Peptidase Family U34 is an Extension of the N-Terminal Nucleophile Hydrolases 
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Abstract

Peptidase family U34 consists of peptidases such as dipeptidase A from Lactobacillus helveticus with unclear catalytic type and mechanism.  We show by sequence and structure analysis that U34 peptidases are homologous to penicillin V acylases (PVA) and thus belong to the cysteine-type N-terminal nucleophile (Ntn) hydrolases.  This discovery helps classification, structure prediction and functional residue identifications for the U34 family peptidases.  The PVA/U34 family also includes conjugate bile salt hydrolases, acid ceramidases, isopenicillin N acyltransferases and a subgroup of eukaryotic proteins that are probably related to development.  They share similar catalytic machinery but exhibit great diversity in sequence and substrate specificity.  This is an example that the Ntn-hydrolase fold has evolved and been adopted to catalyze a great variety of amide bond hydrolysis.  

Peptidases are a diverse class of enzymes that hydrolyze the peptide bonds in proteins, peptides and various other substrates.  Due to their importance in biology and medicine, many peptidases are well studied for their sequence, structure and catalytic mechanisms.  Despite the diversity of peptidase sequences and structures, there are only a limited number of catalytic types: aspartic (A), cysteine (C), metallo (M), serine (S) and threonine (T).  A comprehensive sequence and structure based classification of peptidases is available from the MEROPS database (Barrett et al. 2001; Rawlings et al. 2002).  In MEROPS database, a peptidase family consists of peptidases with significant sequence similarity.  Each peptidase family is named by a letter specifying its catalytic type and a number, such as S32.  Families considered to be evolutionarily related are grouped into clans.  Among the nearly 200 peptidase families in MEROPS, there are only a few with unknown catalytic type (U).  The key residues for catalysis have not been revealed by experiments or sequence analysis.  With the development of sensitive similarity search tools such as PSI-BLAST (Altschul et al. 1997) and the enlargement of sequence and structure databases, more discoveries of remote homology can be made by computational tools.  This has been demonstrated for numerous peptidases (Makarova and Grishin 1999; Makarova et al. 2000; Pei and Grishin; 2002).  Here, we describe the homology relationship between peptidase family U34 and penicillin V acylases.  This helps reveal that U34 peptidases are cysteine proteases and the U34 family is an extension of the diverse superfamily of N-terminal nucleophile hydrolases.

Similarity searches for U34 family dipeptidases

The first representative of U34 family was discovered in the lactic acid bacterial species Lactobacillus helveticus as a broad-specificity dipeptidase with 474 residues, designated dipeptidase A or pepDA (Dudley et al. 1996).  PSI-BLAST searches (Altschul et al. 1997) starting with the full sequence of pepDA against the non-redundant protein database (nr) maintained at NCBI (November 2nd, 1,226,480 sequences; 390,314,779 total letters; e-value cutoff 0.01) converged to about 40 U34 family homologs, among which there are a few eukaryotic and archael proteins.  The closest homologs of pepDA are mainly from the Lacobacillus species and the Streptococcus species, often annotated as putative dipeptidase A or hypothetical proteins.  The eukaryotic and archaeal homologs are all hypothetical proteins without functional annotations.  They are putative peptidases.  None of the homologs have known structure or characterized peptidase catalytic types.  PSI-BLAST searches are sensitive to the query sequence.  To ensure full coverage, found homologs were grouped by single-linkage clustering (1 bit per site threshold, about 50% sequence identity) and representative sequences from each group are used as queries for further PSI-BLAST iterations, as scripted in the SEALS package (Walker and Koonin 1997).  During the course of iterations, we found statistically supported evidence that U34 peptidases and penicillin V acylases (PVA) are remote homologs.  For example, when pepDA (NCBI gene identification (gi) number: 1072051) was used a query, one homolog from Mus musculus (gi: 12852713) was found in the second iteration with e-value 2e-09.  When this eukaryotic homolog was used as query, it found the penicillin V acylase from Lactococcus lactis (gi: 15673817)  in the third iteration with e-value 4e-04.  The structure of penicillin V acylase from Bacillus sphaericus has been determined (Figure 1) (Suresh et al. 1999), which offers a fold prediction for the U34 family peptidases. 

Penicillin acylases and the Ntn-hydrolases

Penicillin acylases (EC 3.5.1.11) catalyze the hydrolysis of penicillin into 6-aminopenicillanic acid (6-APA) and an organic acid (Mahajan 1984).  There are two distinct groups of penicillin acylases with different substrate preferences: penicillin V acylases (PVA) prefer to cleave phenoxymethyl penicillin (penicillin V) and penicillin G acylases (PGA) have higher affinity for phenylacetil penicillin (penicillin G).  Both enzymes are used in industry to produce semisynthetic penicillin.  Their structures (Duggleby et al. 1995; Suresh et al. 1999) reveal the same fold and both belong to a large superfamily of amidohydrolases called N-terminal nucleophile (Ntn) hydrolases (Brannigan et al. 1995).  Ntn-hydrolases utilize the sidechain of the amino-terminal residue to perform the nucleophilic attack to the target amide bond (Brannigan et al. 1995).  Many structures of the Ntn-hydrolases have been solved.  In the SCOP (Structure Classification of Proteins) database (Murzin et al. 1995), Ntn-hydrolase fold also includes several other families: class II glutamine amidotransferases (Smith et al. 1994), proteosome subunits (Lowe et al. 1995; Groll et al. 1997) and (glycosyl) asparaginases (Oinonen et al. 1995) (Table 1).  Their structures have similar architecture consisting of 2 layers of beta sheets sandwiched by two layers of alpha helices (Figure 1).  They are considered to be evolutionarily related based on their structural similarity and the common location of the catalytic residue, although sequence similarities are beyond detection among different families.  The structures also show great variability in the number of secondary structure elements and the details of their arrangement (Brannigan et al. 1995; Oinonen and Rouvinen 2000).  The catalytic residue can be a cysteine, a serine or a threonine.  For example, PVA is a cysteine peptidase while PGA is a serine peptidase.  According to the MEROPS classification, Ntn-hydrolases form peptidase clan PB, which is the only clan with three different catalytic types (Table 1).  Ntn-hydrolases represent a superfamily of amidohydrolases that have developed great divergence in sequence, structure and substrate specificity (Table 1).  Peptidase family U34 is an extension of the Ntn-hydrolases. 

The PVA/U34 family

Since the U34 peptidases and PVAs can be linked by similarity searches, we denote these homologs as the PVA/U34 family.  We have found about 150 proteins in this family by extension searches.  Besides the U34 peptidases and PVAs, these proteins include conjugate bile salt hydrolases (or choloyglycine hydrolases, EC 3.5.1.24), which has been noticed before as close homologs of PVAs (Christiaens et al. 1992).  We also found that acid ceramidases (N-acylsphingosine amidohydrolase, EC 3.5.1.23) are close homologs of PVAs.  Acid ceramidases are eukaryotic enzymes that hydrolyze the sphingolipid ceramide into sphingosine and free fatty acid.  Deficiency of acid ceramidase activity leads to lysosomal storage disorder known as Farber disease (Koch et al. 1996).  Another subgroup consists of the isopenicillin N acyltransferases (acyl-coenzyme A:6-aminopenicillanic-acid-acyltransferases, EC 2.3.1-) (Montenegro et al. 1990), which the MEROPS assigns to family C45 in clan PB.  So the PVA/U34 family hydrolases have diverged to catalyze the hydrolysis of a variety of substrates and play different physiological roles.  

Active site in PVA/U34 family

The most striking conservation feature in the PVA/U34 family is the catalytic cysteine residue in most of the detected homologs (Figure 2).  The sidechain of the cysteine serves as the nucleophile and the free NH2 serves as the proton donor and acceptor in the catalytic process.  For all Ntn-hydrolases, the catalytic residue is uncovered in the active enzyme by the removal of the sequences N-terminal to it.  We have found different ways to achieve this in PVA/U34 family proteins.  Proteins in the subgroup of penicillin V acylases and the conjugate bile salt hydrolases usually have the catalytic cysteine as the second residue, so the active residue is revealed right after the removal of the initiation formyl-methionine (Figure 2b).  One close homolog of  pepDA is experimental characterized as an extracellular arginine aminopeptidase from Streptococcus gordonii (gi: 16506526, Figure 2a) (Goldstein et al. 2002).   This protein has a typical export signal sequence of 14 hydrophobic residues.  The predicted catalytic cysteine residue is right after the cleavage site and thus exposed after the removal of the signal sequence.  Inhibitor studies also showed that this protein has some cysteine protease characteristics, in support of our predictions.  The acid ceremidases usually have a relatively long sequence N-terminal to the catalytic cysteine.  The removal of this N-terminal part may be an autoproteolysis process, like many other Ntn-hydrolases.  

The strongest sequence signal for all PVA/U34 family proteins lies in the motif containing the catalytic cysteine residue and corresponds to the N-terminal beta-hairpin in the structure of B. sphaericus penicillin V acylase (pdb id: 3pva; Figure 1, in purple).  Other common features in this motif include the hydrophobic patterns and positions occupied mainly by small residues near the catalytic cysteine (Figure 2).  The beta-hairpin motif is longer in the close homologs of U34 family dipeptidases (Figure 2a) than in the close homologs of PVAs (Figure 2b).  Two other residues (Arg17 and Asp20) are also highly conserved in the motif in most of the PVA/U34 proteins.  In the structure of 3pva, Arg17 makes hydrogen bonds to the opposite beta sheet: two to the main chain carboxy groups (Tyr68 and Met80) and one to the sidechain of Asp69.  So Arg17 should be an important factor in maintaining the overall stability of the structure.  Besides, one sidechain nitrogen of Arg17 is only 3.8A away from the catalytic sulfhydryl group, suggesting Arg17 could also be involved in catalysis.  Position corresponding to Arg17 is usually occupied by a positively charged residue in other homologs in PVA/U34 homologs (Figure 2).  The sidechain of Asp20 makes a hydrogen bond with the free backbone amino group of the catalytic cysteine.  This interaction is critical for maintaining the orientation of the cysteine residue for catalysis.  Another important part of the catalytic machinery is the oxyanion hole, which is used to stabilize the negative charges developed on the substrate carboxy group in the transition state.  Crystal structure of 3pva has revealed that the oxyanion hole consists of the sidechain N2 of Asn175 and the mainchain NH of Tyr82 (Suresh et al. 1999).  However, PSI-BLAST local alignments of the U34/PVA homologs are usually restricted to the very N-terminal conserved beta hairpins, not covering the position of Asn175.  This suggests that the rest of the sequences are fairly diverse among different U34/PVA subgroups, which is consistent with the broad scope of substrates that different subgroups can have.  We made a global alignment of all found U34/PVA homologs using program PCMA (Pei et al.) which emphasizes the consistency of profiles in the alignment process.  Indeed, the position correspond to Asn175 has a high conservation value (Pei and Grishin 2001a).  The full alignment is available at ftp://iole.swmed.edu/dipep/dipep.aln.  

Conservation of Arg17, Asp20 and Asn175 is unique for the U34/PVA family (Figure 2d).  Structure comparisons have revealed a great diversity in the exact placement of active site components for different Ntn-hydrolases (Oinonen and Rouvinen 2000).  Even in the U34/PVA family, a few diverse subgroups have different conservation patterns in the beta-hairpin motif.  Two are shown in Figure 2c.  The isopenicillin N acyltransferases (Montenegro et al. 1990) have the positively charged Arg17 replaced by a glutamine residue.  The other subgroup consists of eukaryotic proteins, most of which are hypothetical proteins.  Two experimentally characterized proteins are Drosophila protein LAMA (Perez and Steller 1996) and Trypanosoma lysosomal membrane glycoprotein p67 (Kelley et al. 1999), both are related to development.  In this subgroup, position of Arg17 is often occupied by a His and Asp20 is replaced by a large hydrophobic residue, usually Trp.  In conclusion, the PVA/U34 family is a large and diverse family of cysteine-type Ntn-hydrolases.  

Figure legends

Figure 1.  Structure of the penicillin V acylase from Bacillus sphaericus.  The protein data bank (pdb) code is 3pva, chain A.  The beta strands are in arrows and the helices are in blue belt.  The first beta hairpin is highlighted in purple.  The backbone amino group and sidechain of residue Cys1 and the sidechains of residues Arg17 and Asp20 are shown in ball and stick.  The structure is drawn using the program BOBSCRIPT (Esnouf 1997).

Figure 2.  Multiple sequence alignment of the first beta hairpin motif in PVA/U34 family and other Ntn hydrolases.  The sequence identifiers on the left are NCBI gene identification (gi) numbers, followed by the abbreviations of the species names.  Archaeal sequences and eukaryotic sequences are marked in red and green identifiers respectively.  The first residue number and the sequence length of each PVA/U34 homolog are shown.  The catalytic cysteine residue, Arg17 and Asp20  are highlighted as bold letters on black background.  Positions occupied by mainly hydrophobic residues are shaded in yellow.  Positions with mainly small residues (G, A, S, C, T, V, N, D) have these residues in blue letters.  Two sequences which do not have the catalytic cysteine residues in have the key residues shaded in gray.  (a) shows representatives of close homologs of U34 family dipeptidase.  The arrow beside a sequence indicates putative signal sequence cleavage site (Goldstein et al. 2002).   (b) shows representatives of close homologs of penicillin V acylases.  (c) shows two relatively divergent subgroups of the PVA/U34 family.  (d) shows the representative sequences of the 5 Ntn-hydrolase families with know structures.  Species names: Af, Archaeoglobus fulgidus; Bt, Bos taurus; Bs, Bacillus sphaericus; Bsu, Bacillus subtilis; Ce, Caenorhabditis elegans; Dd, Dictyostelium discoideum; Dm, Drosophila melanogaster; En, Emericella nidulans; Hs, Homo sapiens; Lg, Lactobacillus gasseri; Lj, Lactobacillus johnsonii; Ll, Lactococcus lactis; Lm, Listeria monocytogenes; Ls, Lactobacillus sakei; Ma: Methanosarcina acetivorans; Mm: Mus musculus; Pc, Penicillium chrysogenum; Rn, Rattus norvegicus; Sa, Staphylococcus aureus; Sg, Streptococcus gordonii; Sp, Streptococcus pyogenes; St, Salmonella typhimurium; Tb, Trypanosoma brucei. 
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Table 1.  N-terminal nucleophile hydrolase families

	SCOP Family
	Representative Structure
	Nucleophile
	MEROPS family

	Penicillin V acylase
	3pvaA
	Cys
	C45

	Class II glutamine amidotransferases
	1ecfB
	Cys
	C44

	Penicillin G acylase
	1ajqB
	Ser
	S45

	Proteasome catalytic subunits
	1pmaP
	Thr
	T1

	(Glycosyl)asparaginase
	1apyB
	Thr
	T2


Figure 1
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Figure. 2 

 (a)  15673540  Ll   11  CTTVLVGRKASIDGSTMIARNDDGH  (474)   

      15672234  Ll    3  CTTFLVGKKASLDGTTLIARNEDGG  (459)   

      1370209   Ls   10  CTSMMVGKNASIDGSTMISRNEDRF   473   

      16764452  St   20  CTTLLVGNQASADGSFIIARNEDGS  (489)   

      16506526  Sg   26↑ CSAFIVGKDLTADGSTLFGRTEDYP  (108)   

      15675831  Sp   26↑ CTGFIIGKDLTKDGSLLYGRTEDLE  (498)   

      14029606  Sg   26↑ CCGFIFGRQLTADGSTMFGRTEDYP  (652)   
      11497883  Af  164  CDGFVAMDDATSDGRVLMGRSFMFN  (188)  

      20090919  Ma  176  CSSFSAWGEW[4]GKLIFGKNEDNF  (201)

      16878237  Hs   12  CDCFVSVPPASAIPAVIFAKNSDRP  (425)   

      13938410  Hs    6  CDTFVALPPATVDNRIIFGKNSDRL  (136)   

      14789764  Mm   30  CDCFVSVPPASAIPAVIFAKNSDRP  (277)   

      12852713  Mm    6  CDTFVALPPATVGNRVIFGKNSDRL  (414)   

      20521842  Hs   36  SYCFVAFPPRAKDGLVVFGKNSARP  (443)
      21358243  Dm    4  GDCFVVLPENCAEGTLIIGRNAEDE  (353)


 (b)  15673817  Ll    4  CSSFTLESQD---NKHFLSRTMDFQ  (333)   

      129549    Bs    4  CSSLSIRTTD---DKSLFARTMDFT  (338)   

      10732793  Lj    2  CTSIVYSSNN----HHYFGRNLDLE  (326)   

      16081005  Bsu   2  CTSLTLETAD---RKHVLARTMDFA  (328)   

      12802353  Lg    2  CTSILYSPK-----DHYFGRNLDYE  (325)   

      16804106  Lm    2  CTSITYTTK-----DHYFGRNFDYE  (325)   

      15923265  Sa    2  CTGFTIQTLN---NQVLLGRTMDYD  (330)   

      14751493  Hs  159  CTSIVAEDKK---GHLIHGRNMDFG  (411)  

      9790019   Hs  142  CTSIITEDEK---GHLLHGRNMDFG  (394)  

      16758140  Rn  142  CTSIITEDGK---GHLLHGRNMDFG  (394)  

      12843178  Mm  131  CTSIVAQDSQ---GHIYHGRNLDYP  (362)  

      3025288   Ce  147  CTSIVAQTEDN--KDLYHARNLDFG  (401)  

      8134823   Ce  140  CTSVIAQDKD---GHVFHARNLDFG  (393)  



 (c)  13488171  Ml   94  CSGLAVQTRD----GALIAQNWDGP  (334)   

      112941    Pc  103  CTTAYCQLPN----GALQGQNWDFF  (357)   

      112940    En  103  CTTVYCKTPN----GALQGQNWDFF  (357)   

      13376232  Hs  181  CSALIKVLPG--FENVLFAHSSWYT  (506)   

      13385274  Mm  229  CSALIKVLPG--FENIYFAHSSWYT  (550)   

      12836562  Mm  249  CSALIKLLPG--GHDLLVAHNTWNS  (594)   

      10862820  Bt  205  CSALIKVLPG--FENIFFAHSSWYT  (525)   

      7498692   Ce  238  CSGLIKVAPG--NADLFISQVTMSG  (593)   

      7509567   Ce  212  CSALVKLLPK--NEDILFSHVTWSS  (571)   

      3378150   Tb  241  CSAFVKVVK----DDIYFGHATWSS  (659)   

      3420747   Dd   86  CSGFIRILPD--YSDVYFGHTTWRY  (338)   


  (d)   3pvaA            CSSLSIRTTD---DKSLFARTMDFT  Penicillin V acylase
        1ecfB            CGIVGIAGVM[55]NMGIGHVRYPT  Glutamine PRPP amidotransferase
        1ajqB            SNMWVIGKSKAQDAKAIMVNGPQFG  Penicillin G acylase
        1pmaP            TTTVGITLK----DAVIMATERRVT  Proteasome catalytic subunit
        1apyB            TIGMVVIHKT---GHIAAGTSTNGI  aspartylglucosaminidase   
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