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Abstract

Human steroid-5β-reductase (aldo-keto reductase 1D1, AKR1D1) stereospecifically reduces Δ4-3-

ketosteroids to 5β-dihydrosteroids and is essential for steroid hormone metabolism and bile acid 

biosynthesis. Genetic defects in AKR1D1 cause bile acid deficiency that leads to life threatening 

neonatal hepatitis and cholestasis. The disease-associated P133R mutation caused significant 

decreases in catalytic efficiency with both the representative steroid (cortisone) and the bile acid 

precursor (7α-hydroxycholest-4-en-3-one) substrates. Pro133 is a second shell residue to the 

steroid binding channel and is distal to both the cofactor binding site and the catalytic center. 

Strikingly, the P133R mutation caused over a 40-fold increase in Kd values for the NADP(H) 

cofactors and increased the rate of release of NADP+ from the enzyme by 2 orders of magnitude 

when compared to the wild type enzyme. By contrast the effect of the mutation on Kd values for 

steroids were 10-fold or less. The reduced affinity for the cofactor suggests that the mutant exists 

largely in the less stable cofactor-free form in the cell. Using stopped-flow spectroscopy, a 

significant reduction in the rate of the chemical step was observed in multiple turnover reactions 

catalyzed by the P133R mutant, possibly due to the altered position of NADPH. Thus, impaired 
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NADPH binding and hydride transfer is the molecular basis for bile acid deficiency in patients 

with the P133R mutation. Results revealed that optimal cofactor binding is vulnerable to distant 

structural perturbation, which may apply to other disease-associated mutations in AKR1D1, all of 

which occur at conserved residues and are unstable.

Bile acids are amphipathic molecules that are essential for the absorption of dietary lipids 

and fat-soluble vitamins. All bile acids contain a steroid nucleus derived from cholesterol. 

Over 500 mg of cholesterol is converted to bile acids per day as an important mechanism to 

maintain cholesterol homeostasis.1 Adults maintain an average bile acid pool of 2 g that 

recycles 12 times per day between the liver and the intestine via the enterohepatic 

circulation.2 The detergent-like property of bile acids is dictated by the number and the 

orientation of hydroxyl groups on the steroid nucleus, but more importantly their facial 

amphipathicity is determined by their A/B ring cis-configuration which introduces a 90° 

bend into the steroid structure.

In humans, the A/B cis-configuration of bile acids is introduced by steroid-5β-reductase or 

aldo-keto reductase 1D1 (AKR1D1). AKR1D1 is the only known steroid 5β-reductase in 

humans. It is a cytosolic protein predominantly expressed in liver. It reduces all planar Δ4-3-

oxo-bile acid precursors, especially 7α-hydroxycholest-4-en-3-one and 7α, 12α-

dihydroxycholest-4-en-3-one, to their mature L-shaped 5β-structures. During this reaction, 

the 4-pro-R-hydride is transferred from NADPH to the C5 of the steroid nucleus on the β-

face. Without proper 5β-reduction, the less soluble Δ4-3-oxo-bile acids accumulate which 

are hepatotoxic and potentially carcinogenic.3 In addition to bile acid biosynthesis, 

AKR1D1 is also involved in the metabolism of all classes of steroid hormones except 

estrogens. 5β-Reduction mostly inactivates steroid hormones and initiates their clearance. 

Biologically active 5β-reduced steroids are neurosteroids4 and tocolytic agents5 and play 

roles in erythropoiesis.6,7

Primary bile acid deficiency is caused by inborn errors in bile acid biosynthesis, and the 

inherited defects in AKR1D1 were first linked to bile acid deficiency in 1988 by Setchell et 

al. and Clayton et al. respectively.3,8,9 Secondary bile acid deficiency results from severe 

liver damage due to various diseases like hepatitis B infection and tyrosinaemia, which can 

result in loss of AKR1D1 expression.10 Patients with inherited AKR1D1 deficiency often 

present with neonatal hepatitis and cholestatic liver disease, which might progress to life 

threatening cirrhosis and hepatocellular failure. Urinary sterol profiling in affected patients 

using mass spectrometry revealed a dramatic increase in the proportion of bile acids 

retaining the intermediate Δ4-3-oxo-structure (>75%) and a significant reduction in primary 

bile acids (chenodeoxycholic acid and cholic acid).8,10 An increase in the production of 

allo(5α)-bile acids is also observed presumably due to unsaturated bile acid precursors being 

diverted down the 5α-reductase pathway. The Δ4-3-oxo- and allo-bile acids are hepatotoxic 

and cannot elicit the feed-back inhibition of bile acid biosynthesis at the level of CYP7A1 

expression via the farnesoid X-receptor (FXR), which results in the exacerbation of the 

symptoms of bile acid deficiency. Targeted disruption of the nuclear receptor FXR results in 

impaired lipid homeostasis resulting in increased hepatic cholesterol and triglycerides and a 

proatherogenic serum lipid profile suggesting that loss of its bile acid ligands could lead to 
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similar anomlaies.11 AKR1D1 deficiency also results in a dramatic reduction in the 5β-

metabolites of steroid hormones including both glucocorticoids and sex steroids.12 Primary 

bile acid deficiency resulting from inherited AKR1D1 deficiency can be fatal in the neonate 

unless bile-acid supplementation is given.

Inherited AKR1D1 deficiency is an autosomal recessive disorder, which is now recognized 

as congenital bile acid synthesis defect type 2, CBAS 2 (OMIM 235555). Mutations in 

AKR1D1 were first identified in 2003 and until 2012, there were one frame-shift, two 

nonsense, and seven single point mutations (L106F, P133R, P198L, G223E, D241V, 

R261C, and R266Q) that have been identified by genetic analysis.13–16 The seven point 

mutations all occur at evolutionary conserved sites,17 and none of the residues appear to be 

directly involved in catalysis or ligand binding based on the crystal structure of the wild type 

AKR1D1.18 Five of the mutants have been examined in vitro with their adverse effects on 

bile acid biosynthesis confirmed.19 The mutations did not affect the transcript level of the 

enzyme but showed severe (L106F, P198L, G223E, and R261C) to moderate (P133R) 

reduction in expression levels and enzyme activity in transient transfected human embryonic 

kidney 293 cells.19

The recombinant P133R mutant was the only single point mutant that could be purified to 

homogeneity in Escherichia coli and was used as a representative for in-depth analysis of 

AKR1D1 associated bile acid deficiency mutations. The P133R mutation was identified in 

patients in a compound heterozygous status with R261C.13 The residue is located on one of 

the loops capping the AKR triose-phosphate isomerase barrel on the second shell of the 

steroid binding channel (Figure 1). Enzymatic characterization of the purified mutant agreed 

with in cell studies by showing decreased kcat values.19 In this earlier study we detected no 

change in cofactor affinity for the P133R mutant. We have now conducted in depth kinetic 

characterizations of the wild-type (WT) and the P133R mutant enzymes to pinpoint the 

molecular basis of the defective P133R enzyme. Our transient kinetic analysis revealed that 

the P133R mutation significantly reduced the rate of the chemical step (kchem). Remarkably, 

the mutation drastically reduced the affinity for the NADP(H) cofactors without a 

comparable effect on the Kd value for steroids even though the P133R mutation is next to 

the steroid binding pocket and distal to the cofactor binding pocket. The reduced ability to 

carry out hydride transfer and decreased cofactor affinity leading to enzyme instability was 

identified to be the molecular defects of the mutant enzyme that may contribute to bile acid 

deficiency. We provide an explanation as to why this difference in cofactor affinity was not 

detected in our earlier study.

EXPERIMENTAL PROCEDURES

Materials

Cortisone and 7α-hydroxycholest-4-en-3-one were purchased from Steraloids. Finasteride 

was purchased from Sigma-Aldrich. NADPH was purchased from EMD. NADP+ was 

purchased from Roche Applied Science. E. coli strain C41 (DE3) was provided by Dr. J. E. 

Walker (Medical Research Council Laboratory of Molecular Biology, Cambridge, UK). 

HisTrap Fast Flow column (5 mL) and HiTrap Blue HP column (5 mL) were purchased 
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from GE Healthcare. All other reagents were of American Chemical Society quality or 

higher.

Protein Expression and Purification

Homogenous recombinant WT AKR1D1 and the P133R mutant were expressed and purified 

according to published protocols with some modifications.18 Briefly, pET28a-6His-

AKR1D1 was used to overexpress both proteins in E. coli C41(DE3) cells upon isopropyl 1-

thio-β-D-galactopyranoside induction. The harvested cells were lysed by sonication, and the 

protein in the soluble fraction was purified using a Zn charged HisTrap Fast Flow column (5 

mL) eluted with Buffer A (20 mM Tris, pH 7.9 buffer containing 60 mM imidazole and 500 

mM NaCl). The pooled fractions containing AKR1D1 were dialyzed into Buffer B (10 mM 

potassium phosphate buffer, pH 7.0, 1 mM 2-mercaptoethanol, 1 mM EDTA) and applied to 

a HiTrap Blue HP column (5 mL). The column was washed with a linear gradient of 0–1 M 

KCl in Buffer B. The final protein was eluted at 1 M KCl. The protein was dialyzed into 20 

mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA and 30% glycerol. The 

purity of the final protein was assessed using SDS-PAGE, and the protein concentration was 

determined by Bradford protein assay using BSA as a standard (Thermo-Scientific Product 

#23209) 2 mg/mL in 0.9% NaCl with sodium azide.

Steady-State Kinetic Analysis

Initial velocities under steady state conditions were monitored by measuring NADPH 

consumption using a Hitachi F-4500 fluorescence spectrophotometer (λexcitation = 340 nm, 

λemission = 460 nm). Reaction mixtures contained 0.8–65 μM cortisone or 0.4–45 μM 7α-

hydroxycholest-4-en-3-one, 7.2 μM NADPH, and 4% acetonitrile in 10 mM or 100 mM 

potassium phosphate buffer (KPi, pH 7.0) in a total volume of 1 mL. Nonenzymatic reaction 

rates were determined by monitoring each sample for 3 min. Reactions were initiated by the 

addition of 0.09–0.3 μM AKR1D1 and followed for 3 min at 37 °C. Knowing that AKR1D1 

catalyzes an ordered bi bi reaction where NADPH binds first,20,21 the initial rates for steroid 

reduction were fit to the Michaelis–Menten equation or the following equation when 

substrate inhibition was observed:

(1)

where Ki is the dissociation constant for substrate from the E-NADP+ complex. The 

program GraFit (Erithacus Software) was used to determine the kinetic constants and are 

reported as mean ± SE of the mean.

Transient State Kinetic Analysis

The kinetic transients of multiple turnover reactions were monitored using an Applied 

Photophysics SX.19 MV stopped-flow spectrophotometer (Leatherhead, UK). Changes in 

the fluorescence signal of NADPH (λexcitation = 340 nm, λemission = 450 nm) were followed 

upon rapid mixing of equal volumes of the premixed enzyme-cofactor solution from one 

syringe and the steroid solution from a second syringe. The enzyme-cofactor solution 

contained a fixed concentration of AKR1D1 (5 μM) and excess NADPH (35 μM), and the 
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steroid solution contained 50 μM of cortisone or 7α-hydroxycholest-4-en-3-one. Both 

solutions were in 10 mM potassium phosphate buffer (pH 7.0) containing 4% acetonitrile 

and were maintained at 37 °C. For each steroid substrate, the averaged reaction traces from 

at least three replicates were fitted to either the linear (eq 2) or the “burst” eqs (eq 3), where 

kss is the second-order rate constant of the linear steady-state phase, and kburst is the pseudo 

first-order rate constant of the exponential phase.

(2)

(3)

Intrinsic Protein Fluorescence and Energy Transfer

The intrinsic protein fluorescence of WT AKR1D1 and P133R was measured at 340 nm 

upon excitation at 290 nm by the addition of incremental amounts of protein (0–0.12 μM) in 

10 mM potassium phosphate buffer (pH 7.0) containing 4% acetonitrile at 37 °C. The 

emission at 340 nm can be titrated by the addition of cofactor to measure cofactor binding 

affinity, while the formation of the E·NAD(P)H complex generates an energy transfer band 

at 460 nm, which can be quenched by the addition of steroid to measure steroid binding 

affinity (see below).

Cofactor Binding

The dissociation constants (Kd) for the cofactors NADPH, NADP+, and NADH were 

determined by monitoring the quenching of protein intrinsic fluorescence upon cofactor 

binding as previously described (λexcitation = 290 nm, λemission = 340 nm).20 Briefly, 

incremental amounts of cofactor were added to 0.05 μM of AKR1D1 until saturation of the 

enzyme. The titration was performed in 10 mM or 100 mM potassium phosphate buffer (pH 

7.0) containing 4% acetonitrile at 37 °C. The data were plotted as a percent change in 

fluorescence at 340 nm versus cofactor concentration. The data were fit to the Morrison 

equation using the program GraFit (Erithacus Software) (eq 4b)22 to determine the 

dissociation constant.22

(4a)

(4b)

ΔF is the difference in fluorescence emission in the absence and presence of ligand. ΔFmax is 

the maximum value of ΔF at saturating ligand concentration. [R·L] is the concentration of 

the receptor–ligand complex, [R] is the total concentration of the receptor, [L] is the total 

concentration of the added ligand, and Kd is the apparent dissociation constant of the ligand. 

In this treatment, receptor R is enzyme, ligand L is cofactor, and R·L is the enzyme-cofactor 

binary complex.
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Ligand Chase Experiment of Cofactor—Using the stopped-flow instrument, the 

dissociation rate constant of NADP+ from the E·NADP+ complex can be determined by 

monitoring changes in the fluorescence energy transfer band when NADPH displaces 

NADP+ from the cofactor binding site (λexcitation = 290 nm, λemission = 460 nm). An 

enzyme-NADP+ solution (AKR1D1, 1 μM; NADP+, 5 μM) from one syringe was rapidly 

mixed (1:1) with a NADPH solution (100 μM) from the second syringe in the stopped-flow. 

In the control experiments, the enzyme solution or the buffer were mixed with the NADPH 

solution in the stopped-flow. The experiments were performed in either 10 mM or 100 mM 

potassium phosphate buffer (pH 7.0) containing 4% acetonitrile at 37 °C. For each 

condition, data from at least five replicates were averaged and fitted to either single- (eq 5a) 

or double-exponential eqs (eq 5b), where y is the fluorescence signal, A, A1, and A2 are the 

amplitudes, a is the intercept, and kobs, kobs1, and kobs2 are the apparent rate constants.

(5a)

(5b)

Steroid Binding

The dissociation constants (Kd) for the steroids were determined by monitoring the 

quenching of the energy transfer band of the E·NADPH complex upon steroid binding at 

460 nm (λexcitation = 290 nm, λemission = 460 nm). An incremental amount of steroid was 

added to the mixture containing 0.2 μM AKR1D1 and 8 μM NADPH in 100 mM potassium 

phosphate buffer (pH 7.0) containing 4% acetonitrile until saturation was observed or the 

steroid solubility limit was reached (80 μM). The effective concentration of the E·NADPH 

complex was deduced based on the Kd value of the cofactor and was used for the calculation 

of the steroid dissociation constants. Three steroids were used in the experiment, including 

two substrates, cortisone and 7α-hydroxycholest-4-en-3-one, and one AKR1D1 competitive 

inhibitor finasteride.23 When the substrates were used in the assay, the assay mixture was 

kept at 6 °C or lower to minimize turnover. When the inhibitor was used, the assay was 

performed at 37 °C. The data were plotted as a percent change in fluorescence at 460 nm 

versus steroid concentration and fit to the Morrison equation (eq 4)22 in which R is enzyme-

cofactor complex, ligand L is steroid, and R·L is the enzyme–cofactor–steroid ternary 

complex. When the experiment was replicated with the P133R mutant the enzyme was not 

fully saturated with NADPH. In this instance the fractional occupancy of the mutant by 

NADPH was taken into account when estimating the Kd for steroid ligand. Here the 

effective concentration of the P133R·NADPH complex was calculated based on the Kd of 

the cofactor for the mutant and the concentration of P133R used in the experiment using eq 

4b.

RESULTS

The molecular defect of the P133R mutant was probed using two AKR1D1 substrates. 

Cortisone is a glucocorticoid mainly catabolized by 5β-reduction in the liver and is a 
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representative steroid hormone substrate. 7α-Hydroxycholest-4-en-3-one is the bile acid 

precursor for chenodeoxycholic acid, which needs 5β-reduction for maturation. The kinetic 

analysis was conducted assuming that the P133R mutant catalyzes an ordered bi bi kinetic 

mechanism in which cofactor binding is obligatory before steroid substrate binds, which is a 

characteristic feature of all AKRs and AKR1D1.20,21

Steady-State Kinetic Constants

Steady-state kinetic constants of the WT and the P133R AKR1D1 were first determined 

under physiologically relevant conditions of 100 mM potassium phosphate buffer (pH 7) at 

37 °C. The cofactor concentration was fixed at the highest concentration permitted by the 

fluorimeter without eliciting an inner filter effect (7.2 μM). This concentration that allowed 

the WT enzyme but not the P133R mutant to be saturated by the mutant (see Cofactor 

Binding section for Kd). The WT enzyme showed Km values in the low or submicromolar 

range with weak substrate inhibition (Ki > 10Km) for both cortisone and 7α-

hydroxycholest-4-en-3-one (Table 1). Cortisone is classified as a fast substrate due to its 

favorable kcat
21 but had slightly lower catalytic efficiency (kcat/Km) than 7α-

hydroxycholest-4-en-3-one due to its higher Km. The P133R mutation reduced catalytic 

efficiency by affecting different kinetic constants depending on the substrate. Cortisone 

reduction was affected mainly by an increase in Km, which was increased 15-fold over that 

seen with WT and substrate inhibition was eliminated. Saturation kinetics could not be 

achieved for this reaction due to the poor solubility of cortisone. The catalytic efficiency was 

therefore obtained from the slope of the linear portion of the initial velocity versus substrate 

plot (where v/[S] = Vmax/Km). Overall a 69-fold decrease in the catalytic efficiency was 

observed by the P133R mutant for cortisone reduction compared to the WT enzyme. 7α-

Hydroxycholest-4-en-3-one reduction was affected mainly by a decrease in kcat; this 

substrate is classified as a slow substrate due to its unfavorable kcat.21 The P133R mutant 

showed a 6-fold decrease in kcat but maintained a low micromolar Km for 7α-

hydroxycholest-4-en-3-one resulting in a 13-fold decrease in the catalytic efficiency for the 

mutant compared to the WT. The effect of the P133R mutation was thus more prominent on 

cortisone than on 7α-hydroxycholest-4-en-3-one reduction.

The steady-state assays were also replicated in 10 mM potassium phosphate buffer. This 

buffer condition provides lower ionic strength and greatly decreases cofactor Kd. Saturation 

of the P133R mutant can now be achieved by the cofactor concentration used in initial 

velocity studies performed in 100 mM potassium phosphate. The impact of the P133R 

mutant on the apparent kinetic constants resembled the trend observed at 100 mM buffer. 

The steady state kinetic constants determined at subsaturating NADPH concentrations at 100 

mM potassium phosphate likely reflect the values of physiological significance.

Multiple Turnover Reactions

Substrate turnover was monitored under pre-steady-state conditions using a stopped-flow 

instrument. Experiments were performed in 10 mM potassium phosphate buffer to allow 

both WT and the P133R mutant to be both saturated by the cofactor. With the WT 

AKR1D1, cortisone exhibited characteristic burst-phase kinetics with an initial exponential 

decay followed by a linear phase (Figure 2A, Table 2). The burst-phase progress curve 
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indicates that the reaction proceeds through a fast chemistry step (kburst of 0.44 s−1) where 

the steroid is reduced and then slows down due to the presence of a subsequent rate-limiting 

product release step which dictates the rate observed in the steady-state. Thus, the kss of the 

linear phase for cortisone reduction of 0.048 s−1 was consistent with the kcat value of 0.053 

s−1. The progress curves of the multiple turnover of 7α-hydroxycholest-4-en-3-one were 

best fitted using the burst equation as well with a kburst of 0.11 s−1. However, the burst phase 

only accounted for 7% of the decay, suggesting more comparable rates for the chemistry 

step and the product release steps (kss of 0.01 s−1). In contrast to WT AKR1D1, the P133R 

mutant exhibited linear progress curves for both cortisone and 7α-hydroxycholest-4-en-3-

one reduction, indicating the rate of the chemistry step was much slower or equal to the rate 

of product release (Figure 2B). Data analyses yielded kss values of 0.04 s−1 and 0.004 s−1, 

respectively for cortisone and 7α-hydroxycholest-4-en-3-one reduction (Table 2). In burst 

kinetics, the rate of the chemistry step kchem is represented by kburst, whereas in linear 

multiple turnover kinetics, kchem approaches kss. Thus, the P133R mutation caused dramatic 

decreases in kchem, over 11-fold for cortisone and over 27-fold for 7α-hydroxycholest-4-

en-3-one reduction.

Intrinsic Protein Fluorescence

AKR1D1 generates intrinsic protein fluorescence at 340 nm when excited at 290 nm. This 

protein fluorescence is quenched upon binding of either the reduced cofactor NADPH or the 

oxidized cofactor NADP+. Formation of the E·NADPH complex will also generate an 

energy transfer band at 460 mm, which is quenched upon steroid binding. The protein 

fluorescence of apo WT AKR1D1 and the P133R mutant and the energy transfer 

fluorescence of the E·NADPH complex were examined. The WT enzyme emitted a higher 

fluorescence signal per unit of protein than the P133R mutant (λexcitation = 290 nm, λemission 

= 340 nm) but a similar energy transfer band per unit of NADPH (λexcitation = 290 nm, 

λemission = 460 nm) (Figure 3). Protein fluorescence is heavily affected by solvent-

tryptophan interaction. AKR1D1 contains five tryptophan residues at positions 89, 140, 151, 

230, and 314. On the basis of homology to rat 3α-hydroxysteroid dehydrogenase 

(AKR1C9).24,25 Trp151 is predicted to be a major contributor to the intrinsic protein 

fluorescence, and Trp89 is responsible for energy transfer band in the E·NADPH complex. 

A change in intrinsic protein fluorescence indicates the P133R mutation elicited a structural 

change and affected the environment of the tryptophan residues. But the undisturbed energy 

transfer band suggested that Trp89, which sits deeply in the steroid binding channel, was not 

perturbed in its environment.

Cofactor Binding

Cofactor binding affinity was assessed by determining dissociation constants (Kd) by 

titration and by measuring the rate of NADP+ release rate (koff) under transient kinetic 

conditions. The Kd measurements took advantage of the quenching of the AKR1D1 intrinsic 

fluorescence upon cofactor binding. Under physiological conditions (100 mM potassium 

phosphate buffer, pH 7.0), WT AKR1D1 binds both cofactors NADPH and NADP+ tightly 

with submicromolar Kd values (~0.3 μM) (Table 3). The P133R mutant dramatically 

lowered the cofactor binding affinity by increasing the Kd values over 40-fold to reach the 

20 μM range.
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A reduction in ionic strength from 100 mM to 10 mM potassium phosphate buffer 

significantly increased cofactor affinity. This is likely due to stronger interaction between 

Arg279 and the phosphate group of the cofactor in the absence of competing buffer ions.26 

The Kd values for both the WT enzyme and the P133R mutant were decreased in 10 mM 

potassium phosphate to the low nanomolar range but demonstrated a similar fold change 

(Table 3). As a result, KdNADPH for the P133R mutant (0.075 μM) remained 30-fold higher 

than the KdNADPH value for the WT enzyme (0.0023 μM). The P133R Kd,NADPH of 0.075 

μM is essentially identical to that reported in our previous characterization of this mutant.19 

In that earlier study, we reported that this value was no different from WT AKR1D1. The 

difference in cofactor affinity between WT AKR1D1 and P133R now observed was not 

detected in our earlier work because we isolated both WT AKR1D1 and P133R using only 

Ni-Sepharose affinity column chromatography. This resulted in a significant portion of the 

WT AKR1D1 being isolated in the NADP+ bound form due to its very high affinity for this 

cofactor Kd = 4.3 nM. In the present study, only enzyme that was subsequently purified on 

Blue-Sepharose was used, ensuring that both enzyme forms were cofactor free.

In our earlier work, we had reported that the intrinsic protein fluorescence observed for 

P133R versus WT AKR1D1 was 5 times greater, when in fact we now find that WT 

AKR1D1 has 1.5 times the intrinsic fluorescence of P133R (see Figure 3A). We attribute 

this difference due to WT.AKR1D1 in the earlier work being in the cofactor bound form. In 

the earlier work the intrinsic protein fluorescence was less for WT AKR1D1 indicative of 

Trp quenching by bound cofactor; however, no energy transfer band was present, suggesting 

that the form of cofactor bound was NADP+. Using the correct KdNADP+ for WT AKR1D1 

we estimate that from previous cofactor titrations that 90% of the enzyme was in the 

cofactor bound form. It is noteworthy that Tm curves obtained by CD spectroscopy for WT 

AKR1D1 and the P133R mutant yielded values of 49 and 41 °C, respectively. However, 

when NADPH was added the Tm curves were superimposable with values of 50–51 °C. 

These data also support that WT AKR1D1 purified by Ni-Sepharose chromatography was 

most likey in the more stable NADP+ bound form.

To validate the difference in cofactor affinity between WTAKRD1 and P133R the rate of 

NADP+ release koff was measured by following the formation of the energy transfer band by 

chasing NADP+ from the E·NADP+ complex with NADPH. Control experiments were 

performed to ensure the NADPH on-rate is not the rate-limiting step during the cofactor 

exchange. In 100 mM phosphate buffer, WT AKR1D1 exhibited a single-exponential trace 

for NADP+ release, which could be best fitted to an equation to yield a koff
WT of 0.28 s−1. In 

contrast, the P133R mutant caused a striking increase in the NADP+ release rate, which was 

too fast to be captured by the instrument (instrument dead time ~1.8 ms, koff
P133R > 50 s−1) 

(Figure 4, Table 4). The amplitude of the fluorescence signal of the mutant was about one-

half of that observed with the WT enzyme. This can be explained by the increase in Kd, 

which dictates that a significant portion of the mutant enzyme will not be in the binary form 

compared to the WT.

Even though 10 mM potassium phosphate is not physiologically relevant, this condition 

allowed us to probe the effect of the P133R mutant on cofactor binding more readily since 

the mutant could be saturated by the cofactor in a concentration range that could be tolerated 

Chen et al. Page 9

Biochemistry. Author manuscript; available in PMC 2016 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by the stopped-flow instrument. Thus, the chase experiments were repeated in 10 mM 

buffer. WT AKR1D1 yielded a similar single-exponential chase curve with a koff
WT of 

0.164 s−1. This rate is 3-fold less than kburst observed for cortisone reduction under multiple 

turnover conditions and would account for the observed burst phase kinetics. This value is 

also similar to kburst 0.11 s−1 of 7α-hydroxycholest-4-en-3-one, but higher than kss, 

suggesting for this substrate, steroid product release must also contribute to overall rate 

determination. Using eq 6,27 the rate of steroid product release can be estimated, where 

kchem is the rate of the chemistry step represented by kburst of 0.11 s−1 and kr,NADP
+ is the 

release of NADP+ of 0.164 s−1. From this equation the steroid release rate kr,Sp for 7α-

hydroxycholest-4-en-3-one is estimated to be 0.02 s−1, which is comparable to the kss value.

(6)

By conducting the chase experiments in 10 mM potassium phosphate we found that the 

P133R mutant also generated a single-exponential chase curve with a measurable koff
P133R 

of 8.9 s−1, which is 54-fold higher than the cofactor release rate of 0.164 s−1 for the wild-

type enzyme.

The dissociation constant for the less favored cofactor NADH was also determined. Unlike 

NADPH, Kd values of NADH were not affected by ionic strength or the P133R mutation. 

Both WT and the P133R mutant gave high Kd values around 30 μM due to the lack of the 

interaction between the 2′-AMP phosphate and Arg 279.

Steroid Binding

Steroid binding was assessed by measuring the dissociation constants (Kd) by titrating the 

energy transfer band of the E·NADPH complex. Two steroid substrates, cortisone and 7α-

hydroxycholest-4-en-3-one, and one competitive inhibitor of AKR1D1, finasteride, were 

used. Kd for the steroid substrates was determined at low temperature to minimize turnover. 

The Kd for the inhibitor finasteride was determined at a normal assay temperature of 37 °C 

to demonstrate that the difference in temperature had little effect on the observed differences 

in Kd. WT AKR1D1 exhibited similar Kd values in low micromolar range for all three 

steroid ligands despite the difference in temperature (Table 5). Cortisone showed tighter 

binding affinity than 7α-hydroxycholest-4-en-3-one yielding a 4-fold reduction in Kd. The 

P133R mutant also showed similar binding affinity for all three ligands, but their Kd values 

were now 4–10 fold higher than the corresponding Kd values of the WT. For the P133R 

mutant, the Kd values for steroid were calculated after correcting for partial occupancy of the 

mutant with NADPH. Kd values may also be an underestimate of the true values in this 

instance due to the inability to achieve saturation at the limit of steroid solubility.

DISCUSSION

Mutations in AKR1D1 are the second leading cause of primary bile acid deficiency 

following defects in 3β-hydroxy-Δ5-C27-steroid oxidoreductase.28,29 Seven point mutations 

have been identified in patients with AKR1D1 deficiency, and we have characterized five of 

them in vitro (L106F, P133R, P198L, G223E, R261C).19 However, how these mutations 
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affect protein stability and enzyme activity has not been fully elucidated. In this report we 

focused on the purified recombinant P133R mutant and dissect its effects on two substrates, 

cortisone, a steroid hormone, and 7α-hydroxycholest-4-ene-3-one, a principal primary bile 

acid precursor.

We find that the P133R mutation decreases the catalytic efficiency (kcat/Km) of the enzyme 

by 13–69 fold. This effect was greater with the smaller C21 steroid cortisone or fast 

substrates (69-fold) than with the C27 bile acid precursor 7α-hydroxycholest-4-ene-3-one or 

slow substrates (13-fold). The reduction in catalytic efficiency observed with cortisone was 

primarily caused by an increase on Km. A similar finding was observed when the P133R 

mutant was transiently transfected into HEK293 cells, where 5β-reduction of small C19 

steroid testosterone was mainly affected by Km.
19 The steroid binding channel is formed by 

the three long flexible loops, A (Ile119-Leu147), B (Tyr219-Leu238), and C (Leu302-

Tyr326). Proline usually provides rigidity to the structure, and the introduction of the P133R 

mutation likely affects loop A and hence the conformation of the steroid channel, causing an 

increase in steroid Kd.

The reduction in catalytic efficiency seen with 7α-hydroxycholest-4en-3-one in the P133R 

mutant was prirmarily due to changes in kcat. This C27 steroid has a more extensive side-

chain which can provide additional interactions between the steroid and the enzyme which 

results in a lower Km in the WT enzyme.30 A docking study of 7α-hydroxycholest-4-en-3-

one to WT AKR1D1 indicates that the C17 side chain extends out of the steroid channel and 

binds in the grooves formed by loops B and C on the surface of the enzyme.30 The P133R 

mutant appears to influence the steroid binding channel but does not disrupt this additional 

interaction. Thus, the mutant has a larger impact on the Kd for cortisone than on the Kd for 

7α-hydroxycholest-4-en-3-one and finasteride.

To understand the impact of the P133R mutant on the rate of the chemical step (kchem) 

transient kinetics were performed under multiple turnover conditions for both substrates. 

The WT enzyme shows burst phase kinetics for both cortisone and 7α-

hydroxycholest-4en-3-one, indicating a fast chemical step followed by a rate limiting 

product release step. With the mutant, kchem was reduced by 10-fold for cortisone but by 30-

fold for 7α-hydroxycholest-4-en-3-one and becomes the major rate-limiting step for both 

substrates, as indicated by the linear progression curves. Structural perturbations of enzyme 

can dramatically alter the rates of the reaction, even when these alterations are distant from 

the active site.31 For example, mutations in the nonactive site residue Cys191 in aspartate 

aminotransferase reduces enzyme activity by disrupting the hydrogen bonding to its adjacent 

loop, which is required for pyridoxal phosphate binding.32 Similarly, the G121V mutation in 

dihydrofolate reductase decreases the rate of the hydride transfer step by 200-fold, by 

affecting the rate of conformation changes during catalysis.31 If it is considered that an 

enzyme exists in a population of different conformations to facilitate different microreaction 

steps, e.g., substrate binding, orienting, and optimizing the electrostatic environment, a 

nonactive site mutation may cripple the reaction by inducing a suboptimal distribution of 

different conformations or even favoring a nonproductive conformation.33
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Steroid 5β-reduction catalyzed by AKR1D1 undergoes several conformational changes 

especially during cofactor binding. Similar to the other related enzymes AKR1C9 and 

AKR1C220,34 the cofactor binding of AKR1D1 involves a fast step to form an initial loose 

complex followed by slow isomerization steps to form the final tight complex.21 Even 

though the P133R residue is located closer to the steroid binding site than the cofactor 

binding site in structure, our data demonstrate a surprising finding that the P133R mutation 

drastically decreases cofactor binding affinity. The mutant increases the Kd for NADP(H) by 

20–100 fold and increases the rate of release of NADP+ release by over 50 fold. The P133R 

mutation likely affects the isomerization step during cofactor binding, which results in a 

preference for the loose complex. This could reduce kchem by two mechanisms: one is to 

reduce the rate of conformational change to produce the tight complex, and the other is to 

disrupt the trajectory of hydride transfer. The chemistry step of 5β-reduction is comprised of 

the hydride transfer step and the proton donation step. Hydride transfer is very sensitive to 

donor–receptor distance and alignment.35 By favoring the formation of the loose complex, 

the mutant allows the cofactor to wobble in the binding site, interrupting hydride transfer 

and lowering kchem.

Importantly the binding of NADH was not affected by the P133R mutant, indicating the 

mutant affects the interaction of Arg279 with the 2′-phosphate of AMP in the cofactor. This 

salt linkage is required for the tight binding of NADPH.26 The intrinsic protein fluorescence 

is greater for the WT enzyme than the P133R, but the amplitude of the energy transfer band 

when binding cofactor remains unchanged. Quenching of Trp89 is likely responsible for the 

energy transfer band based on homology with AKR1C925 and is unaffected by the P133R 

mutant. These data show that despite the lower affinity of NADPH for the P133R mutant 

this is not reflected in a weaker interaction between the nicotinamide headgroup of the 

cofactor and Trp 89. The remaining tryptophan residues in AKR1D1 are located in the loops 

that form the ligand binding sites except Trp 151. We hypothesize that the P133R mutation 

changes the loop conformation/flexibility and thus disrupts the hydrogen network between 

the loops. This has a long-range effect on the cofactor binding loop and the interaction with 

Arg279. This effect of the P133R mutant will be exacerbated in vivo, since cofactor affinity 

determines cofactor occupancy of the enzyme in the cell. The strikingly high Kd of the 

P133R mutation for NADP(H) suggests that the mutant enzyme will be mostly cofactor free 

in vivo and be more labile.18 Thus, the effect of the P133R mutant is to reduce cofactor 

binding, reduce kchem, and make the protein more unstable.
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ABBREVIATIONS

AKR aldo-keto reductase

AKR1D1 Δ4-3-ketosteroid 5β-reductase
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CYP7A1 gene for cytochrome P4507A1

FXR farnesoid X receptor

Tm melting temperature obtained by CD spectroscopy

WT wild type
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Figure 1. 
Location of P133 in the crystal structure of AKR1D1 in complex with NADP+ (magenta) 

and cortisone (blue) (PDB: 3CMF). The P133 residue (red) is located on the loop forming 

the steroid binding channel (A) but does not make direct contact with the steroid molecule 

(B). The residue is distal to the cofactor and catalytic tetrad (Asp53, Tyr58, Lys87, and 

Glu120). The location of other six disease-related point mutations are shown in red (A). 

Noncarbon atoms are color-coded as follows: oxygen, red; nitrogen, blue. Hydrogen bonds 

are indicated by red dashes. Figures are prepared using The PyMOL Molecular Graphics 

System, Version 1.20 Schrödinger, LLC.
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Figure 2. 
Multiple turnover reactions. Representative fast substrate cortisone (green) and slow 

substrate 7α-hydroxycholest-4-en-3-one (red) showed burst kinetics with the WT (A) and 

linear kinetics with the P133R mutant (B). The control reaction without enzyme is in blue.
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Figure 3. 
Protein fluorescence. AKR1D1 has intrinsic protein emission at 340 nm when excited at 290 

nm. WT (blue square) showed higher unit fluorescence then the P133R mutant (red 

triangle), panel A. This emission is quenched upon cofactor binding and generate an energy 

transfer band at 460 nm. WT (red triangle) showed similar unit energy transfer intensity to 

the P133R mutant (blue square), panel B.
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Figure 4. 
Ligand chase experiments. NADP+ is chased from the E·NADP+ complex by NADPH. The 

P133R mutant (red) showed a much faster NADP+ release rate than the WT (green). 

Experiments performed in 100 mM KPi buffer pH 7.0.
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Table 1

Steady-State Kinetic Constants of the WT and the P133R AKR1D1

cortisone 7α-hydroxycholest-4-en-3-one

100 mM KPi 10 mM KPi 100 mM KPi 10 mM KPi

WT

kcat (s−1) 0.103 ± 0.002 0.053 ± 0.002 0.020 ± 0.002 0.017 ± 0.001

Km (μM) 4.1 ± 0.2 2.5 ± 0.2 0.5 ± 0.2 1.0 ± 0.2

Ki (μM) 55 ± 4 94 ± 13 46 ± 18 55 ± 14

kcat/Km (s−1 M−1) 25000 21200 40000 17000

P133Ra

kcat (s−1) >0.028b >0.036b 0.0030 ± 0.0005 (WT/P133R 6.7) 0.0017 ± 0.0001 (WT/P133R 10)

Km (μM) >70b >200b 1.0 ± 0.4 (WT/P133R 0.5) 2.4 ± 0.7 (WT/P133R 0.42)

Ki (μM) NA NA 51 ± 27 NA

kcat/Km (s−1 M−1) 362b (WT/P133R 69) 760b (WT/P133R 27.9) 3000 (WT/P133R 13.3) 1100 (WT/P133R 15.4)

a
Steady-state kinetic parameters for the P133R mutant conducted in 100 mM KPi are apparent values only since it is not possible to saturate the 

enzyme with NADPH.

b
P133R catalyzed cortisone reductions at 10 mM KPi or 100 mM KPi did not show saturation kinetics at the highest substrate concentration 

attempted. Values of kcat and Km could not be accurately determined and kcat/Km was calculated from the slope of initial rate versus substrate 

concentration curve.
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Table 2

Transient Kinetic Rate Constants for the WT and the P133R AKR1D1

cortisonea 7α-hydroxycholest-4-en-3-onea

kburst (s−1) kss (s−1) kburst (s−1) kss (s−1)

WT 0.44 ± 0.01 0.048 ± 0.001 0.11 ± 0.02 0.010 ± 0.002

P133R no burst 0.040 ± 0.001 no burst 0.004 ± 0.001

kchem WT/P133R 11 27

a
Assays were performed in 10 mM potassium phosphate buffer, pH 7, 37 °C.
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Table 4

Rates of NADP+ Release from the WT and the P133R AKR1D1

NADP+ koff (s−1)

100 mM KPi 10 mM KPi

WT 0.276 ± 0.008 0.164 ± 0.007

P133R >50 8.9 ± 0.2

P133R/WT >180 54
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Table 5

Steroid Binding Constants for WT AKR1D1 and the P133R Mutant

Kd (μM) cortisonea 7α-hydroxycholest-4-en-3-onea finasteridea

WT 0.87 ± 0.07 2.2 ± 0.3 3.7 ± 0.2

P133R 11.1 ± 1.5 13.6 ± 1.9 14.2 ± 1.3

P133R/WT 13 6 4

a
Assays were performed in 100 mM potassium phosphate buffer, pH 7. Assay temperature was 37 °C for inhibitor and 4 °C for substrates.
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