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ABSTRACT. The aminoacylase-1/metallopeptidase 20 (Acy1/M20) family is the largest metallopeptidase
family. Several crystal structures feature a metal-binding and a dimerization-mediating domain, both
arranged in an extended open conformation. We have recently shown [Lindner et al.J2B@8) Chem.

278 44496-44504] that in human Acy1 the invariant residues Glu147 and His206 from the metal-binding
and the dimerization domain, respectively, are recruited to the active site from opposite dimer subunits.
We hypothesized that, to facilitate this, formation of the binary complex is associated with domain closure,
which would also position additional residues in the functional active site of Acyl. These would include
two partially conserved dimerization domain residues: an asparagine (Asn263) and an arginine (Arg276)
from the same subunit as His206 and Glul147, respectively. In this paper, we investigate the significance
of the three dimerization domain residues of human Acy1 His206, Asn263, and Arg276 and, additionally,
the nearby Asp274 for catalysis using site-directed mutagenesis. Enzyme complementation assays confirm
the putative subunit allocations of these residues, and steady-state kinetics support roles for all of them
in catalysis but only involve the Arg276 in substrate-binding. The results are consistent with a model of
the closed conformation for the structure of the related enzyme carboxypeptidase G2. This study
demonstrates experimentally for the first time for a member of the Acy1/M20 family that several residues
outside of the metal-binding domain are involved in binding and catalysis.

The aminoacylase-1/metallopeptidase 20 (Acyl/M20) tion (9, 10), whereas bacterial allantoate amidohydrolase (EC
family from the metallopeptidase H (MH) clan represents 3.5.3.9) (1) and yeaspPAS (EC 3.5.1.6) 12) are enzymes
the largest group of metallopeptidases based on sequencef the purine and pyrimidine catabolic pathway, respectively.
similarity. The MEROPS database of peptidases (http:// Bacterial DapE (EC 3.5.1.18) and ArgE (EC 3.5.1.16) are
merops.sanger.ac.uk))(records over 1000 sequences for involved in the succinylase pathway and the arginine
this family from all kingdoms of life. Mammalian Acyl (EC  biosynthetic pathwayl@3, 14), respectively, and are both
3.5.1.14), the first enzyme from the family to be described considered as potential targets of antimicrobial agets (
(2), is a ubiquitous enzyme which functions in the salvage Last but not least, CPG2 frofdiseudomonasp. strain RS-
of Na-acetylated amino acids from protein degradati®n (16 (EC 3.4.17.11) is currently under development as a rescue
Recently, porcine Acyl was shown to also deacylate certainagent (Voraxaze) in cases of methotrexate overdoses.

quorum-sensind\-acylnomoserine lactoned)( and the rat  Several available crystal structures for microbial Acy1/
enzyme was implicated in the degradation of chemotactic pj20 family enzymes, including CPG2, show a dizinc-
peptides of commensal bacteri8).(In biocatalysis, high  pinding domain, which is characteristic for the MH clan of
stereoselectivities allow the use of porcine kidney Ac§il ( cocatalytic zinc peptidases, and a typical smaller domain,
7) and a related-aminoacylase frorithermococcus litoralis  which is inserted in the middle of the metal-binding domain
(8) in the preparation of enantiomerically pure amino acids. and mediates homodimerization( 16, 17).2 In each of

‘The Acy1/M20 family further includes several members these structures, the two domains display an extended open
with different metabolic functions and therapeutlc Slgnlfl- conformation. Acyl shows the same overall two-domain
cance. The bacterial enzymes PepV (EC 3.4.13.3) and PepTorganization, and also forms a homodim#g20), but so
(EC 3.4.11.14), for example, function in amino acid utiliza-  far, only the structure of the metal-binding domain could be

solved for the human enzyme (T347G mutarii)(
T This is NRCC publication no. 47483.
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Table 1: Forward Versions of Mutagenic Primers for Human Acyl, and Sequence Conservation of the Mutated Residues in the Acy1/M20
Family

degree of residue

Acyl mutant oligonucleotide sequefice conservatioh
H206A 5-GGGAGGCCAGGCGCTGCCTCACGCTTC-3 100%
H206K 5-CTGGGAGGCCAGGCAAGGCCTCACGCTTC-3
N263A 5-GGGTGGCGTGGCCTATGCCGTGATACCTGCCACC-3 84%
N263S 5GGCGTGGCCTATAGCGTGATACCTGCC-3
N263D B-GGGTGGCGTGGCCTATGACGTGATACCTGCCACC-3
R276A B-GCCAGCTTTGACTTCGCTGTGGCACCGGATG-3 52%
R276N B-GCGCCAGCTTTGAGTTCAATGTGGCACCGGATGTGGH3
R276Q 5GCGCCAGCTTTGACTTCCAGGTGGCACCGGATGTGG-3
D274A 5-GCGCCAGCTTTGCCTTCCGTGTGGC-3 199%

a Altered nucleotides, that introduced the desired mutations, are undefifibd.degree of conservation for the mutated residue in human Acyl
among 281 members of the Acy1/M20 family, as aligned in the MEROPS database (http://merops.sangel) ais.ihglicated ¢ Asparagine, not
aspartic acid, is the prevailing amino acid at position 274, with a conservation level of 34%.

the only member of the Acyl/M20 family for which the MATERIALS AND METHODS

structure of a complex with an inhibitor has been soh&h).( o i i

A dipeptide transition-state mimetic (A$PO,CH;]AlaOH) Mod_eI.Bundmg and Refinemerbetailed procedures fo_r
was cocrystallized and is bound in a cavity created by the Fhe building of the substrate—pound quel of CPG2 are given
two enzyme domains in a closed conformation. Enzyme n th_e Su_pportlng Informatlc_)n of this report. Stru_ctural
ligand interactions in the complex include the dinuclear zinc manipulations and preparation were perfor_med with the
center and a glutamate residue in its immediate viciraty,( SYBYL 6.9 molecular modeling software (Tripos, Inc., St.
which is conserved throughout the MH clan and is believed

Louis, MO). In brief, the structures of one metal-binding
to function as a general acithase catalystl@, 22). Notably, domain and two dimerized insertion domains of CPG2 were
the structure also implicates residues from the small domain

independently superimposed on the corresponding parts of
in substrate binding and catalysis, including an invariant theg PepV structure by_ Ieast-sqqares f'tt'ng.Of se_lected atom
histidine, that appears to stabilize the tetrahedral reaction pairs. The metal-bmdmg domain gnq the insertion domgm
intermediate by oxyanion-bindin@). We have previous! of one CPG2 subunit were then rejoined at breakage points
recoanized thgt thye small domain.of PepV (F:)ontains );wo within the presumably flexible linker regions. The substrate
gnize S L P 4-(diethylamino)benzoylglutamate was initially docked into
subdomains, which in fact mimic the arrangement of two
dimerization domains within a dimef. 9). In the available

the active site of the resulting preliminary closed-conforma-
. . e tion model of CPG2 as a tetrahedral intermediate, following
dimer structures, however, the mentioned histidine does not;, binding mode of the transition-state inhibitor Alp
approgch the corresponding zinc centgr in the OIOIOf)"’\'te[POZCH2]AIaOH in the active site of the PepV structure.
subunit by more tha 7 A due to their open domain 1o model of the complex was then refined using a stepwise
conformations 12, 16, 17),* and its potential significance protocol of energy minimization with the AMBER all-atom
for catalysis is, therefore, not obvious. Nevertheless, our \oiacular mechanics force fiel@3).

recent mutational analysis of human Acyl support a role for Preparation of Acyl MutantsSite-directed mutagenesis

this residue in catalysis, which we showed to occur at the of human Acy1 was performed on the baculovirus transfer

dimer interface 19). To explain active site formation in . . .
S . . vector pVL1393-hAcl 24) using the QuikChange XL Site-
dimeric enzymes of the Acy1/M20 family, we hypothesized Directed Mutagenesis Kit (Stratagene, La Jolla, CA). For-

tha.t_domain closure, p_ossibly induced.by substrate bindi.ng'ward versions of the mutagenic primers are listed in Table
facilitates the appropriate structural alignment of otherwise 1. The sequences of the mutant Acy1 genes in the resulting
distant residues in the active site. We predice@ that these 5 qfer vectors were confirmed by DNA sequencing. Wild-

would include, besides the above-mentioned glutamate andy he Acy1 and its variants were expressed in a baculovirus
hlst_ldlne, two pa_rt|_ally conserved dlm_erlzatlon domain expression vector system and purified as descriidl (n
residues: an arginine and an asparagine from the same,jef 300 mL cultures of infected Sf21 cells were harvested
subunit as the glutamate and the histidine, respectively. 75 p after infection. Cells were disrupted by sonication, and
In this paper, we probed the proposed conformational enzyme was purified by column chromatography on phenyl
transition for the structure of the CPG2 dimer from a Sepharose CL-4B and Q-Sepharose fast flow (Amersham
structural viewpoint by molecular modeling. We experimen- Biosciences, Piscataway, NJ). Enzyme preparations were
tally tested the significance of the putative active site residuesstored at-80 °C and used for activity measurements within
His206, Asn263, and Arg276 and, additionally, Asp274 in 8 weeks, when there were no signs of degradation as judged
the dimerization domain of human Acy1 using site-directed by SDS-PAGE.
mutagenesis, enzyme complementation, and steady-state Protein Characterization.Protein concentrations were
kinetics. Our results confirm that dimerization is important determined using the Bio-Rad (Hercules, CA) protein assay
for active site formation and show that this occurs through based on the original Bradford ass&p)with bovine serum
the contributions of residues from the dimerization domains albumin as the standard. Proteins were separated in 13%
of both enzyme subunits and one metal-binding domain. Laemmli-type SDS gels, using BenchMark Protein Ladder
Kinetic parameters suggest roles for all the mutated residues(Invitrogen, Burlington, ON) as a marker for apparent
in catalysis but only involve the arginine in substrate-binding. molecular weights and Coomassie R350 for staining. Ap-
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parent molecular weights after long-term storage were alsodetailed interpretation of the modeled transition-state adduct
estimated by analytical gel filtration at room temperature. for CPG2 is provided in the Appendix.
First, protein samples were transferred into 50 mM potassium We used site-directed mutagenesis to test the roles of the
phosphate, pH 7.0, and 150 mM sodium chloride using a equivalent dimerization domain residues, which show dif-
NAP-5 column (Amersham Biosciences). Aliquots of 200 ferent degrees of conservation in the Acy1/M20 family, in
uL, containing 26-30 ug of protein, were applied to a human Acyl (Table 1). In addition to our previously
Superdex 200 HR column (1 cm 30 cm) (Amersham  described asparagine mutant of His2@8)( we constructed
Biosciences), equilibrated with the same buffer, at a flow alanine and lysine variants, introducing more pronounced
rate of 0.70.8 mL/min. For calibration, dextran blue, structural changes at this position. Arg276 was mutated to
chymotrypsinogen A (25 kDa), ovalbumin (43 kDa), albumin alanine, asparagine, and glutamine and Asn263 to alanine,
(67 kDa), and aldolase (158 kDa) were selected from serine, and aspartate. The properties of an additional N263Q
molecular weight calibration kits (Amersham Biosciences). mutant (not described further) were the same as for the
Acy1 Actiity AssayAcy1 amino acid deacylating activity ~N263S mutant. Furthermore, we replaced Asp274 by an
was determined at pH 7.4 by a discontinuous colorimetric @lanine because of a possible orientation effect of this residue
assay as described previousyl Steady-state kinetics were 0N Arg276 through the formation of a salt bridge, as seen in
evaluated by nonlinear regression analysis with the Michae- the crystal structures of CPG26) andfAS (12).

lis—Menten equationy( = VimadS)/(Km + [S])), using the The mutants H206A, H206K, N263S, N263D, R276A,
SigmaPlot software (SPSS Science, Chicago, IL). The R276N, R276Q, and D274A showed the same expression
catalytic constank.., was calculated using the equatidp,, ~ and purification behavior as the wild-type enzyme and

= ke{E], Wwhere [E] = total enzyme concentration. In appeared homogeneous as assessed by—BDSE (not
situations, where the rates versus substrate concentration plot§hown). For the N263A mutant, however, a major band at
showed no curvature, that is, measurements were obviously2" apparent molecular weight of 30 kDa, instead of the
performed far belowKy, the keo/Ky values were obtained ~€xpected 45 kDa for full-length Acy12¢), was visible

by dividing the slopes by the enzyme concentrations. The &lréady in the whole cell extract of the expression culture.
enzyme complementation assay was carried out as described NiS indicated sensitivity of this protein to proteolysis
previously (L9). Briefly, enzyme mutants were mixed at precluding fgrther analysis. _For the remaining, purl_fled
equimolar ratios (12@g/mL). After an equilibration period ~ Mutant proteins, but not the wild-type, SBBAGE analysis

of 16 h, samples were assayed fu-acetyl+-methionine revealed additional lower molecular weight bands only after

(10 mM)-hydrolyzing activity. storage at-80 °C for 6—8 months (Figure 2). The most
obvious of these were apparent at about 35 or 26 kDa. Given
RESULTS AND DISCUSSION the marked resistance of the25 kDa zinc-binding domain

of Acyl against proteolysislg, 20, 26), these degradation

Production of Acyl MutantsTo elucidate the putative  products likely comprise this domain. Determination of
contributions of dimerization domain residues to the active apparent molecular weights by analytical gel filtration,
site in human Acy1, we first examined the available three- nevertheless, confirmed the presence of the 90 kDa enzyme
dimensional structures of related enzym#® (6, 17, 21).2 dimer for all these mutants after the storage period, account-
The structure of the monomeric Acy1/M20 family enzyme ing for at least 85% of the total eluted protein. Collectively,
PepV in complex with the dipeptide transition-state mimetic all of our analyzed mutants were stable in the time period
AspP[PO.CH;JAlaOH identified, besides residues in the required to perform the functional assays and showed
metal-binding domain, three residues in the small enzyme marginally increased susceptibility to degradation only after
domain, His269, Arg350, and Asn217, that interact with the prolonged storage.
ligand 21). As already mentioned, in dimeric Acyl/M20 Steady-State Kinetics of Acyl Mutarfsnetic measure-
family members, we previously mapped equivalent residues ments were performed usiidp-acetyl+-methionine as the
(His206, Arg276, and Asn263, respectively, in human Acyl) substrate. Table 2 summarizes the kinetic parameters, includ-
to the dimerization domain and hypothesized that they ing those of the previously characterized H206N mut8y. (
become inserted into the active site, defined by the dinuclearAn over 11 000-fold loss in catalytic efficiencitf/Kwu) for
zinc center, only upon domain closurd9. Here, we this mutant had already implicated His206 in catalysis.
assessed the structural feasibility of such a transition from Although less pronounced, 560- and 350-fold losses in
the open to a closed conformation for a dimeric Acy1/M20 catalytic efficiency due to reducdd, values for the H206A
family enzyme by molecular modeling based on the PepV and H206K mutant, respectively, also support a role for
inhibitor complex 21). In the absence of a structure for full-  His206 in catalysis. Similarly, a 150-fold loss kg./Kw for
length Acyl, we chose the structure of the CPG2 dinmkéy (  the N263S mutant suggests a role for this residue during
for this. A closed conformation, similar to that seen in the catalysis. No activity at all could, however, be detected for
monomeric PepV41), could be modeled for the dimeric the N263D mutant.
CPG2 in complex with a transition-state substrate (4- Mutation of Arg276 to alanine, asparagine, or glutamine
(diethylamino)bezoylglutamate) bound in an interdomain led to the greatest observed reductionk.ifKy ranging from
cavity, created upon domain closure and containing the zinc4 to 5 orders of magnitude (Table 2). The substrate-dependent
center (Figure 1A). In the model, the dimerization domain rates of hydrolysis for the R276N and R276Q mutants
residues Arg288, from the same dimer subunit as the zincincreased in an apparently linear manner up to 20 mM of
center, and His229 and Asn275, from the opposite subunit, substrate, reflecting highly increased Michaelis constants
become positioned in the vicinity of the substrate (Figure (Kv) and, therefore, marked losses of affinity for the
1B), supporting potential roles as active site residues. A moresubstrate. Kinetics for the R276A mutant still showed
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Ficure 1: Structural model for the active conformation of M20-family dimeric enzymes. (A) Conformational switch during catalysis in
CPG2. In the crystal structure of CPG2 (PDB ID 1CG2, on the left), the two enzyme domains assume an open conformation relative to
each other. Upon addition of the substrate, the dimeric CPG2 is predicted to undergo active site closure, leading to the putative transition-
state complex (on the right), modeled based on the monomeric PepV crystal structure (Supporting Information). For one subunit of the
CPG2 dimer, both the zinc-binding domain (red) and the dimerization domain (magenta) are shown. For the second subunit, only the
dimerization domain (blue) is shown. Space-filling rendering is applied to the side chains of His229 and Asn263 (blue), Arg288 (magenta),
both cocatalytic zinc ions (cyan), the Zn-activated water molecule in the open conformation (red), and the bound transition-state substrate
in the closed conformation (colored by atom type with gray carbons). (B) Stereoview of the modeled transition state adduct for CPG2. The
tetrahedral intermediate of the 4-(diethylamino)bezoylglutamate substrate, bound at the cocatalytic zinc center of CPG2 in the modeled
closed conformation, is shown in sticks representation with carbon, oxygen, and nitrogen atoms colored gray, red, and blue, respectively.
The side chains of residues His229, Asn275, Asp286, and Arg288 from the dimerization domains, which correspond to Acyl residues
His206, Asn263, Asp274, and Arg276, respectively, probed experimentally in this study, and the side chain of the putative general base
Glul75 (Glul47 in human Acyl), are represented as sticks using the coloring scheme from panel A. The side chains of Zn-chelating
residues from the metal-binding domain are also shown with lines. Hydrogen bonds are shown with yellow dashed sticks. Zinc ions are
numbered according to Wouters and Hus&8)( The figure was made with PyMOL30).

hyperbolic behavior, from which a 157-fold increase<in Figure 1B). However, this residue appears to be highly
and a 57-fold reduction ik.s compared to the wild-type  important for catalysis.

could be estimated, implicating Arg276 in both substrate Enzyme Complementation Assaje have previously
binding and catalysis. observed that mixing and equilibration of the H206N mutant

The D274A mutant showed an almost 5700-fold reduction with mutants of residues in the zinc-binding domain with

in catalytic efficiency (Table 2). While th&y value for equally decreased activities, including the putative catalytic
D274A remained unchanged, the decreasdcinfor this base Glul47, led to recoveries of enzymatic activitg)(
mutant was the highest observed. Asp274 is the only mutatedThis could be explained by enzyme complementation, that
residue predicted not to directly contact the substrate (cf. is, the formation of enzyme heterodimers, in which one of
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g 53 <932¢g3 Ficure 3: Enzyme complementation assay. In the inserted sche-
22 N8 88K matic of an Acyl dimerZn Zn E, R, D, N, and H indicate the

I I T xozzxeo dinuclear zinc center, Glul147, Arg276, Asp274, Asn263, and
= His206, respectively. The relative positioning of residues within

FIGURE 2: Analysis by SDS-PAGE of purified wild-type and one subunit of the dimer is referred to iascis, and the relative

mutant Acyl enzymes after storage-aB0 °C for 6—8 months. positioning of residues from opposite dimer subunitsragans
No activity was measurable for the N263D mutant alone (*).

Table 2: Kinetic Parameters for the Hydrolysis of

m't'gﬁgeHyt;';‘ftzg;T”;ni‘;rﬁg and pH 7.4 of Wild-Type and Comparison of the threim trans combinations for N263D
with those for H206A shows that the recovered activities of
Acyl (foldkcraédK&ﬂction the combinations for both mutants increased in the same
varant Keat (5°Y) Ku (MM)  relative to wild-type) order (E147A< R276A < D274A). This suggests that both
wild-type 383+ 0.8 0455 0.03 mutants behaved similarly in this assay, even though the
H206N'  0.0152+ 0.0004 2.02- 0.15 11837 values _for the _combmgtlons involving H206A_were more
H206A  0.0859+ 0.0033 0.54 0.07 560 than twice as high as with N263D. The alternative combina-
H206K  0.1486+ 0.0061 0.58t 0.06 348 tion of the N263D mutant with R276N (not shown), on the
Ngggg r?(.)‘tlﬁezgs%?azbslg Olr?(?ttn?é]égurable 152not measurable other hand, yielded a 3% recovery, comparable to the
R276A  0.6674k 0.1636 67.4: 18.4 8995 D274A/H206A combination. _ o
R276N°  notmeasurable  not measurable 16041 Overall, the levels of recovery with the dimerization
R276Q  not measurable notmeasurable 60600 domain mutations introduced here did not exceed 3% of the
D274A  0.0061+ 0.0003 0.39f 0.05 5695 wild-type activity, compared to -324% recoveries in our

2 The values for the wild-type and the H206N mutant were taken earlier study, with 16.7% being the calculated maximum
from ref 19. P The kinetics for R276Q and R276N were linear up to  theoretical valueX9). The diminished recoveries for thie
20 mM. trans combinations tested here (Figure 3) may indicate that

our dimerization domain mutations not only reduce the

the two active sites harbored both mutations, while the other catalytic activity of the active site in the heterodimer, to
remained intact. We concluded that His206 from one dimer which a given residue specifically contributes, but addition-
subunit is recruited to the active site defined by the zinc- ally interfere with the formation of the catalytically compe-
binding domain of the other subunit. This means that tent conformation of the second active site. We consider it,
catalysis in Acyl occurs at the dimer interface, and we refer however, more likely that in the combinations shown in
to this as “catalysisn trans’. Below, we accordingly refer  Figure 3 the mutations alter dimerization itself, so that homo-
to putative active site residues that reside in the same dimerand heterodimers do not form with equal affinities, and the
subunit as actingn cis. equilibrium concentrations of the heterodimers were lower

As for the H206N mutantl(9), the activities of our mutants  than of the two corresponding homodimers, when these are
for the dimerization domain residues Asn263, Arg276, and mixed at equimolar ratios. A close to 40% recovery for the
Asp274 were significantly reduced or, in the case of the alternativein trans combination of the H206A and R276N
N263D mutant, not measurable as described above. Thismutants (not included in Figure 3), on the other hand, is most
prompted us to also experimentally test the relative subunit easily interpreted as favored formation of the H206A/R276N
allocations of these residues in the active site by enzyme heterodimer versus the two mutant homodimers. It appears
complementation. We included the alanine variants of His206 that the efficiency of heterodimerization is highly dependent
and Glu147 19). Figure 3 summarizes the activities relative on the nature of the combined mutations. Viewed qualita-
to the wild-type enzyme for all possible combinations of the tively, the results shown in Figure 3, nevertheless, confirm
mutants H206A, N263D, D274A, R276A, and E147A in the validity of the concept of the complementation assay.
comparison to those for the mutants alone. The results Dimerization Domain Residues in Binding and Catalysis
confirm the putative alignment of residues from the different by Acyl.Schneider and co-workers used chemical modifica-
enzyme subunits as outlined above and illustrated by thetion for the investigation of essential residues in porcine Acyl

inserted schematic in Figure 3: onlytransbut notin cis (27, 28), which shares 88% sequence identity with the human
combinations showed higher activities than either of the enzyme, including all residues mentioned in this report.
mutants when assayed alone. Photooxidation and chemical modification of porcine Acyl

Notably, the apparent inactivation of the N263D mutant provided the first evidence for the importance of histidine
was not associated with irreversible unfolding of this protein. residues for the enzymatic activit®). Arguably, His206
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(human Acyl1 numbering) was one of the residues modified. Arg288 (cf. Figure 1B, see Appendix) and Arg322, respec-

As already mentioned, the structure of a Pepihibitor tively, which are both equivalent to Arg276 of human Acyl.
complex implicated the equivalent residue His269 in transi- In accordance with our kinetic analysis of the D274A mutant,
tion-state stabilization through oxyanion-bindirgi), Con- a similar orientation effect of Asp274 on Arg276 would

trarily, the recent modeling dil-carbamylamino acid sub- appear to be dispensable for efficient substrate binding (no
strates into the structure BAS involved the corresponding  change irKy) but highly important for catalysis (over 6000-
His262, and also Asn309 and Arg322 (Asn263 and Arg276 fold reducedk..) by Acyl.
in human Acyl, respectively), in the binding of the free In summary, formation of the catalytically competent
carboxyl group of the substraté?). Although such a role  active site in the Acy1l/M20 family was hypothesized to be
cannot be excluded for this histidine in other Acyl/M20 associated with a transition from an open to a closed enzyme
family enzymes, the reductions k. for our mutants of conformation. Molecular modeling of the closed conforma-
His206 in human Acy1l chiefly support a role in catalysis. tion for the available structure of the CPG2 dimer with a
The partial degradation, that we observed during the bound transition-state substrate supports the feasibility of
expression of the N263A mutant, is difficult to account for such a transition, and the recruitment and appropriate
in the absence of a complete Acyl structure but suggests aalignment of several residues from both dimerization domains
function of Asn263 for the proper folding of the protein, in the active site, which is defined by the dinuclear zinc
which was retained in the N263S and N263D mutants. The center of one metal-binding domain. We mutated these
kinetic behavior of the N263S mutant resembled those of residues in human Acyl followed by enzymatic analyses.
H206K and H206A, while mutation of Asn263 to aspartic We cannot rule out that the measured differences in kinetic
acid had a dramatic effect in that no activity at all could be parameters for our Acyl mutants were also affected by
measured (Table 2). This was likely not as much due to structural perturbations as implied by their slightly impaired
structural perturbations, because the N263D mutant was stillresistance to proteolysis. Nevertheless, we demonstrate
functional in enzyme complementation. Instead, these dataexperimentally for the first time for a member of this major
are consistent with a potential transition-state interaction for group of zinc-dependent amidohydrolases that catalysis
Asn263 in Acyl similar to that seen for the equivalent occurs at a junction of the zinc-binding domain and the two
Asn217 in the Pep¥inhibitor complex 21): Asn217 binds dimerization domains. Our data suggest important roles in
to the C-terminal carboxylate of the transition-state inhibitor. catalysis for Asp274 and Arg276 from the same subunit as
In the N263D mutant of Acy1, the negative formal charge the correlated zinc center and for His206 and Asn263 from
introduced by the mutation may have compromised the the opposite subunit. Among these residues, only Arg276
correct assembly of the binary closed complex by repulsion appears to contribute to substrate binding which likely
of the negatively charged C-terminal carboxylate of the precedes domain closure.
substrate. It can also be speculated that the proximity of a
negatively charged aspartate at position 263 in the mutant"PPENDIX
to both the zinc center and the transition-state oxyanion (cf. Substrate-Bound Model of CPGHh the following de-
Figure 1B, see Appendix) might have altered the Zn- scription of the modeled transition state adduct for CPG2,
coordination of the wild-type enzyme and precluded transi- residue numbering for human Acy1 is given in parentheses.
tion-state formation. The transition-state substrate (4-(diethylamino)bezoylglutamate)
Studies of substrates and competitive inhibitors of porcine establishes favorable hydrophobic, hydrogen-binding, and
Acyl in the laboratory of Schneider further demonstrated electrostatic contacts with the enzyme. The two oxygen atoms
that a free carboxyl group is essential for optimal binding to of the tetrahedral diol of the transition state each coordinate
the enzyme Z8). Chemical modification experiments sug- one of the two zinc ions (Figure 1B), and these interactions
gested that a single lysine residue per binding site participatedare likely to be preserved in the substrate complexes of Acyl/
in this interaction 28). While the identity of this lysine =~ M20 family enzymes. Moreover, the putative catalytic base
remains elusive, the fact that mutants of Arg276 could not Glul75 of CPG2 (Glu147)16) forms two hydrogen bonds
be fully saturated with substrate during our kinetic analysis with the substrate in the transition state, one with the amide
(Table 2) identified this residue as a primary substrate- NH of the leaving group and the other with the OH of the
binding residue in the Michaelis complex. Jozic et al. have tetrahedral adduct (formerly the hydroxylate nucleophile).
argued in the case of PepV that domain flexibility is required This modeled geometry, which is not observed in the PepV
to allow substrate acces®l). Accordingly, we hypothesize  inhibitor complex, that lacks the scissile amide bo@d)(
that complete domain closure and formation of the catalyti- is consistent with a role of Glu175 (Glu147) as the general
cally competent active site in Acyl occurs only after an initial base in the hydrolysis.
binding step reflected by th&y value. The binding of In our CPG2-substrate model (Figure 1B), the invariant
Arg276 of Acyl to the substrate likely persists during this His229 residue (His206) from the dimerization domain of
conformational change and contributes to transition-state one molecule in the dimer contributes to the oxyanion hole
stabilization (reduceé, for R276A), possibly, through an  together with the Znl1 ion of the other subunit. Arg288
electrostatic interaction between Arg276 and the free car- (Arg276) establishes a salt-bridge interaction with the
boxyl group of the ligand as seen in the Pegkhibitor C-terminal carboxylate of the substrate, as seen for the
complex @1). Mutation of Asp274, two residues upstream, equivalent Arg350 in the PepV compleX1). Asp286
to alanine also greatly reduced catalytic efficiency. In the (Asp274) serves to anchor and correctly position Arg288
crystal structures for CPG2L§) and SAS (12), the corre- (Arg276), without interacting directly with the substrate.
sponding residues Asp286 (CPG2) and Asp32AS) do Asn275 (Asn263) is modeled in the proximity of, but not
not contribute to the active site directly but serve to anchor hydrogen-bonded to, the C-terminal carboxylate of the
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substrate as seen in the PepV compl2%).( The Asn275
side chain of the CPG2 model is in the proximity of both
the Zn1l ion and the transition-state oxyanion (eack%a8

A from the Asn275 N atom).

SUPPORTING INFORMATION AVAILABLE
Supplemental text outlining the procedures for the model-

ing of the CPG2-transition state substrate complex based on

the

published PepYinhibitor complex. This material is

available free of charge via the Internet at http://pubs.acs.org.
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