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ABSTRACT. Bacterial bile salt hydrolases catalyze the degradation of conjugated bile acids in the mammalian
gut. The crystal structures of conjugated bile acid hydrolase (CBAH) f@ostridium perfringensas
apoenzyme and in complex with taurodeoxycholate that was hydrolyzed to the reaction products taurine
and deoxycholate are described here at 2.1 and 1.7 A resolution, respectively. The crystal structures reveal
close relationship between CBAH and penicillin V acylase fiewillus sphaericusThis similarity together

with the N-terminal cysteine classifies CBAH as a member of the N-terminal nucleophile (Ntn) hydrolase
superfamily. Both crystal structures show an identical homotetrameric organization with ditizdoal (

222) point group symmetry. The structure analysi€operfringensCBAH identifies critical residues in
catalysis, substrate recognition, and tetramer formation which may serve in further biochemical
characterization of bile acid hydrolases.

Conjugated bile acids are common in mammals and consistactivity toward glycyl- and taurocholic acid8)( The enzyme
of glycine or taurine linked by an amide bond to cholesterol- was purified 9), and the gene encoding CBAH was cloned,
based bile acids (Figure 1). Bile salt (acid) hydrolases BSH sequenced, and shown to be homologous to penicillin V
catalyzing the hydrolysis of this amide bond are expressedacylase (PVA) fronBacillus sphaericug10), of which the
in many bacterial genera that reside in the mammalian three-dimensional structure has been determirddil On
intestine, among thenClostridium perfringensand the the basis of sequence homology, it has been suggested that
commercially popular “probiotic” bifidobacterium strair ( CBAH belongs to the superfamily of N-terminal nucleophile
Within the intestine, BSH active bacterial strains regulate (Ntn)-hydrolases which are characterized by a conserved
the delicate balance of the cholesterol enterohepatic recir-afpa-folding pattern and by autocatalytic cleavage of
culation by competing for bile acids with the active reuptake N-terminal residues to expose an N-terminal nucleophile
in the terminal ileum Z, 3), thereby effectively lowering  amino acid 12, 13). Despite their common structural and
serum cholesterol leveld); Although the biological function  catalytic features, the Ntn-hydrolases have evolved beyond
of BSH enzymes is not well-understood, they have received any recognizable sequence homology and comprise enzymes
much attention because they are used to quantify secretedas diverse as the proteasome subunits, lysosomal aspartyl-
bile acids in biological fluids and because they play a role glucosaminidase, glutamine PRPP amidotransferase, and the
in human (patho)physiology. Deconjugated bile salts have commercially important enzyme penicillin G acylase which
been implicated in formation of gallstonés) énd colorectal is used to produce the starting material for semisynthetic
cancer 6), and BSH active bacterial strains have been penicillins.

administered orally to intervene in cholesterol circulation ( We have determined the structure of CBAH froth
Conjugated bile acid hydrolase (CBAH) frod perfrin- perfringensin order to discover key residues of the active

gens[EC 3.5.1.24] was first shown in 1967 to have catalytic sjte and of the substrate binding pocket. This is of interest

both for further characterization of the Ntn-hydrolase su-
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hydrolase; CA, cephalosporin acylase; CBAH, conjugated bile acid Cysteine2 as an N-terminal nucleophile confirm that this
hydrolase; DCA, deoxycholate; DTT, dithiothreitol; EDTA, ethylen- CBAH belongs to the Ntn-hydrolase superfamily and, in

diamin-tetraacetate; IPTG, isopropyde-thiogalactopyranoside; Ntn, ; il ;
N-terminal nucleophile; PGA, penicillin G acylase; PVA, penicillin V particular, to the penicillin V acylase family. In agreement

acylase; tauroCBAH, CBAH in complex with the reaction products With biochemical studies, CBAH is a tetramer displaying
taurine and deoxycholate. (222) point group symmetry in both crystal forms. In addition
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Ficure 1: Chemical structure of taurodeoxycholate.

to active site residues previously described in Ntn-hydrolases

we have found Arg18 to play a potentially essential role in
catalytic functioning of the enzyme. Substrate specificity is

conferred by a hydrophobic pocket that recognizes the cholyl R-factor
moiety of the substrate, whereas the amino acid moiety is Rree

not specifically recognized.

MATERIALS AND METHODS

Cloning, Querexpression, and Purificatiosubcloning the
cbahgene fromC. perfringensnto the pKK233-2 plasmid
was described earlied (). The plasmids were transformed
into Escherichia colBL21 DE3 (Invitrogen), and cells were
grown in Luria—Bertani medium at 37C throughout. After
expression was induced Ay = 0.8 with 200uM IPTG,
cells were allowed to grow for anothé h before harvesting
and resuspending in 25 mM Hepes (pH 7.5), 10 mM DTT,
25 mM NaCl, and 5 mM EDTA. After cell lysis (French
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Table 1: Data Collection and Refinement Statistics

data collection

tauroCBAH apoCBAH
space group F222 P4,22
cell dimensions (A) 88.85, 90.84, 188.55 63.16, 63.16, 339.38
molecules/asym unit 1 2
resolution range (&) 501.67 50-2.1
unique reflections 42911 34729
completeness overall (%) 97.1 81.1
overall (/(a(1))) 29.4 (7.8) 19 (8.4)
overallRsym 3.8(11.7) 7.2 (16.5)
'data redundancy 3.6 5.6
refinement
resolution range (&) 501.67 50-2.1
17.7 20.0
195 24.6

protein atoms 2676 5216
rmsd

bond length (A) 0.006 0.008

bond angles (deg) 1.026 1.040
AverageB-factor (A?) 14.84 30.19

main chains 12.97 29.89

side chains 16.32 30.49
Ramachandran plot (% residues)

favorable regions 90.5 91.0

allowed region 8.8 8.3

generously allowed region 0.7 0.3

disallowed region 0 0.3

K at the Protein Structure Factory beamline BL14.2 of Free
University Berlin at BESSY (Berlin, Germany) using a

Press) and centrifugation, the protein in the supernatant wasvavelength of 0.9776 A. Prior to cryocooling, the mother

purified as described1Q) with some modifications. The

liquor of the tetragonal/apoenzyme crystal (apoCBAH) was

Hepes buffer was exchanged overnight against a NaAcetatgeplaced by reservoir solution containing 25% ethylene
buffer at pH 4.5 and subsequently centrifuged. The super-gdlycol, and the mother liquor of the orthorhombic crystals

natant was used for ammonium sulfate precipitation (45%).

(tauroCBAH) was replaced by reservoir solution containing

The pellet was discarded, and the supernatant was adjuste@0% (v/v) glycerol. The data sets were recorded with a MAR

to 100 mM phosphate (pH 6.0), 1.8 M ammonium sulfate,
10 mM DTT, and 5 mM EDTA and subjected to hydrophobic
interaction chromatography (Poros 20PE, Applied Biosys-
tems), using a linear gradient from 1@ ® M ammonium
sulfate. Finally, fractions containinG. perfringensCBAH

345 imaging plate detector system and processed using the
programs DENZO and SCALEPACKLY). Details of the
data collection statistics are summarized in Table 1.

The tauroCBAH structure was determined by molecular
replacement using data between 3.5 and 30 A with the

were collected, concentrated, and applied to a size-exclusionprogram Phaserlg, 17). A poly-serine model of penicillin
column (Superdex 200, Amersham Bioscience) equilibrated V acylase monomer (PDB ID 3pva, chain A) was taken as

with 10 mM NaAcetate (pH 5.5), 400 mM NaCl, 1 mM DTT,
1 mM EDTA, and 10% (v/v) glycerol resulting in a

a search model. The molecular replacement solution could
be further improved automatically with the program ARP/

homogeneous protein solution as confirmed by SDS gel wWARP (18, 19). Composite omit maps calculated with the

analysis. For crystallization trials, the protein solution was

CNS software package2@) were used for manual model

supplemented with 10 mM DTT and concentrated to 15 mg/ building in O Q1). Refinement of individual loops was

mL as quantified by a Bradford assal4j. The apoenzyme
was crystallized from a protein batch that did not contain
DTT.

Crystallization. Crystallization was achieved by vapor
diffusion at 18 °C. The CBAH-product complex was
crystallized in hanging drops by mixing @L of protein
solution and 2L of reservoir solution. The reservoir solution
contained 2.6 M ammonium sulfate, 100 mM NaCitrate, pH
6.0, and 1 mM taurodeoxycholate (Acros Organics). The
apoCBAH crystals were grown in sitting drops by mixing
1.5 uL of protein solution and L of reservoir solution.
The reservoir solution contained 25% PEG 4000, 200 mM
ammonium sulfate, and 100 mM Bis-Tris, pH 5.5. Both the

achieved using the simulated annealing protocol from the
CNS software package. Finally, the whole model was
subjected to restrained refinement using REFMA2&@)(The
products taurine and deoxycholate were built manually into
the electron density using O. The model was then alternately
refined and manually rebuilt in O until convergence of the
conventionaR-factor and ofRfree. Five percent of the data
were reserved for cross-validation. Water molecules were
added using the automated refinement program ARP in
concert with REFMAC.

The tetragonal crystal structure of the apoCBAH was
determined using the refined model of the tauroCBAH
structure as a search model input for MOLREP3)(

orthorhombic complex and the tetragonal apoenzyme crystalsSubsequent steps were carried out as described above for

appeared within 3 days.
Data Collection, Processing, Structure Determination, and
RefinementAll X-ray diffraction data were collected at 100

the CBAH-product structure except that tight NCS con-
straints for the two molecules in the asymmetric unit were
applied during the early steps of refinement which were later



Crystal Structure of CBAH

Biochemistry, Vol. 44, No. 15, 2005741

relaxed. Detailed refinement statistics are presented in TableA excluding one extended loop (200s loop) from GIn188 to

1.
Structure Analysis and Generation of Figurdse ster-

Pro225 which stretches out for about 40 A (Figure 2A).
Including thef-sheet of this extended loop, the domain has

eochemistry of the models was analyzed with the programsa six-layered structure of compositiaSsos (Figure 2B).

PROCHECK 24) and WHATCHECK @5). All atomic

The core of the protein is composed of two sandwiched

coordinate superpositions were carried out with the program antiparallels-sheets that contain N- and C-termini and are

LSQKAP (26). Structural alignments were done using the

covered by a layer of antiparallethelices. The N-terminal

Dali server 27, 28). The amino acid sequence alignment j-sheet (I) is made up of five antiparallgtstrands with

was calculated with the program BioEdit developed by T.
A. Hall. The CCP4 program suit@9) was used to calculate

topography NH-(1-52-3164417418, and the C-terminal

SB-sheet (1) is composed of eight antiparaljektrands with

crystal contacts (CONTACT) and buried surface areas topography313412-41138-57-36-53-$19-COOH, the last

(AREAIMOL).

five 5-strands being packed in parallel fashion aggfrsheet

The topography diagram was created with the aid of the I. The product deoxycholate is primarily bound to residues

program TOPS30). The schematic drawing of the deoxy-
cholate binding site was generated with the aid of the
program LIGPLOT 81). The omit map was calculated using
the CNS software packag2d). Figures 2, 3, 4A, 4B, and 6
were generated using the programs MolScripg) (and
Raster3D 83) with the help of the graphical user interface
MOLDRAW developed by N. Sttar.

RESULTS

Overall Structure.Two crystal structures d. perfringens
CBAH, recombinantly expressed i coli, were determined.
The apoenzyme (apoCBAH) crystallized in the tetragonal
space group4,22 with two monomers (apoA and apoB) in
the asymmetric unit, whereas CBAH in complex with
taurodeoxycholate (tauroCBAH) crystallized in the ortho-
rhombic space groug-222 with one monomer in the
asymmetric unit. Before and/or during crystallization, tau-

from -sheet Il located on strangi, 57, andg11.

This a5pa fold together with the fact that the first amino
acid is cleaved off to expose the potentially catalytic Cys2
residue classifies CBAH as a member of the Ntn-hydrolase
superfamily (2, 13, 34. An additional characteristic of this
group of enzymes is that they all display higher quaternary
structural organization which has also been found in the here
studied CBAH structure.

Quaternary StructureBoth apo- and tauroCBAH form
homotetramers in the crystal structures. Moreover, they both
have the same intratetramer contacts but completely different
crystal contacts, associated with orthorhombic and tetragonal
space groups. Since crystallization was achieved under
slightly acidic conditions (pH 6.0 and 5.5, respectively) near
the catalytic optimum of the enzyme (5:8.4, @)), our data
show that CBAH exists as a homotetramer with dihedral
symmetry under physiological conditions.

rodeoxycholate was hydrolyzed to the products taurine and Besides the extended 200s loop with antiparghetrands

deoxycholate that are both found in the crystal structure.

P14 andpl5, g-strandsp9 and f17—(19 as well as the

The structures were determined by molecular replacemento-heliceso.3—o.7 and the turns and loops connecting these

and refined to crystallographR/Rfree-factors of 20.0/24.6

strands and helices are the contact sites for the tetramer

and 17.7/19.5 at 2.1 and 1.7 A resolution, respectively. Both organization of CBAH (Figure 3). This configuration leaves

models contain the full polypeptide chain with only the initial
formyl-methionine missing, in agreement with N-terminal
sequencing and MALDI-TOF spectra (not shown), yielding

the substrate binding pocket (formed B¢, 57, and11)
freely accessible to solvent.
The subunits in the CBAH tetramer are related by dihedral

a molecular mass of 37 060 Da for the 328 amino acids long (D, or 222) point group symmetry that is clearly different
polypeptide. In the apoCBAH (molecules apoA and apoB) from a 4-fold Cs) symmetry (Figure 3B). The dihedral

and the tauroCBAH models thg ¢ torsion angles of all

organization results in different contacts between the indi-

residues are found in allowed regions of the Ramachandranvidual protomers. The largest interface within the tetramer

plot, and only Glul35 and Thrl74 lie in the additionally
allowed regions but are clearly defined in the electron
density. Theg, ¢ torsion angles of Thr174 are located in

is the one observed between molecules A and C or B and
D, respectively, that are related by the horizontal 2-fold
rotation axis 2 in Figure 3B. This dimer interface has a

the oy region, and those of Glul35 are located between buried surface area of 3167 fer protomer with 38 amino

regions typical for-helices angB-strands of the Ramachan-

dran plot. Both amino acids are located in loop segments,

Glul35 in the deoxycholate binding site betweg#l0 and

B11 and Thrl74 next to Asnl75 in the active site, between

£13 andoa3.
Since apoCBAH was purified and crystallized without
DTT, the SH-group of Cys2 was partially oxidized as shown

acids per protomer involved in contact formation. The

interface contains residues from the long C-terminal tail,

helicesoa4—a7, strand$17—/19, and part of the 200s loop.
The second largest interface is formed between molecules

A and B or C and D, respectively, that are related by the

perpendicular 2-fold rotational symmetry axisi@ Figure
3B. This contact involves helices3—a5 and, in particular,

in the electron density, whereas tauroCBAH was treated a3-sheet 14, 515) of the 200s loop and involves 21 amino
throughout under reducing conditions using DTT and acids with a total buried surface area of 1403 per
crystallized in the native form. Both structures do not differ protomer. In the tetramer, the four 200s loops cross over
significantly from each other, and consequently, the structurethe symmetry center leading to an extensively interlocked
of tauroCBAH, that has the higher resolution and better oligomer. The third interface, formed by molecules A and
refinement statistics, is described below unless stated oth-D or B and C respectively, that are related by the vertical
erwise. 2-fold rotation axis 2 in Figure 3B, is a minor contact site
The CBAH monomer is made up of a single globular involving only eight residues that are located mostlyodh
domain with approximate dimensions of 40450 A x 55 and on the N-terminus o&5 and buries a surface area of
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Ficure 2: Overall structural features . perfringensCBAH. The reaction products taurine and deoxycholate are shown in magenta. (A)
Stereodiagram of CBAH monomer. (B) Topography of CBAH monomer.

490 A2 per protomer. These buried surface areas in the by Met20, Ala68, and Phe26 on the side of the isovaleric
homotetramer add up to 5062 for each protomer, but since  acid side chain of deoxycholate (Figure 4, parts B and C).
there is some overlap, the actually found buried surface Additional important hydrophobic interactions are formed
amounts to 4934 Aper monomer. The large surface between between lle133 and deoxycholyl ring B and Leu142 and ring
molecules A-C and B-D suggests that the tetramer may D. The only hydrogen bonds (below 3.4 A) are donated by
be considered as consisting of two homodimers. Cys2S and Arg1&N»2 to deoxycholate 026 and by,E127
Superposition of apo- and tauroCBAH crystal structures to O25. There are long hydrogen bonds between Thr140 and
did not reveal any significant conformational differences both O12 and O3 and between Tyr24 and O12. Table 2 lists
between monomers, the overall root-mean-square deviationghe main contacts along with their respectidefactors
being not more than 0.36 A betweeg &oms of monomers  between cholate and protein side chains. Clear electron
as well as tetramers of both crystal forms. This agrees with density was found for deoxycholate, whereas the density for
kinetic data of BSH enzymes that fit the Michaeliglenten the taurine is less well-defined. This is also reflected in their
equation 8, 9, 35), and suggest that CBAH may be described average temperature factors asBiealue for taurine is 55.5
as an enzyme with four independent catalytic sites showing A2 and, for cholate, 28.8 ASince the amino acids contacting
no cooperativity. the reaction products have a me@wvalue of~15 A2, it is
Substrate Binding Pocket and Aeti Site.Although the even likely that the relatively higB-factor for deoxycholate
structure of CBAH complexed with taurine and deoxycholate indicates incomplete occupancy rather than high mobility.
includes only the reaction products and not the substrate Interestingly, taurine has a “reversed” orientation pointing
taurodeoxycholate, the catalytically active residues can bewith its sulfo group toward Cys2 and leaving the active site
inferred from biochemical experiments and from analogy to with its amino group ahead. Compared to cholate, the
the active sites of other Ntn-hydrolaseéd6{39) showing electron density around taurine is less well-defined. The weak
that Cys2% is involved in catalysis40) (Figure 4A). All electron density and higB-values of taurine are indicative
residues within the active site and in the substrate binding of a significant disorder and/or lower occupation of this
pocket occupy well-defined positions in the crystal structure. ligand, in agreement with the finding that taurine forms only
In the binding pocket, deoxycholate is sandwiched by one hydrogen bond to a protein side chain (the sulfo oxygen
Phe61 and lle137 on the side of the deoxycholyl ring A and O1S to Asn82N2 and is mainly solvent-exposed (Table 2).
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44). According to our model, Arg18 could also play a role
in catalysis as it is well-positioned to stabilize a negatively
charged Cys2g prior to nucleophilic attack. Argl8 is 3.4
A away from the catalytic Bin tauroCBAH and apoCBAH
and hydrogen-bonded to deoxycholate 026 in tauroCBAH
(Figure 4C).

DISCUSSION

Structural Comparison to Other Proteinstn-hydrolases
are characterized by a four-layered catalytically actigBa-
structure where the two corg-sheets are antiparallel and
packed against each othé2( 13, 45). Besides this common
fold, they all catalyze amide bonds through an autocatalyti-
cally exposed N-terminal nucleophil@4, 46—48) that might
be a Ser, Thr, or Cys, with the N-terminal amino group
functioning as base in the reactioh2( 41, 42). Although
this group of enzymes seems to have a common mechanism
of action, they differ considerably in their substrate specifici-
ties.

The crystal structure of. perfringensCBAH reveals a
close structural and catalytic similarity to Ntn-hydrolases.
Not only does the overall topography with the typio#3a-
core classify the protein as belonging to this group, but also
the N-terminal f-Met was found to be cleaved off to expose
Cys2 which resides in the active center. Structural compari-
son to known structures deposited in the Protein Data Bank

Ficure 3: Tetramer formation of CBAH. Reaction products taurine ; ; ; ; ; ;
and deoxycholate are indicated in stick presentation. (A) Ribbon using Dali @8) underlines the relationship @. perfringens

diagram of CBAH monomer. Contact surfaces with other molecules CBAH to Ntn-hydrolases (Table 3). Among the 10 signifi-

in the tetramer indicated by color-coding as in panel B. The shown cantly similar structuresZtscore = 2), the first nine all
monomer has the same orientation as protomer A in panel B. (B) classify as Ntn-hydrolases. Not surprisingGy, perfringens

CBAH homotetramer with monomers colored differently. Twofold CBAH resembles penicillin acylase froB. sphaericus
rotation axes in the paper plane marked (Rorizontal) and ¢ (PVA) most closely with which it shares the highest sequence
(vertical), and the one perpendicular (normal) to the paper plane homology. The similarities also extend to the quaternar
(2p) is indicated by the black ellipse in the center. ay. : the q y
structures of the proteins. For PVA, a similar tetramer

Another hydrogen bond to O3S is formed by GIn2&2n¢f ~ formation with dihedral symmetry has been descritil). (

a symmetry-related CBAH molecule. Both the involvement The similarity in tetramer formation between CBAH and
of a symmetry-related molecule in the coordination of taurine PVA is also reflected in the high number of strictly conserved
and its positional disorder make it impossible to decide residues found at the tetramer contact sites (see Figure 5
whether the reversed orientation of taurine has any meaning2nd discussion below). There is overall high structural
in the dissociation of this product from the protein. similarity with modest, low, or even absent sequence

In the active site, Cys28is well-positioned for nucleo-
philic attack on the amide bond of conjugated bile acids lying
in a position defined by the products deoxycholate and
taurine. Together with Arg18i, Cys2$ hydrogen-bonds

conservation among the members of the Ntn-hydrolase
superfamily (2).

An interesting observation is the structural similarity to
Ser/Thr phosphatase C2 which is a member of the metallo-

to deoxycholate 026 that is well-defined in the electron Phosphoesterase superfamily that shares a similar fold to Ntn-
density. After attack of Cys28on the taurodeoxycholate hydrolases with am/f—o—f—f—a layered structure. As
amide carbon, a likely oxyanion hole for stabilization of the in the case of Ntn-hydrolases, the active site is located
negatively charged carbonyl oxygen in the tetrahedral between the corg-strands. It remains to be seen whether
intermediate is formed by a peptide NH of Asn82 on fige this coincidence is due to a distantly homologous relationship
opposite the catalytic center and Asn17&Nin the loop or emerged by convergent evolution toward a particularly
connecting813 anda3. Both N—-H groups ae 4 A away  stable fold.

from the catalytic $ and 3.5 A apart from each other. Asp21 To uncover the most critical residues in tetramer forma-
is well-positioned to stabilize the catalytic base-d@mino tion, we have matched the monom@&nonomer contact
group of nucleophile Cys21@, 41, 42)) during the reaction  sites inC. perfringensCBAH with a sequence alignment of
(Figure 4A). Arg228 ona5 is close to the catalytic Cys2 BSH enzymes and penicillin V acylase (Figure 5). The
and forms hydrogen bonds to peptide O of Cys2 and smallest contact interface between molecules A and B in
Asnl75@1. From the structure, it is not clear whether this the tetramer (Figure 3) has only two highly conserved
apparent stabilization of the active site geometry is the only residues, Trp181 and Asnl185 (Figure 5), that form a four-
function of Arg228, but arginines are conserved in equivalent side chains minicluster where Trp181 contacts Asn185 and
positions in all described Ntn-hydrolases (Figure 6) and have vice versa. Besides its contact to Asn185, Trp181 stacks
been shown to be necessary for catalytic functiéh @3, hydrophobically with the Trp181 of the neighboring mol-
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FiGurRe 4: Active site and substrate binding pocket of CBAH. (A) Residues of the active site with the products taurine (TAU) and deoxycholate
(DCA). Hydrogen bonds between the products and the protein are shown in green, all other hydrogen bonds are gray. (B) Main contacts
between deoxycholate and the protein residues. Density around deoxycholate flgm-d&2composite omit map contoured at fevel

shown in blue. (C) Schematic drawing of diagram B.

ecule. In some species, Trpl81 is replaced by phenylalanine Conseration of the Actie Site.lt has long been known

or tyrosine which can form equivalent contacts. Most of that cysteine is involved in the catalytic function Gf

the highly conserved residues of the interfaceB\are in perfringensCBAH (8, 9), and recently, the homologous BSH
the 200s loop, Leul86, Leu207, and Gly218 in molecule from Bifidobacterium longunsould be inactivated by a single
A contacting residues Leul86, Leu207, and Gly218 in pase substitution Cyst Ala (49), and the more conserva-
molecule B, respectively. The reciprocal nature of most of tive substitutions Cyst Ser and Cyst— Thr inactivated
the contacts between the conserved residues of the dimegsy from Bifidobacterium bifidum(40). Further residues
interface supports the view that conservation is due to Con- ¢ yha active site have been identified by sequence align-

tac(; fgfma“‘”?- Thi()lar?? t:nterfiqehf)etween m?jlecul_zs A ments of penicillin V acylase (PVA) with BSH49), and
an cOmprises strictly or highly Conserved Tesidues o ive site residues in PVA have been identified by com-

including a cluster from Gly218 to Asp222 making again parison with penicillin G acylaseL(), of which enzyme-

reciprocal contacts to the same residues of the neighboringinhibitor complexes have been describ86)( Besides Cys2

molecule. Additional highly conserved residues that make """
reciprocal contacts are His254, Tyr294, and 11e299. The fesidues Asp2l, Asn82, Asnl75, and Arg228 have been

contact residues of Gly213 and Gly264 are not as well- identified as catalyticall;_/impo_rtantin BSHs (Figure 5). PVA
conserved as the glycines themselves. Since both glycined/Ses the same catalytic residues except for Asn82 which
assumep/y angles that cannot be easily formed by other is replaced by Tyr82. This, however, does not alter the
residues (110413.1° and 103.8/—28.8 respectively), nature of the active site since only the peptide NH atoms of
it is likely that conservation of these glycines is essential both residues are important in catalysis by providing an
for the course of the main chain rather than for contact electron acceptor to form the oxyanion hole together with
formation. Asnl75Nd2.
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Table 2: Main Contacts between Ligands and CBAH Resflues
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6-phosphate synthasé4), two other members of the Ntn-
hydrolase superfamily that act via a nucleophilic Cysthe

CBAH ligand position of Arg18 is occupied by His70 and His71 respec-
atom B-value (%) atom B-value (¥) distance (A) tively, which can fulfill a similar role as Arg18 if they are
Deoxycholate protonated. Clearly, more experiments are needed to assess
Cys-2, & 15.3 026 29.0 3.30 the role of Arg18 in the catalytic mechanism of the enzyme,
Arg-18, NH2 10.5 026 29.0 2.99 especially as Argl8 is also involved in product binding
Met-20, G 14.9 c21 28.5 3.68 (Figure 4B)
Phe-26, ©1 14.5 c21 29.0 3.86 :
Phe-26, €1 14.4 c21 29.0 3.76 Binding Pocket and Substrate Seleitii. Currently, there
Phe-26, G 14.5 c21 29.0 3.69 are six proteins described in the PDB that are complexed
Phe-61, @ 19.3 C19 28.9 3.69 with a cholyl moiety (1ahi, 1ag|l, 1ihi, 10lv, 1o0t7, and 1tw4).
de_'sg%’cgl ﬁ’:f 38 gg_’g g’:gf Supe_rpositions based on the cholyl moi_ety_ Qf each o_f these
lle-133, G2 188 c6 28.9 3.70 proteins and CBAH did not reveal any significant similarity
lle-137, G2 21.8 c3 29.2 3.53 of the binding pockets (data not shown). Likewise, structural
lle-137, G2 18.9 C4 29.0 3.99 comparison of the complete proteins using the Dali server
Leu-142, ®1 13.7 C16 28.6 3.67 did not reveal any structural similarity between them. This,
HOH-127 32.0 025 29.3 2.73 in concert with the obvious homology to Ntn-hydrolases,
ASE2. 52 176 Tagilrga 56 5 81 suggests that the binding pocket of bile salt hydrolases has
sn- . . .

HOH-22 114 03 55.4 2.71 evolved convergently. o .
HOH-128 26.9 01S 55.6 253 Bile acids are conjugates between the amino acids taurine
HOH-78 18.7 01s 55.6 2.58 or glycine and a cholate derived from cholesterol. The cholate

= Contacts with a cutoff of 3.4 A for hydrogen bonds and a distance 1S @lways hydroxylated on C3 im position. In addition, the -
of 0.25 A between the van der Waals surfaces of the atoms for van dermost common hydroxyl substituents are none at all (in

Waals interactions.

The structure ofC. perfringensCBAH confirms these

lithocholic acid), 12 (indeoxycholic acid), @ (in cheno-
deoxycholic acid), 3 (in ursodeoxycholic acid), andi7and
1200 (in cholic acid) 62). Together, this results in 10

earlier analyses. Since the geometry of the active sites isCombinations between differently hydroxylated cholate and
well-conserved, a similar mechanism might be expected for the two amino acids. It is cong:ewal_:)le that bile salt hyd_rolase§
the individual enzymes. The residues of the active site in have evolved to recognize bile acids on both the amino acid
CBAH superimpose well on the active sites of other members &nd cholate groups.
of the Ntn-hydrolase superfamily (Figure 6) including even  Kinetic data, however, suggest that these enzymes recog-
(except for residue Arg18) cephalosporin acylase (CA) and nize their substrates predominantly at the amino acid moieties
penicillin G acylase (PGA). It is of interest that Arg18 in and not at the cholate moietieE) 49, 53). Our data explain
the C. perfringensCBAH structure superimposes well with ~ this broad substrate specificity, as the cholate is bound
Arg18 from PVA (Figure 6), but the side chains of the primarily by hydrophobic interactions and the hydroxyl
equivalent residues point in other directions in the more substituents are not recognized through hydrogen bonds to
distantly related proteins PGA and CA, which both feature the enzyme. The only hydrogen bonds between protein and
N-terminal serine instead of cysteine in CBAH and in PVA. the deoxycholate are to the carboxylate group of the
Since in all four protein’s hydrolysis of the respective isovaleric acid substituents, 025 and O26 in our case. This
substrates results in a carboxyl group to which Arg18 binds is in agreement with earlier experiments using epimerized
in our tauroCBAH model, it is likely that conservation of hydroxyl substituents on cholate that did not influence
Arg18 is due to its involvement in catalysis rather than in substrate binding5d).
conferring substrate specificity. Being in the vicinity of Residues of the active site are strictly conserved in bile
Cys2S, one possible role of Argl8 might be to lower the acid hydrolases (asterisks in Figure 5). By contrast, however,
pK, of the nucleophilic $. the residues for substrate recognition (gray in Figure 5) are
Sequence alignments have suggested earlier that Argl&iot particularly conserved, although most amino acid sub-
of PVA might be involved in catalysissQ). Interestingly, stitutions are conservative. The notable exception is Leu142
in glutamine amidotransferasé1) and in glucosamine  that is strictly conserved throughout the species and occurs

Table 3: Comparison of CBAH with Known Protein Structures Using Dali

protein PDB ID Z-score rmsd LAL? LSEQ % IDE

penicillin V acylase 3pva 42.7 1.9 325 334 34
glutaryl 7-aminocephalosporanic acid acylase 1fm2 15.0 3.4 221 520 13
penicillin amidohydrolase lajg-B 14.7 3.2 212 557 11
proteasome 1pma-P 9.8 3.2 157 203 7
structural genomics, unknown function 1kuu-A 8.4 3.9 163 202 7
heat shock locus V lned-A 8.0 2.9 141 180 9
glucosamine 6-phosphate synthase 1gdo 2.6 4.2 104 238 9
aspartylglucosamidase lapy-B 25 3.8 95 141 5
glutamine amidotransferase lecf-B 21 5.9 116 500 8
Ser/Thr Phosphatase 2C la6q 2.1 4.7 129 363 5

aOnly the most similar proteasome subunit has been included in the %aldagth of aligned sequencgTotal length of sequence.




5746 Biochemistry, Vol. 44, No. 15, 2005 Rossocha et al.

* * *
CBH CP 1 M--CIGLALE TKDGLHLFGR WMDIEYSFNQ SIIFIPRNFK CVNESNKK-E LTTKYAVLGM GTIFDDYPTF 67
CGH BA 1 M--CISLTLE TENGQDHLFAR TMDFTLDMNQ EVIIIPEHY(Q WNNITGE--I INTEHATVGM GINHQGRIIM 66
CBH LP 1 M--CTAITYQ SYNN--YFGR WNFDYEISYNE MVIITPREKYP LVFRKVEN-- LDHHYAIIGI TADVESYPLY 64
CBH LJ 1 M--CIGLRFT DDO@ILYFGR WLDVGQDYGE GVIITPRNYP LPFYKF-LD-N TTTKKAVIGM GIVVDGYPSY 66
CBH LA 1 M- -CIGLRFT DDQGNLYFGR NLDVGQDYGE GVIITPENYP LPYKF-LD-N TTTEEAVIGM GIVVDGYPSY 66
BSH BB 1 M- -CIGVRFS DDE@IMYFGR NLDWSFSYGE TILVTPRGY(Q YDYEYGAE-G KSEPNAVIGV GVVMTDREMY 67
CGH BL 1 M--CTGVRFS DDEGNTYFGR NLDWSFSYGE TILVTPRGYH YDTVFGAG-G KRKPNAVIGV GVVMADREMY 67
PVA BS 1 MLGCSSLSIR TTDDKSLFAR TMDFTMEPDS KVIIVPRNYG IRLLEKENVV INNSYAFVGM GSTDITSPVL 70

2 18 21

*
CBH CP 68 ADGMNEKGLG CAGILNFPVYV SYSKEDIEGK TNIPVYNFLL WVLANFSSVE EVKEALKNAN IVDIFISENI 137
CGH BA 67 ADGVNEAGMT CATLYFPGFA TYSQSIDDNT TNLAPFDFVT WSLTQFNSVE ELKKSVDSIT FLDIFLPDLG 136
CBH_LP 65 YDAMNEKEGLC IAGINFAGYA DYEKYDAD-K VNITPFELIP WLLGQFSSVR EVKENIQKLN LVNINFSEQL 133
CBH_LJ 67 FDCYNEDGLG IAGLNFFHFA KFSDGPIDGK INLASYEIML WVIQNFTHVS EVKEALKNVN LVNEAINTSF 136
CBH LA 67 FDCFNEDGLG IAGINFPHFA KFSDGPIDGK INLASYEIML WVIQNFTKVS DVKEALKNVN LVNEAINSSF 136
BSH BB 68 FDCANEHGLA IAGINFPGYA SFRHEPVEGT ENVATFEFPL WVARNFDSVD EVEEALKNVT LVSQVVPGQ- 136
CGH_BL 68 FDCANEHGLA IAGINFPGYA SFVHEPVEGT ENVATFEFPL WVARNFDSVD EVEEALRNVT LVSQIVPGQ- 136
PVA BS 71 YDGVNEKGLM GRMLYYATFA TYADEPKKGT TGINPVYVIS QVLGNCVTIVD DVIEKLTSYT LLNERNTILG 140

82

*
CBH CP 138 PNTTLHWMIS DITGKSIVVE QTKE-KLNVF DNNIGVLTNS PTFDWHVANL MOYVGLRYND VPEFKLGDQS 206
CGH BA 137 LTPPLHWILA DEWGDCIVLD PTSE-GLKLY DNPLGVMTNS PEFNWHLONL RQYIGLKSQP FAPTEWSNLP 205
CBH_LP 134 PLSPLHWLVA DK-QESIVIE SVKE-GLKIY DNPVGVLTNN PNFDYQLFNL MNYRALSNST PONSFSEKVD 201
CBH LJ 137 AVAPLHWIIS DS-DEAIIVE VSKQYGMEVF DDEVGVLTNS PDFNWHLTNL GNYTGLNPHD ATAQSWNGQK 205
CBH_LA 137 AVAPLHWIIS DK-DEAIIVE ISKQYGMKVF DDELGVLTNS PDFNWHLTNL GNYTGLDPHD ATAQSWNGQK 205
BSH BB 137 QESLLHWFIG DG-TRSIVVE QMAD-GMHVH HDDVDVLTNQ PTFDFHMENL RNYMCVSNEM AREPTTWGKRE 204
CGH_BL 137 QESLLHWFIG DG-KRSIVVE QMAD-GMHVH HDOVDVLTNQ PTFDFHMENL ENYMCVSNEM AEPTSWGKAS 204
PVA_BS 141 FAPPLHYTFT DASGESIVIE PDET-GITIH RKTIGVMTNS PGYEWHQTNL RAYIGVTPNP PQDIMMGDLD 205

175

CBH CP 207 LTAIGQGTGL VGLEGDFTPA S;FIRVAFLR DAMIKNDKDS IDLIEFFHIL NNVAMVREGST RTVEEKSDLT 276
CGH_BA 206 LSAFGQGSGS MGLPGDFTPP SRFVRAAYGK (QNIQGIDSEE EGVSALFHIL SNCEVPKGGV ITEEGALDNT 275
CBH_LP 202 LDSYSRGMGG LGLPGDLSSM SRFVRAAFTK LNSLSMQTES GSVSQFFHIL GSVEQQKGLC EVIDGKYEYT 271
CBH LJ 206 VAPWGVGTGS LGLPGDSIPA DRFVKAAYLN VNYPTAKGEK ANVAKFFNIL KSVAMIKGSY VNDQGKDEYT 275
CBH_LA 206 VAPWGVGTGS LGLPGDSIPA DRFVKAAYLN VNYPTVEGKEK ANVAKFFNIL KSVAMIKGSYV VNKQGSNEYT 275
BSH_BB 205 LESAWGAGVSM HGIPGDVSSF SRFVREVAYTN THYPQONNEA ANVSRLFHTL VSVOMVDGME KMGNGQFERT 274
CGH_BL 205 LTAWGAGVGM HGIPGDVSSP SRFVRVAYTN AHYPQONDEA ANVSRELFHTL GSVQMVDGMA KMGDGQFERT 274
PVA_BS 210 LTPFEQGAGG LGLPGDFTPS ARFLRVAYWK KYTEKAKNET EGVTNLFHIL SSVNIPKGVV LTNEGKTDYT 279

228
CBH_CP 277 QYTSCMCLEK GIYYYNTYEN NQINATDMNE ENIDGNEIKT YEYNKTLSIN HVNH------ 329
CGH_BA 276 IYTSVMCMES GTYYYHTYDC RQITAVHLFH ENIDTDEIKA YPFQREQKIF YEN------ 328
CBH_LP 272 IYSSCCDMDK GVYYYRTYDN SQINSVSLNH EHLDTTELIS YPLRSEARQYY AVN------ 324
CBH_LJ 276 VYTRACYSSGS KTYYCNFEDD FELKTYKLDD HTMNSTSLVT Y--------- —-=------- 316
CBH LA 276 VYTRACYSAAT KTYYCNFEND FELKTYKLDD ETMNADKLIT ¥Y--------- ——=------- 316
BSH_BE 275 LFTSGYSGKT NTYYMNTYED PAIRSFAMSD FDMDSSELIT AD-------- ——=------ 316
CGH_BL 275 LFTSGYSSKT NTYYMNTY¥DD PAIRSYAMAD YDMDSSELIS VAR------- --------- 317

PVA _BS 280 IYTSAMCAQS EKNYYFKLY¥DN SRISAVSLMA ENLNSQDLIT FEWDREQDIK QLNOQVNVMS 338

Ficure 5: Sequence alignment: CBAH frof. perfringens(CBH_CP), choloylglycine hydrolase frolacillus anthracis({CGH_BA),

CBAH from Lactobacillus plantarum{CBH_LP), conjugated bile salt hydrolase frdractobacillus johnsoni{CBH_LJ), conjugated bile

salt hydrolase fromLactobacillus acidophilugCBH_LA), bile salt hydolase fronBifidobacterium bifidum(BSH_BB), choloylglycine

hydrolase fronBifidobacterium longunCGH_BL), and penicillin V acylase froBacillus sphaericu¢$PVA_BS). The alignment highlights

active site residues (marked by black asterisk) and residues of the substrate binding pocket (gray). Conserved residues of the contact sites
are color coded according to Figure 3B.

P> § N

/‘—
Asp21 . \; Asp21 =
o~ -
Arg18 W
«m P\ = F o
-
TAU, \ % J /QT’DCA TAU,
Asn175 1?5
AsnB2

FIGURE 6: Superposition of active site residues (stereodiagram). The superposition is based on the residues listed below with the exception
of Arg18 in CBAH (or respective residues in the other proteins). Only main chain atoms of Asn82 and Asp21 are shown. CBAH (gray),
Cys2, Argl8, Asp21, Asn82, Asnl75, and Arg228; PVA (green), Cysl, Argl7, Asp20, Tyr82, Asnl175, and Arg228; CA (yellow), Serl170,
GIn189, His192, Val239, Asn413, and Arg443; PGA (pink), Serl, Asn20, GIn23, Ala69, Asn241, and Arg263. CA, cephalosporin acylase
from Pseudomonas diminut@DB ID 1fm2); PGA, penicillin G acylase fror&. coli (PDB ID 1gm9); PVA, penicillin V acylase from

Bacillus sphaericu¢PDB ID 3pva).

even in penicillin V acylase which acts on completely observed. For example, in CBAH, thKy values for

different substrates. glycochenodeoxycholic acid and taurocholic acid are in the
Although the substrate specificity of bile salt hydrolases range of 10?2 M, whereas that for deoxy-conjugates is

seems to be broad, only small differences have beengenerally in the 10* M range @), suggesting that CBAH
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has a higher affinity toward deoxy-conjugates. Introducing 18.

more hydrophilic amino acids in the vicinity of the hydroxyl
substituents of the substrates should alter the affinities toward ;4
the respective substrates and it should be possible to tailor
bile acid hydrolases with any desired bile acid selectivity.
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