1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:

Biochem J. 2014 August 15; 462(1): 163-171. doi:10.1042/BJ20140220.

Rate of steroid double-bond reduction catalysed by the human

steroid 54reductase (AKR1D1) is sensitive to steroid structure:

implications for steroid metabolism and bile acid synthesis

Yi Jin®, Mo Chen”, and Trevor M. Penning™1
"Center of Excellence in Environmental Toxicology and Department of Pharmacology, Perelman

School of Medicine, University of Pennsylvania, Philadelphia, PA 19104, U.S.A

Abstract

Human AKR1D1 (steroid 5/4-reductase/aldo-keto reductase 1D1) catalyses the stereospecific
reduction of double bonds in A%-3-oxosteroids, a unique reaction that introduces a 90° bend at the
A/B ring fusion to yield 54-dihydrosteroids. AKR1D1 is the only enzyme capable of steroid 54
reduction in humans and plays critical physiological roles. In steroid hormone metabolism,
AKR1D1 serves mainly to inactivate the major classes of steroid hormones. AKR1D1 also
catalyses key steps of the biosynthetic pathway of bile acids, which regulate lipid emulsification
and cholesterol homoeostasis. Interestingly, AKR1D1 displayed a 20-fold variation in the Kgy
values, with steroid hormone substrates (e.g. aldosterone, testosterone and cortisone) having
significantly higher ke, values than steroids with longer side chains (e.g. 7a-hydroxycholestenone,
a bile acid precursor). Transient Kinetic analysis revealed striking variations up to two orders of
magnitude in the rate of the chemistry step (Kchem), Which resulted in different rate determining
steps for the fast and slow substrates. By contrast, similar K4 values were observed for
representative fast and slow substrates, suggesting similar rates of release for different steroid
products. The release of NADP* was shown to control the overall turnover for fast substrates, but
not for slow substrates. Despite having high kchem Values with steroid hormones, the kinetic
control of AKR1D1 is consistent with the enzyme catalysing the slowest step in the catabolic
sequence of steroid hormone transformation in the liver. The inherent slowness of the conversion
of the bile acid precursor by AKR1D1 is also indicative of a regulatory role in bile acid synthesis.
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INTRODUCTION

Human steroid 5/-reductase, which corresponds to AKR (aldo-keto reductase 1D1),
catalyses the stereospecific reduction of double bonds in A%-3-ketosteroids to yield 54DHS
(dihydrosteroids) [1,2]. The reaction is unique in that it introduces a 90° bend at the A/B
ring fusion of the steroid. As a result, 54-reduced steroids possess different properties from
either the a,f-unsaturated or 5a-reduced steroids, which have a largely planar four-ring
steroidal structure. With this activity, AKR1D1 is recognized for its important roles in
steroid metabolism and bile acid biosynthesis.

AKR1D1 is most abundantly expressed in the liver, the primary site of steroid metabolism
and bile acid synthesis. In the liver, all major classes of steroid hormones except oestrogens
are metabolized to THS (tetrahydrosteroids) through consecutive Aring reduction steps
[3,4]. THS are subsequently conjugated in phase 2 reactions leading to elimination.
AKR1DL1 is responsible for one of the two metabolic pathways of A-ring reduction (Figure
1A), and for some steroids such as cortisone the 54-pathway is the predominant one. In
addition to hepatic steroid catabolism, 5/4-reduction generates an array of functionally
diverse active 54-reduced steroids that are neuroactive [5] and/or involved in erythropoiesis
[6] and parturition [7].

The more appreciated biological role of AKR1D1 is in bile acid biosynthesis, where it
catalyses the key step that introduces the 54-configuration in primary bile acids [8,9] (Figure
1B). The 5/4-configuration of bile acids gives these molecules detergent-like properties for
proper emulsification of dietary cholesterol, fats and lipophilic vitamins. The conversion of
cholesterol into bile acids also represents the main pathway of cholesterol degradation in the
liver. In addition, bile acids are recognized as metabolically active signalling molecules
regulating many crucial physiological events such as their own synthesis and lipid and
glucose homoeostasis [10-13]. The role of AKR1D1 is underscored by the discovery of a
growing number of genetic variants of AKR1D1 associated with bile acid deficiency, which
is a fatal condition for neonates without bile-acid supplementation [14-18].

Previously, we have examined the specificity of AKR1D1 towards 11 steroid substrates of
the C1g, C19, C21 and C,y series, confirming the ability of AKR1D1 to mediate steroid
metabolism and bile acid synthesis [19]. Considerable differences in steady-state kinetic
parameters were observed despite the substrates having a similar chemical structure [19].
Specifically, the k4 values for the different steroids varied by 20-fold, and substrates with
shorter side chains (e.g. steroid hormones) were generally turned over faster than substrates
with longer side chains (e.g. bile acid precursors). The kinetic basis of this difference is
unknown. AKR1D1 shares high sequence homology with other steroid transforming
members of the AKR family. Crystal structures of AKR1D1 show that the enzyme harbours
the (alp)g-barrel core structure typical to the superfamily with the cofactor and the steroid
substrate at the C-terminal end of the Asheets [20] and the conserved catalytic tetrad (Tyr>8,
Lys87, Glul20 and Asp®3) in the active site [21-23]. Like other members of the AKR family,
the kinetics of AKR1DL1 is believed to follow a sequential ordered bi-bi mechanism [24].
The macroscopic events in the minimal mechanism include: (i) binding of NADPH; (ii)
binding of steroid substrate (Sg); (iii) hydride transfer (rate constant defined as kehem); (iv)
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release of steroid product Sp (rate constant defined as k; sp); and (v) release of NADP™ (rate

constant defined as ky yapp*) (Figure 2). The rate equations can be derived using the King—

Altman method [25], where it is assumed that the conversion from enzyme—-NADPH-Sg into
enzyme-NADP*-S;, is irreversible. Thus the apparent ks of AKR1D1 is only related to the

individual steps defined by eqn (1) [26,27]:

(1/kcat):(l/kchcm)+(1/kr,sp)+(1/k[.$NADp+) 1)

Different macroscopic events have been shown to be responsible for the determination of the
overall rate of AKR catalysis [28-31]. However, the rate determining step for AKR1D1
catalysis is not known. In the present study, we have carried out detailed kinetic
characterizations of AKR1D1 catalysis. We show that AKR1D1 exhibits differential kinetic
behaviours in the reaction it catalyses, which may have important consequences for steroid
hormone metabolism and bile acid synthesis.

EXPERIMENTAL

Materials

All steroids were obtained from Steraloids. Pyridine nucleotides were purchased from Roche
Applied Science. All other reagents were purchased from Sigma—Aldrich and were of ACS
(American Chemical Society) grade or better. Recombinant AKR1D1 was overexpressed
and purified to homogeneity as described previously [22,32,33]. Under standard assay
conditions, the specific activity of AKR1D1 was 80 nmol/min per mg for the NADPH-
dependent reduction of 10 UM testosterone.

Unless otherwise noted, all experiments were carried out at 37°C in 100 mM potassium
phosphate buffer (pH 6.0), containing 4 % acetonitrile as a co-solvent. All steroid stock
solutions were prepared in acetonitrile except for finasteride, which was dissolved in
DMSO.

Transient kinetics of substrate turnover

All stopped-flow experiments were performed on an Applied Photophysics SX.18 and SX.
19 MV stopped-flow spectrophotometers. Data were collected and analysed using the
Applied Photophysics software.

For stopped-flow turnover experiments, changes in the absorbance signal of NADPH at 340
nm or the fluorescence signal of NADPH (excitation at 340 nm, emission at 450 nm) were
monitored upon rapid mixing of equal volumes of the premixed enzyme—cofactor solution
from one syringe and the steroid solution from a second syringe.

For stopped-flow multiple turnover experiments, the enzyme—cofactor solution contained a
fixed concentration of AKR1D1 and excess NADPH, and was mixed with excess steroid
substrate. A typical reaction contained 2.5 yM AKR1D1, 18 uyM NADPH and 25 pM
steroid. For each steroid substrate, the averaged reaction traces from at least three replicates
were fitted to either the ‘burst’ (eqn 2) or the linear equations (eqn 3) [34], where, Kpyrst iS
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the rate constant for the exponential burst phase, kg is the rate constant for the linear steady-
state phase, y is the fluorescence signal, A is the amplitude, [E] is the enzyme concentration
and t is time:

y:A : exp(_kburst ’ t)"‘kss ’ [E] “t+a (2

y=kss - [E} “t+a  (3)

For cortisone and 7 a-hydroxy-4-cholesten-3-one (7 a-hydroxycholestenone), experiments
were carried out over a complete range of steroid concentrations. Secondary plots of Kyt
and kgq against [S] displayed saturation kinetics and were fitted to the hyperbolic equation
(eqgns 4a and 4b), where kjimp is the limiting rate constant for the burst phase, kjjm._ is the

limiting rate constant for the steady-state linear phase, Ky, is the apparent half-saturation
constant and [S] is the concentration of the added steroid:

kburst:klim]g : [S]/(K1/2+[S]) (43)

kSS:klimL ' [S]/(K1/2+[S]) (4b)

For the single-turnover experiments, the enzyme—cofactor solution contained a fixed
concentration of AKR1D1 and a stoichiometric concentration of NADPH, and was mixed
with steroid solution. A typical reaction contained 1.5 uM AKR1D1, 1.5 yM NADPH and
25 UM steroid. For each substrate, the averaged reaction traces from at least three replicates
were fitted to single- or double-exponential equations (egns 5a and 5b), where kg, is the
single-turnover rate constant:

y=A - exp(—ksto - t)+a (5a)

y=A; - exp(—ksto1 - t)+ Az - exp(—ksto2 - t)+a  (5b)

Dissociation constant for steroids

The dissociation constant (Ky) for the AKR1D1-NADPH-steroid ternary complex was
determined by fluorescence titration using a Hitachi F-4500 fluorescence spectrophotometer
(excitation at 295 nm and emission at 460 nm). Samples were maintained at 4 °C for the
substrates (to prevent turnover) and at 4 °C or 37 °C for inhibitor titrations (to evaluate the
effect of temperature). Each sample contained 0.14 pM AKR1D1 and 8 uM NADPH, to
which small volumes of cortisone (final concentrations 0.3 uM- 32uM), 7a-
hydroxycholestenone (final concentrations 1 uM-40 uM) or finasteride (final concentrations
1.5 uM-72 uM) were added incrementally. The total volume change from the addition of the
steroid was less than 2 %. The quenching of the energy transfer fluorescence (peaked at 460
nm) of the AKR1D1-NADPH binary complex upon the addition of the steroid was
monitored. Data were plotted as a percentage change in fluorescence at 460 nm against the
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steroid concentration and fitted to the Morrison equation (eqns 6a and 6b) using the program
GraFit (Erithacus Software) to determine the dissociation constant, where AF is the
difference in fluorescence emission in the absence and presence of steroid, AFmax is the
maximum value of AF at saturating steroid concentration, [ECS] is the concentration of the
enzyme—cofactor—steroid ternary complex, [EC] is the total concentration of the enzyme—
cofactor binary complex and Ky is the apparent dissociation constant of the steroid:

AF/AF.x=[ECS]/[EC] (6a)
[BCS)=({Ky+[EC)+[S]} — {(Ka+[EC]+[S])>~4- [EC] - [S]}) /2 (60)

Molecular docking of steroids to AKR1D1

In silico docking was performed using Autodock Vina following the protocol published in
[35]. The crystal structure of AKR1D1 in complex with NADP* and cortisone (PDB code
3CMF) minus solvent and steroid was used as the receptor. A docking box was defined to
include the entire steroid-binding channel. Cortisone, testosterone and 7 a-
hydroxycholestenone were allowed to move freely inside the docking box. Tyr132 and
Trp230, which are known to be involved in ligand binding in the crystal structures of
AKR1D1, were allowed to have flexible side chains. The docking results were validated by
demonstrating that the calculated lowest-energy conformation of cortisone adopted an
almost identical conformation with that found in the crystal structure.

Transient kinetics of NADP* release

The dissociation rate constant of NADP* from AKR1D1 was measured by a competition
method [36]. A pre-mixed enzyme-NADP?* solution (1 uM AKR1D1 and 5 uM NADP*)
was mixed with a large excess of NADPH (50 uM) in the stopped-flow instrument. The
formation of the AKR1D1-NADPH complex was monitored by the increase in the energy
transfer band (fluorescence signal at 450 nm with 295 nm excitation). In the control
experiments, the enzyme solution or the NADP™* solution was mixed with the NADPH
solution in the stopped-flow instrument. For each condition, data from at least five replicates
were averaged and fitted to either single- (eqn 7a) or double- (eqn 7b) exponential equations,
where a is the intercept and Kqps, Kops1 and Kqpso are the apparent rate constants:

y=A - exp(—kops - t)+a (7a)

y=A; - exp(—kopbs1 - 1)+ Az - exp(—kops2 - t)+a  (7b)

RESULTS

The previous study in which steady-state kinetic parameters were determined for 11
different substrates of AKR1D1 showed that the enzyme displayed a 20-fold range in its
turnover number [19]. In the present study, we have investigated the detailed kinetic basis
underlying the difference in steady-state kinetic parameters of five substrates (Figure 1C).
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Testosterone is a Cqg steroid and active androgen, and has been used as substrate in standard
assays of AKR1D1; aldosterone is a Co; steroid and active mineralocorticoid; cortisone is a
C»1 glucocorticoid and displayed the highest kc4t; cholestenone is a Cy7 steroid and
displayed the lowest kqot; and 7a-hydroxycholestenone is a Cy7 sterol and a precursor of bile
acids. The discrete steps in the reaction of these substrates including the chemistry step and
the product release steps were examined.

Transient multiple-turnover reactions

In stopped-flow multiple-turnover experiments, AKR1D1 was mixed with excess NADPH
and was allowed to react with excess fast and slow steroid substrates. Since both pre-steady-
state and steady-state turnover can be monitored under these conditions, these experiments
provide clues on the relative contributions of product formation and release steps to ka4, the
turnover number. Interestingly, two types of reaction time course for the depletion of
NADPH catalysed by AKR1D1 were observed (Figure 3).

With substrates testosterone, aldosterone and cortisone, the fluorescence and absorption time
courses of the NADPH depletion were curvilinear and were best fitted to the ‘burst’
equation (eqn 2), which is the sum of an exponential term and a linear term. Fitting data to a
linear regression or single- and double-exponential functions were also attempted, but
proved to be unsuitable based on the size of the residuals. Thus, in the transient state,
multiple turnovers of these three steroid substrates catalysed by AKR1D1 occurred with an
initial burst (exponential phase) corresponding to the first turnovers during which NADPH
decayed more rapidly, followed by a slower rate of substrate consumption (linear phase)
corresponding to steady-state turnovers. Data analysis revealed that at saturating steroid
concentrations the initial burst (kpyrst) occurred at 0.71-1.98 s1 with these substrates,
whereas the steady-state turnovers (kss) occurred at 0.050-0.10 s™1 (Table 1). With
aldosterone, the amplitude of the burst approached the concentration of the enzyme used in
the experiment. Partial bursts were observed with testosterone and cortisone, possibly due to
the fact that at the concentration used (25 pM) significant substrate inhibition occurs with
both substrates in steady-state turnover.

The observed ‘burst’ indicated the presence of one or more slower product release steps
following product formation (i.e. the chemistry step) with these steroids. The substrates that
displayed burst kinetics were regarded as ‘fast” substrates. Using cortisone as a
representative fast substrate, the multiple-turnover reactions were further examined over a
range of steroid concentrations in the fluorescence mode. Data yielded the limiting rate
constants for the burst phase (kjimg) and the linear phase (Kjim.), which were 1.73 s™1 and
0.16 s™1 respectively. The value of ki Was in agreement with the ke of 0.19 s71
determined by the steady-state turnover experiments.

With substrates cholestenone and 7 a-hydroxycholestenone, the time courses of the NADPH
depletion were linear (Figure 3). The slowness of the reaction only allowed detection in the
fluorescence mode. Data analysis by fitting to the linear equation (egn 3) yielded values of
kss Of 0.006 s~1 and 0.016 s~ for cholestenone and 7 a-hydroxycholestenone respectively
(Table 1). Using 7 a-hydroxycholestenone as a representative slow substrate, multiple-
turnover reactions were further examined over a range of concentrations. This reaction
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required higher concentrations of enzyme, which in turn necessitated the use of higher
concentrations of steroid to satisfy pseudo first-order conditions (i.e. [Sp] = 8[E]). As a
result, turnover of 7a-hydroxycholestenone was examined over a narrow range of
concentrations. The maximum rate of kg (Kjim) Was determined to be 0.020 s™1. These
values were in agreement with their ke, values determined in the steady-state experiments.
The lack of burst kinetics under multiple-turnover conditions suggests that for these
substrates the chemistry step was the major contributor to rate determination and that the
chemistry step occurs at a much slower rate in comparison with the fast substrates, which
display burst kinetics.

The switch from burst kinetics to linear kinetics appeared to be due to the significant
difference in the rate of chemistry step (Kchem), @S Kchem 1S represented by ky,rst for the fast
substrate or kg for the slow substrate. Thus multiple-turnover experiments revealed a 330-
fold difference in kchem from aldosterone to cholesteneone. Transient single-turnover
experiments further confirmed the difference in kenem between representative substrates
cortisone and 7 a-hydroxycholestenone.

Transient single-turnover reactions

To monitor the reduction in steroids under single-turnover conditions, the enzyme was pre-
mixed with a stoichiometric amount of NADPH so that the enzyme could not recycle. This
pre-mixed enzyme—-NADPH solution was rapidly mixed with the steroid substrate in the
stopped-flow and changes in NADPH fluorescence signals were monitored upon mixing. In
these experiments, the process of product formation is monitored directly and the rate of the
chemistry step can be estimated. Representative stopped-flow traces of the single-turnover
reactions of cortisone and 7 a-hydroxycholestenone catalysed by AKR1D1 are shown in
Figure 4. The progress curves of the cortisone reaction were best fitted to a double-
exponential function. At saturating cortisone concentration, half of the single turnover
occurred at 1.69 s~1 and half occurred at 0.21 s~1. Two populations of enzyme activity under
single-turnover conditions were also observed with other fast substrates, such as aldosterone
and testosterone (results not show). In each case, the faster kg, corresponded to the Kpyrst
observed in multiple-turnover reactions. The origin of the two Kinetically distinct enzyme
populations was not due to enzyme stability or cofactor status; AKR1D1 is a monomer. The
molecular basis for the two populations of enzyme activity remains unknown. In contrast,
the progress curves of the 7a-hydroxycholestenone reaction were best fitted to a single-
exponential function. Comparison of the values of kg, for cortisone and 7a-
hydroxycholestenone confirmed the strikingly large difference in kghem Values of the two
substrates, which is up to 84-fold.

Steroid-binding affinity to AKR1D1

Different steroid substrates may also have different rates of release for the steroid product
(kr,sp)- Although this step could not be measured directly, comparison of the binding
constants of different steroids can be informative. Binding of NADP* or NADPH to
AKR1D1 quenches the intrinsic fluorescence signal of the enzyme. In the case of the
binding of NADPH to AKR1D1, a strong energy transfer signal which peaks at 460 nm can
be observed. This energy transfer band can be further quenched by the binding of a steroid
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ligand. Taking advantage of this spectroscopic signal, the dissociation constants of three
steroid ligands, including cortisone (a fast substrate), 7a-hydroxycholestenone (a slow
substrate) and finasteride (an inhibitor) were determined (Figure 5 and Table 2). The
experiments for cortisone and 7 a-hydroxycholestenone were carried out at 4 °C, which
ensured no substrate turnover occurred during the titration. The temperature did not appear
to affect steroid-binding affinity, since similar K4 values obtained at 4 °C and room
temperature for finasteride varied by only 2-fold. In general, the three different steroids
displayed similar binding affinity to AKR1D1, suggesting a similar rate of steroid release
for all steroid ligands. Specifically, the value of Ky for 7a-hydroxycholestenone is less than
2-fold higher than that for cortisone, which is a significantly smaller difference compared
with their difference in Kchem values.

Molecular modelling of steroid binding in AKR1D1

Testosterone, cortisone and 7 a-hydroxycholestenone were docked into the active site of
AKR1D1 using an automated docking program. The lowest energy conformation found for
cortisone overlaid well with that in the crystal structure of AKR1D1-NADP™* —cortisone
complex, validating our docking procedure [37]. The lowest-energy conformations found for
testosterone and 7 a-hydroxycholestenone closely resembled that found for cortisone
(Supplementary Figure S1 at http://www.biochemj.org/bj/462/bj4620163add.htm). These
conformations represent a productive binding mode, as the steroid A-ring is buried deep at
the bottom of the active site, whereas the D-ring and the C-17 side chain protrude towards
the opening at the enzyme surface. No structural evidence was found from molecular
modelling for different binding modes between the fast substrate cortisone and the slow
substrate 7a-hydroxycholestenone to account for the vast difference in kchem values.

Rate of NADP * release

Tight binding of cofactors is a characteristic property of AKR enzymes such that the second
product release step is often found limiting to overall catalysis [29-31]. Changes in the
fluorescence signal of the energy transfer band were utilized to determine the off rate of
NADP* from the AKR1D1-NADP* binary complex in stopped-flow binding-competition
experiments. In the stopped-flow experiments, a pre-mixed solution of AKR1D1-NADP*
was mixed with a solution of NADPH (excess concentration). Upon mixing, NADPH
competed off NADP™ to bind to AKR1D1, causing an increase in fluorescence signal due to
the formation of the AKR1D1-NADPH complex. Under these experimental conditions, the
binding of NADPH to AKR1D1 is a fast process, and is limited by the release of NADP*
from the AKR1D1-NADP* complex to form free AKR1D1. Thus the kinetic transient
observed in the competition experiment corresponds to the process of NADP* release. The
time course could be best fitted to a single-exponential increase (Figure 6), yielding a rate
constant kofr of 0.36 + 0.01 s™1. The experiment was repeated using fixed concentrations of
the AKR1D1-NADP* complex and varied concentrations of NADPH while maintaining the
concentration of NADPH in large excess. Kinetic traces yielded the same rate constant,
whereas the amplitudes of the signal were affected by the concentration of the AKR1D1—-
NADP* complex. This is consistent with the kinetic traces reflecting the release of NADP*,
since the rate constant of this process is independent of the concentrations of AKR1D1,
NADP* or NADPH, but the absolute change in signal (or the amplitude) is dependent on the
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concentration of the AKR1D1-NADP* complex. In the control experiment in which the
NADP?* solution was mixed with NADPH, no kinetic transient was observed, indicating
kinetic transients observed in experiments with AKR1D1 were enzyme dependent. In
another set of control experiments, AKR1D1 was mixed with NADPH and the process of
NADPH binding to AKR1D1 was directly monitored. The transient traces were dependent
upon [NADPH] and best fitted by a double-exponential function. At saturating [NADPH],
the rate constants were kops; = 258 + 23 71 and kops» =5.8 + 2.3 571, with the fast phase
accounting for 81 % of fluorescence increase and the slower phase accounting for 19 % of
the increase. Biphasic transient behaviours for cofactor binding were previously observed
with other AKR enzymes and are consistent with kinetic binding mechanisms that comprise
a fast binding step to form a loose complex followed by one or more isomerization steps to
form the final tight complex [28,30].

Contributions of discrete steps to K ¢zt

Using eqn (1), the rate of steroid product release (ky sp) and contribution of discrete steps to
Kcat can be calculated (Table 3). For the reaction of cortisone, Kchem Was determined to be
1.73 571 by transient-turnover experiments, which is 4-fold faster than the release of NADP*
(k. naDP* 0.36 s71). The rate of the release of NADP™ is still significantly greater than kgt
(0.19 s71). Thus the overall turnover number is largely determined by the two product
release steps, consistent with the observation of burst phase kinetics in multiple-turnover
experiments. By contrast, for the reaction of 7a-hydroxycholestenone, Kehem dominates Keat
and the release of NADP* is more than 10-fold faster than kcnhem. Although k; sp, for this
reaction cannot be calculated, it is most likely on the same scale as that for the cortisone
reaction and contributes little to the overall ko Thus the different kinetic behaviour of
AKR1D1 with the fast and slow substrates is due to the differences in their kehem values.

DISCUSSION

In the present study, we have investigated the kinetic basis of the large variation in the
turnover numbers of AKR1D1 with its various substrates. Transient Kinetic analysis
revealed an even larger difference in the kinetic rate constant of the chemistry step than
observed in the steady-state kgyt Values. Striking differences of up to two orders of
magnitude in the kchem Values were observed, which resulted in different rate determining
steps for the fast and slow substrates. For fast substrates, such as testosterone, aldosterone
and cortisone, the chemical step occurs at a fast rate and the release of steroid and cofactor
products are the major contributor to rate determination. For slow substrates, such as
cholestenone and 7 a-hydroxycholestenone, the chemistry step is significantly slower and
determines the overall rate of turnover.

Our results show that the ability of AKR1DL1 to carry out the chemical reaction is highly
sensitive to steroid structure. Substantial differences in Kchem do not correlate with the
similarity in chemical structure. Significant differences in kepem may be caused by the
difference in the positioning of the reactive groups at the active site with different steroid
substrates, i.e. the ‘pre-organization’ of the enzyme, cofactor and the substrate, and/or the
difference in dynamic properties of the enzyme, i.e. the ‘reorganization’ of the enzyme
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active site [38]. Both are possible with AKR1D1. The steroid-binding pocket of AKR1D1
resembles a cylindrical cavity lined largely by hydrophobic residues, with three flexible
loops forming the entrance of the binding site [21-23,39,40]. The pocket is flexible such that
alternative binding modes and ligand ‘induced fit” are known to occur with AKR1D1 and
the related AKR1C enzymes [33,39,41,42]. There is no apparent hindrance from the enzyme
to limit the size of the ligand at the outer portion of the cavity, and this was also observed
for the AKR1C enzymes [41]. The capability of the AKR1C steroid-binding site to
accommodate large steroid substrates was also demonstrated by the reactivity of AKR1C
enzymes with sulfate- and glucuronide-conjugated steroids. Moreover, using 5a-
dihydrotestosterone-174-glucuronide as a substrate, it was found that the stereochemistry of
product formation catalysed by AKR1C2 was inverted compared with the free steroid,
indicating that substitution at the distal 17-position can cause a significant change in the
reaction of the steroid A-ring with an AKR enzyme [33]. It is thus possible that the long
hydrophobic C-17 side chain of slow substrates of AKR1D1 (e.g. 7a-hydroxycholestenone)
forms additional interactions with the enzyme, which affects the position of the A*-double
bond relative to NADPH or the dynamic properties of the enzyme. Our attempt to model
differential binding poses for fast and slow substrates with AKR1D1 yielded no significant
spatial difference in the docked conformations of different steroid substrates. One limitation
of our docking method is that the steroid-binding pocket from existing crystal structures of
the AKR1D1 ternary complexes were used as template. The steroid-binding pocket was
essentially fixed for the binding of the ligand even when the side chains of selected amino
acid residues were allowed to move. This docking is unlikely to account for the possible
induced-fit caused by the different C-17 side chains of steroids. Future crystal structures of
AKR1D1 in complex with a slow steroid substrate or structural information on AKR1D1
dynamics may provide further clues on the structural basis of the difference in kehem.

The kinetic details of steroid hormone transformation catalysed by AKR1D1 obtained in the
present study indicate that AKR1D1 is capable of very fast hydride transfer to steroid
hormone substrates such as cortisone; however, the overall turnover is limited by cofactor
release and steroid product release. In particular, cofactor release, which is the slowest step
of catalysis, puts an upper limit on the overall turnover rate of AKR1D1 with steroid
hormones. Such kinetic behaviour is consistent with AKR1D1’s role in the catabolism of
steroid hormones in the liver. For this function, AKR1D1 works together with ketosteroid
reductases to convert steroid hormones into THS metabolites (Figure 1A), which can then be
conjugated and cleared. The ketosteroid reductases following AKR1D1 are the related
AKR1C1-AKR1C4 enzymes. Interestingly, AKR1DL1 displays a significant higher affinity
for the cofactors than the related AKR1C enzymes, pointing to a slower cofactor release
process than AKR1Cs. Thus the maximum rate of an AKR1C reaction would be higher than
that of AKR1DL1. Indeed, the liver-specific AKR1C4 displayed fast reactions with 54-DHS
substrates [43]. As such, despite the high kcpem values of AKR1D1 with steroid hormone
substrates, its slow product release ensures that AKR1D1 catalyses the slower step in the
metabolic sequence and thus avoids the accumulation of 54-DHS in the liver, some of which
are active nuclear receptor ligands. With some steroid hormones (e.g. cortisol), comparable
amounts of THS metabolites enter the circulation, suggesting a balance of the 5a- and 54
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pathways [4]. The kinetic control of AKR1D1 on steroid hormone transformation would be
critical in maintaining this balance.

On the other hand, the ability of AKR1D1 to operate at capacity with steroid hormones
allows the production of active 54-DHS ligands in extra-hepatic tissues such as the uterus,
placenta and brain. The AKR1C enzymes in these tissues (i.e. AKR1C1-AKR1C3) have
significant lower ketosteroid reductase activities than the liver-specific AKR1C4, permitting
the accumulation of 54-DHS for the regulation on parturition and/or neurological activity.

In contrast with steroid hormones, we now show that the conversion of a bile acid precursor
by AKR1DL1 is inherently a slow reaction, as indicated by the low Kchem Value for the
reaction of 7a-hydroxycholestenone. The action of AKR1D1 is required in each of the
multiple pathways of bile acid synthesis known in humans [9] (Figure 1). The critical
involvement of AKR1D1 in bile acid synthesis is highlighted by the clinical observation that
a disorder in bile acid synthesis is associated with congenital deficiencies in the AKR1D1
gene [44,45]. We have shown five AKR1D1 mutations identified in patients to be causal for
the condition as the mutations strongly affected AKR1D1 function [46]. With a low K¢
value of 2 min~1, AKR1D1 is estimated to be abundantly expressed as 1 % of soluble
protein in the liver to satisfy the demand of synthesizing several hundred milligrams of bile
acids daily. This suggests that AKR1D1 not only catalyses the crucial step where the
essential 54-configuration is introduced into the steroid nucleus, but it may also serve as a
point of regulation in bile acid synthesis. It is well accepted that the level of bile acids in the
enterohepatic circulation regulates their own synthesis [8,9]. Multiple levels of regulation of
bile acid synthesis in addition to the known feedback inhibition of cholesterol 7a-
hydroxylase have been suggested [47,48]. AKR1D1 may be the enzyme downstream of
cholesterol 7a-hydroxylase that provides additional kinetic control on the rate of bile acid
synthesis by catalysing the slow 54-reduction in bile acid precursors. In addition, the
observation that chenodeoxycholate and ursodeoxycholate are potent non-competitive
inhibitors of AKR1D1 also supports regulation at the level of AKR1D1 inhibition [19].
Taken together, AKR1D1 offers a potential point of regulation for all bile acid synthetic
pathways.

Synthesis of bile acids from cholesterol constitutes a major mechanism for cholesterol
degradation in the liver [13]. In addition, bile acids ensure proper absorption of cholesterol,
promote bile flow for cholesterol excretion, and inhibit hepatic and intestinal cholesterol
synthesis. Thus bile acids exert profound modulating effects at all phases of cholesterol
metabolism. As a key enzyme for the synthesis of bile acids, AKR1D1 may play an
unrecognized function in affecting cholesterol homoeostasis. Bile acids are increasingly
implicated in pharmacological applications for pathological conditions such as
dyslipidaemia and cardiovascular disease [49,50], the effect on AKR1D1 function in bile
acid synthesis and, in turn, cholesterol metabolism and homoeostasis should also be
explored.
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Figure 1. Biological role of AKR1D1 (A and B) and chemical structures of the steroid substrates
tested

(A) Steroid hormones are metabolized by the concerted actions of AKR1D1 and AKR1C
enzymes. S, steroid hormone. (B) AKR1D1 is responsible for the 54-reduction in all
pathways for the synthesis of primary bile acids cholic acid and chenodeoxycholic acid. Ry,
-H or -OH; Ry, -CH3 or -COOH. (C) All substrates are similar in chemical structure and
have an identical A-ring, where the reaction occurs.
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Figure 2. Macroscopic kinetic eventsin AKR1D1 catalysis
The turnover number (Ko is defined by the rate constants of three steps: the chemistry step

(kchem), the release of steroid product (k; sp) and the release of NADP* (k r napp 7). E,
enzyme; Sg, steroid substrate; Sp, steroid product.
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Figure 3. Representative kinetic traces for the multiple-turnover reactions catalysed by AKR1D1
inthetransient state
(A) Averaged progress curves of decreases in NADPH fluorescence for samples containing

testosterone (red), cortisone (blue) and aldosterone (green). (B) Averaged progress curves of
decreases in NADPH fluorescence for samples containing no steroid (black), cholestenone
(magenta) or 7a-hydroxycholestenone (cyan). (C) Fitting of an averaged trace of cortisone
multiple-turnover reaction to the burst equation. (D) Fitting of an averaged trace of 7a-
hydroxycholestenone multiple-turnover reaction to the linear equation. The initial increase
in fluorescence signal in the reaction of 7a-hydroxycholestenone was also observed in the
sample containing no steroid and was not used in data fitting. Fitted lines are in grey and are
mostly superimposed by the actual data points. Residual plots demonstrate the quality of the
fit.
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Figure 4. Representative kinetic traces for the single-turnover reactions catalysed by AKR1D1
(A) The averaged progress curves for the reaction of the pre-mixed enzyme-NADPH

solution with cortisone. Data were fitted to a double-exponential function. (B) The averaged
progress curves for the reaction of the pre-mixed enzyme-NADPH solution with 7 a-
hydroxycholestenone. Data were fitted to a single-exponential function. Fitted lines are
shown in grey. Residual plots demonstrate the quality of the fit. Note the different time
window used for the two substrates.
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Figure 5. Determination of cortisone dissociation constant (Kq) by fluorescencetitration
Formation of the AKR1D1-NADPH complex quenches intrinsic protein fluorescence and

generates an energy transfer band at 460 nm. Addition of steroid quenches the energy
transfer band, which was used to titrate the AKR1D1-NADPH-steroid ternary complex.
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Figure 6. Representative kinetic traces from competition of cofactor binding
The averaged progress curve of the energy transfer fluorescence signal observed upon

mixing an enzyme solution with excess NADPH solution. The final sample contained 0.5
UM AKR1D1 and 50 uM NADPH (). The averaged progress curve observed upon mixing
an enzyme-NADP * solution with excess NADPH solution. The final sample contained 0.5
UM AKR1D1, 2.5 pM NADP * and 50 uM NADPH (x). The averaged progress curve
observed upon rapid mixing an NADP * solution with excess NADPH solution. The final
sample contained 2.5 pM NADP * and 50 pM NADPH (O). Data for the E (enzyme) +
NADPH line (O) were fitted to a double-exponential function, whereas data for E NADP * +
NADPH line were fitted to a single-exponential function (x). The fitted lines are shown in

grey.
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Table 2

Dissociation constants for steroids

Steroid Kg (UM)
Cortisone (4 °C) 0.80 + 0.06
7a-Hydroxycholestenone (4 °C) 1.3+0.1
Finasteride (4 °C) 1.14 % 0.09
Finasteride (37 °C) 2.26 +0.09

Values are means+S.E.M.
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Table 3

Contribution of discrete steps to rate determination for fast and slow substrates

Parameters Cortisone (fast substrate)  7a-Hydroxycholestenone (slow substrate)

Keat (573 0.195 + 0.002 0.033 + 0.002
Kehem (579 1.7+038 0.021 + 0.002
Ke.sp (s 0.55 Not determined
kenappt (571 0.36+0.01 0.36 £ 0.01

Kcat was determined by steady-state analysis. kchem was the extrapolated limiting value of k pyrst measured in multiple-turnover experiments or
ksto measured in single-turnover experiments. ky NADP™ was determined in the cofactor binding competition experiment. kr Sp was calculated
using eqn (1), error was not extrapolated. Values are meansS.E.M.
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