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ABSTRACT. 3-Oxo0-A%-steroid isomerase (KSI, EC 5.3.3.1) frddseudomonas testosterardtalyzes the
isomerization of a variety of 3-oxa®-steroids to their conjugatefi*-isomers through the formation of

an intermediate dienolate ion. It has previously been found in our laboratory that the aromatic ring of
Phe-101 is important for catalysis. The present work extends these studies. Two double-mutant KSIs
(D38E/F101L and D38E/F101A) were prepared to compare the free energy profiles for the reactions
catalyzed by these mutants and by D38E. Both double-mutant KSls show reduced valygatgiH

7 compared to D38E~25-fold for D38E/F101L and-200-fold for D38E/F101A), similar to the reduced
values for F101L and F101A relative to KS+80-fold for F101L and~270-fold for F101A). Free
energy profiles for the reactions catalyzed by D38E/F101L and D38E/F101A indicate that the bound
transition state(s) and bound intermediate are destabilized when the large aromatic residue Phe-101 in
D38E KSi is replaced by the smaller residues Leu or Ala. The pH-rate profiles for D38E, D38E/F101L,
and D38E/F101A in the pH range 3:8.7 show that the ¥, of the catalytic base (Glu-38) is perturbed.

In addition, these mutants have significant catalytic activity in the low-pH region.

3-Oxo-A5-steroid isomerase (EC 5.3.3A5-3-ketosteroid A major function of the enzyme is to stabilize the bound
isomerase, KS) from Pseudomonas testosteraratalyzes dienolate ion 2), such that the equilibrium constant for the
the conversion of a variety of 3-oxA*-steroids to their ~ formation of2 from 1 at the active siteKjn;) is about unity.
conjugatedA*-isomers {—3). KSl is one of the most active  This value contrasts sharply with the corresponding equi-
enzymes known, with & of approximately 6x 10* st librium constant in aqueous solutioKd) of 1078, Stabi-
per monomer at pH 7 for 5-androstene-3,17-dio#e5). lization of the intermediate is likely to be due primarily to
Numerous experiments have implicated Asp-38 and Tyr-14 the combination of hydrogen bonds from Tyr-14 and Asp-
as catalytically active residueS-8), with Asp-38 transfer- 99 (11).
ring a proton from C-4 to C-6 and Tyr-14 polarizing the Recently, we found that when one of the phenylalanine
carbonyl by hydrogen bondin®,(10). Recently, Wu et al. residues in the active site of KSI (Phe-101) is replaced with
(11) determined the complete three-dimensional structure of either leucine or alaninek., for the isomerization of
KSI and showed that Asp-99 is also located in the active 5-androstene-3,17-dione at pH 7 is reduced~80-fold
site. In addition, the carboxyl group of Asp-99 is positioned (F101L) or~270-fold (F101A) L5). Surprisingly Kn, values
such that it could form a hydrogen bond to the substrate for the mutants are similar tis for wild type (WT) (12),
carbonyl, along with the hydrogen bond from Tyr-14. A suggesting that there is no significant interaction of the
reasonable mechanism in accord with the data is shown insubstrate with the side chain of Phe-101. Similarly, there is

Scheme 1. only a small change in the dissociation constagd-fold)
The free energy prof"e for conversion of 5-androstene- for the prOdUCt 4-andl’05tene-3,17-dl0ne with both mutants.
3,17-dione {) to 4-androstene-3,17-diond)(by wild-type However, these mutants bind the intermediate analogue

KSI has been determined., 13), along with the corre-  d-equilenin @) about 25-fold less tightly than does wild-
sponding free energy profile for the model reaction catalyzed type KSI (15). Using the binding ofi-equilenin as a model
by acetate |On](4) The Cata'ytic activity Of KSI has been for blnd|ng Of the intermediate, fl’ee enel’gy pI’OfileS for the
dissected into contributions from uniform binding, differential reactions catalyzed by these mutants were constructed.
binding, and catalysis of elementary steps, and this analysis

. . . . o]
was used to rationalize the enzymatic rate acceleratighn ( |
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1 Abbreviations: KSI, 3-oxoAS-steroid isomerase; WT, wild-type
KSI from Pseudomonas testosterpi8DS, sodium dodecyl sulfate; .
PAGE, polyacrylamide gel electrophoresis; BSA, bovine serum albu-  We have now extended these studies to the double mutants

min. D38E/F101L and D38E/F101A. With these mutants, it is
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possible todirectly determine the energy of the bound plasmids were transformed ino coli strain NCM 533 15),
intermediate, making it unnecessary to rely on an estimateand the mutant enzymes were purified using methods
based on an analogue. These results point to a role for thedescribed earlierd@). The concentration of each enzyme
aromatic ring of Phe-101 in preferentially stabilizing the solution was determined by its UV absorbance at 280 nm,
transition state(s) and, to a lesser extent, the intermediateusing an absorbance value of 0.336 for 1 mg/mL of KSI
relative to the reactant and product. In addition, we (19). Specific activities were determined under standard
determined the pH-rate profiles for the two double mutants conditions 20).

and find that the i, of the catalytic base (Glu-38) is higher Determination of the Kinetic ParametersSteady-state

in the double mutants than in the single D38E mutant. kinetic parameters were determined by initial rate experi-
Furthermore, there is significant activity at low pH, which ments as previously described)( The reaction mixture

is greater than that predicted from a simple titration of Glu- contained 16-90 uM 5-androstene-3,17-dione, 3.3% (V/v)

38. methanol, and 10@g of bovine serum albumin (BSA) in
3.00 mL of potassium phosphate buffer at pH 7.0 or 7.6.
MATERIALS AND METHODS Isomerization was initiated by adding 40 of appropriately

diluted KSI solution in 1% BSA and mixing for 10 s. The
reaction was monitored at 248 nm for about 20% completion,
and the initial linear reaction velocities were determined for
5% conversion of the substrate.

The partitioning of the enzyme-bound dienolate intermedi-

Materials Restriction endonucleases, T4 DNA ligase, and
the appropriate buffers were purchased from Promega
Corporation. Reagents for plasmid isolation and purification
were obtained from QIAGEN Inc. (QIAGEN plasmid midi
ISRIA ?Pﬁg:ﬁ :r?tin]tcfof,?]r ;gzrlsgéaté%r;sa:vzrzuggfgﬁgg egf ft::)% ate for mutant KSls was determined as previously described
BIO101, Inc., in the Gene Clean Il Kit. 5-Androstene-3,17- for the D3SE mutantl?, 18).
dione (1) was synthesized by G. Blotny of this laboratory RESULTS
(15); 4-androstene-3,17-dion8)(content was estimated to
be less than 5% on the basis of the absorbance at 248 nm Preparation of Double-Mutant KSIsThe genes for the
prior to and after isomerization df with KSI. double-mutant KSIs D38E/F101L and D38E/F101A were

Preparation of Double-Mutant KSI Genes by Cassette Prepared by cassette mutagenesis. Plasmid DNAs containing
(Deletion-Insertion) Mutagenesis Plasmid DNAs were  Single-base substitutions corresponding to D38E, F101A, and
purified using the QIAGEN plasmid midi kit. DNA diges- F101L were isolated and cleaved by two restriction endo-
tion and ligation procedures were based on those given byhucleasesBanHl and Clal. The BarHlI restriction site is
Sambrook et al.16). The recombinant plasmids containing located in the multiple cloning site of pUC18 at theehd

mutant KSI genes, including D38E (pUC2&Slpss), of the KSI gene insert, whereas tkdal restriction site is

F101A (pUC18-KSle1014), and F101L (pUC18KSle1010), located within the KSI gene between the two desired
had been previously transformed into tscherichia coli ~ Mutation positions, 38 and 101. Appropriate fragments
strains JM105 and NCM533LB, 15, 17). Each of these  containing mutations at positions 38 and 101 were ligated
plasmids was isolated and transformed into the d&ntoli to form plasmids containing the double-mutant KSI genes.
strain NF3079. Plasmids purified from these cells were Each of these was transformed irocoli strain NCM 533

cleaved with the restriction endonucleag?al andBanHl. for expression of the double-mutant protein. After purifica-

The DNA fragments were separated by agarose gel electro-tion, each mutant KSI showed a single band on SBAGE.
phoresis, cut from the gel, and purified according to the Specific activities were 2.0 (D38E/F101A) and 19 units/
protocol of the Gene Clean Il kit. Two DNA fragments were Mg-min protein (D38E/F101L).

obtained from each single-mutant KSI recombinant plasmid. Determination of the Free Energy Profiles for D38E/
The large fragment, containing a substitution at 101 (F101L F101L and D38E/F101AThe complete free energy profiles
or F101A), and the small fragment, containing a substitution were determined by the method previously used for D38E
at position 38 (D38E), were ligated by T4 DNA ligase to (18), which involves the determination of the steady-state
form recombinant double-mutant plasmids containing D38E/ kinetic parameters for isomerization af the dissociation
F101X genes. Clones containing the correct size insert wereconstants for3, and the partitioning of the reaction of an
identified by digestion with the restriction endonucleases externally generate@with the enzyme. These experiments
EcoRl and Hindlll. The entire KSI gene in each double- were all done in 330 mM phosphate, since the partitioning
mutant plasmid was sequenced by the Biopolymer Labora- experiments require high concentrations of buffis)(

tory, University of Maryland, Baltimore, to verify that only The steady-state kinetic parametiezgandK, for the KSI

the expected mutations were present. The double-mutantmutants D38E/F101A and D38E/F101L were determined at
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Table 1: Kinetic Constants for the Isomerization of 5-Androstene-3,17-din® @-Androstene-3,17-dion&) Catalyzed by D38E,

D38E/F101L, and D38E/F10EA

KSI conditions Km («M) Keat (71) KealKm (M~1s7Y)
D38E 330 mM, pH 7.9 72+ 14 120+ 24 1.7£0.2)x 16°
34 mM, pH 7.0 80t 7 120+ 8 (1.504 0.03) x 1¢°
34 mM, pH 7.6 88+ 5 135+ 7 (1.534+0.04) x 1¢°
D38E/F101L 330 mM, pH 7.0 134 0.3 4.04+ 0.06 (3.0+0.1) x 1®
330 mM, pH 7.6 61 6 20+1 (3.3+£0.3) x 10°
34 mM, pH 7.0 28t 1 7.4+0.2 (2.6£0.1) x 10°
34 mM, pH 7.6 48+ 4 16+ 1 (3.3+£0.1) x 10°
D38E/F101A 330 mM, pH 7.0 9.4 0.4 0.42+0.01 (4.5+0.2) x 10
330 mM, pH 7.6 33t 3 1.5+ 0.1 (4.44 0.4) x 10
34mM, pH 7.0 13.1 0.8 0.59+ 0.05 (4.5+ 0.4) x 10
34 mM, pH 7.6 27+ 2 1.29+ 0.04 (4.8+0.2) x 10*

a Potassium phosphate buffer and 3.3% MeOH, 2&0° Errors are standard deviatiorfsReferencel8.

Scheme 2
Km Kcat
E+1 E‘1 — E + 3
Ki
E +X E-X
Table 2: Inhibition Constant¥() for the Product
4-Androstene-3,17-dione) and the Intermediate Analogue
d-Equilenin @) for the Isomerization ofl to 3 Catalyzed by
Wild-Type, D38E, D38E/F101L, and D38E/F101A K8
KSI Ki (3) (uM) Ki (4) (uM)
WT 1484 30¢ 27+07
D38E 61+ 12 0.77£0.17
D38E/F101L 22+ 2 24+01
D38E/F101A 15+ 2 0.69+ 0.02

a Potassium phosphate buffer, 330 mM, 3.3% MeOH, pH 7.0, 25.0
°C. " Errors are standard deviatiortsReferencel 8. ¢ Referencel 3.

25.0°C at pH 7.0 and 7.6. The kinetic constakts and

Km calculated from weighted double-reciprocal plots are
given in Table 1. With both mutant&g, is reduced from
the corresponding value for D38E, by-180-fold for D38E/
F101L, and by 206 300-fold for D38E/F101A at pH 7. The
second-order rate constamt./Ky, is also substantially
reduced with both double mutants (ca. 5-fold for D38E/
F101L and ca. 35-fold for D38E/F101A).

Inhibition constantsk;) for 4-androstene-3,17-dion&)(
and the intermediate analogdesquilenin @) were deter-
mined by monitoring the complete time course of the
enzymatic isomerization ofi to 3 with varying initial
concentrations of (10—50 uM) and 3 or 4 (0—50 uM) at
25.0°C in 330 mM phosphate buffer (pH 7.0). The data
were then fit to the mechanism of Scheme 2 (witk=>3 or
4), using the KINSIM/FITSIM programs2(, 22) to give
inhibition constants for botB and4 with D38E/F101A and
D38E/F101L (Table 2). These data were used in the
calculation of the free energy profiles at pH 7.6.

To determine the partitioning of the dienol intermediate
at the enzyme active sit€ was generated in situ in the
stopped-flow spectrophotometer by mixing a solutionLof
with 1.0 N NaOH in a 1:1 ratio. At this concentration of
base (0.5 N), the dienolatg)(is formed within milliseconds,
but it reacts substantially more slowly 83(12). When this
solution is quenched with an excess of buffer after a 0.5-s
delay, a mixture of 12% of,, 83% of 2, and 5% of3 is
obtained {2). If KSlis included in the quenching solution,
the reaction of with KSI can be monitored at the isosbestic
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Ficure 1: Absorbance change at 246 nm for the reaction of the
independently generated diend@) (with WT, D38E/F101A, and
D38E/F101L in 330 mM potassium phosphate at 250

—
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wavelength for2 and 3 (246 nm)? With WT KSiI, a rapid
decrease of absorbance due to the decompositiéhtafa
mixture of1 and3 is followed by a subsequent increase due
to enzymatic conversion df to 3 (Figure 1). The shapes
of the curves for the reactions catalyzed by D38E/F101A
and D38E/F101L are similar to that observed with D38E
(18) and show saturation kinetics for the initial decomposition
of 2, with a much slower conversion dfto 3. These data
were fit to the mechanism of Scheme 3, using the KINSIM/
FITSIM program 21, 22) to give rate constants for conver-
sion from E2 to 1 (k) and from E2 to 3 (ks) and the
apparent dissociation constant for the complex & (Ky,),
shown in Table 3.

With these values in hand, the complete free energy
profiles for the D38E/F101A and D38E/F101L mutants were

Scheme 3
E+2

2 The isosbestic wavelength was determined to be 246 nm, with an
extinction coefficient of 15 200 M cm™. Previous isosbestic wave-
length determinations in our laboratory gave 243)(and 249.5 nm
(18). Although the exact values differ, results using wild type at each
of these wavelengths are identical.
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Table 3: Rate Constants for the Reaction of Dier&)lwith
D38E/F101L, D38E/F101A, and D38E

enzyme  'Kn M) ki(s™) ks (s7)  kdl(ke + ks) (%)
D38E 2.0+£0.6 320+30 335+ 20 51
D38E/F101L 6.9 0.3 245+ 3.3 256+ 3.0 51
D38E/F101A 15:0.1 75+0.6  6.3+0.06 7.7

a Potassium phosphate buffer, 330 mM, and 3.3% MeOH, pH 7.6,
25.0°C. P Errors are standard deviatiorffReferencel 8.

calculated as beford§). These are shown in Figure 2, along
with the corresponding profile for the D38E mutant. Mi-
croscopic kinetic constants are given in Table 4.

pH-Rate Profiles The kinetic parametetga: andkea/Km
for the isomerization ol to 3 by D38E, D38E/F101A, and
D38E/F101L were determined in the pH range-3897 in
34 mM acetate (pH< 5.9) or phosphate (pH 5.9) buffers
at ionic strength 0.1 M and 25.C (Figure 3). It is clear
that the experimental data require a pathway leading to
product at low pH, as well as near neutrality (Scheme 4).
The Kjs for the free enzymes Kx) and the enzyme
substrate complexesKps) were calculated by least-squares
fitting of (KeafKm)obs@Nd Keadobsto €9s 1 and 2, respectively,
which are derived from Scheme 4. Excellent fits to these
equations gave the values in Table 5.

(kca/Km)obs=
(Koa KelKs + Koot [H VK (Ke + [H) (1)

(kcat)obs: (kcat KES+ kcat' [H +])/(KES+ [H+]) (2)

DISCUSSION

Catalytic Role of Phe-101.n previous work 15), we
found that Phe-101 plays an important role in the catalytic
mechanism of KSI. Thusk. is substantially decreased
relative to wild type (WT) for both the F101L (3630-fold)
and the F101A (2006300-fold) mutant at pH 7.0, although
the Ky, values vary by only a factor of about 2. In each
case, the intermediate analogue equiledjrsfiows decreased
affinity for the mutant enzyme relative to wild type by ca.
25-fold. The results are qualitatively similar when the kinetic
constants of the D38E/F101L and D38E/F101A double
mutants are compared with the D38E mutant. At pH 7.0,
keatis lower for both double mutants by $30-fold (D38E/
F101L) and 206-300-fold (D38E/F101A) compared to the
single-mutant D38E. At pH 7.6, the ratios are somewhat
smaller, but still substantial (8-fold and 100-fold, respec-
tively).

In our work with the single mutants F101L and F101A

Biochemistry, Vol. 37, No. 19, 199&%763
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FIGURE 2: Free energy profiles for the isomerization of 5-andros-
tene-3,17-dione to 4-androstene-3,17-dione catalyzed by (A) D38E
(—) and D38E/F101L (---); and by (B) D38EH) and D38E/
F101A (- - -) in 330 mM potassium phosphate buffer and 3.3%
MeOH, pH 7.6, 25.C°C.

A comparison of the free energy profiles for the D38E/
F101L and D38E/F101A mutants with that of the D38E
mutant (Figure 2) shows that the effect of the phenyl group
of Phe-101 is predominantly on the energies of the transition
states. Compared to D38E, the energies of the bound
substrate and product are slightly lower by -6@5 kcal/
mol and the energies of the bound intermediate are higher
by up to 1 kcal/mol. However, the bound transition states
are less stable by 1.5 kcal/mol. Thus, the charged
transition states and intermediate are destabilized relative to
substrate when the aromatic residue Phe-101 is replaced by
the smaller Leu and Ala residues.

A knowledge of the position of Phe-101 allows a discus-

(15), we were unable to accurately determine the complete sion of possible mechanisms for the stabilization of the
free energy profiles. The internal equilibrium constants for transition state. The recently determined structure of KSI
interconversion of bound substrate and bound intermediate(11) shows that Phe-101 is located at the bottom of the
at the enzyme active sit&;) could only be estimated from  hydrophobic binding pocket slightly below Asp-99 and Tyr-
binding constants for the intermediate analogue equilenin. 14. Replacement of Phe-101 with a smaller amino acid (Leu
To calculateKy, it is necessary that the reaction of the or Ala) generates a cavity in the protein, which may be filled
intermediate Z) with the enzyme show saturation kinetics either by water molecules or reorganization of the protein.
(18), which is not observed for either F101A or F101L. We If there is no conformational change, then the presence of
reasoned that, since the D38E mutant exhibits saturationadditional water molecules would produce an increase in the
kinetics upon reaction witB (18), the double mutants D38E/ local active site polarity in the F101 mutants, as well as the
F101A and D38E/F101L might also. This expectation was possibility of a hydrogen bonding network involving water,
realized, and the complete free energy profiles for these Asp-99, and Tyr-14. The decreased reaction tatg ¢could
mutants were determined. be due to several factors. An increased active site polarity
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Table 4: Calculated Rate Constants for the D38E-, D38E/F101L-, and D38E/F101A-Catalyzed Isomerization of 5-Androstene-3,17-dione to
4-Androstene-3,17-diode

D38 D38E/F101L D38E/F101A
rate constant AG* (kcal/mol) rate constant AG* (kcal/mol) rate constant AG* (kcal/mol)

kk=86x 1M ts? kk=86x 1M ts? kk=86x 1M 1s?

k»=6.6x 10¢s™? 10.9 kk=4.1x10¢s? 11.1 k,=2.8x 10¢s™? 11.5
ks=420st 13.9 ks=43s1 15.3 ks=26s1 15.6
ks=320s? 14.0 ks=245s1 14.3 ky=75s1 15.0
ks=330s? 14.0 ks = 256 s’ 143 ks=6.3s1 16.5
ke=0.11s? 18.7 ke=1.4x 1(Ps? 20.3 ke=5.9x 104s™?! 22.0
k;=6.6x 10*st 10.9 kz=5.2x 10*s™?t 11.2 kr=2.8x 10*s? 115
ke=8.6x 1PM1s? ks=86x 1EM1s? ke=86x 1EMts?

a potassium phosphate buffer, 330 mM, and 3.3% MeOH, pH 7.6, Z5.0Referencel 8.
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Ficure 3: Plots of logkca)ons and &eaf Km)obs fOr the isomerization of 5-androstene-3,17-dione to 4-androstene-3,17-dione catalyzed by
D38E, D38E/F101L, and D38E/F101A as a function of pH. The curves are theoretical, based on egs 1 and 2 and the parameters given in
Table 5.

might affect the rate due to a difference in the extent of C-6. In the transition states, the charge is further delocalized
charge delocalization in the reactant, the transition states,over both the steroid and the Asp carboxylate. As the
and the intermediate dienolate (Scheme 1). Inthe enzyme polarity of the active site is increased, the intermediate and
substrate complex, the negative charge is spread out ovetransition state(s) become less stable relative to the enzyme
two oxygens in the carboxylate group of Asp-38, whereas substrate complex, and the observed reaction rate decreases.
in the intermediate the charge is delocalized from O-3 to The effect is somewhat greater on the transition states, as
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Table 5: K, Values for the Free EnzymeKp) and the EnzymeSubstrate Complex Kxs) with Limiting Rate Constants

KSI PKe PKes kealKm (M~ s71) Keat /Km' (M~'s7™) Keat (s™) keat (57%)
D38E 55 6.1 (1.55-0.03)x 1¢° (22+0.1)x 1° 139+ 9 1.6+0.4
D38E/F101L 6.6 7.5 (3.£0.3)x 10° 2504+ 160 28+ 3 0.019+ 0.003
D38E/F101A 6.6 7.4 (8 1) x 10¢ 58+ 37 2.2+0.2 0.0074+ 0.0006

aMeOH, 3.3%, pH 7.0, 25.6C.

Scheme 4 the analysis must include a term in protonated enzyme. In
Ks Keat all three cases, the activity at low pH is significant, as
E + 1 E4A — E+3 determined fromk:s (0.07—1% of the high-pH activity). In

addition, there is a perturbation of the observid lpy about

1 unit to higher values for each of the double mutants
Ke Kes compared to D38E, for both the free enzyrkgdKm plots)
and the enzymesubstrate complex{; plots).
'Ks 'Keat Although significant residual activity due to protonated
EH + 1 EH1 —> EH + 3 enzyme at low pH has not been observed for WT, Holman

and Benisek 27) found that the activity does not drop to

their charge is more delocalized than that of the intermeéiate. zerg at low pH for both the D38E and D38C mutants. Our

A hydrogen bonding network between one or two water resylts with the D38E mutant differ somewhat from those
molecules and Asp-99 and Tyr-14 could also explain the of Holman and Benisek in that we do not see a diminution
Iqwer activity of the F101 mutants. Hydrogen bondin.g 0 of rate at high pH ¥8.0), but we do observe the same
either Asp-99 or Tyr-14 by water might make these residues resjdual activity at low pH and we obtain similar values for
less able to stabilize the incipient dienolate ion, since k. andk./Kn. The increase in . for the D38E/F101X
hydrogen bonds to the dienolate would likely require mytants, relative to D38E itself, is also puzzling. The phenyl
disruption of hydrogen bonds to water. An alternative ring of Phe-101 is about-38 A from the carboxylic acid
explanation may be found in the proposal of Shan e2&,(  moiety of Glu-38 in this enzyme and, thus, would not be
who postulate that enzymatic catalysis may be a result of agxpected to exert any appreciable direct effect on the acidity
greater strengthening of hydrogen bonds that accompaniesf this group. Possibly, there is a hydrogen bonding network
charge rearrangement in nonpolar environments than in polarhetween Asp-99 and/or Tyr-14 that includes residue 38.
ones. Thus, the strengthening of the hydrogen bonds fromgdification of one or more of these hydrogen bonds by

Asp-99 and Tyr-14, which accompanies conversiod o mutation of Phe-101 could affect th&pof the carboxylate
2, would be greater in the more hydrophobic environment at position 38.

provided by Phe-101. A similar explanation for the de-

creased activity of the F101 mutants of KSI has been offered ACKNOWLEDGMENT
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