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Abstract

Despite significant influence of secondary bile acids on human health and disease, limited

structural and biochemical information is available for the key gut microbial enzymes catalyzing

its synthesis. Herein, we report apo- and co-factor bound crystal structures of BaiA2, a short chain

dehydrogenase/reductase from Clostridium scindens VPI 12708 that represent the first protein

structure of this pathway. The structures elucidated the basis of co-factor specificity and

mechanism of proton relay. A conformational restriction involving Glu42 located in the co-factor

binding site seems crucial in determining co-factor specificity. Limited flexibility of Glu42 results

in imminent steric and electrostatic hindrance with 2′-phosphate group of NADP(H). Consistent

with crystal structures, steady-state kinetic characterization performed with both BaiA2 and

BaiA1, a close homolog with 92% sequence identity, revealed specificity constant (kcat/KM) of

NADP+ at least an order of magnitude lower than NAD+. Substitution of Glu42 with Ala

improved specificity towards NADP+ by 10- fold compared to wild type. The co-factor bound

structure uncovered a novel nicotinamide-hydroxyl ion (NAD+-OH−) adduct contraposing

previously reported adducts. The OH− of the adduct in BaiA2 is distal to C4 atom of nicotinamide

and proximal to 2′-hydroxyl group of the ribose moiety. Moreover, it is located at intermediary

distances between terminal functional groups of active site residues Tyr157 (2.7 Å) and Lys161

(4.5 Å). Based on these observations we propose an involvement of NAD+-OH− adduct in proton

relay instead of hydride transfer as noted for previous adducts.
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INTRODUCTION

Deoxycholic acid (DCA) and lithocholic acid (LCA) are secondary bile acids that are

generated in the gut by bacterial transformation of primary bile acids, cholic acid (CA) and

chenodeoxycholic acid (CDCA), respectively 1. The proposed pathway for this

transformation by Clostridium scindens (C. scindens) VPI 12708 involves a network of

enzymes that catalyze the removal of C7-hydroxyl group from primary bile acids (Fig. 1). C.

scindens and a few closely related organisms are the only microbes that are known to harbor

biochemical pathway for synthesizing secondary bile acids 2. A recent metagenomic study

identified C. scindens as a component of the “core microbiome”, a set of 57 bacteria which

were present in >90% of the cohort in this study 3. Despite its ubiquitous presence in human

microbiota, it is populated at a very low relative abundance as quantified by metagenomic

surveys. Qin et al have found it to be one of the lowest abundant member of the “core

microbiome”, present at approximately two orders of magnitude lower than the most

copious microbes in human gut 3. Studies implicated secondary bile acids as effector

molecules involved in human health influencing various signaling pathways associated with

cancer and metabolism 4–6. Secondary bile acids are established as ligands for several

cellular receptors such as TGR5, FXR and vitamin D receptor 7–9. In rodent models, LCA

can even functionally supplement Vitamin D 10. It can hence be speculated that variation in

population of a less abundant microbial species may influence the level of key metabolites

in the human body and thereby human health. Hence, the microbial enzymes involved in this

synthesis could represent potential drug targets for manipulating secondary bile acid level.

The multistep 7α-dehydroxylation pathway of primary bile acids as proposed in C. scindens

VPI 12708 involves a series of enzymes (Fig 1). The genes of these enzymes are localized in

a bile acid inducible (bai) operon. In this study we report the structure-function

characterization of the product of genes baiA1 and baiA2, BaiA1 and BaiA2 respectively.

Both proteins are 3α-Hydroxysteroid Dehydrogenases with 92% sequence identity over

their 249 amino acid length and catalyze the oxidation of C3-hydroxyl group of bile acids

generating a C3-oxo bile acid intermediate (Fig. 2A) 11. The proteins belong to a large

family of short chain dehydrogenase/reductase (SDR) that utilize either NAD or NADP as

co-factor 12. Previous characterization using crude cell extracts of E. coli expressing BaiA1

revealed preferential utilization of Coenzyme A (CoA) – bile acid esters in presence of both

co-factors 11. These studies did not detect any product formation from unconjugated primary

bile acids, cholic acid (CA) and chenodeoxycholic acid (CDCA).

Herein we report the crystal structures of apo- (1.9 Å resolutions) and co-factor bound (2.0

Å resolutions) BaiA2 from C. scindens VPI 12708. Alongwith the structures we also report

steady-state kinetic characterization of BaiA2 and BaiA1, a close homolog with 92%

sequence identity. Our study represents first structural and steady-state kinetic

characterization of enzymes involved in synthesis of secondary bile acids. The crystal

structure of BaiA2 revealed the canonical Rossmann fold with distinct binding sites for

substrate and NAD. The structures provided a basis of co-factor specificity that can be

ascribed to the predicted restrictive conformational flexibility of residue Glu42. The

restrictive flexibility of Glu42 makes the cofactor binding site incompatible with NADP due
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to steric and electrostatic hindrance of the Glu42-COO− side chain with the 2′-phospahte

group. Consistent with the crystallographic observations steady-state kinetic experiments

confirmed NAD as the preferred co-factor for both BaiA1 and BaiA2. In addition, analysis

of the electron density map detected a residual electron density feature that can be accounted

by an oxygen atom located at a distance of 1.8 Å from the C6 atom of the nicotinamide

moiety and 2.9 Å from the 2′-hydroxy group of the nicotinamide ribose. Quantum chemical

calculations predicted that the additional oxygen atom to be OH− and the nicotinamide ring

possessing a positive charge, suggesting a nicotinamide-hydroxyl ion (NAD+-OH−) as a

stable adduct. The OH− of the adduct is located intermediary between the terminal

functional groups of active site residues Tyr157 and Lys161. Furthermore, the OH− is

proximal to the 2′-hydroxyl group of the nicotinamide ribose, and distal to the C4 atom of

nicotinamide moiety, which contrapose previously observed nicotinamide-hydroxyl adducts.

Based on these observations we propose that the observed NAD+-OH− may be involved in

proton relay instead of hydride transfer. Overall the reported structures and functional

characterization provide new insights into the mechanism of bacterial transformation of

primary bile acids to secondary bile acids in the human gut.

MATERIALS AND METHODS

Chemicals

All bile acid substrates are obtained from Steraloids (Newport, RI) except glycocholic acid

(GCA) and taurocholic acid (TCA) that are obtained from Sigma Aldrich (St. Louis, MO).

Cloning, Expression and Purification

Clones were generated using the Polymerase Incomplete Primer Extension (PIPE) cloning

method 13. Genomic DNA C. scindens VPI 12708 was a kind gift from Philip B. Hylemon,

Virginia Commonwealth University. Briefly, baiA1 and baiA2 were amplified by

polymerase chain reaction (PCR) from C. scindens VPI 12708 genomic DNA and cloned

into the expression vector, pSpeedET, which encodes an amino-terminal tobacco etch virus

(TEV) protease-cleavable His6- tag for purification of the following sequence:

MGSDKIHHHHHHENLYFQ/G with cleavage site between Gln and Gly. Site-directed

variants Arg16Ala and Glu42Ala were generated using the M-PIPE method 14. Recombinant

clones encoding the entire 249 amino acid sequence were confirmed by DNA sequencing.

Protein expression was performed at 37°C under arabinose promoter in a selenomethionine-

containing medium for structure determination and in Luria Bertani medium for kinetic

studies. Cell pellets were obtained by centrifugation at the end of fermentation, and

lysozyme was added to a final concentration of 250 μg/ml. The pellets were flash frozen for

storage at −20°C. After thawing at room temperature the cell pellets were lyzed by using a

microfluidizer. The N-terminal His6-tagged protein was purified from the E. coli extract by a

single step Ni-NTA chromatography. Typically protein from a 500 ml expression culture

was purified on a 1.5 ml bed volume of Ni-NTA. Proteins were eluted from the column by

20 mM HEPES pH 8.0, 300 mM imidazole, 10% (v/v) glycerol, 1 mM TCEP after a wash

step with 1 column volume of the buffer containing 30 mM imidazole. The eluate was buffer

exchanged into 20 mM HEPES pH 8.0, 1 mM TCEP using an Amicon Ultra (Millipore)
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centrifugal filter device. The molecular mass of the monomer was characterized by both LC-

MS and denaturing polyacrylamide gel electrophoresis (SDS-PAGE). Oligomeric profile

was determined by analytical size exclusion chromatography performed at room temperature

on Agilent HP1100 HPLC system utilizing a Shodex 8 × 300mm Protein KW-802.5 column.

The N-terminal purification tag was not cleaved.

Synthesis of Bile Acid CoA Thioester

Synthesis of bile acid - CoA thioesters were modified from an earlier procedure 15. A

dichloromethane solution (6 mL, anhydrous) of γ-collidine (48 μL) and ethyl chloroformate

(30 μL) was added to bile acid (~ 0.144 mmol) while stirring at 23 °C. Aliquots of the

reaction mixture were taken out after 3 hours and reacted with methanol while monitoring

the progress of mixed anhydride formation by RP-C18 HPLC. Solvent was evaporated by

blowing dry N2 stream. The residue was dissolved in tetrahydrofuran (anhydrous, 6 mL × 2)

and added to 500 mM sodium borate solution (6 mL) of Coenzyme A with vigorous stirring

at 23 °C for 12 – 16 hours. The reaction was monitored by RP-C18 HPLC. The reaction

mixture was lyophilized upon completion and the crude mixture was purified by reverse

phase flash column chromatography using C18AQ column of 5.5 g bed weight. Gradient

elution was performed with 10–100% methylcyanate/water at a flow rate of 18 mL/minute.

Fractions of desired product were combined and lyophilized. The following bile acid-CoA

esters were synthesized and were analyzed by MS: cholyl CoA (C-CoA), chenodeoxycholy

CoA (CDC-CoA), lithocholyl CoA (LC-CoA), 3-oxo-cholyl CoA (3-oxo-C-CoA), 3-oxo-

chenodeoxycholyl CoA (3-oxo-CDC-CoA) and 3-oxo-lithocholyl CoA (3-oxo-LC-CoA).

NMR Analysis of the BaiA2 reaction
1H-NMR spectra were acquired at 300 °K on a Bruker Avance instrument equipped with

a 1H/13C/15N-TXI cryoprobe operating at 600 MHz with 16 scans and a recycle delay of 2 s

employing excitation sculpting to suppress water signal 16. Isotope labeled compounds were

purchased from Sigma-Aldrich/Isotec. All reaction samples contained 3-

(trimethylsilyl)-2,2′,3,3′-tetradeuteropropionic acid as an internal standard that was

referenced to 0ppm. The reaction was initiated by adding enzyme to a solution containing

100 μM substrate, 100 μM co-factor and 5 mM MgCl2 prepared in 20 mM deuterated Tris-

HCl pH 8.7 with 10% D2O. Reaction mixtures containing bile acid – CoA esters did not

include MgCl2. The enzyme concentration was 4.3 μM for cholic acid and glycocholic acid

and 0.27 μM for all CoA-conjugated substrates. Samples were immediately transferred to

the NMR instrument after addition of enzyme and allowed to equilibrate until the lock

stabilized before initiating data collection. In order to accurately monitor the reactions, the

following two-dimensional spectra were assigned: double quantum filtered COSY 17,18,

non-decoupled heteronuclear multiple bond correlation (HMBC) 19,20, and rotating frame

Overhauser enhancement spectroscopy (ROESY) with a 200 ms mix time 21. The

compounds were dissolved in the appropriate deuterated solvent (either DMSO or

methanol).

Steady-state kinetics

Kinetic measurements were performed on a Varian Cary 100 Bio UV-Visible

spectrophotometer equipped with a thermojacketted cuvette holder. Steady state kinetic
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assays were performed at 37 °C by monitoring the formation or consumption of NADH

measured at wavelength 340 nm with an extinction coefficient of 0.00622 μM−1 cm−1.

Reactions were performed in 20 mM Tris-HCl pH 8.7 under fixed co-factor concentrations.

The concentration of the substrate was varied below and beyond KM value of the respective

substrates. Reactions were initiated by addition of enzyme to final concentration of 0.27 μM

for CoA – bile acid substrates and 2.1 μM for other substrates. Reaction rates were obtained

from the initial, linear region of the reaction progress curves. The data were fitted to

Michelis-Menten equation by non-linear regression using the enzyme kinetics module in

GraphPad Prism (GraphPad Software, La Jolla, CA).

Kinetic parameters for the co-factor were determined in a similar method as described

above. The reaction rate was monitored in presence of 1.4 mM Glycocholic acid (GCA) at

wavelength 340 nm at 37°C. The co-factor concentration varied below and beyond the KM

value. Enzyme concentration was maintained at 0.27 μM in presence of NAD+ and 2.1 μM

in presence of NADP+. The reaction rates and kinetic parameters were determined as

described above.

Crystallization of BaiA2

Two crystal forms of BaiA2 were obtained in two different crystallization reagents from the

JCSG Core Suite III (Qiagen Sciences, MD, USA) using the sitting nanodrop vapor

diffusion method at 20°C utilizing standard Joint Center for Structural Genomics

crystallization protocols 16,22. Drops of 0.2 μl volume, with 1:1 ratio of reservoir and protein

(46 mg/ml in 20 mM HEPES pH 8.0) solution were equilibrated against 100 μl of reservoir

solution. The orthorhombic crystal form was obtained in 0.1 M sodium acetate pH 4.5, 2.5

M sodium chloride, 0.2 M lithium sulfate. Monoclinic crystals were obtained in 30%

polyethylene glycol 4000, 0.1M Tris-HCl pH 8.5, 0.2 M sodium acetate.

Structure Determination and Refinement

Diffraction data were collected on beamline 9-2 at the Stanford Synchrotron Radiation

Lightsource (SSRL) at wavelengths corresponding to the high-energy remote (λ1),

inflection (λ2) and peak (λ3) wavelengths of a selenium multi-wavelength anomalous

diffraction (MAD) experiment. The datasets were collected at 100 K using a Rayonix

MarMosaic MX-325 CCD detector using the Blu-Ice data-collection environment 23. The

MAD data collected from P21 crystal form were integrated and reduced using XDS and then

scaled with the program XSCALE 24,25. The datasets collected from I222 crystal form was

integrated and reduced using MOSFLM and SCALA. An initial Se sub-structure solution

was obtained with SHELXD 26 and the phases were refined using autoSHARP 27, which

gave a mean figure of merit of 0.51 to 2 Å for the P21 crystal form and 0.43 to 1.9 Å for the

I222 crystal form. Automated model building was performed with ARP/wARP 28. The

crystal properties and statistics of data collection are enlisted (Table I). Model completion

and refinement were performed with COOT 29 and REFMAC 30 in CCP4 program suite 31

and BUSTER32. Coordinates for NAD were generated using PRODRG 33. Stereochemical

properties of the models and hydrogen bonding were analyzed by the JCSG QC server

(http://smb.slac.stanford.edu/jcsg/QC/). Statistics of the refined models are indicated (Table

I).
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The final model of the apo- structure (Rcryst/Rfree: 16.2/18.7) contained one protomer in the

asymmetric unit with 215 residues built. The electron density of side chain and main chain

atoms for residues in the N-terminal tag (-18-0), and 150–157, 193–214 and 246–249 is

discontinuous in the structure. The co-factor bound structure (Rcryst/Rfree: 15.2/18.2)

contained four protomers in the asymmetric unit without the N-terminal His6-tag modeled.

The apo and cofactor bound structures superimpose within a rmsd of 0.61 Å over 206 Cα
atoms. The co-factor observed in the structure originated from the expression system as it

was not added in the purification or crystallization buffers. The unbiased (mFo-DFc)

electron density map is incompatible with NADP as the 2′-phosphate group of adenine

ribose cannot be modeled. The map is compatible with both oxidation states, NAD+ and

NADH, where nicotinamide and adenine moieties adopt syn- and anti- conformation,

respectively (Fig. 4A). Since the protein solution did not exhibit the characteristic absorption

maxima of NADH at 340 nm the co-factor in the structure is refined as NAD+. Validated

apo- and the co-factor bound coordinates of BaiA2 are deposited in the Protein Data Bank

(PDB) with codes 4IS2 and 4IS3, respectively.

Quantum Chemical Calculations

Theoretical calculations were performed on a nicotinamide model system generated from the

co-factor built in the crystal structure. The model was truncated containing only the

nicotinamide and ribose moieties with the pyrophosphate group replaced by a hydrogen

atom. Coordinates of the active site residues were also truncated to contain the terminal

functional groups, OH-C2H5 (Tyr157) and NH3+-C2H5 (Lys161). The geometry of the

nicotinamide moiety with added hydrogen atoms was optimized with constraints at Hartree

Fock method with 6-31** basis set using GAMESS Quantum mechanics (QM) suite. We

applied Cartesian constraints to the oxygen atom of OH−/water keeping it in a fixed position

relative to the pyridine ring, ribose moiety and active site residues Tyr157 and Lys161, as

observed in the crystal structure (Fig. 5A). Four different QM calculations were performed

by combinatorial pairs of oxidized and reduced states of the nicotinamide moiety with water

and hydroxyl ion (OH−).

RESULTS

Substrate turnover detection by 1H-NMR

The spectra for several BaiA2 reactions utilizing different substrates are shown in Fig. 2B.

The region in the figure contains peaks associated with the methyl protons of 18 and 19 (see

Fig. 2A). These provided convenient sites for monitoring the reactions by measuring the

decrease in substrate peak intensity and the appearance of product signals. During the cholic

acid (CA) oxidation reaction (Fig. 2B) a clear decrease in the signal intensity of substrate

peaks associated with methyl groups 18 and 19 (0.73 and 0.93 ppm respectively),

accompanied by an increase in the peak area of the same groups in 3-oxo-cholic acid (3-oxo-

CA) (0.77 and 1.03 ppm respectively) was observed. These changes were not isolated to the

region displayed in the figure and were observed for all positions and confirm that the

expected product was generated. The glycocholic acid (GCA) substrate showed similar

results with a significant decrease in intensity of the peaks at 0.92 and 0.73 ppm with a

corresponding increase at 1.03 and 0.77ppm. While there was no available product standard
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the magnitude of the chemical shift change is almost identical to that observed for 3-oxo-CA

suggesting that the new peaks correspond to 3-oxo-glycocholic acid. The GCA reaction

clearly proceeds at a much faster rate compared to CA. The forward and reverse reactions

for cholyl-CoA (C-CoA) are also shown in Fig. 2B. The reaction rate for these substrates

was significantly faster compared to the non-CoA bile acid substrates and it was necessary

to decrease the enzyme concentration in order to collect spectra over a reasonable time

series. Similar to the CA observations, the oxidation reaction showed an increase in signal

intensity of methyl groups 19 and 18 from 3-oxo-cholyl CoA (3-oxo-C-CoA) (0.96 and 0.60

ppm respectively) accompanied by a decrease in the corresponding peaks of C-CoA (0.85

and 0.56ppm respectively). The opposite peak intensity changes were observed for the

reverse reaction using the 3-oxo-C-CoA substrate. In all cases turnover of the bile acid

substrate was accompanied by conversion of the co-factor. Comparable profiles were

obtained for similar 1H-NMR studies conducted using BaiA1.

Steady-state kinetic analysis

Earlier characterization of this step of the pathway was performed with cell extract of E. coli

expressing BaiA1 11. This study reports the first kinetic characterization of enzymes

postulated to be involved in the first oxidation step of the pathway. Steady-state kinetic

parameters for both BaiA1 and BaiA2 are listed (Table II). BaiA1 exhibited relatively higher

substrate turnover rate constant (kcat) compared to BaiA2. Under the standard assay

conditions the turnover rate constants (kcat) of CoA – bile acid esters were greater with

substrate specificity constants (kcat/KM) 1 or 2 orders of magnitude higher than the

corresponding bile acids. The substrate specificity constants of bile acids were comparable

with the amino acid - bile acid esters, Glycocholic acid (GCA) and Taurocholic acid (TCA).

Moreover, the steady-state kinetic parameters for substrates cholyl-CoA (C-CoA),

chenodeoxycholyl-CoA (CDC-CoA), lithocholyl-CoA (LC-CoA) and deoxycholyl-CoA

(DC-CoA) are comparable, with substrate specificity ranging between 0.7 and 3.3 μM−1

min−1 for BaiA1 and between 0.3 and 0.6 μM−1 min−1 for BaiA2. Steady-state kinetic

parameters of CoA esters of primary and secondary bile acids deviated within same order of

magnitude suggesting removal of C7-hydroxyl group did not have a profound effect.

Similarly, the steady-state kinetic parameters were comparable for CoA esters of 3-oxo-

primary bile acids (3-oxo-C-CoA, 3-oxo-CDC-CoA) and 3-oxo-secondary bile acids (3-oxo-

LC-CoA and 3-oxo-DC-CoA). The steady-state kinetic parameters are also comparable for

CA and CDCA for both enzymes. Steady-state kinetic parameters for lithocholic acid (LCA)

are not determined because the substrate did not have adequate solubility. Moreover, steady-

state kinetic parameters of 3-oxo bile acids, such as 3-oxo-CA and 3-oxo-DCA, are also not

determined as no detectable turnover is observed.

Reaction rate profiles measured over pHs 7.3, 8.7 and 9.9 using constant ionic strength

buffers indicated that the preference of catalyzing the direction of reaction is pH dependent,

(Table III). At pH 7.3, clearly the reduction reaction is preferred with an order of magnitude

higher velocity than the oxidation reaction. At pH 8.7, the velocities of the oxidation and

reduction reaction are comparable. However, at pH 9.9 there is no marked difference

between the velocities of the oxidation and reduction reaction. The reaction velocities at pH

9.9 are comparable with the velocity of the reduction reaction being 60% of oxidation
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reaction. This suggests that both BaiA1 and BaiA2 may prefer the reduction reaction

compared to the oxidation reaction. Consistent with this observation, under standard assay

conditions both BaiA1 and BaiA2 exhibited at least 1 or 2 orders of magnitude higher

substrate affinity (KM) and 1 order of magnitude higher kcat/KM of C3-oxo bile acid – CoA

compared to C3-hydroxyl bile acid – CoA esters, (Table II).

Earlier studies suggested that BaiA1 could utilize either NAD+ and NADP+ as the co-

factor 11. Standard assays performed in presence of bile acid substrates suggest that both

BaiA1 and BaiA2 possess exclusive co-factor specificity towards NAD. No change in either

NADP(H) or bile acid substrate peaks were observed in NMR experiments (data not shown).

The specificity constants, kcat/KM, for NADP+ were at least an order of magnitude lower

compared to NAD+ for both BaiA1 and BaiA2 (Table IV). The specificity constants of

NADP+ were 0.008 μM−1 min−1 and 0.018 μM−1 min−1 with KM 883 μM and 84 μM,

respectively, for BaiA1 and BaiA2. Similarly, the turnover rate of the reduction reaction in

presence of NADPH was significantly low (data not shown). Steady-state kinetic studies

performed with Glu42Ala variant of BaiA2 showed improved utilization of NADP. The

specificity constant is ~10-fold higher for BaiA2-Glu42Ala than the wild type with ~6-fold

higher affinity (KM) towards NADP (Table IV). Kinetic studies performed with the

Arg16Ala variant of BaiA2 revealed impaired substrate turnover (data not shown).

Monomeric Structure and Quaternary Architecture

The overall fold of BaiA2 is similar to structures of SDR family of proteins with top

matches in both FATCAT (score: 593.34) and DALI (Z score: 36.7) 34. BaiA2 is a single

domain protein bearing the characteristic Rossmann fold with a doubly wound βαβαβ motif

(Fig. 3A). The central β sheet composed of 7 parallel strands sandwiched between 3 helices

on either side; helices α1, α2 and α9 on one side and helices α3, α5 and α7 on the opposite

side. The strand topology is β3-β2-β1-β4-β5-β6-β7 with a long crossover between strands

β3 and β4 involving helix α3. The substrate binding pocket and co-factor binding site are

separate (Fig. 3B). The postulated catalytic triad residues in the active site, Ser144, Tyr157

and Lys161 are located at the interface of substrate and co-factor binding sites. The co-factor

binding site is located at the interface of the C-terminal ends of the first six strands of the

central β sheet and the amino- terminal end of helix α1. The substrate binding site

comprised of residues 95–101, helix α6 (145–150), residues 151–154, four N-terminal

residues of helix α7 and residues 199–210 of helix α8. In the apo- structure, the side chain

of residues 145–158 and 191–215 of the substrate binding site exhibited poor electron

density. Commensurate with this observation, residues of helix α8 exhibit high B-factor

values ranging between 40 and 61 Å2 compared to mean B-factor value of 30 Å2 (Fig. 3A

and B). This suggests conformational flexibility of helix α8 and may be essential for

accommodating the substrate.

Analytical size exclusion chromatography indicates that both BaiA1 and BaiA2 are

tetramers in solution (data not shown). Both the apo- and NAD+ - bound structures of BaiA2

revealed a tetrameric assembly with 222 (D2) point group symmetry (Fig. 3C). The tetramer

is composed of two dimers AB and A′B′ related by two-fold symmetry. The two interfaces,

AB and AB′, observed in the crystal cover an area of 1691 Å2. and 1282 Å2, respectively.
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All four protomers in the asymmetric unit of NAD+ - bound structure have highly similar

structures with rmsd ranging between 0.15 and 0.44 Å for the superposed Cα atoms.

Nicotinamide-Hydroxyl Adduct

After refinement a residual positive electron density peak (7.2 – 8.2 rmsd) is observed

proximal to C6 atom of the nicotinamide moiety in all four monomers (Fig. 4A). The

residual electron density can be modeled as an oxygen atom (labeled UNL in the PDB file)

located at distances 1.8 Å, 2.2 Å and 2.9 Å, respectively from C6 and N1 atoms of the

nicotinamide ring and 2′-hydroxyl group of ribose moiety as observed in Chain A (Fig. 4B).

The additional oxygen atom is located at distances ranging between 2.3 and 2.6 Å from the

C5 atom of the nicotinamide moiety. Quantum chemical calculations based on the deviation

of the nicotinamide geometry from the refined coordinates in the crystal structure suggest

that the oxygen atom is likely to be OH−. RMSD of the optimized NAD(H)-OH− is

comparatively lower than NAD(H)-water (Table V). The rmsd value of NAD+-OH− reached

0.24 Å in comparison to 0.46 Å for NAD+-water. Similarly, the rmsd value of the optimized

NADH-OH− (0.19 Å) is also lower than NADH-water (0.23 Å). Consistently, lower side

chain rmsd values for Tyr157 and Lys161 are noted in NAD(H)-OH− calculations reaching

as low as 0.14 Å, in comparison to NAD(H)-water where the highest rmsd value is 0.93 Å.

Based on the refinement trials the hydroxyl moiety in the adduct is unlikely to interact

through a covalent bond with the C6 atom of the nicotinamide moiety. Refining the

nicotinamide moiety with single bond constraints on C5–C6 (mimicking covalently bonded

adduct) raises the B-factor value of OH− to as high as 60 Å2 and displacing the oxygen atom

from its electron density map. Restraining the above bond as a double bond (mimicking non-

covalent addition) limits the B-factor value of OH− within 40 Å2. Based on these

observations it is likely that the residual electron density is due to a non-covalently adducted

OH−.

The observed NAD+-OH− in BaiA2:NAD+ is significantly different from the previously

reported nicotinamide-hydroxyl adduct in horse liver alcohol dehydrogenase (LADH). In

LADH, the hydroxyl group is distal to the 2′-hydroxyl group of the nicotinamide-ribose

located at a distance of 4.1 Å (PDB Code: 1HET 35). In contrast, the OH− ion of the adduct

in BaiA2:NAD+ as noted above is proximal to 2′-hydroxyl group of the nicotinamide ribose.

A similar nicotinamide-hydroxyl adduct is observed in an alcohol dehydrogenase from

Shewanella denitrificans OS-217 (PDB code: 3RF7) where the additional hydroxyl group is

observed within a distance of 2.8 Å from the 2′-hydroxyl group of the nicotinamide moiety.

Furthermore, another noted difference is the location of the additional hydroxyl group

relative to the C4 atom of the nicotinamide ring, the site of hydride transfer. In LADH the

additional hydroxyl group of the adduct is located within a distance of 2.8 Å from the C4

atom contrasting a distance of 3.1 Å and 3.7 Å observed in BaiA2:NAD+ and PDB code:

3RF7, respectively.

Structural Basis of Co-Factor Specificity

The enzyme:co-factor interaction observed at the adenine binding subsite in the structure

explains the observed exclusive co-factor specificity towards NAD(H) by both BaiA1 and

BaiA2. Modeling a 2′-phospahte group on the adenine ribose results both steric and
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electrostatic hindrances with the side chain of residue Glu42, which is located on helix α2.

Least square superposition of NADP bound structure of mannitol dehydrogenase (MtDh)

from Agaricus bisporus onto BaiA2:NAD+ also revealed a similar electrostatic and steric

clash (Fig. 4C). Least squares superposition of protein Cα atoms of residues interacting with

the adenine moiety places the 2′-phosphate group of NADP within 1.8 Å from Glu42

carboxyl group (Fig. 4C). The above mentioned hindrance with the 2′-phosphate group can

be avoided by orienting the carboxyl group of Glu42 away from the co-factor binding site.

This is possible by either Glu42 assuming the conformation of rotamer mm-40°

(incompatible with the electron density) or attaining an orientation similar to Asp47

observed in the MtDh:NADP structure through main chain conformational flexibility.

However, several key interactions of Glu42 with proximal residues in the binding site of

adenine moiety observed in NAD bound structure seem to restrict both main chain and side

chain conformational flexibility (Fig. 4D). The main chain conformational flexibility around

Glu42 seems restricted due to hydrogen bonding interactions involving the backbone amide

of Glu42 and side chain Thr39 hydroxyl group (3.2 Å) and the backbone Val43 amide and

backbone Thr39 amide groups (3.2 Å). The side chain conformational flexibility of Glu42 is

restricted due to hydrogen bonding interaction with backbone Glu38 amide (3.2 Å) and a

salt bridge interaction with the guanidinium group of Arg16 (3.2 Å). Residue Arg16 is

located on helix α1 and is one residue prior to the second Gly of the characteristic co-factor

binding motif, Gly-(X)2-Gly-X-Gly in SDR. In NADP utilizing SDRs the residue prior to

second Gly in the motif is usually conserved as Arg. The salt bridge interaction is also

observed in apo- structures of BaiA2 although some apo- structures obtained from different

crystallization condition revealed relatively weaker electron density of the terminal

guanidium group of Arg16. A similar salt bridge interaction is also observed in 3α,20β-

hydroxysteroid dehydrogenase where the equivalent Arg and Glu residues are interacting at

a distance of 2.8 Å (Fig. 4C). These interactions may restrict the conformational flexibility

of the Glu42 side chain and “lock” the carboxylate side chain into an orientation that

projects into the co-factor binding site and conforming Glu42 to rotamer mt-10° (compatible

with electron density). Modeling other rotamers of Glu generates steric clashes with

proximal residues in the adenine binding site. Consistent with the crystallographic

observations kinetic studies performed with BaiA2-Glu42Ala mutant revealed improved

utilization of NADP compared to wild type, see above. Residues Arg16 and Glu42 are

conserved in BaiA1 and kinetic studies also revealed similar cofactor utilization. Hence, the

restricted conformational flexibility of Glu42 guides preferential utilization of co-factor in

both BaiA1 and BaiA2.

Active Site and Mechanism of Catalysis

The active site residues, Ser144, Tyr157 and Lys161 are located at the interface of the

substrate and co-factor binding sites. It is postulated that catalysis by SDRs invokes a Tyr-

Lys coupled ionization pair mechanism with a proton relay network involving the 2′-

hydroxyl group of nicotinamide ribose 36,37. Analysis of the active site of BaiA2 in co-factor

bound structure suggests a deviation from such a mechanism. Comparison with other

representative SDR structures by least square superposition over four Cα atoms between

active site Tyr and Lys residues suggest Tyr157 has a different orientation (Fig. 5B).

Tyr157-Oη atom is oriented away from Lys161-Nζ atom and 2′-hydroxyl group of the
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nicotinamide ribose by a distance of 6.6 Å and 5.6 Å, respectively (Fig. 5A). Moreover, in

the apo- structure both Tyr157 and Lys161 exhibited conformational flexibility. As noted

above the electron density for stretch of residues 150–157 is poor and no residues could be

built in that part of the structure. Furthermore, comparison with co-factor bound BaiA2,

Lys161 in the apo- structure attained significantly deviant conformation – being oriented

away from the active site. The distance between Tyr157-Oη (BaiA2:NAD+) and Lys161-Nζ
atoms (apo- ) after least square superposition also revealed a distance of 6.6 Å. In previously

reported apo-, co-factor bound and ternary complex structures of SDRs, active site Tyr-Oη
atom interact with both Lys-Nζ atom and 2′-hydroxyl group of nicotinamide ribose within

distances 4.6 Å and 2.8 Å, respectively (Fig. 5B 12,36,38–42). The interacting distances of

Tyr157 with Lys161 and nicotinamide ribose is hence, too large to promote an effective

proton relay during catalysis. However, the proton relay can be mediated through the

nicotinamide-OH− adduct, which is located at intermediary distances of 2.8 Å and 4.5 Å,

respectively from Tyr157-Oη and Lys161-Nζ atoms (Fig. 5A). Because of its location the

nicotinamide-OH− adduct may be able to influence the pKa value of Tyr157-OH group

during catalysis. It can deprotonate and protonate the Tyr157-Oη atom respectively, during

oxidation and reductive reaction. In absence of the nicotinamide-OH− adduct the proton

relay network with 2′-hydroxyl group of nicotinamide ribose and Lys161 can be generated

only through conformational flexibility of Tyr157 and/or Lys161. The accompanying proton

relay during catalysis is mediated through 2′-hydroxyl group of nicotinamide ribose and

Lys161 (Fig. 5D). Lys161 interacts within hydrogen bonding distances with the hydroxyl

groups of nicotinamide ribose (3.0 Å), a water molecule (3.1 Å), and backbone carbonyl

group of Thr142 (2.9 Å) through the terminal amino group. The interaction leads to a

solvent channel comprising six water molecules (Fig. 5C).

DISCUSSION

In this study we provided a structure-function correlation of co-factor utilization and

catalysis. The apo- and putative NAD+-OH− adduct bound structure of BaiA2 provided a

structural basis of co-factor specificity and involvement of the adduct in proton relay.

The exclusive preferential NAD(H) utilization by both BaiA1 and BaiA2 can be explained

by restrictive conformational flexibility of Glu42 in the co-factor binding site. The co-factor

binding site in both BaiA1 and BaiA2 is incompatible with NADP due to a predicted steric

and electrostatic hindrance involving Glu42 and the 2′-phosphate group. Consistent with

this observation replacement of Glu42 with Ala in BaiA2 improved NADP utilization by 10-

fold compared to the wild type.

Our work has uncovered a novel nicotinamide-OH− adduct, which we propose to be

involved in proton relay instead of hydride transfer as noted earlier. In LADH the

nictoniamide-hydroxyl adduct is proposed to participate in the “activation process” for

hydride transfer because of its proximity to the C4 atom of the nicotinamide ring. Analysis

of nicotinamide-hydroxyl adducts in other structures also led to such a hypothesis 43.

However, in BaiA2 the additional OH− in the observed adduct may be poised to facilitate

proton transfer because of its proximity to 2′-hydroxyl group of ribose moiety. As noted

earlier the large distance between the terminal functional groups of Tyr157 and Lys161

Bhowmik et al. Page 11

Proteins. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



observed in the crystal structures of BaiA2 seem to hinder both the proton relay network and

the Tyr-Lys coupled ionization pair. The OH− ion in the adduct is distal to the C4 atom and

is located at intermediary distances between Tyr157 and Lys161. The observed NAD+-OH−

is hence suitable to facilitate proton relay during catalysis.

Steady state kinetic characterization of BaiA1 and BaiA2 established that bile acid-CoA

esters are the preferred substrates corroborating previous observation 11. In comparison to

bile acids and bile acid-amino acid esters, the substrate specificity constants (kcat/KM) of bile

acid-CoA esters were 2 orders of magnitude higher. Although, the monomeric and

tetrameric structures of BaiA2 did not reveal a separate binding pocket of CoA, however

significantly higher kinetic parameters observed for bile acid-CoA esters suggests a possible

interaction of the CoA moiety with the protein. Binding of the bile acid-CoA ester may also

generate an induced pocket to accommodate the large CoA moiety. In 3-oxo-Δ4,6-

lithocholyl-CoA bound crystal structure of bile acid 7α dehydratase (BaiE) from

Clostridium hiranonis DSM 13275, which catalyzes the removal of C7-hydroxyl group, we

observed a binding pocket generated between monomers of different oligomeric assembly to

accommodate the large CoA moiety (to be published). Similar pocket may also be formed

during catalysis of BaiA1/A2 to interact with the CoA moiety.

Comparison of steady-state kinetic characterization performed at pHs 7.3 and 8.7 established

preferential catalysis of both BaiA1 and BaiA2 towards the reduction reaction. Substrate

specificity (kcat/KM) and affinity (KM) constants of both BaiA1 and BaiA2 towards C3-oxo

bile acid-CoA esters are an order of magnitude higher than the corresponding bile acid-CoA

esters. This suggests that BaiA1 and BaiA2 may have dual activity where the enzymes can

potentially participate in both the reductive and oxidative arm of the pathway. The dual

activity of these enzymes enables the bacteria to efficiently generate secondary bile acids

without the need to produce separate enzymes.

In summary this study provides the first structural and steady-state kinetic characterization

of any enzymes that are proposed to be involved in secondary bile acid synthesis by

Clostridium sp. 44. There is currently a significant interest in the field about the role of gut

microbes impacting human health and disease. However, the biochemical details underlying

these events are largely unknown. In that regard, the structural and biochemical studies of

the enzymes involved in secondary bile acid synthesis will provide a platform to elucidate

how gut microbes influence human health and homeostasis and to indirectly manipulate the

overall human metabolism.
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Abbreviations used

SDR Short Chain Dehydrogenase/Reductase

CoA Coenzyme A

CA cholic acid, 3α,7α,12α-trihydroxy-5β-cholanoic acid

CDCA chenodeoxycholic acid, 3α,7α-dihydroxy-5β-cholanoic acid

LCA lithocholic acid, 3α-hydroxy-5β-cholanoic acid

DCA deoxycholic acid, 3α,12α-dihydroxy-5β-cholanoic acid

GCA glycocholic acid, 3α,7α,12α-trihydroxy-5β-cholanoyl-glycine

TCA taurocholic acid, 3α,7α,12α-trihydroxy-5β-cholanyl-taurine

3-oxo-CA 3-oxo-cholic acid, 3-oxo-7α,12α-dihydroxy-5β-cholanoic acid

C-CoA cholyl-CoA, 3α,7α,12α-trihydroxy-5β-cholanoyl-CoA

CDC-CoA chenodeoxycholyl-CoA, 3α,7α-dihydroxy-5β-cholanoyl-CoA

DC-CoA deoxycholyl-CoA, 3α,12α-dihydroxy-5β-cholanoyl-CoA

LC-CoA lithocholyl-CoA, 3α-hydroxy-5β-cholanoyl-CoA

3-oxo-C-CoA 3-oxo-cholyl-CoA, 3-oxo-7α,12α-dihydroxy-5β-cholanoyl-CoA

3-oxo-CDC-CoA 3-oxo-chenodeoxycholyl-CoA, 3-oxo-7α-hydroxy-5β-cholanoyl-CoA

3-oxo-LC-CoA 3-oxo-lithocholyl-CoA, 3-oxo-5β-cholanoyl-CoA

3-oxo-DC-CoA 3-oxo-deoxycholyl-CoA, 3-oxo-12α-hydroxy-5β-cholanoyl-CoA
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FIGURE 1.
Microbial synthesis of secondary bile acids from primary bile acids in the human distal gut.

The oxidative and reductive arms of the pathway are enclosed within solid and dashed lines

boxes, respectively. BaiB – bile acid CoA ligase; BaiA1/A2 - 3α-Hydroxysteroid

Dehydrogenase; BaiCD - 3-oxo-Δ4-cholenoic acid oxidoreductase; BaiE - bile acid 7α
dehydratase. Unidentified enzymes participating in the reductive arm are denoted by

question mark.
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FIGURE 2.
Reaction and NMR characterization of substrates and products of BaiA2. (A) Reaction

catalyzed by BaiA2. (B) Representative regions of 1H-NMR spectra showing the turnover of

different bile acid substrates by BaiA2. Reactions were performed at 300°K in 20 mM d-

TRIS pH 8.7 with 100 μM substrate and 100 μM co-factor. BaiA2 concentrations are noted

at the bottom. Spectra were collected at approximately 0, 20 and 45 min after addition of

enzyme. The label centered beneath the chemical shift axis denotes the substrate used in the

reaction for that stacked plot and the dashed lines mark the location of selected peaks that

appear during the reaction. Reference spectra of substrates and products acquired in the

same buffer are shown on top and labeled as follows: A (CA), B (3-oxo-CA), C (GCA), D

(C-CoA), and E (3-oxo-C-CoA). The assignments for selected peaks are noted by a number

indicated in (A).
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FIGURE 3.
Monomeric and quaternary structure of BaiA2. (A) Characteristic Rossmann fold observed

in the BaiA2:NAD+ monomer. (B) Surface representation of BaiA2 monomer depicting

discrete substrate binding site (blue rectangle) and co-factor binding site (black arrow).

Conformational flexibility depicted in (A) and (B) according to B-value of Cα atoms from

blue (lowest 18.0 Å2) to red (highest 59.7 Å2). (C) Tetrameric assembly observed in the P21

space group crystal with the bound NAD+. Entry to one of the substrate binding pocket is

indicated by the black circle on the monomer colored cyan. The bound NAD+ depicted in

ball and sticks in (A), and spheres in (B) and (C). The atoms of NAD+ are colored as

follows: carbon – green, nitrogen – blue, oxygen – red and phosphorus – orange.
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FIGURE 4.
Co-factor binding in BaiA2. (A) Unbiased (mFo-DFc) electron density maps: blue - before

inclusion of NAD+ and OH− (contour level 0.17 e−/Å3 (3 rmsd)); green- before inclusion of

OH− but after addition of NAD+ (contour level 0.14 e−/Å3 (3 rmsd)). C, N, O and P atoms

are colored green, blue, red and orange, respectively. The O atom of OH− of the

nicotinamide-OH− adduct is depicted as a purple sphere. (B) Interaction of OH− with the

nicotinamide moiety. Numbers indicate distances in Å. (C) Comparison of the interaction

involving a conserved Arg and the residue equivalent to Glu42 in other related SDRs. C

atoms are colored gold, cyan and green, respectively for BaiA2, mannitol dehydrogenase

(MtDh; PDB Code: 1H5Q) and 3α, 20β-hydroxysteroid dehydrogenase (PDB Code: 2HSD).

Label of residues and distances of interaction are colored according to the carbon atoms of

the respective structure. (D) Key interactions involving residue Glu42 in the adenine moiety

binding site. Dashed black colored lines indicate hydrogen bonding interactions, whereas
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blue colored dashed lines indicate a salt bridge interaction. Numbers indicate distances in Å.

N and O atoms are colored blue and red, respectively.

Bhowmik et al. Page 20

Proteins. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



FIGURE 5.
Active site of BaiA2 and proposed catalytic mechanism. (A) Orientation of the active site

residues. Dashed black colored lines indicate hydrogen bonding interactions. Non-hydrogen

bonding interactions are indicated in dashed red lines. Numbers denote distances in Å. The

O atom of OH−/water of the nicotinamide-OH− adduct is depicted as a purple sphere. (B)

Comparison of the interaction between active site residues of BaiA2, MtDh (NADP-; PDB

Code: 1H5Q), 3α, 20β-hydroxysteroid dehydrogenase (NAD-; PDB Code: 2HSD), 3β, 17β-

hydroxysteroid dehydrogenase (apo-; PDB Code: 1HXH), and Rv2002 (ternary-; PDB

Code: 1NFQ). Water molecules in BaiA2 and MtDh are depicted as red and orange spheres,

respectively. Numbers indicate distances in Å from the terminal functional groups of Tyr169

and Lys173 of MtDh. (C) Proton relay network observed in BaiA2:NAD+ structure. O atoms

of protein residues and bound water molecules are colored red and orange, respectively.

Dashed black colored lines depict hydrogen bonding interactions. (D) Proposed mechanism

of oxidation catalyzed by BaiA1/A2. Catalysis initiated by proton abstraction from Tyr157-

OH group by nicotianmide-OH− adduct (denoted in purple). The terminal oxyanion of

Tyr157 is re-protonated by the proton from the C3-hydroxyl group of the substrate and

hydride transfer (dashed arrow) from C3 atom of the substrate to the C4 atom of the

nicotinamide moiety. The proton abstracted by the nicotinamide-hydroxyl adduct is relayed

through the 2′-hydroxyl group of nicotinamide ribose, Lys161 and a solvent channel

denoted in panel C. Solid black arrows indicate direction of proton relay. Numbers indicate

distances in Å observed in BaiA2:NAD+ crystal structure. The denoted distance of C3-OH

group of the substrate from Tyr157-OH is based on the observed distance of water molecule,

W680, in BaiA2:NAD+ structure that might represent the 3-oxygen atom of the substrate. In
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figures A, B, and C, C atoms of protein residues are colored gold (BaiA2), green (3β, 17β-

hydroxysteroid dehydrogenase), cyan (3α, 20β-hydroxysteroid dehydrogenase), orange

(MtDh) and gray (Rv2002). N atoms are colored blue. For clarity only the nicotinamide and

the linked ribose moiety of NAD+ are shown. Oxygen atom of the nicotinamide-OH−/water

adduct is denoted by purple sphere in figures A and C.
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