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H u m a n  c o r t i c o s t e r o i d - b i n d i n g  globul in  (CBG) conta ins  f ou r  t r y p t o p h a n  res idues  at pos i t ions  141, 
185, 266 and 371; one o f  which  is t h o u g h t  to be loca ted  in the  s t ero id -b ind ing  site. These  res idues  were 
subs t i tu ted  by s i te -d irected  mutagenes i s  and express ion  o f  m u t a n t  C B G  cDNAs  in Chinese  h a m s t e r  
ovary  cells. Analyses  o f  the  resul t ing  m u t a n t s  indicate  that  Trp 371 is mo s t  l ikely located  in the  
s t ero id -b ind ing  site, and that  h y d r o p h o b i c  i n t e rac t ions  be tween  Trp 141 and the  s teroid mo lecu l e  
or other  a m i n o - a c i d s  in the  CBG po lypept ide  m a y  also c o n t r i b u t e  to h igh-af f in i ty  in teract ions  
be tween  CB G  and its s teroid  l igands.  In addi t ion ,  subs t i tu t ion  o f  T r p  '66 r e su l t ed  in altered 
g lycosy la t ion  of  CBG,  and  this suppor t s  the  concep t  t ha t  it pa r t i c ipa t e s  in i n t r a - m o l e c u l a r  
c a r b o h y d r a t e - p o l y p e p t i d e  interact ions  which  m a y  inf luence  the  c o n f o r m a t i o n  and secret ion  o f  this 
g lycopro te in .  
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INTRODUCTION 

Corticosteroid-binding globulin (CBG) is a plasma 
glycoprotein that binds cortisol and progesterone and 
modulates their bioavailability [1-3]. The tertiary 
structure of CBG remains to be determined, but exper- 
iments using affinity-labelling and various spectro- 
scopic techniques have provided information about the 
nature of amino acids within the steroid-binding site, 
and its general topology [4-7]. The importance of a 
tryptophan for the high affinity-binding of A4-3-keto - 
steroids to human CBG has been indicated by fluor- 
escence quenching [8, 9], affinity-labelling [10], and 
ultraviolet difference spectroscopy [11]. This suggests 
that a tryptophan indole group is oriented in close 
proximity to ring A of steroid ligands to allow a strong 
dipole-dipole interaction between them [11]. If this is 
true, substitution of this tryptophan with any other 
amino acid should abolish the steroid-binding activity 
of CBG. 

Human CBG contains six potential sites for N-gly- 
cosylation that are at least partially utilized when the 
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protein is expressed in Chinese hamster ovary (CHO) 
cells [12]. Attachment of a biantennary complex-type 
oligosaccharide to Asn 23s is absolutely necessary for the 
creation of the steroid-binding site [12], and we have 
recently demonstrated that this chain probably inter- 
acts with a tryptophan residue [13]. 

There are four tryptophan residues at positions 141, 
185, 266 and 371 in human CBG [14] and all of them 
are conserved phylogenetically [15-17]. This therefore 
provides no clue to help identify the tryptophan within 
the steroid-binding site, but a comparison of the pri- 
mary structures of human CBG and other members of 
the serine-proteinase inhibitor (serpin) superfamily 
[18] shows that Trp  ls5 is invariably conserved, and that 
either a tryptophan or phenylalanine is present in a 
position analogous to Trp  266 in human CBG. Conse- 
quently, these two residues probably represent essen- 
tial components of the general conformation of serpins, 
rather than being located in the CBG steroid-binding 
site. The very close sequence similarity between human 
CBG and ~l-antitrypsin (AAT) [14] suggests that their 
tertiary structures are also similar, and substitution of 
residues in CBG with those in an analogous position in 
AAT should result in minimal perturbation of its 
overall conformation. With this in mind, we prepared 
a panel of human CBG cDNAs in which the codons for 
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the four t ryptophan residues were individually substi- 
tuted with those encoding phenylalanine, or the resi- 
due in the analogous position in AAT.  These cDNAs 
were expressed in C H O  ceils, and the resulting mutants 
were examined with respect to their steroid-binding 
affinities and glycosylation. 

EXPERIMENTAL 

Construction and expression of CBG mutants 

A c D N A  for the human CBG precursor [14] 
was inserted into Hind l I I /XbaI -d iges t ed  pSelect-1 
(Promega, Madison, WI)  and mutated, according to the 
protocol recommended by Promega, with oligonucle- 
otide primers synthesized by the Molecular Biology 
Core Facility of the M R C  Group in Fetal and Neonatal 
Health and Development (London,  Ontario). These 
primers were designed to convert the codons for Trp  
( T G G )  at positions 141, 185, 266, or 371 to a Phe 
( T T T )  codon, and to convert the codons at position 
141 and 371 to A C G  (Thr) and A A G  (Lys), respect- 
ively. The  mutated cDNAs were sequenced to con- 
firm the presence of only the targeted mutations [19], 
and subcloned into H i n d I I I / X b a  I-digested pRc /CMV 
(Invitrogen, San Diego, CA) for expression in CHO 
cells [12]. After selection in the presence of Geneticin 
(Gibco/BRL, Burlington, Ontario), stably-transformed 
cells were grown to near confluence and then cultured 
for 2-4 days in Dulbecco's  modified Eagle medium 
containing 100 nM cortisol. 

Binding assays and immunochemical analysis 

The steroid-binding capacity of recombinant pro- 
teins in culture medium was determined by saturation 
analysis using [3H]cortisol as labelled ligand [20], and 
their affinity for cortisol was measured by Scatchard 
analysis [21]. Their  immunochemical properties were 
examined by radioimmunoassay (RIA) using a rabbit 
anti-human CBG antiserum, and 125I-labelled [22] 
human CBG that was purified as described previously 
[23]. To  determine the concentrations of immuno-  
reactive CBG in samples of  culture medium, appropri- 
ate dilutions of a human serum sample containing a 
known amount  of CBG were used to construct the 
calibration curve. The  characteristics of this RIA,  
including its accuracy, precision and sensitivity, have 
been extensively described elsewhere [23]. 

Western blotting 

Polyacrylamide gel electrophoresis (4% stacking 
gel and 10% resolving gel) in the presence of SDS 
( S D S - P A G E )  was performed according to Laemmli 
[24], and proteins were transferred to a H y b o n d - E C L  
(Amersham, Oakville, Ontario) membrane by electrob- 
lotting [25] at 300 mA for 1 h. The  blots were blocked 
and incubated with an ant i-human CBG antiserum 

(1:500 diluted), and immunoreactive proteins were 
visualized using the ECL Western blotting analysis 
system (Amersham). 

Concanavalin A (Con A )  chromotography 

Culture medium (0.5 ml, 0.2-2 pmol immuno- 
reactive CBG) was applied onto a 1.5ml Con 
A-Sepharose (Pharmacia, Baie d'Urf6, Quebec) 
column, pre-equilibrated in 5 0 m M  Tris, pH7.5 ,  
5 0 0 m M  NaC1, 1 m M  CaC12, 1 m M  MnC12 (Con A 
buffer), followed by 0.1 ml of this buffer. After a 5 min 
delay to allow glycoproteins to interact with the lectin, 
elution was performed with 4.5 ml Con A buffer, 
followed by 6 ml Con A buffer containing 100mM 
methyl-e-D-mannopyranoside.  Fractions (1.5 ml) were 
collected and analyzed by RIA. 

RESULTS AND DISCUSSIO N 

The side chain of t ryptophan has a bulky, planar 
indole group that cannot be substituted by any other 
amino acid, and we chose initially to replace each of the 
tryptophan residues in human CBG with a phenyl- 
alanine largely because it also has a hydrophobic, 
aromatic side-chain. These mutations influenced the 
production of recombinant CBG in different ways 
(Table 1): a Phe at positions 141,185 and 266 decreased 
the amount of immunoreactive CBG secreted into the 
culture medium, while the W371 F mutant  was secreted 
at a level similar to that of wild-type CBG. The codons 
for T r p  TM and T r p  371 were also mutated to introduce 
substitutions that correspond to amino acids in 
analogous positions in AAT.  In the case of the W141T 
mutant,  this resulted in a further decrease in secretion 
when compared to the W141F mutant, while the 

Table 1. Effect of substituting tryptophan residues on the 
secretion and steroid-binding activity of human CBG expressed 

in CHO cells 

CBG concentrations 
in culture medium Affinity for cortisol 

Mutants nM %a K ax 10-S,M 1 o oa/ 

Wild-type CBG 1.2 b 100 9.2 b 100 
W141F 0.9 75 0.9 10 
W185F 0.35 29 1.8 20 
W266F 0.55 46 1.2 13 
W371F 1.2 100 ND c - -  

W141T 0.35 29 ND 
W371K 1.1 92 ND 

Data are expressed as means of 2 determinations unless otherwise 
indicated. 

aCorresponding values for wild-type CBG were taken as 100%,. 
bMean of 8 experiments; coefficients of variation were 16.2 and 8.2% 

for the measurements of the concentration and K a value, respect- 
ively. 

eND not detectable. 
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Sample volume (pI) Reduced secretion of proteins has been at tr ibuted 
1 10 lo0 to abnormalit ies in their folding during biosynthesis 

100. [26]. Substi tut ion of t ryp tophan  residues at positions 
141,185 and 266 in human  C B G  decreased its secretion 

a0 f rom C H O  cells, while mutants  W371F and W371K 
were secreted at essentially the same levels as wild- 

s0 type C B G  (Table 1). Th is  leads us to conclude that 
m ° the 5-to-lO-fold reduction in the s teroid-binding 

+o affinity of  mutants  W141F,  W185F and W266F 
(Table  1) may be due to minor  deviations in their 

2o folding during biosynthesis.  On the other hand, this 
cannot account for the lack of  cort isol-binding to 

0 . . . . . . . . . . . . . . . . . . . . . .  both mutants  in which T r p  37~ was replaced by 
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Fig. 1. I m m u n o c h e m i c a l  propert ies  of  wi ld - type  and m u t a n t  
CBG. Inhibi t ion  of  [12SIlCBG binding  to a n t i - h u m a n  CBG 
rabbi t  a n t i s e r u m  by  wi ld - type  h u m a n  CBG (C)) or m u t a n t s  
W141F (O), W141T ( . ) ,  W185F (A), W266F (A), W371F ([3), 
W371K (()) was expres sed  as percentage  of  B/B0,  where  B and 
B 0 are  the a m o u n t s  of  the tracer  bound  in the presence  and 
absence  of  the compet i tor ,  respect ive ly .  The cor t i so l -b inding  
capaci ty of  wi ld - type  C B G  and C B G  m u t a n t s  with  s teroid-  
b inding act iv i ty  (see Table 1) was d e t e r m i n e d  in s a m p l e s  of  
cul ture  m e d i u m  by Sca tchard  analys is .  These  values  were  
used  to construct  d o s e - r e s p o n s e  curves  (lower scale) which  
were  essent ia l ly  ident ica l  and are therefore  represen ted  by a 
s ingle  regress ion  line. In the case of  m u t a n t s  W141T, W371F 
and W371K that  lack s tero id -b ind ing  act ivity,  the indiv idual  
inhibi t ion  curves  were  cons truc ted  on the basis  of  s a m p l e  

v o l u m e  analyzed (upper scale). 

W371K mutant  was secreted in amounts  similar to the 
W371F mutan t  and wild-type C B G  (Table 1). T h e  
immunochemica l  propert ies  of  all the mutants  were 
similar to those of  wild-type C B G  (Fig. 1), and this 
suggests that none of the t ryp tophan  residues is 
involved in the format ion of antigenic determinants.  
I t  also validates the use of  the R I A  for determin-  
ing the concentrations of  C B G  mutants  in culture 
medium.  

T h e  Western  blot in Fig. 2 revealed that only 
mutant  W266F differed in its apparent  molecular 
mass, when compared  to wild-type CBG.  Its reduced 
electrophoretic mobil i ty is probably  due to a differ- 
ence in glycosylation, and substi tution with a phenyl-  
alanine at this position may result in a loosened 
conformation of  the C B G  molecule that allows more 
complete utilization of N-glycosylat ion sites and/or 
deeper  processing of oligosaccharide chains. T h e  latter 
possibility is suppor ted  by the fact that 69% of mutant  
W266F is not retarded during Con A chromatog-  
raphy, as compared  to only 20% for wild-type C B G  
and 31% for mutant  W371F,  and this indicates a 
general shift f rom biantennary to more  branched 
oligosaccharides in mutant  W266F. This  supports  our 
observation that T r p  266 may interact with the carbo- 
hydrate structure at Asn 2~s to limit oligosaccharide 
processing at this site [13]. 

very different amino acids (Table 1). T r p  371 is there- 
fore most  likely the residue that interacts with ring 
A of the steroid molecule [11], and that is consist- 
ent with the loss of high-affinity steroid binding to 
C B G  after digestion with neutrophil  elastase, which 
cleaves human  C B G  between residues 344 and 345 
[27, 28]. Substi tut ion of T r p  TM with a hydrophil ic  
residue (threonine) also resulted in a mutant  with 
undetectable s teroid-binding activity, suggesting that 
this t ryp tophan  may also interact with the steroid 
molecule or participate in hydrophobic  interactions 
with other residues that are important  for the creation 
of the s teroid-binding site. 

In  conclusion, T r p  37~ is probably  located in the C B G  
steroid-binding site, and high-affinity s teroid-protein 
interactions may also require the presence of T r p  TM. 

This  is in line with the fact that these two t ryp tophan  
residues are phylogenetically conserved, and are not 
present  in other members  of  the serpin superfamily.  
T h e  observations that the substitution of T r p  266 results 
in altered glycosylation supports  our previous sugges- 
tion that this residue is involved in intra-molecular  
carbohydra te-polypept ide  interactions [13]. These  
findings should be taken into consideration when 
designing experiments  to determine the structure of 
this glycoprotein and its s teroid-binding domain. 

5 0  - ~  
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Fig. 2. A representat ive Western blot of  wi ld- type  CBG (WT) 
and CBG mutants  (as indicated above the lanes) expressed 
in CHO cells. Proteins  were  resolved by 10% S D S - P A G E ,  
transferred to a Hybond ECL m e m b r a n e ,  and detected i m -  
munochemica l ly .  Condit ioned m e d i u m  from untransfected 
CHO cells (CM) represents  a negative control,  and the rela- 
tive posit ions of  pre-s ta ined molecular  weight  (kDa) marker  

proteins are shown by arrows.  
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