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ABSTRACT: Finasteride (17~-N-tert-butylcarbamoyl-4-aza-Sa-androstan- 1-en-3-one) is a time-dependent, 
apparently irreversible inhibitor of Sa-reductases, but does not fully inhibit the activity of Sa-reductase 
in vivo. This limited efficacy has been attributed to its slow rate of inhibition against the type-1 isozyme 
[Tian, G. (1995) J.  Pharm. Sci. (in press)]. Here the feasibility of increasing the rate of inhibition of 
Sa-reductases by providing binding energies with the inhibitor at a site remote from the center of chemical 
transformation was explored. Substitution of N-(2,5-bis(trifluoromethyl)phenyl) group, which had been 
shown to benefit 6-azasteroids in the binding to Sa-reductases [Frye, S.,  Haffner, C. D., Maloney, P. R., 
Hiner, R. N., Unwalla, R. J., Batchelor, K. W., Bramson, H. N., Stuart, J. D., Schweiker, S. L., Van 
Arnold, J., Bickett, D. M., Moss, M. L., Tian, G., Lee, F. W., Tippin, T. K., James, M. K., Grizzle, M. 
K., Long, J. E., & Croom, D. K. (1995) J. Med. Chem. 38, 2621-26271, for the N-tert-butyl substituent 
at C-17 of finasteride did not perturb the mechanism of inhibition but significantly increased the rate of 
inhibition of type-1 Sa-reductase. The rate of inhibition was too fast to determine accurately when the 
normal substrate testosterone was used in the progress curve analysis as this inhibition rate is approaching 
the value of kcat/&, for the enzyme reaction. 

Time-dependent inhibitors are attractive as therapeutic 
agents because of their potential for high potency of 
inhibition for the therapeutic targets in vivo. However, the 
potency of time-dependent inhibitors may not be expressed 
in vivo if the rate of inhibition is slow compared to the rate 
of inhibitor elimination (Tian, 1995). Given that in vivo 
factors are often unpredictable and that the lifetime of a drug 
in the body may be short in many cases, it is generally 
important that the rate of inhibition for any time-dependent 
inhibitor be as fast as possible. Consequently, development 
of methods for improving rates of inhibition is highly 
desirable. 

Sa-Reductase (5AR),' which exists in two isoforms 
(Anderson & Russell, 1990; Anderson et al., 1991), catalyzes 
the NADPH-dependent reduction of testosterone to produce 
DHT, a potent androgen implicated in benign prostatic 
hyperplasia (Wilkin et al., 1980; Wilson, 1980; Geller, 1990). 
Intense research efforts have been devoted to finding 
inhibitors of both isoforms of the enzyme. Finasteride 
(Figure l), a specific inhibitor of 5AR, has been demonstrated 
to inhibit 5AR apparently irreversibly in a time-dependent 
fashion (Faller et al., 1993; Tian et al., 1994). The time 
dependence has been linked to chemical transformations 
occurring at the AI double bond in the A-ring of finasteride 
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FIGURE 1 :  Chemical structures of finasteride, 1 (17P-N-tert- 
butylcarbamoyl-6-azaandrost-4-en-3-one), 2 (17P-N-(2,5-bis(tri- 
fluoromethyl)phenyl)carbamoyl-6-azaandrost-4-en-3-one), and 3 
( 17~-N-(2,5-bis(trifluoromethyl)phenyl)carbamoyl-4-aza-5a-an~ost- 
1 -en-3-one). 

after binding to the active site, suggesting site-specific 
modification of the enzyme (Tian et al., 1994, 1995). In 
clinical tests, finasteride displays a limited efficacy (Ver- 
meulen et al., 1989, 1991; Geller, 1990; Imperato-McGinley 
et al., 1990; Ohtawa et al., 1991; McConnell et al., 1992), 
and the dose-response of DHT in plasma is biphasic with 
about 60% suppression at doses smaller than 5 mg, followed 
by a less efficient inhibition of DHT formation at doses up 
to at least 100 mg. It is puzzling why finasteride, an 
apparently irreversible inhibitor of both types of 5AR, cannot 
fully suppress the production of DHT in vivo. On the basis 
of the fact that the rate of inhibition of type-1 5AR is about 
70 times slower than the value determined for inhibition of 
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type-2 5AR (Tian et al., 1994), it has been hypothesized that 
the limited endocrinological efficacy of finasteride is due to 
poor inhibition of type-1 5AR in vivo (Tian, 1995). Inhibi- 
tors with an increased rate of inhibition against 5AR 1 might 
therefore be advantageous. 

As the observed rate of inhibition by finasteride involves 
a relatively poor initial binding step for type-1 5AR (Tian 
et al., 1994), a variant of finasteride with higher binding 
affinity would be beneficial for the time-dependent inhibition, 
although there is a possibility that the structural perturbations 
may change the inhibition mechanism and eliminate the time 
dependence such that the potency is compromised. Frye et 
al. (1993, 1994, 1995) have shown that structural variation 
at C-17 of 6-azaandrost-4-en-3-ones, a class of reversible 
inhibitors of 5AR, with more lipophilic substituents signifi- 
cantly enhances the affi ity of inhibitors for type-1 5AR. 

hand, is a rather poor substituent in the 6-azasteroid series 
in terms of type-1 5AR inhibitory potency (Frye et al., 1994). 
These data and the existing synthetic tools provided an 
excellent opportunity to explore means of enhancing the rates 
of time-dependent inhibition of 5AR by increasing ligand- 
binding energies. Here, we report that replacing the N-tert- 
butyl substituent at C-17 of finasteride with a much more 
lipophilic N-(2,5-bis(trifluoromethyl))phenyl group did not 
change the inhibition mechanism, but significantly increased 
the rate of inhibition of type-1 5AR, demonstrating the 
feasibility of using binding energies to accelerate inhibition 
rates. 

The N-tert-butyl group k t C-17 of finasteride, on the other 
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rate constant (V/K, min-') for the loss of substrate. For the 
reactions with 5AR 2, the substrate concentration (20 nM) 
was higher than its K,,, (4.9 nM). Under this condition, the 
activity of enzyme was expressed as the initial rate (nM/ 
min) at 20 nM substrate. 

Titration of Active Sites of 5AR. Microsomes containing 
type-1 or type-2 5AR were serially diluted (2-0 pM). The 
mixtures contained either a tight binding 6-aza steroid 
inhibitor at 20 nM for type-1 5AR or 4MA at 4.5 nM for 
type-2 5AR. After preincubation for 10 min, the enzyme 
activity in each reaction was assayed using [1,2,6,7-3H]- 
testosterone (20 nM) as substrate according to the procedure 
described above. The activity was then plotted against the 
reciprocal of the dilution factor, d (data not shown). The 
concentration of enzyme in the microsomes was calculated 
as the concentration of inhibitor times the dilution factor 
corresponding to the x-axis intercept of the plot of activity 
vs lld. For all subsequent experiments, the enzyme con- 
centration was kept at a value that was at least 10 times less 
than substrate or inhibitor if present. 

Kinetic Properties of 5AR Reactions with Progesterone 
and Testosterone. All of the reactions were run under the 
same conditions as for the activity assays. The concentration 
of NADPH was set to 1 mM and maintained at this value 
by a regenerating system (Tian et al., 1994). For type-1 5AR, 
the concentration of radioactive progesterone was kept at 
20 nM and the total concentration was adjusted with cold 
progesterone, which was varied from 20 nM to 20 pM. For 
the type-2 isozyme, the total concentration of substrate was 
varied from 6 to 600 nM. For the concentrations above 20 
nM, the radioactive progesterone was kept at 20 nM while 
the total concentration was adjusted with the cold material. 
For the concentration range below 20 nM, the substrate was 
made only with the radioactive material. The ratio of product 
formed over the sum of substrate and product was determined 
by the peak areas of substrate and product that were shown 
in the HPLC chromatograph, and the concentration of 
product was then calculated by multiplying this ratio with 
the known total concentration of substrate. The percent of 
turnover was maintained at less than 20%. The initial rate, 
obtained at a single time point, was then calculated by 
taking the ratio of the concentration of product over the 
reaction time and expressed as nanomolar per minute. The 
initial rates at various substrate concentration ([SI) were fit 
to eq 1 

METHODS AND EXPERIMENTAL PROCEDURES 

Materials. [ 1,2,6,7-3H]Testosterone (85 -95 Ci/mmol) and 
[ 1 ,2,6,7-3H]progesterone (95 CUmmol) were purchased from 
New England Nuclear. Finasteride was synthesized as 
described by Rasmusson et al. (1986). 17/3-N-(2,5-Bis- 
(trifluoromethyl)phenyl)carbamoyl-4-aza-5a-androst- 1 -en-3- 
one was synthesized as described (Batchelor & Frye, 1995). 
17~-N-tert-Butyl-carbamoyl-6-azaandrost-4-en-3-one and 17p- 
N-( 2,5-bis(trifluoromethyl)phenyl)carbamoyl-6-azaandrost- 
4-en-3-one were synthesized as described recently (Frye et 
al., 1994, 1995). Testosterone, progesterone, NADPH, DTT, 
glucose 6-phosphate, and glucose-6-phosphate dehydroge- 
nase were purchased from Sigma. All other reagents 
purchased were of highest quality possible. 

Preparation of Type-1 and Type-2 5AR. Both human 5AR 
isozymes were prepared according to the procedure described 
previously (Tian et al., 1994). 

5AR Activity Assays. Buffers, solutions, and reaction 
mixtures were prepared according to the procedure described 
previously (Tian et al., 1994) except that in this study 
[ 1,2,6,7-3H]progesterone was used in the place of [ 1,2,6,7- 
3H]testosterone and was kept at 20 nM. All of the assays 
were performed at pH 7.0, p = 0.3, and 22 "C unless noted 
otherwise. These reactions were initiated by addition of 
enzyme and quenched at desired times with ethanol. The 
substrate and product were separated by a C-18 reversed- 
phase column (4.6 x 150 mm) with a mobile phase of 35% 
water and 65% acetonitrile. The amount of product forma- 
tion was quantitated by an in-line radiodetector @-Ram). The 
reactions catalyzed by type-1 5AR were first order in 
progesterone ([SI = 20 nM compared to K,,, = 690 nM), 
and the activity of enzyme was expressed as the first-order 

where V,,, and K,,, are the maximum velocity and the 
Michaelis-Menten constant, respectively. Kinetic constants 
for the reaction with testosterone were determined using 
assay methods described previously (Tian et al., 1994). 

Progress Curve Analysis. Reaction mixtures were pre- 
pared as described above but contained an inhibitor at a 
desired concentration. The volume of a reaction mixture was 
set to 400 pL. Enzyme, at a concentration in the range 0.1-2 
nM, was added to initiate the reaction. At different times, 
20 p L  aliquots were removed and quenched with 40 p L  of 
ethanol. The product formation was monitored as described 
above. 
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Table 1: Summary of Kinetic Properties of 5AR with Testosterone and Progesterone, at pH 7.0, 22 OC 

type- 1 
testosterone 0.52 f 0.03 6.3 f 0.6 8.2 x 104 
progesterone 0.78 f 0.04 0.69 f 0.1 1.32 f 0.24 1.1 x 106 

testosterone 0.000 10 i 0.000 03 0.0063 f 0.0030 1.6 x 104 
progesterone 0.017 f 0.001 0.0049 & 0.0009 0.0039 f 0.0019 3.5 x 106 

type-2 

a Determined from protection of 5AR by progesterone from the inhibition by 3. 

Table 2: Summary of Kinetic Parameters of the Inhibition of 5AR bv Finasteride and 3 and ICW Values of 1 and 2 at DH 7.0 
~~~~~~~~ ~~ ~~ ~~ ~ ~ ~ ~ ~ 

5AR k3. s- '  Ki (ICso), nM k,lKi, M-' S-' a T, "C 
type- 1 

finastendeb (6.7 f 0.8) x 360 f 40 (1.9 f 0.3) x 103 22 
(1.4 f 0.1) x 10-3 360 & 40 (4.0 f 0.6) x lo3 37 

3 (6.7 f 0.8) x 6 1  I d  (7.4 i 2.6) x 104 22 
(1.1 * 0.1) x 10-3' 37 

1 (820)E 22 
2 (4)9 22 

finasteride (5.1 f 0.7) x 10-3 6 9 f  ld  (8.3 f 0.5) x lo4 22 
(2.2 i 0.5) x e (3.2 4 0.4) x lo5 37 

3 (3.8 f 1.5) x 7 f 3d (4.8 f 1.5) x los 22 
(4.9 i 1.2) x 10-3' 37 

1 (0.W 22 
2 ('0.2)9 22 

(1.8 f 0.3) x IO5 

type-2 

(6.8 f 2.9) x lo5 

The standard errors were computed assuming that the errors from k3 and K,  propagated independently. From Tian et al. (1994). This value 
is 2.7 times the one reported previously (Tian et a]., 1994), which was calculated by using Ki = 960 nM as estimated from preincubation experiments. 

Determined from the inhibition of initial rates given by progress curve analysis. e Calculated using eq 6 with the K,  value determined at 22 "C, 
assuming the value is not affected by changing temperature from 22 to 37 OC. This assumption is supported by the data (Tian et al., 1994) for 
inhibition of type-1 5AR by finasteride (see text). The standard errors were computed using an error function assuming that the error from each 
component of eq 6 propagated independently. fFrom Frye et al. (1994). g From Frye et al. (1995). 

RESULTS AND DISCUSSION 
A primary goal of this study was to investigate how the 

rate of time-dependent inhibition of 5AR by finasteride may 
be enhanced by providing the inhibitor with increased 
binding energy. To accomplish this, it is necessary that the 
mechanism of inhibition be elucidated and the kinetic 
properties determined. 

Mechanism of Inhibition of 5AR by Finasteride. The 
dependence of the observed rate constant, kobsd, on the 
inhibitor concentration is clearly hyperbolic for inhibition 
of 5AR 1 by finasteride, as demonstrated by preincubation 
experiments (Tian et al., 1994), indicating a two-step 
mechanism of inhibition. As shown by Faller and co- 
workers using progress curve analysis (Faller et al., 1993), 
the rate of inhibition of type-2 5AR appears to be linearly 
correlated with the inhibitor concentration for values less 
than 150 nM. Since the magnitude (2.3 x lo5 M-' s-l > f  o 
the pseudo-second-order rate constant, k,,, calculated from 
the linear dependence of kobsd vs [I], is much less than the 
diffusion limit expected for a true second-order rate constant, 
the authors concluded that the mechanism may still involve 
more than one step. Measuring rates of inhibition at higher 
concentrations of finasteride would aid in elucidating the 
kinetic mechanism. However, at higher concentrations 
(> 150 nM) of finasteride, the rates of inhibition of 5AR 2 
are fast and difficult to measure by progress curve analysis 
when testosterone is used as substrate. A more sensitive 
assay can circumvent this difficulty. Since progesterone had 
been reported to be a faster substrate (Thigpen et al., 1993), 
we decided to examine its reduction by 5AR via progress 
curve analysis. The kinetic parameters of 5AR reaction with 
testosterone and progesterone were analyzed and compared 

under our experimental conditions. As summarized in Table 
1, although the K, of progesterone with 5AR 2 is similar to 
that of testosterone, the k,,, is much greater and the kcaJKm 
is significantly higher. In the case of type-1 5AR, it is the 
decreased K, that makes progesterone a faster substrate under 
kcatlKm conditions. 

Progress curve analysis, using progesterone as substrate, 
was conducted at both 22 and 37 "C. Since the rate of 
inhibition was slower at 22 "C and easier to determine, 
experiments were run initially at this temperature in order 
to fine-tune the experimental conditions. In addition, the 
Ki obtained at 22 "C would be also useful for calculation of 
rates of inhibition obtained at 37 "C (see below), since the 
Ki (Table 2) for finasteride in the inhibition of type-I 5AR 
does not appear to change upon changing the temperature 
from 22 to 37 "C (Tian et al., 1994). 

For the progress curve analysis of 5AR 2 reactions with 
progesterone in the presence of inhibitor, the substrate 
concentration cannot be set to a value much lower than 
the K, (4.9 nM), since the sensitivity of progress curve 
analysis would be poor at such a low substrate concentra- 
tion. Thus, the progesterone concentration was set to 
20 nM, at which the progression of reaction can be readily 
monitored. As shown in Figure 2, the formation of dihy- 
droprogesterone vs time was linear in the absence of 
finasteride (dashed line), but curved when it was present. 
Since the substrate turnover was held under 25%, the 
extensive curvature observed can only be interpreted as being 
caused by time-dependent inhibition. The activity of the 
enzyme was apparently fully inhibited at longer times, and 
the data were then analyzed by using eq 2 (Morrison & 
Walsh, 1988) 
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FIGURE 2: Progress curves of reaction of progesterone with type-2 
5AR in the presence of 30 nM of finasteride (0). The data were 
analyzed by eq 2. The dashed line represents the reaction in the 
absence of inhibitor that was observed numerous times. 

(2) [p] = -(I Vi - e-kobsdt) 
kobsd 

where [PI is the concentration of product and vi is the initial 
rate of reaction at t = 0. With progesterone, it was possible 
to perform progress curve analysis at [I] > 150 nM. As 
shown in Figure 3A, the plot of kobsd vs [I] becomes 
hyperbolic as the inhibitor concentration increases beyond 
150 nM. In addition, the vi was reduced upon increases in 
[I], indicating initial binding of inhibitor to enzyme prior to 
the time-dependent event. Thus, in support of the conclusion 
drawn by Faller et al. (1993), the mechanism of inhibition 
of 5AR 2 by finasteride appears to be identical to the two- 
step mechanism (eq 3) elucidated for inhibition of type-1 
5AR (Tian et al., 1994) 

(3) 
Ki k3 

E + I == E1 -. EI* 

where Ki is the inhibition constant for the initial binding step 
and k3 is the rate constant for the second, time-dependent 
step. 

Finasteride Inhibits Type-2 5AR More Rapidly than Type-I 
5AR. Despite the fact that the inhibition mechanisms are 
identical, the rates of inhibition of type-1 and type-2 5AR 
by finasteride differ significantly. To compare the rates of 
time-dependent inhibition, it is necessary to know both Ki 
and k3. Fitting data (Figure 3A) according to eq 4 (Morrison 
& Walsh, 1988) 

(4) 

yielded a value of (5.1 f 0.7) x s-* for k3 (Table 2) 
and 62 f 1 nM for Ki. The Ki value can also be obtained 
by analyzing the effect of [I] on vi. The values of vi at 
varying [I] were obtained from the same progress curve 
analysis described above. The degree of inhibition at t = 0, 
R,  which is a function of the vi values, is given by eq 5 
(Morrison & Walsh, 1988) 

( 5 )  
vi - [I1 R E I - - -  

(vi)[I]=fJ Ki(1 + [SIIK,) + [I1 

where (vi)[~]=o is the initial enzyme activity in the absence 

A 

0.00 41 
1 I I 1 I I 

0 1  2 3 4 5 6  
111, pM 

* 0.2 0.4r B 

0.0 
I I I I I I 

0 1 2 3 4 5 6  
[I], pM 

FIGURE 3: (A) The dependence of the rate of inhibition, kobsd, of 
5AR 2 on finasteride concentration at pH 7.0, 22 "C. Data were 
fitted by eq 4. (B) The effect of finasteride concentration on R, the 
degree of initial inhibition of 5AR 2 at pH 7.0, 22 "C. Data were 
analyzed by eq 5. 

of inhibitor. Shown in Figure 3B is the plot of R vs [I]. 
Fitting the data according to eq 5 by least-squares analysis, 
with known [SI (20 nM) and K,,, (4.9 nM, Table 1), yielded 
a Ki value2 of 69 f 1 nM (Table 2). The progress curve 
analysis was then conducted at 37 "C at [I] = 207 nM, and 
the value of k3 was calculated to be (2.2 f 0.5) x lo-* 
(Table 2) by using eq 6. 

Subsequently, the pseudo-second-order rate constant, k3/Ki, 
was calculated to be (3.2 f 0.4) x lo5 M-I s-l, which is in 

determined by Faller et al. (1993). This value is about 80 

measured for the inhibition of type-1 5AR (Table 2) .  
How Useful Is It To Enhance the Rate of Inhibition of 

5AR 1 by Finasteride? At first glance, an 8Ox difference 
in the inhibition rate may not seem to be very significant, 
especially given that the inhibition of either isozyme of 5AR 
by finasteride appears to be irreversible (Faller et al., 1993; 
Tian et al., 1994). However, when an irreversible but time- 
dependent inhibitor is tested in vivo, not only are the 

good agreement with the value (2.3 x lo5 M-I s-l 1 

times faster than the value ((4.0 iz 0.6) x lo3 M-' s-I ) 

~ ~ ~~~~ 

The fact that K,  values obtained from inhibition of initial rates 
(Table 2) and from variation of kob5d are identical suggests fast 
equilibrium for the initial binding. 
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thermodynamic factors important but also the kinetic pa- 
rameters are crucial for the expression of the inhibitor's 
potency. As has been discussed (Tian, 1995), the in vivo 
dose-response in terms of the activity of the target, Act%, 
may be predicted by eq 7 
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Act% = 100e-RiP (7) 

where Rip, the ratio of partitioning of inhibitor between target 
inhibition and inhibitor elimination pathways, is given by 
eq 8 

in which k, is the rate constant for drug elimination from 
the body. Apparently, the R,, value is a function of the 
concentration of inhibitor. From analysis of available 
literature data, at a dose of 5 mg this value can be estimated 
to be 13.6 for inhibition of type-2 5AR but only 0.025 for 
inhibition of type-1 5AR (Tian, 1995). Consequently, 5AR 
2 would be completely suppressed while at most only about 
2.5% reduction of the activity of type-1 5AR might occur at 
this dosage. 

Rate Enhancement by Providing Binding Energies. The 
second, time-dependent step in the inhibition of both type- 1 
and type-2 5AR by finasteride has been shown to involve 
chemical transformations at the A' double bond (Tian et al., 
1994; 1995), and a chemical mechanism involving Michael 
addition of a protein nucleophile to an inhibitor has been 
proposed (Tian et al., 1995). Where chemical transforma- 
tions occur, the rates of inhibition may be improved by two 
different methods. One is to enhance the intrinsic reactivity 
of the functional group responsible for the time dependence. 
This approach has been used extensively in the past for 
studying mechanism-based inhibitors (Walsh, 1978, 1984). 
Such a method is useful when a further increase in the 
intrinsic reactivity of inhibitor would not at the same time 
jeopardize the selectivity due to potential nonspecific modi- 
fications. Alternatively, the rates of time-dependent inhibi- 
tion may be increased by increasing binding energy at a site 
remote from the reaction center without elevation of the 
intrinsic reactivity of the functional group. This would be 
an approach analogous to the "uniform or differential 
binding" that is thought to operate in nature for evolution of 
the efficiency of enzyme catalysis (Knowles & Albery, 
1977). During evolution, the binding energy derived from 
variation of the structure of enzyme is utilized to lower the 
energy of transition state and thereby increase the rate of 
enzymic reaction. Of course, the enhancement of rates of 
enzyme inhibition will have to come from variation of the 
inhibitor structure rather than from variation of enzyme, 
although the principle is the same as for the evolution of 
enzyme efficiency. 

Substitution of N-(2,5-bis(trifluoromethyl)phenyl) (2) for 
the N-tert-butyl group (1) at C- 17 of 6-azaandrost-4-en-3- 
ones, a class of reversible inhibitors of 5AR, has been shown 
(Frye et al., 1994, 1995) to increase significantly the binding 
affinity for 5AR (see in Figure 1 for the chemical structures 
of 1 and 2 and Table 2 for the IC50 values). Since the C-17 
position is far from the A ring, a change in structure at this 
position was not expected to perturb the inhibition mecha- 
nism. Therefore, the strategy to take advantage of the energy 
for binding to type-1 5AR that is associated with the N-(2,5- 
bis(trifluoromethy1)phenyl) substituent in order to accelerate 

I I I 1 I I 
0 1 0  2 0  30 4 0  50 60 70 

t, min 

B 

1.5 

1 .o 

0.5 

1 I I 1 I I 
0 1 0  20 30 4 0  50 60 

t, min 
FIGURE 4: Progress curves of reaction of type-1 (A) and type-2 
5AR (B) in the absence (0) or presence (0) of 30 nM 3 at pH 7.0, 
37 "C. The change of percentage of substrate remaining with time 
was followed for the type-1 5AR reaction, and the data were 
analyzed by eq 9, whereas that of product formation was monitored 
for 5AR 2 and data were fitted to eq 2.  

the relatively slow rate of inhibition displayed by finasteride 
was pursued. 

Mechanism of Time-Dependent Inhibition of 5AR by 17p- 
N-(2,5-Bis(triJ2uoromethyl)phenyl)carbamoyl-4-aza-5a-an- 
drost-I-en-3-one. The new compound, 3 (Figure l), having 
N-(2,5-bis(trifluoromethyl)phenyl) in the place of N-tert-butyl 
at C- 17 of finasteride was synthesized as described recently 
(Batchelor & Frye, 1995). Progress curve analyses of the 
time-dependent inhibition of 5AR were performed by using 
progesterone as substrate. For the inhibition of type-1 5AR, 
monitoring the change in progesterone concentration, rather 
than in product, is possible since it can be set to a value (20 
nM) much lower than its K,,, (690 nM) without deteriorating 
the ease of detecting substrate turnover. As shown in Figure 
4A, the semilogarithmic progress curve for 5AR 1 is 
nonlinear, indicating time-dependent inhibition. The data 
were then analyzed by using eq 9 (Tian et al., 1994): 

where (V/K)i is the initial enzyme activity. Figure 4B shows 
the progress curve of the type-2 5AR reaction in terms of 
product formation vs time as for analysis of the progress 
curves for inhibition by finasteride. These data were then 
analyzed according to eq 2. In both cases, the kobsd was 
measured as a function of [I], and the plot of k&sd vs [I] is 
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0.0 41 
I I I 1 I 
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0.00 
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FIGURE 5: (A) The dependence of the rate of inhibition, kobsd, of 
5AR 1 on concentration of 3 at pH 7.0, 22 "C. Data were fitted 
according to eq 3 from Tian et al. (1994). (B) The effect of 
concentration of 3 on R, the degree of initial inhibition of 5AR 1 
at pH 7.0, 22 "C. Data were analyzed by eq 1 from Tian et al. 
(1994). (C) The dependence of the rate of inhibition, k&d, of 5AR 
2 on concentration of 3 at pH 7.0, 22 "C. Data were fitted by eq 4. 
(D) The effect of concentration of 3 on R, the degree of initial 
inhibition of 5AR 2 at pH 7.0, 22 "C. Data were analyzed by eq 5 .  

[I], n M  

apparently hyperbolic, as shown in Figure 5A,C. These data 
indicate an identical two-step mechanism accounting for the 
time-dependent inhibition of both the isozymes. Analysis 
of kobsd data according to eq 3 from Tian et al. (1994) and 
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FIGURE 6: Protection of type-1 (A) and type-2 5AR (B) from 
3-induced time-dependent inhibition by progesterone at pH 7 .O, 22 
"C. The values of kobsd were determined by progress curve analysis 
at various concentrations of progesterone. Values of 1kobsd were 
than replotted vs the concentration of progesterone ([SI). 

eq 4 of this paper yielded Ki values2 of 9 f 3 and 8 f 2 nM 
and k3 values of (6.7 k 0.8) x 
s-' (Table 2) for type-1 and type-2 5AR, respectively. 

To evaluate whether the inhibition by 3 occurs at the active 
site, the effect of substrate concentration on the value of kobsd 

at a fixed concentration of inhibitor (30 nM for both types 
of 5AR) was investigated. As shown in Figure 6,  the plots 
of l/kobsd vs [SI for both isozymes are linear. The K, values 
for progesterone (Table 1) may then be obtained according 
to eq 10 (Tian et al., 1994): 

and (3.8 f 1.5) x 

where s represents the slope of the plot. The Km value 
obtained from the inhibition of type-2 5AR is in good 
agreement with the value determined independently, whereas 
the value for type-1 5AR is somehow higher (Table 1). 
However, the discrepancy may be attributable to systematic 
errors. These data suggest binding of 3 at the active site 
prior to the time-dependent event, a step that is also found 
to be necessary for inhibition by finasteride (Tian et al., 
1994). 

Taken together, we conclude that the replacement of 
N-tert-butyl with N-(2,5-bis(trifluoromethyl)phenyl) at C- 17 
of finasteride does not perturb the mechanism of inhibition 
of 5AR. Since time dependence has also been observed for 



Time-Dependent Inhibition of Sa-Reductases 

other A'-4-azasteroids (Tian et al., 1994), this mechanism 
of inhibition may be generally true for Al-4-azasteroids. 

Toward Pe$ection of Rates of Time-Dependent Inhibition 
o f5AR.  To further evaluate the Ki values for the binding 
step, the initial activity of 5AR was also obtained from the 
progress curve analyses at 22 "C as described above, and 
the degree of inhibition was plotted vs [I] (Figure 5B,D). 
The data from inhibition of type-2 5AR were analyzed 
according to eq 5 whereas the data obtained with type-1 5AR 
were evaluated according to eq 1 from Tian et al. (1994). 
These analyses yielded a K, value2 of 6 & 1 and 7 & 3 nM 
for type-1 and type-2 5AR, respectively (Table 2). The 
progress curve studies at a fixed [I] were then performed at 
37 "C, and the k3 values (Table 2) were calculated as 
described above. 

As expected, the k3 value for the inhibition of 5AR 1 is 
hardly perturbed by the new substituent of 3, but the binding 
affinity is increased considerably (40-60 times, Table 2). 
As a result, the second-order rate constant, k3/Ki (Table 2) ,  
appears to be enhanced solely from the binding energy 
associated with the new substituent, demonstrating the 
feasibility of the approach which we have taken to increase 
the rate of time-dependent inhibition in this particular case. 
For the inhibition of type-2 5AR, again the initial binding is 
enhanced (ca. lox)  upon the C-17 substitution, but the k3 is 
somehow decreased. Nevertheless, the k3/Ki is still increased 
by a factor of 2-4 (Table 2). In both cases, the rate of 
inhibition (Table 2) is so fast that it is approaching the rates 
of turnover for the enzymic reactions with natural substrates 
(Table 1). 

Preliminary clinical tests using 3 have indicated maximum 
suppression (>90%) in DHT at 40 mg (D. J. Hermann, 
personal communications), supporting the concept and ap- 
proach toward inhibiting type-1 5AR via development of 
faster time-dependent inhibitors. 
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