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SUMMARY 

Uptake of steroids by membrane vesicles prepared from Pseu~~~onus fesfosferoni was specific for 
testosterone, dihydrotestosterone and dehydroepiandrosterone. The intravesicular steroid was andros- 
tenedione when testosterone or dehydroepiandrosterone was transported and androstanedione in the 
case of dihydrotestosterone. During transport NAD+ was reduced to NADH. These results indicated 
that steroid transport could best be described as a group translocation process and involved 3/3 and 
17~-hydroxysteroid dehydrogenase activity. The steroid itself appeared to function as the physiologi~l 
electron donor via NADH, generated during transport and oxidation of the steroid. 

IiVTRODUCTION 

Membrane vesicles prepared from induced cultures 
of Pseudomonas testosteroni have been shown to con- 
centrate testosterone?, allowing detailed investigation 
of steroid transport across cell membranes. Testoster- 
one uptake by membrane vesicles was saturable, sug- 
gesting that transport was a “carrier-mediated” pro- 
cess [l]. The intravesicular steroid concentration was 
800 times the testosterone concentration in the 
medium at the start of the incubation suggesting an 
active transport system for accumulation of steroids. 
Transport of testosterone appeared to be dependent 
on energy generated by transfer of electrons, as 
judged by the inhibition of transport by cyanide and 
amytal. 

Recent studies in Escherichia coli membrane vesi- 
cles indicate that transport of amino acids and sugars 
is coupled primarily to membr~e-bound D-lactate 
dehydrogenase [2]. Steroid uptake in P. testosteroni 
was dependent upon NAD+ and was optimal at a 
pH range between 8 and 9, similar to the require- 
ments of 38 and 17~-hydroxysteroid dehydrogena~ 
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t Trivialand systematic nomenciature of steroids: Andro- 
steron~3a-hydroxy-5~-andros~n-17~ne; Aldosterone- 
11~,21-dihydroxy-3,2O-dioxo-4-pregnen-18-a1; Androstene- 
ione4-androstene-3,17-dione; Sa-Androstanedione_5a- 
androstane-3,lbdione; 1,4_Androstadiendione--- I,4-andro- 
stadiene-3,17-dione; Sor-Diiydrotestosterone-- 17/S- hyd- 
roxy-Sa-androstan-3-one; Corti~I-11~,17,21-trihydroxy- 
4-pregnene-3,20-dione; Progesterone-4-pregnene-3,20- 
dione ; Testosterone-17/I-hydroxy-4-androsten-3-one; 
Dehydroepiandrosterone-3j%hydroxy-S-androsten- 17-one; 
17-Hydroxyprogesterone-17-hydroxy-4-pregnene-3,20- 
dione; Deoxycorticosterone-21-hydroxy-4-pregnene-3,2~ 
dione. 

activity [3,4]. In this study we have investigated the 
involvement of this membrane-bound enzyme activity 
in steroid transport. 

EXPERIMENTAL PROCEDURES 

Materiafs. P. testosteroni 11996 was obtained from 
American Type Culture Collection, Rockville, Mary- 
land; unlabelled steroids from Steraloids, Pawling, 
New York; NAD+ from Schw~z-Men, Orange- 
burg, New York; radioactive steroids from New Eng- 
land Nuclear Corporation, Boston, Massachusetts. 
[7-3H]-Androstenedione and [7-3H]-1,4-androsta- 
diendione were prepared by in~bation of [7-3H]-tes- 
tosterone with membrane vesicles and purified and 
identified by thin-layer chromatography as described 
below. 

Methods. Media used for growth and conditions 
for induction of binding activity have been described 
[S, 61. Membrane vesicles were prepared after spher- 
oplast formation using the lysozyme-EDTA method, 
as described by Kaback [I, 71. Steroid transport was 
assayed as previously described [l]. Reaction mix- 
tures for transport studies contained in 0.2ml: 
50~01 of Tris-HCl, pH 9.0, 2OOnmol of NAD’, 
approx. 17Opmol of an aq. solution of labeiled ster- 
oid, and 2 pg of membrane protein. The reaction mix- 
ture was incubated at 25°C for 1 min. 

The assay for 3/3 and 17/I-hydroxysteroid dehydro- 
genase was performed as described by Talalay [3]. 
Reduction of NAD+ was determined by the change 
of absorbance at 340nm. 

Identijcation of transported steroids. Unless other- 
wise stated, the reaction mi@ure was identical to that 
used for transport studies except that the total vol. 
was 0.6 or 2ml. At various times after incubation, 

171 



I72 k’~,\klORIl WAt’ANAHt Ud LUlS,\ PO 

5 ml of 0.5 M LiCl was added. and the incubation 
mixture was filtered and washed once with 5 ml of 

0.5 M LiCI. The radioactivity remaining on the filter 
paper was washed 5 times with 5 ml of 50”,, ethanol 

which extracted all of the intravesicular steroid. The 
filtrate and the ethanol wash thus obtained were each 
extracted three times with equal volumes of redistilled 
ethyl acetate. which was then washed three times with 

distilled HzO. The ethyl acetate extract was dried 
over anhydrous sodium sulphate. filtered through 
paper. and taken to dryness on a flash evaporator. 

The dried extracts were analyzed by several thin- 
layer chromatography systems as well as by gas- 
liquid chromatography. Thin-layer chromatography 
was performed on 0.4mm silica gel-coated plates, 
using the system benzene-absolute ethanol (19: I. v/v). 

hexane-ethyl acetate (75:25. v:v). ethyl acetate- 
cyclohexane (50:50, VA). and alumina plates, using 

the system cyclohexane-ethyl acetate-acetic acid (6: 
4:0,01, by vol.). One cm. portions were scraped and 
assayed for radioactivity. Gas-liquid chromatography 
was carried out on extracts with a model 8lOF and 
M chromatograph equipped with a stream splitter. 
The column was 5”,, OV-210 (8 ft x 4mm i.d.); car- 
rier gas, helium; flow rate. 60ml per min; column 
temperature. 220 C. The effluent was assayed for 
radioactivity in a liquid scintillation spectrometer. 

RESULTS 

Uiptrrke of rirrious steroid5 h,v mrmhrww wsicles. 

Uptake of testosterone by membrane vesicles pre- 
pared from induced cultures of P. testosteroni has 
been previously reported Cl]. We have examined the 
ability of membrane vesicles to concentrate other 
C-19 and C-21 steroids. Concentrative uptake 
appeared to be specific for certain C-19 steroids. Tes- 
tosterone, dihydrotestosterone and dehydroepian- 
drosterone were concentrated by membrane vesicles, 
whereas other C-19 steroids such as 4-androstene- 
dione, 5a-androstanedione, androsterone and 1,4-an- 

Table I, Uptake of various C-19 steroids by membrane 
vesicles 

Steroid steroid uptake 
_____ 

rm’les/min per mg protein 

[1,?-4+lteStOSt6XO”e 30.9 f 1.5 

[l,Z-)Hldihydratestosterone 15.7 f 6.5 

[1,2-3Hlandrostenedione 0 

[1,2_3H]androstanediane 0 

[1,2-~jandrosterone 0 

I7-3Hlandrostadiendione 0 

[7-3Hldehydroepiandr~~t~~~“~ 7.9 t 3.5 

Note. The assay was performed as described in the text 
except that various radioactive steroids were used. The 
values shown are means derived from 3 experiments k 
standard error. 

120 

S 
= 60 

p 

L? 

5 YJ 0 

$ 1.0 

z 
El 
!z 

0.5 

0 

/ 

i 
i 
1 

i 

Androstodiendione 

I 

h.. Androstenedione 
Testosterone 

‘.‘.....__._,_ 
“. . . . . .._._.__.__. 

.-.-.-.-.-..-.-.-.-.- P 

EXTRAVESICULAR 

Andrortadiendione 

Androstenedione 
‘.‘....... . . . . . . . . .._.._.._._. o 

30 60 90 120 

TIME, seconds 

Fig. 1. Fate of [7-“HI-testosterone during transport. The 
experiment was performed as described in Methods. The 
reaction mixture was identical to that of transport studies 
except that the concentration of membrane protein was 
10 times that normally used and the total volume was 

2.0 ml. 

drostadiendione were not transported (Table 1). Faii- 
ure to detect uptake of androstenedione by membrane 
vesicles was not related to loss of radioactive label 
from the I,2 position during transport since concent- 
ration of [73H]-androstenedione or [‘4C]-andros- 
tenedione could not be demonstrated. 

Steroids such as cortisol and aldosterone, which do 

not support growth of this organism [8,9] were not 
concentrated by membrane vesicles. Thus far, we have 
been unable to demonstrate uptake of progesterone, 
17a-hydroxyprogesterone or deoxycorticosterone, 
compounds which are known to support growth of 
this organism and to induce steroid degradative 
enzymes and steroid receptor proteins [6]. 

Churacterizution of the intratwicular steroid. To 
determine whether testosterone was metabolized dur- 
ing transport, steroids were extracted from the mem- 

brane’ vesicles and analyzed by thin-layer and gas- 
liquid chromatography. In order to obtain sufficient 
quantities of intravesicular steroids for identification, 
a membrane vesicle concentration IO-fold greater 
than that employed in normal transport studies was 
initially used. Under these conditions, testosterone 
disappeared rapidly from the medium. with approxi- 
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Fig. 2. Fate of [7-3H]-testosterone during 60 s of incuba- 
tion with greater testosterone concentration. The exper- 
iment was performed as described in Fig. 1 except that 
concentration of membrane protein was halved and steroid 
concentration was increased Sfold in order to decrease 
the rate of conversion of the labelled testosterone during 

transport. 

mately 1% remaining in the medium after 15 s (Fig. 

1). 
Testosterone could not be detected at any time in 

the membrane vesicle. Controls for non-specific 
binding of testosterone to membrane filters included 
assay mixtures without membrane vesicles, use of un- 
induced membrane vesicles, or reaction mixtures fil- 
tered immediately after addition of the various com- 
ponents. In multiple experiments, testosterone levels 
greater than in the control experiment were never 
observed. As testosterone disappeared from the exter- 
nal medium, 4-androstenedione and 1,4androstadien- 
dione appeared in the vesicle. Androstenedione 
reached higher intravesicular concentrations than 
androstadiendione during the tirst 30 s of incubation. 
With longer periods of incubation, androstenedione 
was almost totally converted to androstadiendione. 

As testosterone disappeared in the external 
medium, 4-androstenedione appeared transiently, fol- 
lowed much later by increasing amounts of 1,4- 
androstadiendione. After 2 min, almost all of the 
steroid in the medium was androstadiendione. 

The sequence of appearance of steroids during tes- 
tosterone transport was also examined when testos- 
terone disappeared much less rapidly from the exter- 
nal medium (Fig. 2). Again, testosterone could not 
be detected in the intravesicular compartment at any 
time. Androstenedione was the major steroid detected 

and accounted for more then 90”/, of the intravesicu- 
lar steroid. 

The intravesicular steroids obtained when dehyd- 
roepiandrosterone and dihydrotestosterone were the 
starting compounds were also examined. When 
dehydroepiandrosterone was added, the sequence of 
appearance of 4-androstenedione and 1,4-androsta- 
diendione was identical to that observed with testos- 
terone (Fig. 3). When dihydrotestosterone was added, 
however, Sa-androstanedione was the predominant 
intravesicular form (Fig. 4). Only small amounts of 
l- and 4-androstenedione were detected, whereas 
1,4_androstadiendione was not detectable in signiti- 
cant quantities at any time. 

Membrane-bound 3/l- and 17/l-hydroxysteroid de- 
hydroyenase and fate of NAD+. Testosterone trans- 
port has been demonstrated to require NAD’ [l]. 
Generation of NADH during testosterone uptake by 
membrane vesicles was demonstrated by measuring 
the spectral shift associated with reduction of NAD+ 
(Fig. 5), which forms the basis for the measurement 
of 3/? and 17/Shydroxysteroid dehydrogenase activity 
[3]. The NADH generation was linear with the 
amount of membrane protein added to the reaction 
mixture, and was dependent upon the presence of 
NAD+ (Fig. 6). The maximum rate of NADH gener- 
ation occurred at an NAD+ concentration of 0.5 mM 
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Fig. 3. Fate of [7-3H]-dehydroepiandrosterone during 
transport. The intravesicular and extravesicular steroids 
during transport of dehydroepiandrosterone were analyzed 
as described in Methods. The reaction mixture was identi- 
cal to that used for transport studies except that volume 

of reaction mixture was increased 3-fold. 
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Fig. 4. Fate of [1,2-“I-I]-dihydrotestosterone during trans- 
port. The intravesicular and extravesicular steroids during 
transport of dihydrotestosterone were analyzed as de- 
scribed in Methods. The reaction mixture was identical 
to that used for transport studies except that volume of 

reaction mixture was increased 3-fold. 

or greater. which is similar to the concentration 

required for testosterone transport [I]. 

The demonstration of Kaback that membrane vesi- 

cles prepared from various bacteria retained transport 

Fig. 5. Generation of NADH during testosterone tram 
port. NADH was measured spectrophotemetri~~~ly as de- 
scribed by Talalay [33. The reaction mixture contained 
in 1 ml: 250.umol of Tris-HCI, pH 9-0, 40nmol testoster- 
one, 1 btmole of NAD’, and 0.5 mg and l.Omg of mem- 
brane vesicle protein. The reaction mixture was incubated 
at 25’C and absorbance at A,,, was determined in a 

spectrophotometer. 
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Fig. 6. Requirement for NAD’ for NADH generation. 
The experiment was identical to that dcscrihed in Fig. 5 
except that 0.5 mp of tn~tnbr~in~ protein were added and 

NAD’ concentration varied from 0 I mM. 

capabilities have allowed detailed studies of mem- 
brane transport processes for various sugars. amino 

acids. and ions [Z]. Transport of testosterone by 

membrane vesicles prepared from cultures of P. t~s- 
fo.sf~~~~~z~ [I] have allowed us to examine character- 
istics of steroid transport. Transport was specific for 
Lurtain steroids. Testosterone. dehydroepiandroster- 

one and dihydrotestosterone were transported 
whereas compounds such as androstanedione. 
androstenedione and androsterone were not. 

Testosterone did not appear to be transported as 
such. The intravesicular form was androstenedione, 

testosterone not being dctcctable at any time during 
the transport process. Similarly. when dehydroepian- 
drosterone was the starting steroid. the first intravesi- 
cular steroid detected was androstenedione. On the 
other hand, when dihydrotestosteronc was the cxtra- 

vesicular steroid. the first and predominant intravesi- 
cular steroid detected was androstanedione. It was 
unlikely that these steroids were converted to andros- 
tcnedione or androstanedione cxtravesicularly since 
these two steroids were not taken ~113 by membrane 
vesicles. These studies, in addition to those demon- 
strating NADH generation during transport, indi- 
cated that 311 and 17jGhydroxystcroid dehydrogenase 
was closely linked to the transport of steroids. Steroid 
transport could be cxplaincd on the basis of gro~~p 

trnnslocation. as in the case of the phosphotransferase 
system for sugar transport [IO]. On the other hand, 
the results could also be csplained hy f~~cilitativc dil- 
fusion with steroid going down ;I concentration gra- 
dient. In this instance, the 3fi and 17/Gydroxysteroid 
dchydrogcnase activity would rapidly convert trims- 
ported testosterone to androstencdionc, keeping in- 
tracctlular testosterone concentration at a loi% level 
and lnail~taillin~ a do~~il~~lrd cot~~lltr~~tion gradient 
at all times. The inability to dctcct even small 
amounts of testosterone intravesicularly leads us to 

favor the first of these two possibilities at this time. 
Oxidation of r)-lactate provides the primary driving 

force for the concentrative uptake of lactose and other 
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galactosides [ll], amino acids [12], galactose [13], 

arabinose, glucuronate, gluconate, and glucose-& 
phosphate [2], and in the presence of valinomycin, 
of potassium or rubidium [14]. Transport of steroids 
in P. testostrroni is also dependent on energy gener- 
ated by transfer of electrons as judged by inhibition 
of transport by cyanide and amytal. but it is not 
related to oxidation of D-lactate [ 11. The physiologi- 
cal electron donor for steroid transport may be 

NADH, generated from NADf as testosterone is 
oxidized to androstenedione by the 38 and 17/I- 
hydroxysteroid dehydrogenase activity. 

Membrane vesicles prepared from induced cultures 
appear to have associated 1-ene-dehydrogenase ac- 
tivity. Androstenedione generated during transport of 
testosterone or dehydroepiandrosterone is trans- 
formed to androstadiendione. Androstanedione 
generated during dihydrotestosterone transport was 
converted to a small degree to 1-androstenedione. 
The limited and late conversion of steroids by this 
enzyme indicated that 1-ene-dehydrogenase activity 
was probably not essential for steroid transport. 

Although P. trstosteroni is able to grow on various 

C-19 and C-21 steroids, membrane vesicles prepared 
from induced organisms are able to transport only 
certain steroids such as testosterone, dihydrotestoster- 
one or dehydroepiandrosterone. Periplasmic enzymes 
[ 151 may be necessary to transform the other steroids 
to the form in which they can be transported. 

In summary, steroid transport in P. testosteroni 

demonstrates many of the characteristics reported for 
transport of sugars and amino acids [4] but with in- 
teresting differences. It is dependent upon 38 and 
17ghydroxysteroid dehydrogenase activity and it 
would appear that the steroid itself functions as the 
physiological electron donor via NADH production. 
At the present time we feel that the steroid transport 

can best be described as a group translocation pro- 

cess. 
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