100 10,800 3200 22 8 
42,000 10,200 6600 20 14 
38,000 6400 4700 16 11 
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Fig. 3. Flow diagram of the serial lectin chromatographic procedure for the fractionation of rABP. Peak 
1 refers to rABP that was weakly retained or not retained by a given lectin. Peaks II and III refer to rABP 
species that were retained and that could be eluted with additional buffer (chromatography on E-PHA 
and L-PHA) or with haptenic sugars (the remaining lectins). The numbers refer to oligosaceharide 
structures [shown in Fig. 5(a)] that would be present on the rABP in a given peak fraction. The numbers 
in parentheses indicate that these oligosaccharides may or may not be present on the rABP molecule 
together with the other oligosaccharide structures indicated. The abbreviations are defined in the text. 

Reprinted with permission from Ref. [31]. 

not fucosylated on the chitobiose core by chro- 
matography on lentil lectin (LcH). The former 
bind to the lectin whereas the latter do not [35]; 
the bound fraction can be eluted with man- 
noside. High mannose oligosaccharides can be 
separated from hybrid oligosaccharides by chro- 
matography on wheat germ agglutinin (WGA). 
Glycopeptides containing high mannose glycans 
are not retained by WGA, while those with 
hybrid glycans are, and they can be eluted with 
N-acelyglucosamine (GIcNAc) [36, 37]. Galac- 
tosylated glycans are retained on Ricinis 
communis I (RCA-I) lectin and can be eluted 
with lactose [36, 37]. 

Figure 4 shows the elution profile obtained 
when rABP was chromatographed on Con-A. 
Three peaks of androgen-binding activity were 
detected. The first peak, representing rABP that 
was not adsorbed to the lectin, comprised about 
42% of the radioactivity. We were subsequently 
able to demonstrate by chromatography Phase- 
olus vulgaris E-agarose that about 28% of the 
rABP in this fraction contained bisected galac- 
tose-containing glycans. Chromatography on 
LcH indicated that rABP in this fraction also 
contained triantennary oligosaccharides with an 
internal fucose residue. We were unable to de- 
tect O-linked glycans in Con-A peak I of rABP. 
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Fig. 4. Con-A chromatography of rat epididymal cytosol containing rABP. Epididymal cytosol was 
prepared and chromatographed on a 1.5 × 15 cm column containing approx. 25 ml immobilized Con-A 
Sepharose. Con-A buffer was used as eluant. Two milliliter fractions were collected; 25-/~1 aliquots of the 
fractions were incubated with 2 nM [3H]5~-DHT to assay for the presence of rABP. The arrows indicate 
the addition of giucoside (G) and mannoside (M) in Con-A buffer. The numbers in the peaks indicate 
the percentage of the total radioactivity present in the peak. Additional details on all lectin chromatog- 

raphy procedures are given in Ref. [31]. Reprinted with permission from Ref. [31]. 
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Table 3. Percentage of  oligosaccharide types on ABP and TeBG 

Complex a Complex High 
Sample multiantennary biantennary mannose 

rABP 44 34(100) b 10 
hTeBG 20 43(8) 37 c 
rbTeBG (male) 9 52(0) 39' 
rbTeBG (pregnant) 21 47(ND) 32' 

Hybrid 

13 

'This fraction may also contain O-linked and nonglycosylated forms. 
~l'he numbers in parentheses indicate the percentage fucosylated on the chitobiose core. 
CThese may contain both high mannose and hybrid-type oligosaccharides. ND = not determined. 

In contrast to rABP, lesser amounts of 
hTeBG and rbTeBG were not retained by 
Con-A. About 20% of the hTeBG and the 
TeBG from pregnant rabbits appeared in the 
void volume of the Con-A column. Only 9% of 
the TeBG from male rabbits was not absorbed 
into the lectin. The difference in the amount of 
TeBG from the pregnant rabbit vs the male 
rabbit that was not adsorbed to the gel suggests 
possible physiological differences in the TeBG 
from the two sources. There was not sufficient 
hTeBG or rbTeBG present in the nonretained 
fraction to further evaluate their oligosacchar- 
ide composition. 

The second peak, which was eluted from the 
Con-A column with glucoside, represented 37% 
of the total rABP and 40-50% of the TeBGs. 
Subsequent evaluation of this fraction by chro- 
matography on LcH indicated that 100% of the 
rABP in this fraction was fucosylated on the 
chitobiose core. Only 8% of the hTeBG was 
fucosylated in this manner and none of the male 
rabbit TeBG was fucosylated internally. 

About 21% of the rABP and 30-40% of the 
TeBGs were present in the mannoside-eluted 
peak of the Con-A column. Subsequent rechro- 
matography of this peak from rABP on WGA 
indicated that about 44% of this fraction 
represented rABP to which high mannose-type 
oligosaccharides were attached and 56% rep- 
resented rABP to which hybrid-type glycans 
were attached. All of the Con-A peak 3 was 
retained by RCA-I and it could be eluted with 
lactose, indicating the presence of galactosylated 
chains. When the Con-A peaks 3 of hTeBG and 
rbTeBG were chromatographed on WGA, 100% 
was retained and could be eluted with GlcNAc. 
Thus, no data were obtained on the presence of 
high mannose-type glycans, which would not 

Table 4. Terminal sugars on ABP and TeBG 

SA GAL MAN FUC a GIcNAc 

ABP + + + + + + +  + 
hTeBG + + + + + 
rbTeBG + + + + 

'Fucose on the chitobiose core. The other abbreviations are given in 
the text or figure legends. 

have been retained by WGA. It is likely, how- 
ever, that high mannose-type oligosaccharides 
are present on the proteins, but that the com- 
plete interaction with WGA is owing to glycosy- 
lation of all the TeBG on another site with 
hybrid-type glycans. All of the Con-A peak 3 
fraction of TeBG interacted with RCA-I, indi- 
cating the presence of galactosylated moieties. 

The most salient features of the serial lectin 
chromatography data are summarized in 
Table 3. Additional data are in our previously 
published work[30, 31]. Table 4 summarizes 
data on the terminal sugars on rABP, hTeBG 
and rbTeBG. These determinations were made 
by evaluating data on lectin interaction and by 
exoglycosidase treatment of the glycoproteins. 

Figure 5a presents the minimal structure of 
the oligosaccharides present on rABP and 
Fig. 5b presents the minimal structure of the 
oligosaccharides on TeBG. We refer to these as 
minimal structures because additional saccha- 
ride moieties and/or structures may be present 
on the glycans that do not affect the interaction 
of the proteins with the lectins used. These 
studies do, however, provide a detailed analysis 
of the major oligosaccharides on rABP, hTeBG 
and rbTeBG. 

The oligosaccharide data on the proteins can 
be summarized as follows: (1) rABP has a 
greater percentage of tri- and possibly 
tetraantennary glycans than the TeBGs, (2) all 
of the complex biantennary oligosaccharides on 
rABP are fucosylated on the chitobiose core, 
whereas only 92% of these glycans on hTeBG 
and none of them on rbTeBG are fucosylated in 
this manner, and (3) serial lectin chromato- 
graphic data indicate that all three proteins are 
Asn-glycosylated at more than one site. Our 
data indicating more than one site for Asn-gly- 
cosylation is in agreement with the biochemical 
data of Avvakumov et al. [38] and the more 
recent data of Hammond et al. [22] who showed 
that there are consensus sequences for the at- 
tachment of two Asn-linked glycans on hTeBG. 
No clear evidence for O-glycosylation of any of 
the proteins was obtained in our studies. 
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Fig 5a. Proposed minimal structures of the resolved oligosaccharides attached to rABP. Structure 1 is a 
bisected biantennary galactose containing oligosaccharide; it would be present in E-PHA Peak II (see Fig. 
3 for an indication of where all the structures would be on the flow diagram). Structure 2 is a 
triantennary-complex chain containing an internal fucose residue. Structure 3 is a biantennary-complex 
oligosaecharide containing a fucose on the innermost GlcNAc. Structure 4 is a high mannose-type 
oligosaechadde; it may contain between 5 and 9 mannose residues. Structure 5 is a hybrid-type 
oligosaeeharide. Structure 6 is a complex-type oligosaecharide. Structure 7 is derived from Varki and 
Kornfeld [46]; it could bind to Con-A and RCA-I .  The moieties in parentheses may or may not be present 
in the glycans. All abbreviations are defined in the text except S.A., sialic acid; Fuc, fucose; Man,  mannose. 

Reprinted with permission from Ref. [31]. 

DISCUSSION 

Extensive data have accumulated indicating 
that the carbohydrate portion of glycoproteins 
is often crucial for their biological function (for 
a review, see [23]). Early studies on this topic 
used human chorionic gonadotropin (hCG) as a 
model protein. These experiments showed that 
when sialic acid or galactose was removed from 
hCG, it was able to bind to its receptor as 
effectively as the intact hormone, but it was less 
effective in stimulating steroidogenesis and 
cyclic adenosine Y,5'-monophosphate pro- 
duction [39, 40]. There are also compelling data 
indicating that carbohydrates play a crucial role 
in the signal-transduetion process of glyco- 

protein hormones [23]. Recent studies using site- 
directed mutagenesis indicate that specific 
glycosylation sites are responsible for regulating 
specific functions of hCG, for example, its 
secretion and subunit assembly [41]. Oligosac- 
charides have been shown to be involved in the 
secretion of renin [42], to have specific effects on 
the biosynthesis, secretion, and biological func- 
tion of erythropoietin [43], and to be necessary 
for the function of the epidermal growth factor 
receptor [44]. 

Since oligosaccharides are intimately involved 
in the structure and function of a wide variety 
of glycoproteins, we considered it likely that 
they play an important role in regulating the 
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Fig. 5b. Minimal structures of  the lectin-binding oligosaccharides present on rbTeBG and hTeBG. 
Structure 1 is a biantennary complex oligosaccharide; it would be present in Con-A Peak II. The innermost 
GlcNAc of  this glycan is fucosylated on about 8% of  the hTeBG present in this peak; none of  the rbTeBG 
appears to be fucosylated in this position. The fact that the TeBG in this fraction also binds to RCA-I 
indicates the presence of galactose. Structure 2 is a high mannose-type oligosaecharide; it may contain 
between 5 and 9 mannose residues. Glycans of  this type could be present in Con-A Peak III. Structure 
3 is hybrid-type and would also be present in Con-A Peak III. Conformation of the presence of  this type 
of  oligosaccharide was obtained by chromatography on WGA to which hybrid-type glycans bind. 
Structure 4 is a complex-type oligosaceharide; TeBG containing this type of  oligosaccharide was identified 
by its ability to bind to RCA-1. Structure 5 is derived from Varki and Kornfeld[46]; it would be capable 
of  binding to Con-A and RCA-I.  The moieties in parentheses may or may not be present on the glycans. 
All abbreviations are given in the text or in the legend of Fig. 5a. Reprinted with permission from Ref. [30]. 

function of rABP, hTeBG and rbTeBG. The 
only known role of these proteins is the binding 
and transport of androgens. Since we were able 
to detect various glycosylated forms of the 
proteins in lectin column eluates by their ability 
to bind [3H]5~-DHT, it seems unlikely that 
oligosaccharides are involved in their steroid- 
binding function. Further evidence mitagating 
against a role for carbohydrate in steroid- 
binding is the fact that various glycosylated 
states of the proteins can be photoaffmity- 
labeled [24, 25, 32], These data, however, do not 
exclude the possibility that a specific glycosy- 

lated state may be required to confer the highest 
affinity of the proteins for their ligand or to yield 
the greatest steroid specificity. 

Two observations we have made point to a 
physiological role for the oligosaccharides on 
rABP, hTeBG ane rbTeBG. The first obser- 
vation is that serum ABP is glycosylated 
differently from epididymal ABP. Since the 
carbohydrate portion of giycoproteins has been 
implicated in protein sorting [45], it is reason- 
able to assume that the differences in oligosac- 
charides may reflect differences in targeting of 
the ABP. That is, the ABP which is destined to 
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be secreted into the lumen of the seminiferous 
tubule (presumably from the apical surface of 
the Sertoli cell) is glycosylated in one manner 
while ABP that is to be secreted into the blood- 
stream (presumably from the basal portion of 
the Sertoli cell) is glycosylated in a different 
fashion. The second observation is that TeBG 
from pregnant rabbits is glycosylated differently 
from TeBG from male rabbits. Whether this 
difference is a reflection of the different hormonal 
melieus of the two groups or is a reflection of 
varied function remains to be elucidated. 

Uptake of rABP by the epdidymal epithelium 
has been demonstrated by immunochemi- 
cal [9, 10] and autoradiographic methods [11]. 
Recent unpublished data from our laboratory 
indicate that receptors for rABP are present in 
cell membranes from the epididymis and liver. 
Data also indicate that TeBG can be identified 
in the cells of a variety of tissues[14, 15] and 
evidence for the presence of membrane recep- 
tors for it has been presented[16, 17]. These 
observations raise the possibility that rABP and 
TeBG may themselves be effector molecules. 
Since oligosaccharides have been shown to be 
involved in the function of other glycopeptides, 
it is likely that they play a similar role for rABP, 
hTeBG and rbTeBG. 

One of the interesting features of rABP, 
hTeBG and rbTeBG is that all three proteins are 
composed of a single protein core that becomes 
differentially glycosylated to produce the het- 
erodimeric proteins. Differential glycosylation 
of a single protomer seems to be a characteristic 
of this class of proteins and leads to the presence 
of a heavy and a light subunit. The mechanisms 
regulating the differential glycosylation of the 
single protomer remain unknown. Furthermore, 
it is not known whether differential glycosyla- 
tion confers specific functions to each of the 
subunits. For example, specific glycosylation 
states of a given subunit might be required for 
receptor recognition or signal transduction. 
Although chemical crosslinking studies have 
been conducted on rABP, hTeBG and 
rbTeBG [24, 25, 32], the resolution of the system 
was not sufficient for us to determine if the 
dimer band consisted of a single crosslinked 
species or if it was composed of a family of 
dimers representing heavy and light subunits 
linked in various ratios. Thus, the actual struc- 
ture of the native proteins under physiological 
conditions has yet to be determined. 

The fact that rABP is glycosylated differently 
from the TeBGs is probably of physiological 

significance. Since oligosaccharides are known 
to protect glycoproteins from degradation, the 
differences in glycosylation between rABP and 
TeBG may reflect the different environments 
into which they are secreted. That is, ABP is 
primarily secreted into the relatively protected 
environment of the testis-epididymis compart- 
ment while TeBG is secreted into the general 
circulation. These differences in glycosylation 
may also reflect a differential ability of the 
proteins to interact with the same or similar 
receptor systems. 

In conclusion, rABP and hTeBG and rbTeBG 
are products of an evolutionarily conserved 
gene. Thus, the protein core of the proteins has 
a high degree of identity. The protein core 
consists of a single protomer of about 40 kDa. 
This core is glycosylated to yield two subunits 
that differ in the amount and in the type of 
attached oligosaccharides. These oligosacchar- 
ides contribute to molecular weight and charge 
heterogeneity of the subunits. The types of 
oligosaccharides on ABP and TeBG differ. 
Although glycosylation does not affect the 
ability of the proteins to bind androgen, it may 
affect their affinity and specificity for ligands. 
The oligosaccharides may affect intracellular 
trafficking of the proteins and/or may serve a 
protective function vis ~ vis extracellular degra- 
dation. It is likely that the glycans affect recep- 
tor recognition and/or signal transduction. The 
fact that rABP and the TeBGs possess different 
oligosaccharide substituents probably reflects 
differences in their roles as cellular effector 
molecules. 

Acknowledgements--These studies were supported by NIH 
Grant HD-13813 and a grant from the Andrew W. Mellon 
Foundation. The Center for Reproductive Biology Research 
is supported by NIH Grant HD-05797. 

REFERENCES 

1. Ritzen E. M., Nayfeh S. N., French F. S. and 
Dobbins M. C.: Demonstration of androgen-binding 
components in rat epididymis cytosol and comparison 
with binding components in prostate and other tissues. 
Endocrinology 89 (1971) 143-151. 

2. Danzo B. J., Orgebin-Crist M.-C. and Toft D. O.: 
Characterization of a cytoplasmic receptor for 5a-dihy- 
drotestosterone in the caput epididymidis of intact 
rabbits. Endocrinology 92 (1973) 310-317. 

3. Carreau S., Drosdowsky M. A. and Courot M.: Age 
related effects on androgen-binding protein in sheep 
testis and epididymis. Int. J. Androl. 2 (1979) 49-61. 

4. Danzo B. J., Dunn J. C. and Davis J.: The presence of 
androgen-binding protein in the guinea pig testis, epi- 
didymis and epididymal fluid. Molec. Cell. Endocr. 28 
(1982) 513-527. 



830 BENJAMIN J. DANZO et al. 

5. Holland M. K., Rogers B. J., Orgebin-Crist M.-C. and 
Danzo B. J.: The effects of photoperiod on androgen- 
binding protein and sperm fertilizing capacity in the 
hamster. J. Reprod. Fert. 81 (1987) 99-112. 

6. Hsu A. F. and Troen P.: An androgen-binding protein 
in testicular cytosol of human testis: comparison with 
human testosterone estrogen binding globulin. J. Clin. 
Invest. 61 (1978) 1611-1619. 

7. Schmidt W. N., Taylor C. A. Jr. and Danzo B. J.: The 
use of a photoaffinity ligand to compare androgen-bind- 
ing protein (ABP) present in rat Sertoli cell culture 
media with ABP present in epididymal cytosol. Endo- 
crinology 108 (1981) 786-794. 

8. Danzo B. J., Eller B. C. and Orgebin-Crist M.-C.: 
Studies on the site of origin of the androgen-binding 
protein present in epididymal cytosol from mature 
intact rabbits. Steroids 24 (1974) 107-122. 

9. Feldman M., Lea O. A., Petrusz P., Tres L. L., 
Kierszenbaum A. L. and French F. S.: Androgen-bind- 
ing protein purification from rat epididymides, charac- 
terization and immunochemical localization. J. Biol. 
Chem. 256 (1981) 51070-51075. 

10. Pellinierni L. J., Dym M., Gunsalus G. L., 
Musto N. A., Bardin C. W. and Fawcett D. W.: 
Immunological localization of androgen-binding pro- 
tein in the male reproductive tract. Endocrinology 108 
(1981) 925-931. 

I1. Gerard A., Khanfri J., Gueant J. L., Fremont S., 
Nicolas J. P., Grignon G. and Gerard H.: Electron 
microscope radioautographic evidence of in vivo andro- 
gen-binding protein internalization in the rat epididymis 
principal cells. Endocrinology 122 (1988) 1297-1307. 

12. Mercier-Bodard C., Alfsen A. and Baulieu E.-E.: Sex 
steroid binding plasma protein (SBP). In Steroid Assay 
by Protein Binding (Edited by E. Diczfalusy). Karolinska 
Symp. on Res. Methods in Reprod. Endocr. (2nd Syrup.). 
Bogtrykkeriet Forum, Copenhagen (1970) p. 204. 

13. Corvol P. and Bardin C. W.: Species distribution of 
testosterone-binding globulin. Biol. Reprod. 8 (1973) 
277-282. 

14. Mercier-Bodard C., Radanyi C., Roux C., Groyer 
M. T., Robel P., Delorine J.-P., Petra P. H., Jolly D. T. 
and Baulieu E.-E.: Cellular distribution and hormonal 
regulation of hSBP in human hepatoma cells. J. Steroid 
Biochem. 27 (1987) 297-307. 

15. Bordin S. and Petra P. H.: Immunochemical localiz- 
ation of sex steroid-binding protein of plasma in tissues 
of the adult monkey Macaca nenestrina. Proc. Natn. 
Acad. Sci. U.S.A. 77 (1980) 5678-5682. 

16. Hryb D. J., Kahn M. S., Romas N. A. and Rosner W.: 
Solubilization and partial characterization of sex hor- 
mone-binding globulin receptor from human prostate. 
J. Biol. Chem. 264 (1989) 5378-5383. 

17. Rosner W.: The functions of corticosteroid-binding 
globulin and sex hormone-binding globulin: recent 
advances. Endocrine Rev. 11 (1990) 80-91. 

18. Danzo B. J. and Eller B. C.: Androgen binding to 
cytosol prepared from epididymides of sexually mature 
castrated rabbits: evidence for a cytoplasmic receptor. 
Steroids 25 (1975) 507-524. 

19. Danzo B. J. and Eller B. C.: Steroid-binding proteins 
of rabbit plasma: separation of testosterone-binding 
globulin (TeBG) from corticosteroid-binding globulin 
(CBG), preliminary characterization of TeBG, and 
changes in TeBG concentration during sexual matu- 
ration. Molec. Cell. Endocr. 2 (1975) 351-368. 

20. Kovacs W. J., Bell B,. W., Turney M. K. and Danzo 
B. J.: Monoclonal antibodies to rat androgen-binding 
protein recognize both of its subunits and cross-react 
with rabbit and human testosterone-binding globulin. 
Endocrinology 120 (1988) 2639-2647. 

21. Joseph D. R., Hall S. H. and French F. S.: Rat 
androgen-binding protein: evidence for identical sub- 

units and amino acid sequence homology with human 
sex hormone-binding globulin. Proc. Natn. Acad. Sci. 
U.S.A. 84 (1987) 339-343. 

22. Hammond G. L., Underhill D. A., Smith C. L., Goping 
I. S., Harley M. J., Musto N. A., Cheng C. Y. and 
Bardin C. W.: The eDNA-deduced primary structure of 
human sex hormone-binding globulin and location of 
the steroid-binding domain. FEBS Lett. 215 (1987) 
100-104. 

23. Ryan R. J., Keutmann H. J., Charlesworth M. G., 
McCormick D. J., Miluis R. P., Calvo F. O. and 
Vutyavanich T.: Structure-function relationships of 
gonadotrophins. Rec. Prog. Horm. Res. 43 (1987) 
383-429. 

24. Danzo B. J. and Bell B. W.: The microheterogeneity of 
androgen-binding protein in rat serum and epididymis 
is due to differences in glycosylation of their subunits. 
J. Biol. Chem. 263 (1988) 2402-2408. 

25. Danzo B. J., Bell B. W. and Black J. H.: Human 
testosterone-binding globulin is a dimer composed of 
two identical protomers that are differentially glycosy- 
lated. Endocrinology 124 (1989) 2809-2817. 

26. Taylor C. A. Jr., Smith H. E. and Danzo B: J.: 
Photoaffinity labeling of rat androgen-binding protein. 
Proc. Natn. Acad. Sci. U.S.A. 77 (1980) 234-238. 

27. Laemmli U. K.: Cleavage of structural proteins during 
the assembly of the head of bacteriophage T 4. Nature 
227 (1970) 680-685. 

28. O'Farrell P. H.: High resolution two-dimensional elec- 
trophoresis of proteins. J. Biol. Chem. 250 (1975) 
4007-4021. 

29. Towbin H., Staehelin T. and Gordon J.: Electrophoretic 
transfer of proteins from polyacrylamide gels to nitro- 
cellulose sheets: procedure and some applications. Proc. 
Natn. Acad. Sci. U.S.A. 76 (1979) 4350-4354. 

30. Danzo B. J. and Black J. H.: Structure of asparagine- 
linked oligosaccharides on human and rabbit testoster- 
one-binding globulin. Biol. Reprod. 42 (1990) 472-482. 

31. Danzo B. J. and Black J. H.: Analysis of the olignsac- 
charides on rat androgen-binding protein using serial 
lectin chromatography. Biol. Reprod. 43 (1990) 
219-228. 

32. Danzo B. J., Black J. H. and Bell B. W.: The micro- 
heterogeneity of rabbit testosterone-binding globulin is 
due to differential glycosylation of its single protomer. 
Biol. Reprod. 41 (1989) 957-965. 

33. Fairbanks G. and Avruch J.: Four gel systems for 
electrophoretic fractionation of membrane proteins 
using ionic detergents. J. Supramolec. Struct. 1 (1972) 
66--75. 

34. Cummings R. D. and Kornfeld S.: Fractionation of 
asparaglne-linked oligosaceharides by serial lectin- 
agarose affinity chromatography. A rapid, sensitive and 
specific technique. J. Biol. Chem. 257 (1982) 
11235-11240. 

35. Kornfeld K., Reitman M. L. and Kornfeld R.: The 
carbohydrate binding specificity of pea and lentil lectins, 
fucose is an important determinant. J. Biol. Chem. 256 
(1981- 6633--6640. 

36. Merkle R. K. and Cummings R. D.: Lectin affinity 
chromatography of glycopeptides. Meth. Enzym. 138 
(1984) 232-259. 

37. Osawa T. and Tsuji T.: Fraetionation and structural 
assessment of oligosaccharides and glycopeptides by use 
of immobilized lectins. A. Rev. Biochem. 56 (1987) 
21-42. 

38. Awakumov G. V., Matveentseva I. V., Akhrem L. V., 
StrerChyonok O. A. and Akhrem A. A.: Study of the 
carbohydrate moiety of human serum sex-hormone 
binding globulin. Biochim. Biophys. Acta 760 (1983) 
104-110. 

39. Tsuruhara T., Dufau M. L. and Catt K. J.: Biological 
properties of hCG after removal of terminal sialic acid 



Oligosaccharides on ABP and TeBG 831 

and galactose residues. Endocrinology 91 (1972) 
296-301. 

40. Danzo B. J.: Ovarian adenylate cyclose activation by 
human chorionic gonadotrophin. Endocr. Res. 
Commun. 1 (1974) 379-387. 

41. Matzuk M. M. and Boime I.: The role of asparagine- 
linked oligosaccharides of the ~t-subunit in the secretion 
and assembly of human chorionic gonadotropin. 
J. Cell. Biol. 106 (1988) 1049-1059. 

42. Faust P. L., Chirgwin J. M. and Kornfeld S.: Renin, a 
secretory glycoprotein, acquires phosphomanosyl 
residues. J. Cell. Biol. 105 (1987) 1947-1955. 

43. Dube' S., Fisher J. W. and Powell J. S.: Glycosylation 
at specific sites of erythropoietin is essential for biosyn- 

thesis secretion and function. J. Biol. Chem. 7.63 (1988) 
17516-17521. 

44. Soderquist A. M. and Carpenter G.: GIycosylation of 
epidermal growth factor in A-431 cells. The contri- 
bution of carbohydrate to receptor function. J. Biol. 
Chem. 259 (1984) 12586-12594. 

45. Gri~ths G. and Simms K.: The trans Golgi network: 
sorting at the exit site of the Golgi complex. Science 234 
(1986) 438--443. 

46. Varki A. and Kornfeld S.: The spectrum of anionic 
oligosaccharides released by endo-fl-N-acetylglu- 
cosaminidase H from glycoproteins. Structural studies 
and interactions with the phosphomanosyl receptor. 
J. Biol. Chem. 258 (1983) 2808-2818. 


