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S U M M A R Y  

Uptake of testosterone was demonstrated in membrane vesicles prepared from 
Pseudomonas testosteroni grown on testosterone. In contrast, membrane vesicles 
from uninduced cultures revealed no significant transport activity for steroids. The 
Kn, of the reaction was 2 • 10 -6 M and the V 28.5 nmoles/min per mg protein. Steroid 
uptake was maximal within the pH range of 8 to 9 and at incubation temperatures 
between 30 and 37 °C. Transport of steroid was dependent upon NAD + and was 
reduced by NADH, dinitropbenol, and inhibitors of electron transport, such as 
N 3- '  C N -  and amytal. The intravesicular steroid concentration was approx. 800 
times the steroid concentration present in the medium at the start of the incubation. 

I N T R O D U C T I O N  

Current investigations indicate that steroid hormones act by regulating the 
activity of certain genes in the cell nuclei of target tissues. After passing through the 
outer plasma membrane, the steroid is found in association with a specific receptor 
protein in the cytoplasm and the hormone-receptor  complex is then transported into 
the cell nucleus where various steroid hormones have been found closely associated 
with the nuclear chromatin. Although the mode of steroid transport across the nu- 
clear and plasma membranes can conceivably serve an important regulatory function 
in hormone action, few attempts have been made to examine the transport process 
in detail. 

Bacterial systems have proven extremely useful in investigating the mechanism, 
the biochemistry and the genetics of transport systems for various sugars, amino acids 
and ions [1-3]. For the study of steroid transport across membrane barriers, we have 
utilized the organism Pseudomonas testosteroni, a bacterium capable of growth on 
various C19 and C21 steroids [4-6]. Induction of periplasmic steroid receptor pro- 
teins [7, 8], as well as steroid dehydrogenase activities [9], has been demonstrated 
during adaptive growth in this organism. In further pursuit of our investigations 
concerning the mechanism and regulation of steroid transport across cellular mem- 
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branes, we have isolated membrane vesicles from this organism. With this preparation, 
difficulties encountered with the intact organism due to extensive intracellular steroid 
metabolism [8], have been largely obviated. Such preparations have been used ex- 
tensively to study bacterial transport mechanisms [10], but to date, steroid transport 
has not been examined. In this paper, we report the presence of an inducible trans- 
port system for testosterone in membrane vesicles prepared from cultures of P. 
testosteroni. 

MATERIALS AND METHODS 

Radioactive steroids, 3H20, and carboxyl-14C-labeled dextran ( m  r 60 000- 
90 000) were obtained from New England Nuclear Corporation, Boston, Mass. Phe- 
nazine methosulfate was obtained from Aldrich Chemical Company, Inc., Milwaukee, 
Wisc., U.S.A.; NAD +, NADH, NADP and NA D P H  from Schwarz-Mann, Orange- 
burg, N. Y.; unlabeled steroids from Steraloids, Inc., Pawling, N. Y.; and B-6 mem- 
brane filters (0.45 itm) from Schleicher and Schuell, Inc., Keene, N. H. 

Preparation of membrane vesicles 
P. testosteroni 11996, obtained from American Type Culture Collection~ 

Rockville, Md., was grown at 30 °C in a medium containing per liter: 1 g NH4H2PO4, 
I g (NH4)2HPO4, 10 g Difco yeast extract and 10 m[ of a solution containing per 
liter: 20 g MgSO4.7H20 ,  1 g NaCI, 0.5 g ZnSO4" 7H20, 0.5 g MnSO4'  3H2 O, 
0.05 g CuSO4 • 5H20 and l0 ml 0.05 M H2SO 4. When the cultures reached stationary 
phase growth (A66 onm of  2.0), testosterone was added to a final concentration of 
0.5 g per liter and the cultures were further incubated at 30 °C for 16 h (A 660 nm o f  3.0,  

titre of l01° bacterial cells/ml). The bacterial ceils were harvested by centrifugation 
and membrane vesicles prepared after spheroplast formation using the lysozyme- 
EDTA method, as described by Kaback [I 1 ]. 

The number of surviving bacteria present in the membrane preparation was 
determined by plating. The titer of surviving bacteria in the final membrane prepara- 
ration was l04 cells/ml. The transport of steroids by whole bacterial ceils was exa- 
mined in order to exclude the possibility that the measured steroid uptake in the 
transport studies reflected uptake by these surviving cells. Using concentrations of 
whole cells equivalent to or greater than the survivors in the membrane preparation, 
uptake of steroids could not be detected due to the efficient steroid-degradative activ- 
ity of induced cells, which rapidly converted the tritiated steroid to 3H20  [8, 12]. 
These studies indicated that uptake by vesicle preparations was not due to the pres- 
ence of whole cells. 

Membrane-protein concentration was determined by the method of Lowry 
et al. [13]. 

Transport studies 
A typical incubation mixture for transport studies contained in 0.2 ml: 50 

/tmoles of Tris-HC1, pH 9.0, approx. 170 pmoles of an aqueous solution of [7-~H] - 
testosterone (3.3 • 105 dpm/nmole), 200 nmoles of NAD + and 2/tg of membrane 
protein. The reaction mixture was incubated at 25 °C for ! min, unless otherwise 
indicated, and the incubation was terminated by the addition of 5 ml of 0.5 M LiCl. 
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The reaction mixture was filtered immediately on Schleicher and Schuell membrane 
filters and washed once with 5 mi of 0.5 M LiC1. The filters were dried and the radio- 
activity was assayed in a liquid scintillation spectrometer. 

Estimation of vesicle volume 
To 4, 6 and 8 ml of membranes prepared from induced cells (1.0 mg of pro- 

tein/ml), 50/zl of carboxyl-14C-labeled dextran (10 #Ci/ml) and 5/tl of 3H20 (100 
/~Ci/ml) were added and the volume was made up to 9.0 ml with 50 mM Tris, pH 9.0. 
The reaction mixture was incubated at 25 °C for 5 rain and the membranes were 
harvested by centrifugation at 45 000 × g for 30 min. The supernatant and the pellet 
were assayed for 3H and 14C radioactivity in a liquid scintillation spectrometer. The 
interstitial volume between the vesicles was determined by the amount of ~ 4C-labeled 
dextran present in the pellet, and the total water by the amount of 3H20 in the pellet. 
The total water minus the interstitial volume provided the internal vesicular volume. 

RESULTS 

Steroid uptake by membrane vesicles 
Membrane vesicles were isolated from stationary-phase cultures ofP .  testos~e- 

roni grown either in the presence or absence of testosterone. There was a small amount 
of uptake of [3H]testosterone by membrane vesicles prepared from cells grown in 
the absence of testosterone (Fig. I). In membrane vesicles prepared from induced 
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Fig. 1. Uptake of  steroid by membrane  preparations of  induced and uninduced P. testosteroni. The 
reaction mixture contained in 0.2 ml, 50/tmoles of  Tris-HCl,  pH 9.0, 166 pmoles of  [7-3H]testos - 
terone (3.3 • 105 dpm/nmole) ,  200 nmoles of  N A D  +, and 2/~g of  membrane protein prepared from 
uninduced bacteria or bacteria induced for 16 h by growth on testosterone. The reaction mixture 
was incubated at 25 °C for periods up to 2 min. Each value shown represents the mean of  five ex- 
periments ±S .E .  

Fig. 2. Uptake of  steroid using various amounts  of  membrane  preparation. The assay was performed 
as described in Fig. 1, except that various amounts  of  membrane  protein were added and the incu- 
bation was terminated at I min. The values shown represent the mean of  five experiments ±S .E .  
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cells, there was an initial  r ap id  up take  dur ing  the first minute  of  incubat ion ,  with 
a somewhat  s lower up take  thereafter .  Examina t ion  o f  the ini t ial  phase demons t r a t ed  
that  up take  was dependent  upon  the a m o u n t  of  m e m b r a n e  pro te in  present  in the 
incuba t ion  mixture (Fig.  2). 

Effect  o f  N A D  + on transport 
The up take  o f  tes tos terone  by m e m b r a n e  vesicles was var iable  and small  in 

the absence of  N A D  + (Fig.  3). The  add i t ion  o f  N A D  + lo induced  membrane  pre- 
pa ra t ions  resul ted in a s t imula t ion  o f  s teroid  uptake ,  with maximal  s t imula t ion  
occurr ing  at concent ra t ions  above  0.1 mM.  N o  such s t imula t ion  was observed in 
m e m b r a n e  vesicles f rom uninduced  cells. 
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Fig. 3. Requirement for NAD + for steroid uptake by membrane preparations. The assay was per- 
formed as described in Fig. 1, except that the NAD + concentration varied from 0 to 3 mM and the 
incubation was terminated at I rain. The results shown are the means of five experiments. 

The effect of  D-lactate, succinate,  glucose, P -eno lpyruva te ,  ATP,  cyclic A M P ,  
N A D H ,  N A D P ,  and  N A D P H  was examined  bu t  none  of  these energy sources was 
found  to s t imula te  s teroid up take  (Table  I). D-Lactate  and  N A D H  added  in a con-  
cen t ra t ion  o f  20 m M  inhibi ted  the s t imula to ry  effect of  1 m M  N A D  +, N A D H  p ro -  
ducing the mos t  m a r k e d  inhibi t ion.  

Determination o f  rate constant 
The init ial  rate  o f  s teroid  up take  was examined at  var ious  external  tes tosterone 

concent ra t ions  (Fig.  4). Over  the range studied,  a significant up take  was not  demon-  
s trable  in m e m b r a n e  p repa ra t ions  f rom uninduced  cells. In  p repa ra t ions  f rom induced  
cells, the init ial  rate  o f  s teroid up take  increased rap id ly  with increase in the external  
concent ra t ion  o f  tes tos terone  up  to approx .  ] • 10 -6 M. At  concent ra t ions  above  
1 - l 0  - 6  M there was a decline in the rate  o f  increase.  The process  o f  s teroid up take  
in the presence of  N A D  + was charac ter ized  by a Km of  2 • 1 0  - 6  M and  a V of  28.5 
nmoles /min  per  mg  prote in  (Fig. 5). 
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Fig. 4. Effect of external testosterone concentration on initial rate of steroid uptake by membrane 
preparations. The assay was performed as outlined in Fig. 1, except that the [7-3Hltestosterone 
concentration varied from 0.16 to 4.16/tM and the incubation was terminated after 1 min. The 
results shown are means obtained from five experiments. 

TABLE I 

EFFECT OF VARIOUS ENERGY SOURCES ON STEROID UPTAKE 

The assay was performed as described in Fig. 1 except that the incubation was terminated after 
1 rain. Uptake was determined in the presence or absence of 1 mM NAD ÷. The values shown are 
means derived from six experiments dzS.E. 

Addit ions  Concentrations 
(raM) 

Steroid uptake 
(nmoles/min per mg protein) 

Without NAD ÷ With NAD + 

None 2.72 2_0.41 8.63 ± 0.71 
D-Lactate 20 2.23 5_0.64 5.45 ± 1.09 
Succinate 20 1.19±0.87 10.22±0.36 
Glucose 20 1.09 -4-0.39 8.19 ± 1.22 
P-Enolpyruvate 20 2.49 2_0.37 11.81 zk0.58 
ATP 20 1.20±0.24 7.26-):0.58 
3',5'-Cyclic AMP 8 0.42±0.23 6.74zk0.59 
N A D H  20 2.34 ±0.75 1.55 2_0.64 
NADP 5 2.77 -I-0.48 6.32 i 0 . 8 9  
NADPH 5 0.79±0.28 9.052_ 1.08 

Requirements for steroid uptake 
S t e r o i d  u p t a k e  w as  m a x i m a l  b e t w e e n  p H  8 a n d  9, w i t h  a d r a m a t i c  fal l  b e l o w  

p H  8 (F ig .  6). T h e  o p t i m u m  t e m p e r a t u r e  f o r  u p t a k e  was  b e t w e e n  30 a n d  37 °C (Fig .  

7). T h e  a d d i t i o n  o f  E D T A  or  d i t h i o t h r e i t o l  t o  t h e  r e a c t i o n  m i x t u r e  d id  n o t  i n f l u e n c e  

s t e r o i d  u p t a k e .  T h e  effect  o f  v a r i o u s  i o n s  was  i n v e s t i g a t e d ,  b u t  n o  c o n s i s t e n t l y  sig- 

n i f i c an t  s t i m u l a t i o n  o r  i n h i b i t i o n  c o u l d  b e  d e t e c t e d  a t  t h e  c o n c e n t r a t i o n  t e s t e d  ( T a b l e  

H) .  
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Fig. 5. Effect of external testosterone concentration on initial rate of steroid uptake by membrane 
preparations. The data presented in Fig. 4 are plotted according to the method of Lineweaver and 
Burk [23]. The value of I/V represents the reciprocal of steroid uptake measured as nmoles/min 
per mg protein and the value of 1/[S] represents the reciprocal of testosterone concentration (ltM). 
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Fig. 6. Effect of pH on steroid uptake by membrane preparations. The assay was performed as 
described in Fig. l, except that pH of the Tris buffer added to the assay mixture varied between 6 
and 10 and the incubation was terminated after 1 min. The results shown are means obtained from 
three experiments. 

Effect of  inhibitors on steroid uptake by membrane vesicles 
The effect of  known  inhibi tors  of the electron-transport  chain was investigated. 

NaN3,  K C N  and  sodium amytal  produced a p ronounced  inhibi t ion (Table l l I ) .  
Dini t rophenol ,  an uncoupler  of oxidative phosphorylat ion,  also markedly inhibited 
testosterone transport .  The sulfhydryl reagents, N-ethylmaleimide and  p-chloromer-  
curibenzoate,  had no  significant effect. Transpor t  of  amino  acids by membrane  vesicles 
has been reported to be light sensitive [14]. Steroid t ranspor t  by membrane  vesicles 
prepared from P. testosteroni was also inhibi ted by sunlight  (Fig. 8). 
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Fig. 7. Effect of incubation temperature on steroid uptake by membrane preparations. The assay 
was performed as described in Fig. I, except that the incubation temperature was varied from 4 C 
to 55 °C and the incubation was terminated after 1 rain. The results shown are means obtained 
from three experiments. 

TABLE 1| 

EFFECT OF IONS, EDTA AND DITHIOTHRE1TOL ON STEROID UPTAKE BY MEM- 
BRANE VESICLES 

The assays were performed as described in Fig. l except that the incubation was terminated after 
l min. EDTA was added to a concentration of 25 mM and dithiothreitol and ions to a final con- 
centration of 5 mM. The values shown are means derived from six determinations 4-S.E. 

Additions Steroid uptake (nmoles/min per mg protein) 

Expt 1 

None 9.234-0.66 
Dithiothreitol 9.33 4-0.89 
EDTA 8.63 4-0.71 
KCI 13.30- 
NaCl 8.78- 
MgCI2 I 1.35- 
MnCl2 8.45- 
COCI2 7.55 
FeC[2 8.54- 
CaClz 11.29 
MgSO4 11.60- 
ZnSO4 6.14 
NH4HCOa 10.41 

Expt 2 Expt 3 

9.824-0.89 6.044-0.21 

-1.90 7.524-0.58 
1.37 5.98i0.55 

-1.25 4.80i0.50 
-0.62 5.51 ±0.10 
0.40 5.06_L0.59 

-0.79 4.334-0.48 
1.10 5.71 4-0.48 
0.97 6.204-0.41 
0.43 4.39 ± 1.04 
1.36 6.78±0.29 

Steroid concentration in membrane vesicles 
T h e  in t e rna l  vesicle  v o l u m e  d e t e r m i n e d  as d e s c r i b e d  in M a t e r i a l s  a n d  M e t h o d s  

was  14.4/A p e r  m g  o f  m e m b r a n e  p r o t e i n  w h i c h  is h i g h e r  t h a n  va lues  r e p o r t e d  fo r  

Eseherichia coli a n d  Bacillus subtilis [15, 16]. T h e  i n t r a v e s i c u l a r  s t e ro i d  c o n c e n t r a t i o n  

1 m i n  a f t e r  i n c u b a t i o n  was  a p p r o x .  800 t imes  the  s t e r o i d  c o n c e n t r a t i o n  p r e s e n t  in 

t he  m e d i u m  a t  the  s t a r t  o f  the  i n c u b a t i o n .  
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T A B L E  I l I  

E F F E C T  O F  I N H I B I T O R S  O N  S T E R O I D  U P T A K E  B Y  M E M B R A N E  V E S I C L E S  

T h e  assay  was  p e r f o r m e d  as desc r ibed  in Fig. 1 excep t  t h a t  the  i n c u b a t i o n  was  t e r m i n a t e d  a f te r  I ra in .  
T h e  va lues  s h o w n  are  m e a n s  de r ived  f r o m  five expe r imen t s .  

A d d i t i o n  C o n c e n t r a t i o n  S te ro id  u p t a k e  
(M)  ( n m o l e s / m i n  pe r  m g  p r o t e i n )  

N o n e  2 0 . 5 5 ± 2 . 4 5  
K C N  1" 10 -2  6 , 6 2 i  1.48 
N a N 3  5 .  10 -3  1 9 . 6 7 i 2 . 5 4  

I • 10 - z  9 . 2 8 ± 2 . 3 6  
5-  10 - z  4 .84 - -0 .18  

S o d i u m  a m y t a l  8 • 10 3 5 . 0 4 ± 1 . 8 1  
4 .  I0 -2  0 

D i n i t r o p h e n o l  5 • 10-  4 5.05 ± 0 . 5 4  
1.2- 10 -3 5 . 2 7 ± 0 . 6 6  

N - E t h y l m a l e i m i d e  2 • 10-  3 15.43 + 0 . 9 6  
1 - 10 -2 1 6 . 1 9 ± 1 . 8 6  

p -C  h l o r o m e r c u r i b e n z o a t e  3 . 5 - 1 0  - 4  1 7 . 3 9 ± 2 . 8 2  

y \ .  In,ark 
10 • 

/ /~'e" ........ ~2 In sunlight 9 
L~o o ....... t5 ........ 6" .................................... 
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Fig.  8. Effect  o f  s u n l i g h t  on  s t e ro id  u p t a k e  by m e m b r a n e  vesicles.  The  assay  was  p e r f o r m e d  as de-  
s c r i bed  in Fig. 1. The  i n c u b a t i o n  was  ca r r i ed  o u t  in the p resence  or  absence  o f  s u n l i g h t  for  the t i m e  
p e r i o d  ind ica t ed .  

D I S C U S S I O N  

Since P. testosteroni is a bacterium capable of  growth on various C19 and C21 
steroids [4-6], we postulated that it should h.ave an efficient transport system for 
such steroids. Although an inducible steroid-binding activity could be demonstrated 
during growth on testosterone [7, 8], steroid transport  by whole bacterial cells was 
difficult to detect since induced enzymes degraded the steroid rapidly to CO2 and 
H 2 0  [8, 12]. Since membrane vesicles prepared from various bacteria retain trans- 
port capabilities [10], testosterone transport  was examined in membrane vesicles 
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prepared f rom P. testosteroni. Vesicles prepared from uninduced cultures did not 
concentrate testosterone, whereas preparations from cultures grown on testosterone 
for 16 h demonstrated uptake of steroid. Cultures induced for 16 h were used for 
this study since maximum induction of dehydrogenase activities occurred between 
12 and 16 h [8]; it was felt that transport  processes might also be maximally induced 
at this time. Cultures induced for 40 h were also tested since this time period coin- 
cided with the appearance of greatest levels of periplasmic steroid-binding activity. 
Although testosterone transport  could be demonstrated with such membrane ves- 
icles, the uptake was somewhat less than that observed with. the 16-h preparation. 

Since testosterone uptake was linear during the first minute of incubation, all 
studies were performed at 1 min, thus ensuring initial rate conditions. The K m of 
the reaction was 2 • 10 -6 M and the V 28.5 nmoles/min per mg protein. These values 
are similar to those reported for transport  of amino acids and sugars in other bac- 
teria [10]. Testosterone uptake by membrane vesicles was saturable at steroid concen- 
trations above 2-3 #M. The saturability of the system suggested that testosterone 
transport  was a carrier-mediated process rather than passive diffusion. 

The opt imum temperature for testosterone uptake was between 30 and 37 °C. 
Although this organism is able to grow on other carbon sources at 37 °C, the opt imum 
temperature for growth on testosterone is 30 °C [8]. The organism does not grow 
on testosterone at 45 °C [8]; this may be related to the inability to transport  testoste- 
rone at this temperature. It is of  interest that uptake by membrane vesicles was greater 
at 37 °C than at 30 °C. The opt imum temperature of  growth at 30 °C may be related 
to the integrity of the steroid-receptor protein complex in the periplasmic space. 
This complex is stable at 30 °C but reversibly inhibited at 37 °C [8]. 

The ratio of steroids inside and outside the vesicle was estimated. The intra- 
vesicular steroid at 60 s was 800 times that in the medium at the start of the incuba- 
tion period. These results suggested an active transport process, leading to an accu- 
mulation of steroid against a concentration gradient. Further studies are in progress 
in order to determine the nature of  the intravesicular steroids. 

Transport  of solutes appears to be linked to the electron-transport chain in 
many microorganisms [10, 15-19]. Transport  is dependent upon an electron donor 
capable of entering the electron-transport chain, either directly (reduced phenazine 
methosulfate) or via a dehydrogenase (D-lactate, L-lactate, succinate or NADH) ,  
and is inhibited by inhibitors of the electron-transport chain. Transport  of testoste- 
rone in P. testosteroni was also inhibited by N3 - ,  CN - and amytal and the mechanism 
of this inhibition remains to be elucidated. The physiological electron donor(s) for 
transport  is not yet known in many cases, although membrane-bound c~-glycerol-P- 
dehydrogenase, D-lactate dehydrogenase and N A D H  dehydrogenase have been im- 
plicated in various systems [10, 20]. The steroid transport  system in P. testosteroni 
does not appear to be related to any of these dehydrogenase systems. Neither D- 
lactate nor N A D H  stimulated testosterone transport  in membrane vesicles prepared 
from induced cells. 

Transport  of  testosterone by membrane vesicles was dependent upon the elec- 
tron acceptor N A D  +, and was inhibited by N A D H .  N A D  + is known to be required 
in the following reversible reaction catalyzed by the induced enzyme, 17/%hydroxy- 
steroid dehydrogenase [21 ]: 

Tes tos t e rone+NAD + ~- A n d r o s t e n e d i o n e + N A D H + H  + 
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It  is of  interest that the pH opt imum for transport  is between 8 to 9, which is also the 
pH opt imum for the enzyme 17/]-hydroxysteroid dehydrogenase [22]. Furthermore, 
membrane vesicles have been shown to contain this enzyme and N A D  + is reduced 
with generation of androstenedione during or shortly after transport (Watanabe, M. 
and Watanabe, H., unpublished). These findings are suggestive of an integral role for 
17fl-hydroxysteroid dehydrogenase in the transport  of  testosterone. The exact role 
of  this enzyme activity in testosterone transport remains to be elucidated. It is possible 
that the enzyme 17fl-hydroxysteroid dehydrogenase is itself the transport protein 
for steroids. On the other hand, testosterone transport  may be similar to sugar and 
amino acid transport  systems except that, instead of D-lactate dehydrogenase, the 
steroid dehydrogenase is involved. 

In summary, this is the first study demonstrating steroid transport across bac- 
terial cell membranes. The transport  process is inducible, is saturable and appears 
to be carrier-mediated, and appears to involve specific mechanisms similar to those 
reported for other transportable substances. Further studies are indicated in order to 
elucidate the mechanism and regulation of steroid transport across cell membrane. 
Membrane vesicles prepared from P. testosteroni offer an ideal system for such a 
study. 
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