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SUMMARY 

The kinetics of the isomerization of different substrates and the binding of 
inhibitors to Pseudomonas testosteroni ~]5-'4-3-oxosteroid isomerase have been deter- 
mined by the calculation of the parameters, Kin, Kf and keat (the catalytic constant) 
in mixtures of water and several organic solvents (i.e. methanol, ethanol, propanol 
and butanol isomers, and dioxane) at low concentrations. The partition coefficient of 
steroids between isooctane and an aqueous phase containing increasing concentrations 
of organic solvent has been determined. In order to correlate the free energy change 
of partition to the free energy change of binding of the same steroid to the enzymatic 
protein, thermodynamic studies on the different steps of the reaction have been per- 
formed with increasing concentrations of alcohol. 

With the straight chain aliphatic alcohols, the main effect is a decrease in 
affinity of substrates and inhibitors for the enzyme, and a decrease of kcat with in- 
creasing concentrations of the alcohol. The inhibition is competitive only with 
dioxane, where keat is unchanged. A linear relationship between the logarithm of the 
partition coefficient of a given steroid and the logarithm of I/Km and I/K, has been 
found. 

With branched alcohols, no change of Km is observed and kea t increases with 
chain branching. 

The relation between the kinetic parameters and the dielectric constant (e) of 
the reaction medium has been studied. 

The changes in entropy and enthalpy for the activation step with increasing 
concentrations of organic solvent (methanol and ethanol) suggest the participation 
of liquid water structure in the enzymatic reaction. 

INTRODUCTION 

Studies on protein-steroid interaction have been performed to gain insight into 
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the highly specific mechanism of steroid hormone activity. In the plasma as well as 
in the target organ cells, steroid hormones are bound to specific proteins by non- 
covalent interactions1, 2. Furthermore it has been observed that  such interactions of 
bovine serum albumin with testosterone induce small but definite conformation 
changes in the protein molecule a. However, albumin is not directly involved in hor- 
mone action and binds steroids and compounds of all sorts and therefore cannot be 
taken as a relevant model for specific interaction. 

The ds+4-3-oxosteroid isomerase inducible in Pseudomonas testosleroni 4 can 
be obtained in pure and crystalline form. I t  does not need any known coenzyme. The 
reaction is an intramolecular proton transfer from the C-4fl to the C-6fl position of the 
steroid substrate 5. From enzymatic kinetics, precise evaluation of the specific inter- 
action can be obtained by varying conditions such as concentration of reactants, 
temperature,  medium, etc. 

A general equation for describing tile enzymatic process of isomerization has 
been used : 

kl k2 ks 
E~ + St ~ E~Si ~ E~Pi ~ P~ + E~ (i) 

k' l  k'2 k'3 

where El is the initial amount of enzyme in a solvent medium (i) which can be varied 
by changing the amount and/or the nature of the organic solvent added to the 
aqueous medium. 

S, is a substrate in the same condition of solvent medium, and P / i s  the resulting 
product of the reaction. E , P ,  is the complex before the desorption step. 

According to the usual simplification the overall velocity of formation of P~ is : 

v~ = ks(EiS~ ) (2) 

k 3 is the rate of transformation of E , S ,  into Pl + E, through E**P** (activated 
complex). I t  has been demonstrated 5 that  k 3 is the rate limiting step k a << k' v 

On the other hand the formation of E , S ,  is described by the equilibrium: 

kl(so. (E~) 
(E~S~) (3) 

k 1" 

Ttle Michaelis constant K m  is equal to 

k'~ + k 3 
Km (4) kl 

The affinity of the substrate for the enzyme is approximated by  kl /k '  1 equal to 
K m  1, and k a is the catalytic constant kea t (ref. 6,7). 

For inhibitors the process is described by: 

k" 1 
E + I ~ EI;  Ki -1 (5) 

k' 2 

the dissociation constant of the enzyme-inhibitor complex is K, -= k'2/k' 1. 

The affinity parameters, I / K m  and I / K , ,  measure the free energies involved in 
the binding of the substrate or the inhibitor at specific sites. The catalytic constant 
(keat) approximated by k.~ gives a picture of the second part  of the reaction, expressing 
the rate of formation of the product at substrate saturation. I t  reflects the mechanism 
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of the transformation of the substrate into the product through intermediate reac- 
tions which are not experimentally observed. 

Steroids are rather rigid hydrocarbon molecules with few polar groups. Such 
molecules are of low solubility in water. With the isomerase system, in order to be 
able to work with sufficiently high concentrations of substrate or inhibitor, it is 
necessary to introduce small amounts of organic solvent (alcohols or dioxane) in the 
assay medium to solubilize the steroids. Hence studies have been carried out on the 
effect of different organic solvents on the enzymatic parameters, under the same 
conditions as they have been studied for their interactions with pure water s . In this 
work are reported the effects of dioxane and different alcohols from C 1 to C 4 at increas-. 
ing mole fractions from 5.5" lO-3 to 9.0. lO -2, on enzymatic parameters  in the presence 
of the different substrates and inhibitors. 

Data  were obtained at different temperatures and thermodynamic constants 
are calculated for the different steps of the enzymatic process. 

EXPERIMENTAL PROCEDURE 

The purification of isomerase has been described in previous papersg, TM. The 
purity of enzyme is tested by its specific activity (60 ooo units/rag) and its ultraviolet 
spectrum (Fig. I). 

The substrates are: AS-androstene-3,I7-dione (5-androstenedione), AS-estrene- 
3,I7-dione (5-estrenedione) and AS-pregnene-3,I7-dione (5-pregnenedione). The com- 
petitive inhibitors are: estradiol, its isomer i7a-estradiol and estradiol I7-acetate. 
Steroids (95% pure) are given by Roussel-UCLAF. Crystallographic studies of these 
steroids in different alcohol media at increasing concentrations do not show any 
dimerization phenomenon. 

Organic solvents are reagents grade products (Merck). Methanol is redistilled 
before utilization. Ethanol, n-propanol, isopropanol, n-butanol, isobutanol, sec.- 

butanol, t e r t . - bu tano l  and dioxane are used without any further purifications. 

0"711 277 
2691 

266,~/"~282 

0.3 ~.~,U ~ 

0.1 

250 ' 290' 3~10 Mnm) 
Fig. I. Ultraviolet  spec t rum of pure  isomerase, performed in 0.03 M potass ium phospha te  buffer, 
o.i M KC1, p H  7.o at  25 ° . 
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Kinetic measurements 
Principles and methods of the kinetic studies have been described 1°. The data 

were plotted according to LINEWEAVER AND BURK 11 and Dlxo• TM. keat is expressed 
in rain -1 or in sec -1. A Radiometer pH meter Model 25 (precision --0.05 pH unit) is 
used to determine the pH of the solution before and immediately after reaction. The 
organic solvent increases somewhat the pH of phosphate buffer 13. The pH changes 
are small, and since the kinetic parameters Kin, keat and Ki of 5-androstenedione iso- 
merization are not changed between pH 6 and 9, these changes can be considered as 
negligible 1°. 

The effect of different organic solvents studied is not due to irreversible inactiva- 
tion of isomerase ; initial enzyme activity is restored by dilution of the solution incu- 
bated with organic solvents at 25 ° up to I h. Isomerization rates are followed within 
the first 5 rain. 

The temperature is checked during the kinetic measurements with a digital 
thermometer  (Limited Systems Corp., Dayton-Ohio). The precision is ±0.05 ° . 

The transition temperature of isomerase has been measured after incubation 
ol the enzyme at different concentrations of organic solvent at various temperatures, 
between 15 and 55 °, for Io min before measuring its activity at 25 ° where it is stable; 
the activity remains constant up to 4 °0 . 

Partition coefficients 
Tile principles and the techniques of measurements of partition coefficient (K~) 

of steroids between an aqueous phase and isooctane have been described 9. As in 
previous studies A4-3-oxosteroid partition coefficients have been measured. The 
partial  isomerization of As-3-oxosteroids occurring during equilibration of the phases 
did not allow the use of substrates for such measurements. There is a small difference 
between tile solubility of A 4_ and A 5-steroids but the partition coefficient of both types 
of compounds varies in the same direction when the polarity of the aqueous phase 
changes, i.e. when different concentrations of alcohols or dioxane are added to the 
aqueous phase. These measurements of K~ app. give only apparent  values for the 
partition coefficients, since there is in fact a ternary mixture. However, by using iso- 
octane instead of octanoP 4, the solubility of the alcohol in the apolar phase can be 
neglected. Furthermore, it is only the variation of Kp app. relative to the variation 
of Kin which is used. 

Thermodynamic studies 
Kinetic measurements for the determination of Ki and keat have been performed 

at different temperatures,  in order to determine the variation of free energy, enthalpy 
and entropy in the different steps of the reaction with increasing concentrations of 
organic solvents. In the formation of enzyme-inhibitor complex (EI), Arrhenius 
plots, log I /Ki vs. I /T,  at three different concentrations in methanol have been deter- 
mined, and are linear between 16 and 37 ° . From the slope of the straight lines equal 
to AH°/2.3 R, AH ° values can be calculated (AG ° = --2.3 R T  log K,). In the activa- 
tion step of the reaction, Arrhenius plots at six different ethanol concentrations, have 
been determined; they are linear between 15 and 37 ° . From the slope of the straight 
lines equal to - - (AH* + RT)/2.3 R, zJH* can be calculated. 
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A G* is ca lcu la ted  from the  absolu te  reac t ion  ra te  theory15: 

k B X T  
k c a t -  X K* (6) 

h 

K* is the  equi l ib r ium cons tan t  for the  equi l ib r ium be tween  the  ac t i va t ed  complex  
(ES*) and  the  u n a c t i v a t e d  complex  (ES), kB is the  Bo l t zman  cons tant ,  h is the  
P lanck  cons tant .  

The  V a n ' t  Hoff equa t ion  can be app l i ed  to this  equ i l ib r ium:  

AG* = - -2 .  3 R T l o g  K* (7) 

AS ° and  AS* are ca lcu la ted  f rom equa t ions :  

A G  ° - -  A H  ° - -  T A S  ° or A G *  = A H *  - -  T A S *  (8) 

F o r  the  compensa t ion  phenomenon  EXNER 16 uses the  logar i thm of e i ther  ra te  or 
equ i l ib r ium cons tan t s  a t  two different  t empera tu res ,  to tes t  for a l inear i ty  re la t ion  
be tween  e n t h a l p y  and  en t ropy  changes, on the  basis t ha t  these quant i t i es  (AH and  
AS) are de r ived  f rom expe r imen ta l  ra te  cons tan ts  k, or equi l ib r ium cons tan ts  K.  

F r o m  the  equa t ion :  

K --  e A S / R ' e - ~ H / n T  (9) 

one can ca lcula te  A H  and  A S  values,  from measurements  of K at  two t empera tu re s  

T 1 and  T 2 wi th  T 2 > T I :  

R T I T 2  
A H  ( lnK 2 - -  lnK, )  (IO) 

T 2 - -  T 1 

R T ~  
A S  - -  (lnK~ - -  T 1 / T  2 lnK1) (II) 

( T ~ -  T1) 

K~ and  K s are the  k inet ic  p a r a m e t e r s  a t  the  two selected t empera tu res .  
W h e n  a l inear  re la t ionsh ip  is observed,  one can wri te  

A H  = a + T A S  (12) 

and  for two selected t e m p e r a t u r e s  T 1 and  7" 2 

(T 2 -  T1) a ( r  2 - -  T o)  T 1 
lnK2 + lnK1 (13) 

( T  1 - -  Te) T a R  (T1 - -  To) T2 

can be der ived  from Eqns.  I I  and  12. 
Accord ing  t o  RITCHIE  AND SAGER 17 a n d  L U M R Y  AND R A J E N D E R  18 i f  

A H  = a + T A S  (14) 

i t  can easi ly  be shown tha t  AG must  be a l inear  func t ion  of AH 

Ink(T) -- T~R + R -  ~-e -- (15) 

z I G ( T )  = a - -  + A H ( T )  1 - -  (16) 
T e  
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The linear relationship between zlH and AS has been called compensation 
lawlg,20.  

The proportionality constant Tc obtained from the slopes of both Lumry 's  and 
Exner 's  type of representations is called the compensation temperature.  

For all the plots used in the determination of the different parameters in this 
study, the slopes of the straight lines fitted to the data have been obtained from 
weighted least squares t reatment  of the data. 

RESULTS 

5.0. 

Effect of different organic solvents on the kinetic parameters of the reaction 
Effect of increasing concentrations of each alcohol 
There is a decrease in the initial rate of isomerization of tile three substrates 

when the alcohol concentration is increased, but there is an exception for methanol 
with 5-estrenedione and 5-pregnenedione, since the rates pass through a maximum 
as already described 9 (Figs. 2 and 3). 

Km and keat  values give more information on the isomerization and they have 
been calculated for each alcohol. The data are reported in Tables I, II,  I I I  and IV. 

One can conclude that  with all the 3 substrates and with any one of the organic 
solvents used, the parameters  vary in the same direction. Km increases, and keat 

4.0. 

3.0. 
>- 

2 .0  

1.0 

5:0 10~0  15:0 20:0 
% ALCOHOL CONCENTRATION 
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5.0_ 
)-  
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1010 2010 30:0 
% ALCOHOL CONCENTRATION 

Fig. 2. Effect  of m e t h a n o l  (met.), e thano l  (eth.), n -p ropano l  (n-pro.) and  n -bu t ano l  (n-but.) oi1 
the  ra te  of i somer iza t ion  of 5-estrenedione.  Cells con ta in  0.03 M po ta s s ium p h o s p h a t e  buffer, 
o.I  M KC1, p H  7.0 and  increas ing  concen t ra t ions  of different  alcohols  (v/v) in a final vo lume  of 
3 ml. Pu re  alcohol  is a d d e d  to  cells in place of an  e q u i v a l e n t  vo lume  of buffer. B l a n k  cells con ta in  
all  r e a c t a n t s  b u t  subs t ra te .  5 -Es t r ened ione  is added  as an  alcohol ic  so lu t ion  to  give the  final 
c o n c e n t r a t i o n  of 6.1. lO -5 M. Reac t i ons  are  i n i t i a t ed  by  a d d i t i o n  of IO or 25 p l  of  e n z y m e  d i lu ted  
in  the  same  buffer and  r a t e  of f o rma t ion  of  the  4-es t renedione  is followed a t  248 nm a t  25 °. 

Fig. 3. Effect  of m e t h a n o l  (met.), e thano l  (eth.), n -p ropano l  (n-pro.) on the  r a t e  of i somer iza t ion  
of 5-pregnenedione.  Cells con ta in  o.03 M po ta s s ium phospha t e  buffer, o . i  M KC1, p H  7.0, and  dif- 
fe ren t  alcohols  (v/v) in a final vo lume  of 3 ml. Pure  alcohol  is added  to cells in place of an equ iva l en t  
v o l u m e  of buffer. B l a n k  cells con ta in  all  r e a c t a n t s  bu t  s u b s t r a t e  5-pregnenedione  is added  as an 
alcoholic  so lu t ion  to  g ive  the  final concen t r a t ion  2. 5. lO -5 M. Reac t ions  are in i t i a t ed  by  add i t ion  
of io  or 25/~1 of enzyme  d i lu ted  in the  same buffer and  ra te  of fo rmat ion  of the  4-pregnenedione  is 
fol lowed a t  248 nm a t  25 °. 
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T A B L E  I 

E F F E C T  OF M E T H A N O L  ON T H E  K I N E T I C  P A R A M E T E R S  F O R  I S O M E R I Z A T I O N  OF 5 - A N D R O S T E N E D I O N E  

e is the  die lect r ic  c o n s t a n t  a t  25 ° of the  m e t h a n o l - w a t e r  mix tu re ,  expressed  in Debye  uni ts .  Ex -  
p e r i m e n t s  are  pe r fo rmed  in o.o 3 M p o t a s s i u m  p h o s p h a t e  buffer, o.1 M KC1, p H  7 a t  25 °, w i t h  5- 
and ros t ened ione  as subs t ra te .  

M e t h a n o l  heat × zo  -e K m ×  I o  4 K ~  at 25 ° 
at 25 ° (rnin -1) ( M )  

o~ 

1.23 78.0 22.o 1.25 io  
3.3 77.2 14.7 3.0 7.0 
6.6 76.1 9.55 3.7 ° 5.87 

IO.O 75.0 6.8 7.15 5.1o 
13-3 74 .0 5.95 9.1o 4.3 
15.o 73.35 4.48 12.5 4.0 

T A B L E  I I  

E F F E C T  OF M E T H A N O L  ON C O M P E T I T I V E  I N H I B I T I O N  OF I S O M E R A S E  

E x p e r i m e n t s  are pe r fo rmed  in 0.o 3 M p o t a s s i u m  p h o s p h a t e  buffer, o . i  M KC1, p H  7 a t  25 ° w i t h  
AS-andros tenedione  as subs t r a t e ,  and  the  th ree  inh ib i to r s  are es t radiol ,  es t rad io l  i7 -ace ta te ,  
17a-estradiol .  

M e t h a n o l  K ,  × ~o 6 ( M )  
(%, v/v) 

Estrad io l  Es t rad io l  x7a -Es t rad io l  
r T-acetate 

3.3 5.25 o . Io  2.2 
5.o IO.O o.35 4.3 

IO.O 2 0 . 0  I . O  

15.o 50.0 30.0 
16.6 65.0 3.75 56.0 

T A B L E  I I I  

EFFECT OF ETHANOL ON THE KINETIC PARAMETERS FOR ISOMERIZATION OF 5-ANDROSTENEDIONE 

e is the  die lect r ic  c o n s t a n t  a t  25 ° of  the  e t h a n o l - w a t e r  m i x t u r e  expressed  in Debye  uni ts .  Expe r i -  
m e n t s  are pe r fo rmed  in o.o 3 M p o t a s s i u m  p h o s p h a t e  buffer, o.I M KC1, p H  7.0 a t  25 and  37 ° and  
5 -andros tened ione  as subs t ra te .  

E t h a n o l  e25 o kcat × IO -a K m  × I o  4 K p  at 25 ° 
(%, v/v) at 25 °(sec -1) (M)  at 25 ° 

1.85 77-7 17-3 1.7 11.3 
3.3 77.05 13.2 2.0 7.45 
5.0 76.2 13.2 3.6 6.72 
6.6 75.5 lO.7 5 .0 
8.5 74.5 9.85 9.0 

IO.O 73-9 6.87 12.5 5-35 
15.o 71.35 4.17 20.0 4.20 
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T A B L E  IV 

E F F E C T  OF n - P R O P A N O L  A N D  I S O l a R O P A N O L  ON T H E  E N Z Y M A T I C  I S O M E R I Z A T I O N  OF 5 - P R E G N E N E -  

D I O N E  

e is the dielectric cons tant  at  25 ° of n-propanol  and i sopropanol -wate r  mixtures,  expressed in 
Debye units. Exper iments  are performed in 0.03 M potass ium phospha te  buffer, o.i M KCl, 
p H  7.0 at  25 °, and 5-pregnenedione as substrate .  

Solvent Km "X zo ~ ( M )  heat X lO -6 (rain -1) e2n a 
(%, v/~) 

n-Propanol Isopropanol n-Propanol Isopropanol 

io  i.o i 2.46 5.35 
20 5.0 5 o.265 2.35 
3 ° io.o 12.o 0.0294 0.735 

n-Pr@anol Isopropanol 

73.1 72.75 
67.45 66.8 
61.5 60.5 

r- . . . . . .  n-b---ol .~ utan 
6310.9 n P r ° ~ /  

10i41 eth 

22d met.aoo,  
25.0 50.0 75.0 

ALCOHOL MOLECULAR WEIGHT 

Fig. 4. Plot of  heat of isomerization of 5-androstenedione at  0.304 M of each alcohol vs. the mole- 
cular weight  of  the alcohol (methanol  is taken as reference). Exper iments  are performed in o.o3 M 
potass ium phospha te  buffer, o.i M KC1, p H  7.o at  25 °. 

T A B L E  V 

V A R I A T I O N  OF /x_" m A N D  heat AT A C O N C E N T R A T I O N  0 . 3 0 4  M OF E A C H  A L C O H O L  

Ee : efficiency coefficient. I t  is equal to the ratio of heat in methanol  (taken as a s tandard)  on the 
keat value for each alcohol, reported to one carbon unit.  Exper iments  were performed in 0.03 M 
potass ium phospha te  buffer, o.I M KC1 at 25 °, 5-androstenedione is the substrate.  

Alcohol Km X zo 4 ( M )  kcat× xo -n A'p Eo 
(rain -1) 

Methanol 2.56 22.1 io.o i 
E thano l  1.7 ° lO-4 7. io 
n-Propanol  4.35 6.3 7.3 ° 
I sopropanol  4.20 lO. 3 7.1o 
n-Butanol  3.12 0.92 7.8 6 
I sobu tano l  2.85 1.26 8.0 
sec.-Butanol 3.12 2.50 7.7 ° 
tert.-Butanol 3.3 7.35 7.9 <<i 
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T A B L E  VI  

V A R I A T I O N  OF K m  A N D  kcat AT A C O N C E N T R A T I O N  0.304 M IN T H E  B U T A N O L  S E R I E S  

Exper iments  are performed in 0.03 M potass ium phospha te  buffer, o.I M KC1 at 25 °, 5-pregnene- 
dioue is the substra te .  

Alcohol K m ×  Io 5 (11q) kcat × I0  -8 Kp  
(min-U 

n-Butanol  2.o 3.96 9o.o 
I sobutanol  2.5 5.45 99.0 
sec.-Butanol 2.8 6.17 9o. o 
tert . -Butanol  2.0 9. i 90.0 

decreases with increasing concentrations of alcohol. Therefore the inhibition by these 
alcohols looks like a mixed type. The same phenomenon is observed for K, values 
for estradiol, i7a-estradiol and estradiol i7-acetate, with methanol, ethanol and 
dioxane. 

Effect of increasing the length of straight chain alcohols 
Fig. 4 shows the effect on keat of methanol C1, ethanol C 2, n-propanol C 3 and 

n-butanol C 4 at the same concentration (0.304 M). There is a decrease of keat. Km 
shows no significant change (Table V). 

Effect of branched alcohols 
Experiments were performed in the propanol and butanol series. Table V gives 

the kinetic parameters with 5-androstenedione and all alcohols used at 0.304 M. 
Table VI gives the results with 5-pregnenedione and Table VI I  with 5-estrenedione, 
both with the series of butanol. 

15%(%) t /10  
0 . 3 .  

0.2  5g 

3.3% 

o i 
' lo'.o '20 ' .o  3o'.o 

1/ [  5-AN D ~ S T E N  EDION E ] (m M -~) 

0.4. 

0.3. 

" "  0.2 

0.1 

3 0 %  

25% 

5'.0 ' 1510 2510 
1/ [  5-PREGNENEDIONE] (ram "1) 

Fig. 5. L ineweaver -Burk  plots of the isomerization of 5-androstenedione in dioxane, in o.o 3 M 
potass ium phospha te  buffer, o.I M KC1, p H  7.0 at  25 °. Line slopes are obtained from weighted 
least-squares t r ea tmen t  of the data. 

Fig. 6. L ineweaver -Burk  plots for isomerization of  5-pregnenedione with increasing concentrat ion 
of dioxane, in 0.o 3 M potass ium phospha te  buffer, o.i M KC1, p H  7.0 at  25 °. Line slopes are ob- 
tained from weighted least-squares t r ea tmen t  of  the data. 
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T A B L E  VII  

V A R I A T I O N  O F  K m A N D  kca $ AT A C O N C E N T R A T I O N  o.3o 4 M I N  T H E  B U T A N O L  S E R I E S  

E x p e r i m e n t s  are  pe r fo rmed  in 0.03 M p o t a s s i u m  p h o s p h a t e  buffer, o.i  M KC1, p H  7.0 a t  25 °, 
5-es t renedione  is the  subs t ra te .  

Alcohol K m ×  zo 4 ( M )  kca~ × IO -6 
(rain -1) 

n - B u t a n o l  5.0 1.47 
I sobu tano l  5.o t .47 
sec.-Butanol 6.o 2.2o 
ter t . -Butanol  6.0 9.2 

The data show that Km remains unchanged while Kp and keat increase from 
n-butanol to tert.-butanol whatever the substrate. For each alcohol if an efficiency 
coefficient Ec is calculated for enzyme inhibition on the basis of the decrease of keat, 
it is observed that with the straight chain alcohols, one carbon in the C 4 n-butanol 
is 6 times more efficient than one carbon for the C 1 methanol. However, with the 
branched alcohol series, one carbon in the C 4 tert.-butanol has approximately the same 
efficiency as the carbon of the C 1 methanol. 

Effect of dioxane 
Effect of dioxane on substrate binding. The high solubility in dioxane of 5-andro- 

stenedione (15o mg/ml) and 5-pregnenedione (13o mg/ml) has made possible the 
saturation of isomerase with substrate. Figs. 5 and 6 show the variations of I/V vs. 
I/[Sl at different dioxane concentrations with 5-androstenedione and 5-pregnene- 
dione as substrates. Km is increasing and keat is constant with increasing concentra- 
tions of dioxane. In contrast to the alcohols studied dioxane acts as a competitive 
inhibitor. 

4.0. 

(2) 

3) 

3.0 

E 

2.0. 

110 2'.0 3'.0 
log Kp 

Fig. 7. P lo t  of  pKm (expressed as log I/Km) of  i somerase  vs. log Kp (K~ is the  pa r t i t ion  coefficient 
be tween  i sooctane  a n d  an  a q u e o u s  phase  con ta in ing  different  concen t r a t i ons  of  the  var ious  organic  
solvents) .  Curve  I, m e t h a n o l  a n d  4 -andros tened ione  ; 2, e thano l  and  4 -andros tened ione  ; 3, d ioxane  
a n d  4-pregnenedione .  E x p e r i m e n t s  are  pe r fo rmed  in o.o 3 M p o t a s s i u m  p h o s p h a t e  buffer,  o.I M 
KC1, p H  7.o a t  25 °. 
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Effect of dioxane in presence of competitive inhibitors. Table VII shows the 
variations of K,, which increases with increasing concentration of dioxane, for the 
three inhibitors. 

Relation between the kinetic parameters and the partition coefficients 
Fig. 7 shows a linear relationship between log Kp and log I /Km in different 

organic solvents: methanol, ethanol and dioxane. This relationship can be quantita- 
tively described by the following equation: 

log I / K m  --  a log I~p app. + b (17) 

Since dGm ° for Krn is equal to: 

AG°m = --2.3 R T  log K m  (18) 

then 

--2. 3 R T  log I / K m  --  3(--2.3 R T  log K2~ ) - -  R T b  (19) 

- - A G ° m  = 3 × AGo --  c o n s t a n t  (20) 

from the data a is equal to 3.o ± o.2 in Eqn. 17 and is independent of the nature of 
the solvent and the structure of the steroid. For the same solvent, the b value is 
dependent on the steroid structure, b decreases with decreasing polarity of the 
substrate. 

Relationship between dielectric constant and kinetic parameters 
The dielectric constants e of the different organic solvent-water mixtures have 

been taken from 21 and are given in Tables I, III ,  IV and VIII.  
Fig. 8 shows a linear relationship between I/e vs. log Km in dioxane with 5-andro- 

stenedione and 5-pregnenedione. Fig. 9 shows the variation of log K, vs. I/e with 
methanol, for the three inhibitors. 

There is also a direct relation between the dipole moments of these molecules 
and their affinity values: I/K.l increases from estradiol to I7a-estradiol and estradiol 
I7-acetate. The dipole moment (/~) values in dioxane expressed in Debye units (D) 
(ref. 22) vary in the same direction: 

Estradiol (2.33 D) < I7a-estradiol (2.56 D) < estradiol I7-acetate (2.61 D). 

T A B L E  V I I I  

EFFECT OF DIOXANE ON COMPETITIVE INHIBITION OF ISOMERASE 

e is the  die lect r ic  c o n s t a n t  a t  25 ° of d i o x a n e - w a t e r  mix tu re ,  expressed  in Debye  uni ts .  E x p e r i m e n t s  
are  pe r fo rmed  in 0.03 M phospha t e  p o t a s s i u m  buffer, o . i  M KC1, p H  7.0 a t  25 °, w i th  5-pregnene-  
d ione  as subs t ra te .  

D i o x a n e  K t  X ~o 4 ( M )  

% ( v / v )  e25 o E s t r a d i o l  x 7 a - E s t r a d i o l  E s t r a d i o l  
i 7-acetate 

i o  68. 7 1.8 o.15 o.o12 
15 64.1 4.o I.O o.o45 
20 59-9 8.8 1.6 I.O 
3 ° 50.6 2o.o 

B i o c h i m .  B i o p h y s .  A c t a ,  258 (1972) 655-672 
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-2.0. 

-4.£ 
E v 

O'J 
o 

-4.12 

-6.£ 

_o 

(3)  

1:3o 1:so 1:7o -s.o 
1 / E x l O  2 1125 1:3,5 1 /E;x l02 1:45 

Fig. 8. Plot of log t'[m vs. I/e (e is the dielectric constant)  in increasiug conceutrat ion of dioxane. 
Exper iments  are performed in o.o 3 M potass ium phospha te  buffer, o.i M KC1, p H  7.o at  25 °. 
Curve I, with 5-androstenedione; 2, with 5-pregnenedione. 

Fig. 9. Plot of log tgi vs. I /e  (e is the dielectric constant)  at increasing concentrat ion of methanol.  
5-Androstenedione is the substrate .  Exper iments  are performed in o.o3 3I po tass ium phospha te  
buffer, o.i M KC1, p H  7.o at  25 °. Curve I, estradiol; 2, I7a-estradiol;  3, estradiol I7-acetate. 

Thermodynamic data for the sequential formation of complex and product 
In order to correlate the variations of kinetic parameters in different organic 

solvents and in the same solvent at increasing concentrations, with variations of 
enthalpies, entropies and free energies, experiments at different temperatures have 
been performed. 

Formation of the complex E1 
Table IX gives the thermodynamic parameters for the complex formation E1 

ol  

1 

10 

x /"~/ ' "  

2 

1~0 1'1 1'2 
2 3 log Ki(T0 

_15.0 

o 
E 
~_10.0 

_5.0 

0 s:o 10'.0 15'.0 20 
%(V/v) m e t h a n o L  

Fig. io  Variat ion of 2. 3 log Ki(T1) VS. 2.3 log Kt(T2) (Exner  plots), a t  different methanol  concen- 
trations.  5-Androstenedione is the subs t ra te  and estradiol the competi t ive inhibitor, i, i6.6 ° and 
37°; 2, 25 ° and 37°; 3, 16-6° and 25 ° . 

Fig. I I .  Variat ion of A H  ° vs. methanol  concentrat ion.  5-Androstenedione is the substrate ,  estra- 
diol the competi t ive inhibitor. Exper iments  are performed in o.o3 M potass ium phospha te  buffer 
o.i M KC1, p H  7.o, at  two tempera tu res  25 ° and 37 °. K, is the pa ramete r  selected for ZIH ° calcu- 
lation (from Arrhenius  plots and Exner ' s  equations).  
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at different methanol concentrations expressed in % (v/v), obtained from experiments 
at three different temperatures,  with estradiol as inhibitor and 5-androstenedione 
as substrate. At fixed cosolvent concentrations, the AS ° values are the same at three 
different temperatures,  in the error limit which is of ± 2  e.u. Fig. IO shows Exner 's  
plots which are linear for the equilibrium data. The average Te value is equal to zero, 
calculated from the Exner 's  plot for the three pairs of temperatures 288.9-298°K, 
288.9-3Io°K and 298-3io°K, the slope being equal to I.o + 0.05. 

But  compensation plots are not horizontal lines for the complex formation step. 
Therefore, Hinshelwood's classification 23 corresponding to Te = o cannot be applied. 
Table I X  shows that  the entropy variation has a maximum value at 5% (v/v) 
methanol, at the three temperatures studied. 

Fig. I I  shows the variation o f d H  ° with increasing concentrations of methanol, 
for the complex formation step. A maximum value o f A H  ° is observed at 5% (v/v) 
methanol, corresponding to a mole fraction of 2.2.1o -2. In the complex formation 
step the compensation phenomenon cannot be analyzed in the present experimental 
conditions, where substrate and inhibitor are present together. 

Activation step 
Table X gives the thermodynamic parameters for the activation process at 

different ethanol concentrations, at three different temperatures with 5-androstene- 
dione as substrate. 

Fig. 12 shows Exner 's  plots which are linear for the activation step. Fig. 13 
shows the compensation plots for the activation step. The average Te value obtained 
from both types of representations calculated by the weighted least square method 
is 314 4- Io°K. 

The average experimental temperature,  which has been called Error slope 2°,24, 

13 

12 

~11 

9.5 

o 

9_ 

<~ 

8.5. 

~) 1 b 1'1 1'2 
2.3 log k(T 1) 

/ / 
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/ /  
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/ 
10%.  / 

/ /  
./ 

/ x 

66~  AIB'35 ~° ......... """ 
/ /  x....' 

/ /  ..-' ...... 

o .  x 

..-'i) 
.y- ' " / '3.3% 

5'.o lo'.o 15 
/ ~ H '  ( kca l /mo le )  

Fig. 12. Va r i a t i on  of 2. 3 log k(T1) vs. 2.3 log k(T~) a t  different  e thano l  concen t ra t ions  w i t h  5-an- 
d ros tened ione  as subs t ra te ,  keat is the  k ine t i c  p a r a m e t e r  selected,  i ,  i5  ° and  37°; 2, 15 ° and  25°; 
3, 25 ° and  37 ° . 

Fig.  13. Va r i a t i on  of ZIG* vs. AH* a t  different  e thano l  concent ra t ions .  5 -Andros tened ione  is the  
subs t r a t e .  E x p e r i m e n t s  are pe r fo rmed  in 0.03 M p o t a s s i u m  p h o s p h a t e  buffer, o.I M KC1, p H  7.0. 
koat is the  k ine t i c  p a r a m e t e r  selected for ziG* and  ziH* ca lcula t ions .  Line slopes are  ob t a ined  from 
a we igh ted  l eas t - squares  t r e a t m e n t  of the  d a t a  a t  th ree  pa i r s  of t e m p e r a t u r e s :  O, 37 °; C), 25 ° ; 
X, 15 °. P e r c e n t a g e  in vo lumes  of e thano l  are on ly  ind ica t ed  on curve  0 - - "  - - 0  a t  37 °. 
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670 H. WEINTRAUB et al. 

is equal to 298.6°K. It  is significantly different from the slope giving the Te. It  can be 
concluded that the compensation phenomenon is real for the activation step. Accord- 
ing to Hinshelwood's classification 2~ for the mutual relation of activation parameters 
the present data correspond to the Case 3a, where Te is higher than the highest 
experimental temperature. The slope is positive and smaller than T2/T 1. The reactiv- 
ity is getting smaller with increasing temperatures in the same range of alcohol 
concentration from 3.3 to 15.o% (v/v). Table X shows that at 15 ° the variation of 
keat (3.3%)/keat (15.o%) is equal to 22.8, a very large effect. It is 4.15 at 25 ° and 2.35 
at 37 ° . For the complex formation step, the reactivity remains constant for the 
3 temperatures in the range of methanol concentrations from 3.3 to 16.6% (v/v). 

Ki (3.3%)/Ki (16.6%) ---- lO.5 at I5 °, 12. 4 at 25 ° and 11.6 at 37 °. 

DISCUSSION 

As a solvent, water plays a unique role in biological systems. A biological inter- 
action between two molecules (enzymatic or not) is at least a ternary system involving 
water molecules. Therefore enzymatic isomerizations of different steroids substrates 
and the effect of some competitive inhibitors have been studied in aqueous medium 
modified by addition of organic solvents at low mole fraction. 

These organic solvents produce several changes in the physical properties of 
the reaction medium s . From the data obtained, some hypotheses can be formed on 
the implication of the solvent in both steps of the enzymatic reaction defined by 
Kin, K~ and keat. 

I t  should be noticed that the solubility of steroids is increased by the addition 
of organic solvent in the aqueous solution, but all the data obtained cannot he 
explained by such an increased solubility, since in that case I / I £  m should increase, 
and not decrease as it is observed with the increasing concentrations of the alcohol 
in the reaction medium. 

The dielectric constant decreases as well as the affinity of steroids for tile 
enzyme, when the organic solvent concentration is increased. In agreement with the 
data on uncharged molecules involving dipole moments of tile reactants discussed 
by BELL 25, it is conceivable that electrostatic interaction can be involved in the 
enzymatic reaction. The dipole moments of the substrate or inifibitor could play a 
role in their orientation at the active site, and in fact a relationship between the dipole 
moment of steroids with various substituants at the C-I 7 position and their affinity 
for the enzyme is observed. The decrease of affinity of the steroid for the enzyme with 
the decrease of the dielectric constant is in agreement with the data obtained for the 
partition coefficient Kp, which also decreases with increasing concentration of alcohol 
or dioxane in the aqueous phase. 

But the change of the dielectric constant and the electrostatic interactions which 
are involved in the binding step cannot explain all effects of alcohols on the enzymatic 
reaction, particularly on the activation step. There is a striking effect of the chain 
branching of the alcohol on the keat of the reaction, Km being not affected. In the 
propanol series, the n-isomer is a much better inhibitor than isopropanol, in spite of a 
higher dielectric constant. In the butanol series, the tert.-butanol which produces the 
greatest dielectric constant decrease is the poorest inhibitor. 

It appears from the data that the alcohols can affect more specifically the rate 
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of the proton transfer as approximated by  keat. In order to compare alcohols of 
different chain length, results have been calculated on the basis of one carbon unit. 

Per unit the decrease of keat is more pronounced from the C 1 to the C 4 aliphatic 
alcohols: it is known that  methanol < ethanol < n-propanol < tert.-butanol is the 
order of increasing proton accepting facility 26. However, the~fficiency of a carbon 
unit in the butanol series is much lower for tert.-butanol than for the normal butanol 
(Tables VI, VII).  So that  the effect of chain branching on keat is the opposite of the 
effect of increasing chain length in normal alcohols. This might be related to the effects 
of the same branched alcohol on the water structure s . Therefore the participation of 
alcohol on water structure appears to be an important  effect in the present s tudy in 
competition with the corresponding effect of the steroids. The correlation between 
log Kp  and log I/Km which shows a small change in Kp  relative to that  in Kin, with 
a high value of the slope (approx. 3.o), indicates that  the free energy change of the 
transfer of the steroid molecule from the water to the highly specific hydrophobic 
enzymatic site is not a good measure of what goes on in the Michaelis complex forma- 
tion step. Therefore, Km must consist of at least one more step and the energy of 
substrate desolvation from water is only a small part  of the total  free energy change 
of the binding step. Additional free energy change could be due to some conforma- 
tional change of the protein induced by the steroid binding. The positive entropy 
change calculated for the binding of substrate 1° and inhibitor (Table IX) to the enzyme 
can be explained by the desolvation of steroid molecule with destruction of an 
ordered layer of water around these molecules, contributing to the free energy change. 
The effect of dioxane, the only organic solvent studied which seems to act as a com- 
petitive inhibitor on the enzymatic reaction, can be related to the similarity between 
the structure of this molecule and the steroid molecule. Dioxane is a cyclic ether with 
two fixed polar sites; moreover dioxane is characterized by strong solute-solute 
interaction. 

The participation of the solvent in the enzymatic reaction can be suggested also 
from the thermodynamic data for Km and keat, but the mechanism of the participation 
must be very different for the two steps. 

The variation o f ~ H  ° in function of methanol concentration shows a maximum 
near a mole fraction of 2.2. I0 2, this phenomenon could be related to water participa- 
tion in the enzymatic binding step, which is probably too complex to show the 
compensation phenomenon in presence of competitive inhibitors. 

The striking difference between the two steps of the enzymatic reaction what 
concerns the effect of temperature on reactivity 2s, very large on koat, is in agreement 
with a real compensation phenomenon in the activation step. According to LUMRY 
AND R A J E N D E R  ls such a linear relationship between enthalpy and entropy suggests 
a manifestation of the same property of water involved in the process under investiga- 
tion. 
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