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ABSTRACT: Resolution of the multiple forms of steroid re- 
ceptors in small samples has been improved by two new 
techniques: preparative ion exchange filtration and electro- 
phoresis in highly cross-linked polyacrylamide gels of varied 
concentration. These techniques were used in conjunction 
with protamine precipitation, gel filtration, and density gra- 
dient centrifugation to separate five forms of the progester- 
one receptor of chick oviduct cytosol. These complexes, 
numbered I to V in order of elution from agarose gel col- 
umns, have been characterized with respect to apparent mo- 
lecular weight, shape, and relative net charge. Form I ,  
which is eluted in the void volume after gel filtration of cy- 
tosol in hypotonic media, is heterodisperse with respect to 
sedimentation coefficient and electrophoretic mobility ( R f ) .  
Form I is converted to form I11 by KCI. Form I1 has the 

T h e  progesterone-binding activity of chick oviduct cyto- 
plasmic extract (cytosol) has been fractionated into several 
distinct components by a variety of techniques. Agarose gel 
filtration of [3H]progesterone-labeled cytosol in the pres- 
ence of 0.3 M KCI revealed a partially resolved double peak 
of bound steroid (Sherman et al., 1970). These complexes 
were resolved into components A and B by sequential elu- 
tion from DEAE-cellulose’ columns with KCI (Schrader 
and O’Malley, 1972) and have reportedly been purified to 
homogeneity (Schrader et al., 1974, 1975b; Kuhn et al., 
1975). Electrophoresis of unfractionated cytosol in highly 
cross-linked polyacrylamide gels a t  pH 10.2 resolved a high 
mobility complex, that may be the B component of Schrad- 
er and O‘Malley (1972), from a heterodisperse slow peak 
(Miller et al.. 1975). Electrophoresis of KCI extracts of 
protamine-precipitated cytosol revealed a discrete low mo- 
bility complex that may correspond to the A component of 
Schrader and O‘Malley (1972). Finally, Sherman et al. 
( 1  974) obtained a receptor form with a molecular weight of 
about 20 000 by extracting receptors precipitated by prota- 
mine sulfate or b> isoelectric focusing with CaC12. As the 
latter form retained all of the steroid-binding properties of 
the untreated complex, i t  was identified as the steroid-bind- 
ing “subunit” or fragment of the receptor and is now desig- 
nated the “mero-receptor”.’ 

+ From Memorial Sloan-Kettering Cancer Center, New York, New 
York I002 I .  Receii.ed Seprember 29, 1975. This research h a s  support- 
ed b? lrational Institutes of Health Grants CA-16814 and CA-08748. 
and the Paul Garrett Fund. 

’ Abbreviations used are: Tes, .\?‘-tris(hydroxymethyl)methyl-2-am- 
inoethancsulfonic acid: DEAE. diethylaminoethyl; BiF, jY,N’-methy- 
lenebisacrq lamide. ’ The term niero, from the Greek for part or fraction. is used here to 
denote the smallest form of the receptor that contains the steroid-bind- 
ing \ite (Sherman et ai.. 1974). 

highest axial ratio and the highest RJ a t  pH 10.2. This 4 .2s  
complex can be extracted from D E A E  filters, but not from 
protamine-precipitated cytosol, by 0.3 to 0.5 M KCI. Form 
I11 is slightly smaller (3 .9s)  and less asymmetric than form 
11. It is released from D E A E  filters and protamine-precipi- 
tated cytosol by 0.15 M KCI and displays increased RJ 
upon purification. Forms I1 and 111 correspond to the B and 
A components described by W. T.  Schrader and B. W. 
O’Malley ((1972), J .  B i d .  Chem. 247, 51) .  Form I V  may 
result from the proteolytic cleavage of forms I I  and/or 111.  
Form V is a globular polypeptide obtained in the presence 
of certain divalent cations. This complex has been named 
the “mero-receptor” since it is the smallest part or fragment 
of the receptor that contains the steroid-binding site. 

The objective of the present study was to clarify the rela- 
tionships among the various receptor forms fractionated by 
ion exchange chromatography, extraction from protamine- 
precipitated cytosol with KCI or CaC12, density gradient 
centrifugation, and electrophoresis a t  pH 10.2. For the ion 
exchange studies, we adapted the technique of receptor 
assay by adsorption to DEAE-coated filters (Santi et al., 
1973; Baxter et al., 1975) to a small-scale preparative 
method in which receptor forms are  sequentially eluted 
from the filters by buffers of increasing salt concentration 
(Sherman and Miller, 1975). 

Materials and Methods 

All procedures were carried out a t  0 to 4 OC with the ma- 
terials and equipment described by Sherman et al. (1974) 
or Miller et al. ( 1  975), unless otherwise indicated. 

Cj.tosol and Protamine Extracts. Rhode Island Red 
chicks were injected subcutaneously daily with 5 mg of di- 
ethylstilbestrol in sesame oil. After 15  days, the oviducts 
were removed and homogenized with a Polytron PT20 
(Brinkmann) in 5 ml/g of 10 mM Tes,’ 12 m M  thiogly- 
cerol, pH 7.4 (Tes-thioglycerol), containing 0.25 M su-  
crose. The cytosol obtained by centrifugation for 1 h at  
I05 00Og contained about 18 mg of protein/ml, by the 
method of Waddell (1956) with bovine serum albumin as  
the standard. The cytosol was incubated for 3 h with 4 X 
1 OP8 M [ 1 ,2,6,7-3H]progesterone ( 1  05 Ci/mmol, New En- 
gland Nuclear) and stored a t  -80 O C  for up to 6 months. 
More than 90% of the bound progesterone, as measured by 
charcoal-dextran assay (see below), was precipitated from 
the cytosol by dropwise addition of protamine sulfate (7.5 
mg/ml) to a final concentration of 0.8 mg/nil. The pellets 
were collected by centrifugation for I5  min at  2500g, 
washed twice with Tes-thioglycerol. and extractcd for 1 h 
into Tes-thioglycerol containing 0.15 or 0.5 M KCI f 5 mg 
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F I G U R E  I : Salt-dependent elution of total and bound [3H]progester- 
one from ion exchange filters. Labeled cytosol (100 M I )  was adsorbed to 
DE-8 1 filters which were washed to remove free steroid and extracted 
twice with 1 ml of Tes-thioglycerol containing 5 mg of ovalbumin/ml 
and the indicated molar salt concentration. Aliquots of the cytosol, 
wash, and extracts were treated with charcoal-dextran. (Top) Total 
cpm in the pooled washes (Wash), the first (0)  and second (A) ex- 
tracts and on. the filter (0) are expressed relative to the total cpm in 
the sample. (Bottom) The cpm on the filter and the charcoal-resistant 
cpm in the washes and first extract are expressed relative to the char- 
coal-resistant cpm in the sample. 

of ovalbumin/ml, brought up to the initial volume of cyto- 
sol. For preparation of the labeled mero-receptor, the KCI 
was replaced by 0.02 to 0.1 M CaCl2 (Sherman et al., 
1974). 

Charcoal-Dextran Treatment. Labeled cytosol was 
shaken for 20 min with one-fourth the volume of 2.5% Norit 
A ,  0.25% Dextran T-40 in Tes-thioglycerol, centrifuged 15 
min a t  lOOOg, and an aliquot of the supernatant fluid was 
assayed for tritium content. The charcoal-dextran suspen- 
sions were supplemented with 2% ovalbumin and either 0.5 
M KCI or 0.1 M CaC12 when used to assay bound steroid in 
D E A E  filter extracts (see below) 

Preparatiue Ion Exchange Filtration. Chick serum dilut- 
ed with 3 volumes of Tes-thioglycerol was labeled with 
[ 3H]cortisol and oviduct cytosol with [3H]progesterone. Al- 
iquots (100 M I )  were adsorbed to DEAE-coated filters 
(Whatman DE-81) in a manifold as described by Miller et 
al. (1975). I n  preliminary experiments, adsorption of ste- 
roid-receptor complexes to a single filter was proportional 
to  the cytosol load, up to a t  least four 1OO-wl aliquots, with 
five I-ml washes after each addition. To reduce the back- 
ground of free steroid on the filters to 1.5% of the total or 
less, filters used to isolate [3H] progesterone complexes were 
washed 5 times, and filters used for [ 3 H ] ~ ~ r t i ~ ~ l  complexes 
were washed 12 times with 1 ml of Tes-thioglycerol. For 
the experiments shown in Figures 1 and 2, replicate filters 
were extracted twice for 8 min with 1 ml of Tes-thiogly- 

[KCI] 

FIGURE 2: Elution of corticosteroid-binding globulin and progesterone 
receptors from ion exchange filters. Aliquots (100 P I )  of diluted chick 
serum labeled with 1.5 X M [3H]cortisol (A) or oviduct cytosol 
labeled with 4.5 X M [3H]progesterone ( 0 )  were adsorbed to 
separate filters. Prior to extraction, the washed filters retained 27 and 
59% of the labeled steroids, respectively. Each symbol represents the 
percent of the total steroid in  the sample recovered in the first 1 ml of 
extract with Tes-thioglycerol containing 5 mg of ovalbumin/ml and 
the indicated KCI concentration. 

cero1 containing 5 mg of ovalbumin/ml and various concen- 
trations of KCI or CaCI2; a portion of each extract was 
treated with charcoal-dextran. The  results for the total ste- 
roid in the filter extracts were expressed as the percent of 
the total steroid in the sample. The  results for the charcoal- 
resistant or bound steroid in the extracts were expressed as  
the percent of the total bound steroid in the sample. As less 
than 2% of the free steroid remained on the washed filter, 
all of the radioactivity on the filter was assumed to be pro- 
tein bound. Sequential extractions of complexes from 
DEAE filters with solutions of increasing KC1 concentra- 
tion were analyzed by electrophoresis, gel filtration, and 
density gradient centrifugation. 

Electrophoresis. Polyacrylamide gel electrophoresis was 
performed in the Tris-glycine-HCI buffer system of Davis 
(1964), as modified by Miller et al. ( 1 9 7 9 ,  in cylindrical 
3-ml (1 10 X 6 mm) separation gels without stacking gels. 
The total concentration ( T )  of acrylamide monomer plus 
the cross-linking agent N,N'-methylenebisacrylamide (Bis) 
was varied from 5 to 1 1 %  (w/v). The degree of cross-linking 
(C) was 1596, i.e Bis/monomer = 15:85. All buffers and 
contained gels 10% (v/v) glycerol and the samples were un- 
derlayered with 5 bmol of Tris-thioglycolate. The chloride- 
thioglycolate boundary, detected by immersing the gel in 
AgN03,  was the reference for the calculation of relative 
mobility ( R f )  (Rodbard and Chrambach, 1971). The com- 
position of the operative buffer in the separation gel during 
electrophoresis was computed to be 0.368 M Tris, 48.3 m M  
glycine, p H  10.2 a t  0 O C  using the program of Jovin (1973). 
This Tris-glycine buffer is referred to as the separation 
phase buffer. 

Density Gradient Centrifugation. Samples were centri- 
fuged a t  0 O C  through 10 to 35% (w/v) glycerol gradients 
for 45 h a t  227000g (48 000 rpm in a Spinco SW-56  
rotor). The linear dependence of migration distance on sedi- 
mentation coefficient under these conditions was verified 
with horse heart cytochrome c ,  1.95s (Stellwagen, 1968), 
ovalbumin, 3.53s (Castellino and Barker, 1968), and 
human hemoglobin, 4.42s (Schumaker and Schachman, 
1957), as  standards (Martin and Ames, 1961). The signifi- 
cance of differences between the sedimentation coefficients 
of the various receptor forms was evaluated by the Stu- 
dent's t Test. 
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Gel Filtration. One column of Agarose A 0.5m (42 X 
1.27 cm) was equilibrated with the separation phase buffer 
containing 10% (v/v) glycerol and another (87 X I .27 cm) 
with Tes-thioglycerol containing 0.4 M KCI and 10% (w/v) 
glycerol (high salt buffer). The total liquid volume (V , )  was 
marked by ~ - [ ‘ ~ C ] v a l i n e  (260 mCi/mmol, Schwarz/ 
Mann) or by [I4C]urea (55 mCi/mmol, Schwarz/Mann). 
Blue Dextran 2000 (Pharmacia) marked the void volume 
(Vo)  in experiments with standard proteins but was omitted 
in the presence of receptors. The distribution coefficient 
( K D )  of each binding component and standard was calcu- 
lated from its elution volume (V,) as usual: K D  = ( V ,  - 
Vo) / (  V ,  - V O )  (Gelotte, 1960). 

Since few standard proteins of high molecular weight are  
stable in the high salt buffer, covalently linked polymers of 
bovine serum albumin were prepared by a modification of 
the method of Wolf et al. (1970). Two microliters of diethyl 
oxydiformate (Eastman) were added to 1 ml of bovine 
serum albumin ( I O  mg/ml) a t  room temperature, mixed 
vigorously on a Vortex, dialyzed overnight a t  4 “C against 
the high salt buffer, and centrifuged 15 min at  2500g. 
Under these conditions, a satisfactory yield of the dimer, 
but not of the higher polymers, of albumin was obtained. 
Stokes radii (R,)  and apparent molecular weights ( M )  of 
the smaller receptor forms were calculated by interpolation 
of linear correlations of log Rs with K D  and M‘12 with 
K D ’ / ~  for myoglobin, ovalbumin, human serum albumin, 
and bovine serum albumin monomer and dimer in the high 
salt buffer (Sherman, 1975). The molecular parameters of 
the largest receptor form, that was eluted before the albu- 
min dimer, were estimated from short extrapolations of the 
standard curves. Elution volumes from the column equili- 
brated with the separation phase buffer were not propor- 
tional to molecular radius or weight, presumably because of 
charge-dependent interactions with the agarose (Miller et 
al., 1975). 

Results and Discussion 
Nomenclature. To facilitate the description of the vari- 

ous forms of the chick oviduct progesterone receptor, we 
have numbered them I to V in order of decreasing molecu- 
lar size as measured by gel filtration. Thus, form I is a high- 
ly  aggregated complex, detectable in the void volume of a 
column of Agarose A 0.5m when crude cytosol is filtered in 
buffers of low ionic strength. Forms 11 and I I I  a re  the major 
complexes detectable in untreated cytosol in buffers con- 
taining high concentrations of monovalent cations (e.g., 0.4 
M K+). As shown below, forms 11 and 111 correspond to 
components B and A of Schrader and O’Malley ( 1  972), re- 
spectively. Forms I I 1  and V are  the major complexes i n  KCI 
and CaCl2 extracts of protamine-precipitated cytosol, re- 
spectively; IV is a minor constituent of both. Form V is the 
mero-receptor obtained by treatment with certain divalent 
cations, e.g., Ca2+ (Sherman et al., 1974). 

Elution of Steroid-Binding Components f rom Ion E x -  
change Filters. Aliquots of cytosol incubated with 4.2 X 
1 0-8 M [ 3H]  progesterone f 4 X 1 0-6 M unlabeled proges- 
terone were treated with charcoal-dextran or adsorbed to 
DE-8 1 filters, washed, and extracted as  described in Mate- 
rials and Methods. The charcoal-resistant steroid in sam- 
ples labeled in the absence and presence of competitor indi- 
cated the total and nonspecific binding, respectively, and 
the difference was identified as the amount specifically 
bound. As shown by Miller et al. (1975, Table I I ) ,  both the 
total bound and specifically bound progesterone were re- 
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tained by the washed filters in good yield (about 87%). 
Figure 1 (top) shows the progressive elution of [ 3 H ] p r ~ -  

gesterone from the filters by solutions of increasing KCI or 
CaCl2 concentration. The yield of steroid in the extract var- 
ied with salt concentration and was maximal a t  0.4 to 0.6 M 
KCI or 0.2 to 0.5 M CaC12. At  lower salt concentrations, 
the yield was increased by a second extraction. The maxi- 
mum recovery of [ 3 H ] p r ~ g e ~ t e r ~ n e  in the combined ex- 
tracts was comparable to the amount initially retained by 
the filters. Since half-maximal recovery of [3H]progester- 
one in the combined extracts was obtained with about 0.2 
M KCI or 0.025 M CaC12, elution was not simply a function 
of ionic strength. Of the free steroid in the labeled cytosol, 
i.e., that removed by charcoal-dextran treatment of parallel 
samples, more than 80% was recovered in the pooled filter 
washes. The average recovery of total steroid in these exper- 
iments was 88%. 

At each salt concentration, the yield of steroid-receptor 
complexes, assayed by the charcoal-dextran method, was 
proportionate to the total steroid in the extract (cf. Figure 
1 ,  top and bottom). A comparison of the amount of bound 
[3H]progesterone in the high salt extracts with the bound 
steroid in the samples indicated that about 60% of the com- 
plexes were recovered from the filters with KCI. and about 
50% with CaC12. These yields were sufficient to permit 
physical chemical analyses of the receptors in the extracts. 

Ion exchange filters have been used recently for the 
quantitation of individual steroid-binding components 
(Santi et al., 1973; Baxter et al., 1975; Rosner, 1975). To 
evaluate the capacity of DE-81 filters to fractionate mix- 
tures, we compared the elution profiles of [3H]progester- 
one-cytosol complexes and [3H]cortisol-serum complexes 
(presumably labeled corticosteroid-binding globulin), as a 
function of KCI concentration. The results of this experi- 
ment (Figure 2) indicated the feasibility of differential elu- 
tion of the constituents of a mixture of steroid-binding pro- 
teins. For example, about 80% of the serum complexes, but 
only 20% of the [‘H]progesterone-receptor complexes, 
were eluted by 0.15 M KCI. 

Schrader and O’Malley (1972) adsorbed partially puri- 
fied oviduct [3H]progesterone-receptor complexes to 
DEAE-cellulose columns and sequentially eluted two com- 
ponents with 0.15 and 0.3 M KCI, labeled A and B, respec- 
tively. The experiments described below were performed to 
test the applicability of DEAE filters to the rapid fraction- 
ation of different forms of the progesterone receptor i n  
small samples. The complexes eluted from the filters by 
various concentrations of KCI were compared with those 
characterized previously i n  this laboratory. i.e., complexes 
I ,  1 1 ,  I l l ,  and V (Sherman et al.. 1974; Miller et al., 1975). 

Gel Filtration in High Salt Buffer. A column of Agarose 
A 0.5, equilibrated with Tes-thioglycerol containing 0.4 
M KCI and 10% (w/v) glycerol (high salt buffer) was used 
both analytically and preparatively. As shown i n  Figure 323, 
and in earlier experiments with buffers of slightly different 
composition (Sherman et al., 1970; Sherman et al., 1974), 
most of the bound [3H]progesterone in unfractionated cyto- 
sol was eluted as a partially resolved double peak (fractions 
49-60). The separate components within this double peak 
were identified by electrophoretic and ultracentrifugal anal- 
yses of the indicated pooled fractions ( I 1  and 111) .  Unlike 
unfractionated cytosol. sequential 0.15 M KCI (low salt) 
and 0.5 M KCI (high salt) extracts of cytosol adsorbed to 
DEAE filters each contained a single major rcceptor form 
(Figure 3b). From their elution volumes, these complexes 
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Fraction Number 

F I G U R E  3: Resolution of several forms of the progesterone receptor by 
gel filtration. An Agarose A 0.5m column (1.27 X 88 cm) equilibrated 
with 0.4 M KCI, 10% ( w / v )  glycerol in Tes-thioglycerol was used at  4 
O C .  (a) Radioactivity was measured in aliquots of eluate from 0.8 ml of 
oviduct cytosol labeled with 4.9 X M [3H]progesterone (0).  The 
expected elution volume of receptor aggregates is indicated by I .  Pools 
I I and I I  I (shaded) were analyzed by electrophoresis, ultracentrifuga- 
tion, and gel filtration in Tris-glycine buffer (cf. Figures 4, 5, and 6 ) .  
A 20 mM CaClz extract of protamine-precipitated cytosol (0.37 ml; 0) 
contained the mero-receptor ( V )  and a larger complex ( I V ) .  (b) 
DEAE-coated filters, to which 0. I or 0.12 ml of labeled cytosol was ad- 
sorbed, were washed with Tes-thioglycerol, extracted first with 0.5 ml, 
then with 1 ml of 0.1 5 M KCI in Tes-thioglycerol containing 5 mg of 
ovalbumin/ml and then with 0.5 ml of 0.5 M KCI in Tes-thioglycerol, 
5 mg of ovalbumin/ml. The samples were 0.8 ml of the first 0.15 M 
KCI extract (0) and 0.8 ml of the subsequent 0.5 M KCI extract ( W ) .  
The void volume ( V o )  and total liquid volume ( V , )  were marked by 
dextran blue and [I4C]valine, respectively. Standard proteins bovine 
serum albumin dimer (D) and monomer (A), ovalbumin (0), and myo- 
globin ( M )  were detected optically. (c) Labeled receptors were extract- 
ed from protamine precipitated cytosol or from DEAE filters with 0.5 
M KCI in  Tes-thioglycerol, 5 mg of ovalbumin/ml, without prior ex- 
traction wi th  0. I5  M KCI. The samples were 0.55 ml of the filter ex- 
tract (V; 0.5 ml of extract/O.l ml of cytosol) and 0.9 ml of the prota- 
mine extract (V; I ml of extract/ml of cytosol). Pools I l l  and IV of the 
protamine extract were analyzed by electrophoresis and ultracentrifu- 
gation (cf. Figure 6 and Tables I and I l l ) .  

appeared to be the same as  the smaller and larger com- 
plexes, i.e., I l l  and I I ,  in unfractionated cytosol. In a previ- 
ous study, the agarose gel filtration patterns of forms I 1  (B)  
and I I I  (A)  obtained from DEAE columns and of unfrac- 
tionated [3H]progesterone receptors were indistinguishable 
(Schrader and O'Malley, 1972; Figure 2). The present re- 
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F I G U R E  4: Relationships between receptor forms fractionated by gel 
filtration in different buffers. (a)  Untreated cytosol (0.6 ml) was f i l -  
tered on a 55-11-11 column of Agarose A 0.5m in the separation phase 
buffer of the electrophoretic system (0.368 M Tris, 48.3 mM glycine) 
containing 10% (v /v )  glycerol. (b) The excluded peak ( I ;  0.95 ml) from 
the preparation shown in  (a) and the included peak (11: 0.4 ml) from 
an analogous experiment were rechromatographed separately on the 
I IO-ml agarose column equilibrated with high salt buffer [0.4 M KCI, 
10% (w/v) glycerol in  Tes-thioglycerol (pH 7.4)]. (c) Pools I I  (0.8 ml) 
and I l l  ( I  ml) from filtration of whole cytosol in high salt buffer (cf. 
Figure 3a) were rechromatographed separately in the Tris-glycine 
buffer. The  apparent conversion of I to I l l  on transfer from Tris-gly- 
cine to high salt buffer (a and b) was not reversible under these condi- 
tions. The void volume ( V O ) ,  total liquid volume ( V , )  and elution posi- 
tions of ovalbumin (0) and myoglobin (M)  were different in the col- 
umn equilibrated with Tris-glycine buffer (a and c)  from those in the 

sults indicate clear resolution of forms IJ and I l l  on agarose 
(Figure 3b). 

Figure 3c shows the elution profiles for receptors extract- 
ed by 0.5 M KCI from protamine-precipitated cytosol and 
from DEAE filters (without prior extraction with 0.15 M 
KCI). The  high salt filter extract apparently contained both 
forms I 1  and I I I  that were also detected in whole cytosol 
(cf. Figures 3a and 3c). Gel filtration of the high salt prota- 
mine extract, like the low salt filter extract, revealed only 
form 111 and a minor constituent, form IV, that co-chroma- 
tographed with ovalbumin. 

Protamine-precipitated cytosol was extracted with 0.15 
M KCI or with various concentrations of CaClz and ana- 
lyzed on Agarose A 0.5m. The yield of [3H]progesterone in 
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Table I :  Physical-Chemical Parameters o f  the Partially Purified Receptor Forms and of the Standards used for Gel Filtration Analyses. 

__ 
(M x 10-3) i (M x 10-3) i 

~ 2 0 , ~  f SEM R S  i SEMd SEMe from SEMffrom 
Proteina ( S )  Kr> i SEM ( n ) C  (A) R Q  X 5“”  .”, M I i 2  V E .  Knl” 

11 (B)  
111 (A) 
11’ 
V (mero-receptor) 

Bovine serum albumin 
Dimer 
Monomer 

Human serum albumin 
Ovalbumin 
Myoglobin 

4.23 i 0.03  (4) 
3.89 i 0.04 (4) 
3.63 i 0.05 (4) 
2.94 i 0.01 (3) { 2.58 i 0.02 ( 3 9 y  

0.317 i 0.007 (14) 
0.400 ? 0.003 (18) 
0.636 i 0.004 (1 1) 
0.778 i 0.004 (5) 

0.371 i 0.009 (4) 
0.518 i 0.01 1 (4) 
0.5 10 ? 0.01 1 (4) 
0.621 i 0.009 (25) 
0.785 i 0.008 (39) 

50.5 2 1.1 
43.0 i 0.8 
27.4 i 0.5 
20.8 i 0.6 

43.5h 
36.3h 
35. i i  
28.01 
20.2fl 

93  i 2 162  4 4 
7 3 t  1 115 i 3 
4 3 i  1 39 i 2 
2 7 i  1 1 7 i  1 
2 3 i  I 

_ _ _ _ ~ ~  ~~ 

a Alternate nomenclature for receptor forms is shown in brackets. b Samples were centrifuged for 45 h a t  227 000g through 10 to 35% gly- 
cerol gradients in Tris-glycine buffer, pH 10.2, with hemoglobin (4.42s) as an internal standard. The standard error of the mean (SEM) is 
shown for the indicated number of determinations (n ) .  In two experiments, receptor form 11 was obtained as the 0.15 to 0.5 M KCI extract of 
DEAE filters. All other samples for ultracentrifugation were obtained by agarose filtration in high salt buffer (see below) of  the following pre- 
parations: 11, cytosol; 111, cytosol or 0.5 M KCl protamine extract; IV, 0.1 M CaCl, protamine extract or 0.5 M KCI protamine extract;  V, 0.02 
or 0.1 M CaC1, protamine extract. Neither preparation of V was completely free of IV (cf. Figure 3a). CDistribution coefficients ( K D )  were 
calculated as described in Materials and Methods from elution volumes on Agarose A 0.5m in high salt buffer [0.4 M KCI, 10% (w/v) glycerol, 
Tes-thioglycerol (pH 7.411. dStokes radii (Rs)  of receptors were calculated from the linear correlation of log RS vs. K D  for the five stand- 
ards. The values of SEM include the uncertainty of the standard curve as well as the variability between experiments. eMolecular weights ( A 0  
of the receptors were calculated from R S  and s , ~ , ~  (eq 1). The formula for the SEM of a product was from Kendall and Stuart (1 969).  
fValues of M for receptors were calculated from linear correlation of M”* vs. K n l i 3  for the five standards. g In  analyses of form V in salt-con- 
taining gradients, the mean szo,w t the standard deviation was 2.58 i 0.11s (Sherman et  al., 1974). hLoeb and Scheraga (1956). isquire e t  al. 
(1968). ionc ley  e t  al. (1947). kHeimburger e t  al. (1964). /Champagne (1950).  mCastellino and Barker (1968). fl Riveros-Moreno and Witten- 
berg (1972). OWeber and Osborn (1969). 
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FIGURE 5: Density gradient centrifugation of receptor forms fraction- 
ated by gel filtration in  high salt buffer. Aliquots of pools I 1  (-) and 
I I I (. . e) from filtration of cytosol on agarose in 0.4 M KCI, 10% (w/v) 
glycerol, Tes-thioglycerol (Figure 3a) were centrifuged for 45 h at 
227 000g through I O  to 35% ( w / v )  glycerol gradients in Tris-glycine 
buffer, pH 10.2, with hemoglobin (Hb) as an internal standard. 

the 0.15 M KCI extract of the protamine precipitate was 
only 30% of that in 0.5 M KCI extract, but the gel filtration 
pattern was essentially the same (cf. Figure 3c). In contrast, 
the bound [3H]progesterone in the CaC12 extracts was asso- 
ciated primarily with complex V ,  that co-chromatographed 
with myoglobin (cf. Figure 3a and Sherman et a]., 1974). 

Relationship of Forms I and III. In conjunction with 
electrophoretic studies, cytosol receptors were fractionated 
by filtration on agarose in the separation phase buffer 
[0.368 M Tris, 48.3 m M  glycine (pH 10.05 a t  4 “C)] con- 
taining 10% (v/v) glycerol. Under these conditions, the 
double included peak of bound [ 3 H ] p r ~ g e ~ t e r ~ n e  seen in the 
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high salt buffer (I1 and 111, Figure 3a) was replaced by a 
peak a t  the void volume ( I ,  Figure 4a) and a single included 
peak, labeled 11. To  determine the relationship between the 
complexes resolved by agarose in the two buffers, we ap- 
plied pooled fractions from one column as the sample on the 
second column. As shown in Figures 4a and 4b, nearly all of 
the bound steroid in the excluded peak in Tris-glycine buff- 
er was converted to form 111 in the presence of 0.4 M KCI. 
In the reverse experiment, there was no significant conver- 
sion of the complex in pool I11 from the high salt eluate 
(Figure 3a) to a form excluded from the gel in Tris-glycine 
buffer. Instead, most of the bound steroid was eluted in 
fractions 48 to 57 (Figure 4c). Similar elution patterns were 
obtained in the Tris-glycine buffer for pool I 1  from the high 
salt column (Figure 4c) and for the 0.15 M KCI extracts of 
[3H]progesterone complexes from DEAE filters. 

We infer from these experiments that I is an aggregate of 
form 111 and other constituents of the cytosol, and that form 
111 is liberated from this aggregate by ion exchange filtra- 
tion or gel filtration in high salt buffer. These other constit- 
uents may be basic proteins or nucleic acids to which Ill 
( A )  is known to bind (Schrader and O’Malley, 1972). 

Density Gradient Centrifugation. It was of interest to de- 
termine i f  the receptor forms fractionated by ion exchange 
filtration and gel filtration were distinguishable by density 
gradient centrifugation. Miller et al. ( I  975) showed that 
forms I and I 1  obtained by gel filtration in Tris-glycine 
buffer sedimented as a heterodisperse population (>8S) 
and as a distinct 4.2s peak, respectively. In the present 
study, forms 11-V prepared by ion exchange filtration, prot- 
amine precipitation, and/or gel filtration were compared 
during prolonged centrifugation with a closely sedimenting 
internal standard, to increase the precision of the method. 
The  results in Figure 5 and Table I show small but signifi- 
cant (r, < 0.01) differences in the sedimentation coeffi- 
cients of these components. Nevertheless, a mixture of 
forms I 1  and 111 would have sedimented as a single “ 4 s ”  
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Table 11: Friction Factors and Axial Ratios of Receptor Forms 

Axial RatioC 

Receptor Forma Cf/fJshapeb Prolate Oblate 

11 (B) 1.55 10  12  
111 (A) 1.43 8 10 
IV 1.09 3 3 
V (Mero-receptor) 0.96 1 1 
Vd 1.02 1 1 

a Alternate nomenclature is shown in brackets. bcalculated 
from eq 2 with values of RS and M (from RS and sl0,,) from Table 
L CFor  each value of Cf,fo)shape, the corresponding axial ratios for 
prolate and oblate ellipsoids of revolution were obtained from 
Schachman (1959). dValues based on s,,,, = 2.588 (Sherman et  al., 
1974). 

peak under these conditions. The preparations of V (the 
mero-receptor) used in these studies contained the larger 
form, IV (see Figure 3a). This, and/or the change from a 
neutral high salt buffer to a n  alkaline buffer of low ionic 
strength, may explain the discrepancy between the value of 
2.94 f 0.01s  (Table I )  and that  reported previously for the 
mero-receptor, 2.58 f 0.02s  (Sherman et al., 1974). 

Stokes Radii, Molecular Weights, and Axial Ratios of 
Receptor Forms II-V. The distribution coefficient ( K D )  on 
gel filtration provides a more reliable estimate of the Stokes 
radius ( R s )  than of the molecular weight ( M )  of the recep- 
tors (Sherman, 1975). The results for both parameters of 
receptor forms 11-V are  shown in Table I. The value of Rs 
= 50.5 A for form I1 is in good agreement with the value of 
47.7 8, calculated from the electrophoretic retardation coef- 
ficient ( K R )  of the fast component (Miller et al., 1975). The 
Rs of 20.8 A for form V is the same as  that obtained by 
Sherman et  al. (1 974) in more extensive gel filtration anal- 
yses. The  apparent M of 162 000 for form 11, calculated 
from the correlation of with K D ’ / ~ ,  is close to  that ob- 
tained from a correlation of equivalent molecular radius (a 
function of with K R ‘ / *  (Miller et al., 1975). Since 
both of these correlations a re  based on the assumption that 
the unknown and standard proteins have similar axial ra- 
tios, they may result in overestimates of M for highly asym- 
metric proteins. 

An alternative estimate of M ,  which avoids this assump- 
tion, is obtained by combining Rs and the sedimentation 
coefficient (s) with an estimate of the partial specific vol- 
ume ( E ) :  

M = [“““I sRs  = 435sRs 
1 - b p  

where the solvent viscosity (7) is 0.01 poise, the solvent den- 
sity ( p )  is 1 .OO g ~ m - ~ ,  is assumed to be 0.74 cm3 g-’, N 
is Avogadro’s number, Rs  is in angstroms and s, in 
svedberg units ( s), refers to 20 O C  and water ( ~ 2 0 , ~ ) .  

I n  the case of the mero-receptor, the estimate of M ob- 
tained from vs. KD‘/ ’  is presumably more reliable 
than that calculated from Rs  and s since this receptor form 
was incompletely resolved from larger contaminants by ul- 
tracentrifugation. The agreement between the two esti- 
mates of M for form IV in Table I indicates that this com- 
plex is similar in shape to the globular standards. In con- 
trast, the size and the direction of the discrepancy between 
the two estimates of M for forms I1 and 111 are  consistent 
with a high degree of asymmetry (see below). Schrader et 
al. (1974) obtained molecular weights of 117 000 and 
1 I O  000 for forms I 1  and 111, respectively, from the electro- 

phoretic mobilities of the highly purified components in the 
presence of a detergent, sodium dodecyl sulfate. Their re- 
sults, which are  intermediate between our two estimates 
based on hydrodynamic parameters, involve the assumption 
that the receptors and standard proteins bind the detergent 
in proportion to  M .  

The degree of asymmetry of receptor forms 11-V was 
evaluated in terms of C f l f ~ ) ~ t , ~ ~ ~ ,  the frictional ratio due to 
shape, defined by: 

= 1.390X 10’ - 
(:)shape = R S [  3M(D 4.rrN + 6 / p )  ] (:1:3) 

where it was assumed that b = 0.74 cm 3g-’, the degree of 
solvation 6 = 0.2 g per g of protein, and Rs  was in ang- 
stroms (Sherman et al., 1970). Table I 1  shows the results 
for ( f , , ~ ) ~ h ~ ~ ~  and the corresponding axial ratios (Schach- 
man, 1959). These results confirm that forms IV and V are  
globular, in contrast to the highly asymmetric forms 11 and 
111. The dramatic fall in axial ratio (from about ten to one) 
when the larger units are  converted to the mero-receptor 
may indicate the cleavage of an asymmetric portion of the 
molecule from a globular region containing the steroid- 
binding site. In  this respect, the receptor would resemble 
myosin, in which the actin-binding site and ATPase activity 
reside in the globular portion of heavy meromyosin (Muel- 
ler and Perry, 1962). 

Electrophoresis of Receptors Fractionated by Ion E x -  
change and Gel Filtration. The labeled complexes in some 
receptor preparations (the protamine and low salt DEAE 
filter extracts) were not “stacked” or concentrated into a 
sharp zone in the upper gel of the multiphasic system de- 
scribed by Miller et al. ( I  975). Therefore, to permit analy- 
ses of all receptor forms under the same conditions, no 
stacking gels were used in this study. Electrophoresis was 
performed in highly cross-linked (1 5% C) separation gels of 
several total acrylamide concentrations ( 5 ,  8, and 11% T or 
5 ,  7, 9, and 11% T )  with human hemoglobin and bovine 
serum albumin-bromophenol blue complex as visible stan- 
dards in every gel. The radioactivity detected in the gels 
after electrophoresis of labeled cytosol under these condi- 
tions accounted for about 88% of the bound [3H]progester- 
one, as measured by the charcoal-dextran assay (Miller et 
al., 1975). 

The results for the various receptor preparations in 5% T 
gels are  compared in Figure 6. The distribution of labeled 
steroid in cytosol was characterized by a sharp peak of rela- 
tively high mobility (the cytosol fast form, Ry 0.45 f 0.01) 
and a heterodisperse slow peak (Rf  0.2 to 0.35), that varied 
in shape among different preparations and with protein load 
(Figure 6a). Electrophoresis of pool I1 from gel filtration of 
cytosol in high salt buffer (Figure 3a) revealed the cytosol 
fast form, nearly free of the slow components (Figure 6b). 
Pool I 1 1  from the same column contained a component of 
lower mobility (Ry  0.30 f 0.01). On the basis of these re- 
sults, the electrophoretic components characterized by Rf’s 
of about 0.45 and 0.30 under these conditions were tenta- 
tively identified as  receptor forms I1 and 111, respectively. 
The  lower Rf of form I l l ,  in combination with its smaller 
size as measured by gel filtration, indicated a lower net 
(negative) charge/surface area a t  the operative pH in these 
gels (see Rodbard and Chrambach, 1971). 

T h e  electrophoretic patterns of the complexes eluted 
from DEAE filters by different salt solutions a re  compared 
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F l c i ~ R t - .  6: Electrophoretic identification of receptor forms in whole 
and fractionated cytosol. Each sample was analyzed in triplicate 110- 
nim gels containing 5, 7, 8 ,  9, or 1 I %  total acrylamide (7‘); data are 
shown for 5% 7‘ gels. (a)  [3H]Progesterone-labeled cytosol, 40 pi; (b) 
separate analyses of pools I I  and I l l  from gel filtration of cytosol on 
agarose in high salt buffer (cf. Figure 3a), 150 pl; (c) 0.5 M KCI ex- 
tract of cytosol adsorbed to DE-8 I filters, 150 pl; (d) separate analyses 
of 0. I 5  IM KCI filter extract and 0.5 M KCI filter extract following 
0.15 M KCI extraction (cf. Figure 3b), 200 pl; (e) 0.5 M KCI extract 
of protamine-precipitated cytosol, 50 pi ;  (f) separate analyses of pools 
I l l  and IV from agarose filtration of 0 5 M KCI protamine extract in  
high halt buffer (cf. Figure 3c), 200 pl. 

in Figures 6c and 6d. The 0.5 M KCI extract, without prior 
low salt extraction, appears to contain a mixture of com- 
plexes similar to those in untreated cytosol (cf. Figure 6a). 
This result is consistent with the gel filtration data (Figures 
3a and 3c). The  electrophoretic patterns for the 0.15 M 
KCI DEAE filter extract and the subsequent 0.5 M KCI ex- 
tract, by contrast, each contain a single major peak of ra- 
dioactivity (Figure 6d). The 0.15 to 0.5 M KCI extract of 
the DEAE filters appears to contain the same high mobility 
complex (RJ 0.44 f 0.01) as pool II  from gel filtration (cf. 
Figure 6b). The mobility of the complex in the low salt 
D E A E  filter extract (RJ 0.24 f 0.02) was slightly lower 
than that of pool I l l  from gel filtration (I, < 0.1). 

These electrophoretic analyses and the gel filtration pat- 
terns i n  Figure 3b demonstrate that stepwise elution from 
DEAE filters efficiently fractionates the two major receptor 
forms in crude cytosol. The  larger complex (form 11) is ex- 

tracted from DEAE filters only by high concentrations of 
KCI (>0.3 M).  Therefore, it is identified as  the B compo- 
nent of Schrader and O’Malley (1972). The interactions of 
form I1 with DEAE and protamine (see below) in neutral 
buffers, and its high electrophoretic mobility in alkaline 
buffer, imply a high net negative charge. Since the smaller 
complex, 111, is extracted from DEAE filters by 0.15 M 
KCI, it is identified as the A component of Schrader and 
O’Malley (1972). Its low Rf a t  p H  10.2 and ease of extrac- 
tion from DEAE and protamine (see below) are  consistent 
with a low net negative charge. 

Electrophoresis of Receptors Fractionated by Protamine 
Precipitation. Electrophoretic analysis was also used to 
characterize the KCI and CaC12 extracts of protamine-pre- 
cipitated cytosol, fractions of these extracts obtained by gel 
filtration in high salt buffer, and the complexes remaining 
in the supernatant after protamine precipitation. As shown 
in Figure 6e, the 0.5 M KCI protamine extract contained a 
complex of low mobility (RJ 0.24 f 0.01) and a trail of ra- 
dioactivity between the complex and the top of the gel. The 
absence of high mobility complex was consistent with the 
gel filtration patterns for the protamine extract, which re- 
vealed a single major complex (111) in place of the double 
peak in whole cytosol (Figure 3c). When gel filtration frac- 
tions from the protamine extract were electrophoresed (Fig- 
ure 6f), more than one low mobility complex was apparent 
in pool I l l ,  while a barely detectable complex in pool IV mi- 
grated with the mobility of the cytosol fast component ( R ,  
-0.45). The majority of the complexes in pool IV, that ap- 
parently failed to enter the gel, are  presumably less acidic 
than those in pool 111. 

The 0.1 M CaCll  extract of protamine-precipitated cyto- 
sol and pools IV and V from gel filtration of this extract (cf. 
Figure 3a) were analyzed similarly (results not shown). In 
the whole extract, a small peak of radioactivity a t  R/ -0.22 
was unresolved from a series of more slowly migrating com- 
plexes, presumably aggregates. No labeled complexes were 
detected by electrophoresis of the gel filtration fractions of 
this extract. The failure to detect the mero-receptor (form 
V) in this electrophoretic system was interpreted i n  con- 
junction with other experimental data: ( I )  The mero-recep- 
tor was stable during prolonged centrifugation in the sepa- 
ration phase buffer (Table I ) .  (2) It was also stable during 
filtration on agarose in the separation phase buffer, but was 
eluted later than expected from its elution volume in high 
salt buffer and sedimentation coefficient. Such retardation 
on agarose in an alkaline buffer was previously noted for 
cytochrome c, a basic monomeric protein (Miller et 31.. 

1975; Figure 8). (3) In isoelectric focusing experiments 
under the conditions used by Sherman et al. (1974), the 
mero-receptor had an apparent isoelectric point of greater 
than 8. (4) The  mero-receptor was released from protamine 
precipitates by solutions of relatively low ionic strength 
(e.g. 20 m M  CaC12, Figure 3a). 

This ensemble of data  is consistent with the hypothesis 
that the fragment of the receptor that contains the steroid- 
binding site is a basic polypeptide. As such, it should be 
studied in an electrophoretic system with the reverse polari- 
ty from that used here. Since receptor forms 11, 111, and V 
apparently contain the same steroid-binding moiety (Sher- 
man et  al., 1974), the more acidic portions of the larger 
units must be lost in the formation of V .  

The  high mobility receptor form, I I ,  was essentially ab- 
sent from KCI and CaC12 protamine extracts as analyzed 
by either agarose gel filtration or electrophoresis (Figures 
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a 
Table 111: Relative Mobilities ( R j s )  of Receptor Forms in 15% C, 
5% T Gels.a b 

Preparation Form I1 (B) Form 111 (A) 

I .5 
- 5 1.0- 
u -  

Cytosol 
DEAE filter extracts 

0.5 M KC1 
0.15-0.5 M KCl 
0.15 M KClb 

Protamine precipitation 
Supernatantb 
0.5 M KCI extractb 

Gel filtration 
Cy to so 1 
Protamine extract 

I 
BSA C 
/ 

0.45 t 0.01 (3) 

0.43 t 0.01 (3) 
0.44 t 0.01 (2) 

0.24 i 0.02 (4) 

0.21 ?- 0.01 (3) 
0.24 i 0.01 (2) 

0.30 ?- 0.01 (6) 
0.29 f 0.01 (2) 

0.44 ? 0.01 (6) 

a Samples were electrophoresed in a Tris-glycine-HC1 buffer sys- 
tem with a Tris-thioglycolate underlayer; mobilities of ['HI pro- 
gesterone complexes were measured relative to the chloride-thio- 
glycolate boundary (see Materials and Methods). Mean values of 
Rf i- SEM are shown for the number of gels in parentheses. Alter- 
nate nomenclature for receptor forms is shown in brackets. 
bComplexes with Rf <0.27 under these conditions are designated as 
form I I I *  (cf. Figure 8). 

3a, 3c, and 6e). These findings suggested that either form I1 
was not precipitated by the polyamine, or it was precipitat- 
ed but not resolubilized from the pellet by the salt solutions 
tested. The gel pattern of the protamine supernatant, which 
resembled that of the KCI protamine extract (Figure 6e), 
favored the second interpretation. 

Mobilities of the Major Receptor Forms as a Function 
of Total Gel Concentration ( T ) .  As shown in Table 111, 
there were no consistent differences in the Rf's in 5% T gels 
of the high mobility complex (form 11) in various prepara- 
tions: untreated cytosol, KCI-treated cytosol, 0.15 to 0.5 M 
KC1 D E A E  filter extract, 0 .5  M KCI D E A E  filter extract, 
pool I 1  from agarose filtration in high salt buffer, or the in- 
cluded peak from agarose filtration in the separation phase 
buffer. Moreover, the Rf values in  gels of systematically 
varied concentration (5 to 11% T )  were as consistent for re- 
ceptor form I1 in these various preparations as for bovine 
serum albumin and hemoglobin analyzed in the same gels. 
These results are  summarized as graphs of log Rf vs. T 
(Ferguson plots) i n  Figures 7a and 7b (Ferguson, 1964; 
Rodbard and Chrambach, 1971). The joint 95% confidence 
limits for the slopes and intercepts of the Ferguson plots for 
the combined data for each component (in all preparations) 
are  shown in Figure 7c (Rodbard and Chrambach, 1974; 
Miller et al., 1975). The small size of the ellipse of the joint 
confidence limits for the charge and size parameters of the 
high mobility complex implies that the same receptor form 
(11) was obtained in all of the preparations listed above. 

I n  contrast, both the Rf  and the shape of the low mobility 
peak (form 111) depended on the method of preparation. 
For example, the complex in pool 111 from agarose filtration 
of whole cytosol (5.9 pmol of [3H]progesterone/mg of pro- 
tein) had an Rf of 0.30 f 0.01, compared with 0.24 f 0.02 
for the low salt DEAE filter extract3 (0.6 pmol of [ 3 H ] p r ~ -  
gesterone/mg of protein), p < 0.1, When data  from the 5% 
T gels were pooled according to the specific activity of the 
receptor, the difference between the Rf's in the more highly 
purified preparations (i.e., fractions from agarose columns 

To permit the evaluation of the concentration of endogenous pro- 
teins in  the DEAE filter extracts, ovalbumin was omitted from the ex- 
tracting solutions in this experiment. 

f protamine precipitation, Rf 0.30 f 0.01) and those of 
higher protein content (i.e., whole protamine extracts and 
0.15 M KCI extracts of DEAE filters, Rf 0.24 f 0.01) was 
significant a t  the level of p < 0.05. The impression that the 
mobility of the slow component varied among preparations 
was confirmed by analyses of R j  as a function of gel con- 
centration. Thus, the Ferguson plots for complex 111 ob- 
tained in the low salt DEAE filter extract, the protamine 
extract, and by agarose gel filtration were not superimpos- 
able (Figure 7a), although the joint 95% confidence limits 
for the slopes and intercepts overlapped to some extent. As 
shown in Figure 7c, the confidence ellipse for the combined 
data  was much larger than for the other proteins. 

There are  several possible interpretations of these find- 
ings: ( I )  The same receptor form is present in each of the 
preparations but its low net charge prevents reproducible Rf  
determinations. (2) Form I11 may exist in several low mo- 
bility variants. (3) A single form is present, but its apparent 
mobility in some preparations is altered by association with 
adventitious proteins, protamine, or DEAE from the filter. 
(4) The  receptor is cleaved by proteolytic enzymes in some 
preparations. 

The first interpretation was investigated by experiments 
with mixed preparations, one of which is shown in Figure 8. 
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F I C C R E  8. Discrimination between the IOU. mobility receptor forms 
prepared by gel filtration ( I l l )  and by ion exchange filtration ( I l l * ) .  
Samples containing 100 pI of pool I l l  from agarose filtration of whole 
cytosol in high salt buffer (-: cf .  Figures 3a, 6b) or 100 W I  of 0.15 M 
KCI extract of cytosol from DEAE-coated filters (. . .: cf. Figures 3b, 
6d) or a mixture of 100 pl each of pool I l l  and filter extract (----) were 
electrophoresed on quadruplicate 5% T.  15% C gels. A small amount of 
the fast component characteristic of pool I I  from gel filtration was de- 
tectable in pool I l l .  I n  the mixed samples, I l l  wjas apparently converted 
to I l l * .  

I n  this experiment, 100- and 200-pI aliquots of pool I11 
from gel filtration (Figure 3a) and 0.15 M KCI extracts of 
cytosol from DEAE filters (0.5 ml of extract/O.l ml of cy- 
tosol on filter) were analyzed separately and in 1 : I  mix- 
tures. Of the total radioactivity placed on the gels shown in 
Figure 8. the recoveries were greater than 80% in each case. 
The mobilities of the complexes in triplicate analyses of the 
two preparations were noticeably different: the major com- 
plex in pool I 1 1  had a mean RJ of 0.37, compared with 0.25 
for the DEAE filter extract. Most striking in these results 
was the apparent conversion of the complex in pool I11 to 
the lower mobility form (labeled I l l * )  when mixed with the 
filter extract (Rf  0.27). 

This experiment clearly showed that a t  least two low mo- 
bility forms of the progesterone receptor ( I l l  and I l l * )  can 
be distinguished. I t  also provided insight into the variable 
and heterodisperse patterns observed for the low mobility 
components of whole cytosol. Thus, the slow peak in Figure 
6a may encompass forms 111 and I l l * .  as well as form I (cf. 
Miller et ai., 1975). 

Relationship of the Electrophoretic Components to the 
6s and 8s Receptors. Schrader et al. ( 1  975a) reported the 
preparation of a 6 s  form of the progesterone receptor. This 
complex was described as a dimer of the A and B compo- 
nents, although the elution pattern from DEAE-cellulose 
with KCI was indistinguishable from that of the B compo- 
nent alone. Of the receptor forms characterized i n  our labo- 
ratory. forms I and I l l *  were the most likely candidates for 
such a complex. I f  either form corresponded to the 6 s  
dimer, gel filtration in 0.4 M KCI should have revealed an 
equal mixture of forms I I  (B) and I I I  ( A ) .  As shown in Fig- 
ures 3b and 4b, however, neither the low salt filter extract 
(form I l l * )  nor the complex excluded from agarose in Tris- 
glycine buffer (form I )  yielded a significant amount of form 
I I .  The sedimentation coefficients of the remaining forms 
described in this report (Table I )  excluded their identifica- 

tion with the 6.5 dimer. On the other hand, the 8s receptor 
detected in our first analyses of this system (Sherman et al., 
1970) may be among the low mobility components in  un- 
fractionated cytosol (Figure 6a). The macromolecular com- 
position of the 8s complex has not yet been determined, but 
it may include nonreceptor components. 

Conclusions 

By a variety of physical-chemical techniques, the proges- 
terone receptor of chick oviduct cytosol has been detected in 
a t  least five forms. Two of these, forms 1 and I l l * ,  may be 
produced by the aggregation of form 111 to other macromol- 
ecules in hypotonic media. Studies are  in progress con- 
cerning the molecular mechanism of the conversion of I I I  to 
I l l *  and its possible relationship to the activation of cyto- 
plasmic receptors. Forms I V  and V (the mero-receptor) 
may be the products of proteolytic enzymes to which the 
native receptor is not exposed in the intact cell. Studies of 
all available forms of the receptor are relevant to under- 
standing its regulatory function. For example, we have sep- 
arated the globular mero-receptor from a more acidic, 
asymmetric portion of the molecule and established the role 
of the mero-receptor in steroid binding (Sherman et al., 
1974). The  asymmetric moiety must be isolated next and its 
possible role in the interaction of the receptor with chroma- 
tin investigated. 
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Lipoteichoic Acid from Bacillus licheniformis 6346 MH- 1. 
Comparative Studies on the Lipid Portion of the 
Lipoteichoic Acid and the Membrane Glycolipid? 

David Button* and Norman L. Hemmings 

ABSTRACT: A lipoteichoic acid and a membrane glycolipid 
were isolated from Bacillus licheniformis 6346 MH-1.  The 
fatty acid composition of the two preparations were similar. 
Most of the fatty acids were of the branched chain type. 
The glycolipid was shown to be a diacyl derivative of 0-p- 
D-glucopyranosyl-( 1 -.6)-O-@-D-glucopyranosyl-( 1-3)- 

1,2-diglycerides, substituted with either monosaccharide 
or oligosaccharide residues, are components of the mem- 
branes of gram-positive bacteria (Shaw, 1970). Diglycosyl 
diglycerides comprise a major class of glycolipids and have 
taxonomic significance, in that the disaccharide residues, 
which are contained in the glycolipids of member organisms 
of a given genus, are identical (Shaw and Baddiley, 1968). 
The sugar components of glycolipids frequently occur as 
structural units of polymers, that  are located in the cell en- 
velope. For example, in Micrococcus lysodeikticus, the 
same dimannosyl residue occurs in both glycolipid and 
membrane polysaccharide (Lennarz and Talamo, 1966) 
and the glycolipid and capsular polysaccharide of Pneumo- 
coccus type XIV contain D-galaCtOpyranOSyl-( 1 4 2 ) - O - a -  
D-glucopyranosyl residues (Kaufman et al., 1965; Barker et 
al., 1961). 

Lipoteichoic acids from Lactobacillus fermenti and 
Streptococcus faecalis N C I B  81 91 consist of membrane 
teichoic acid, covalently linked to lipid. In L. fermenti, the 
lipid is identical with the membrane glycolipid (Wicken and 
Knox, 1970). In S. faecalis, the lipid moiety in the lipo- 
teichoic acid is phosphatidylkojiobiosyl diglyceride (Gan- 

+From National Institute for Medical Research, Mill Hill, London 
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glycerol. The lipoteichoic acid contained lipid, polyglycerol 
phosphate, and glucosamine. The  lipid was released by 
treatment with hydrofluoric acid and by hydrolysis in dilute 
acid and was shown to have a structure identical with that 
of the membrane glycolipid. 

field and Pieringer, 1975). This lipid is a minor component 
of the membrane lipids and is a derivative of the principal 
glycolipid of S. faecalis, kojiobiosyl diglyceride (Fischer et 
ai., 1973; Brundish et al., 1966). 

Structural  information on lipoteichoic acids from other 
organisms is required before the extent of the relationship 
between membrane lipid and lipoteichoic acid lipid can be 
assessed. However, chromatographic evidence has been pre- 
sented, which indicates that, in both Bacillus subtilis 
Marburg strain 168 and Micrococcus sp. 24, the lipid por- 
tion of the lipoteichoic acid differs from either of the re- 
spective membrane glycolipid or a phosphatidyl derivative 
of the glycolipid (Coley et ai., 1972). 

I n  the following communication, a partial structure for 
the lipoteichoic acid from B. licheniformis 6346 MH-1 is 
reported, and comparative studies of the membrane glycoli- 
pid and the lipid portion of lipoteichoic acid are described. 

Materials and Methods 
Materials. Alkaline phosphatase (EC 3.1.3.1), hexoki- 

nase (EC 2.7.1 . l ) ,  glucose-6-phosphate dehydrogenase (EC 
1.1.1.49), glycerokinase (EC 2.7.1.30), and glycerolphos- 
phate dehydrogenase (EC 1.1.1.8) were obtained from the 
Boehringer Corporation (London) Ltd. a-Glucosidase (EC 
3.2.1.20) and P-glucosidase (EC 3.2.1.21) were obtained 
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