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Pseudomonas aeruginosa aliphatic amidase is related to the
nitrilase/cyanide hydratase enzyme family and Cys'® is predicted to be
the active site nucleophile of the catalytic mechanism
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Abstract A database search indicated homology between some
members of the nitrilase/cyanide hydratase family, Pseudomonas
aeruginosa and Rhodococcus erythropolis amidases and several
other proteins, some of unknown function. BLOCK and PRO-
FILE searches confirmed these relationships and showed that
four regions of the P. aeruginosa amidase had significant homol-
ogy with corresponding regions of nitrilases. A phylogenetic tree
placed the P. aeruginosa and R. erythropolis amidases in a
group with nitrilases but separated other amidases into three
groups. The active site cysteine in nitrilases is conserved in the
P. aeruginosa amidase indicating that Cys'® is the active site
nucleophile.
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1. Introduction

The inducible aliphatic amidase (acylamide amidohydrolase;
EC 3.5.1.4) of Pseudomonas aeruginosa catalyses the hydrolysis
of aliphatic amides with short acyl chains to produce the corre-
sponding acids and ammonium [1]. The amino acid sequence
[2] has 80% identity and 90% similarity with Brevibacterium sp
R312 wide-spectrum amidase [3] and these two belong to a
group which also probably includes amidases from Methylophi-
lus methylotrophus [4], Alcaligenes xylogenes and Pseudomonas
cepacia (Novo, C., unpublished). The P. aeruginosa enzyme is
notable for the variations in its substrate specificity conferred
by point mutations [5].

Many other amidases unrelated to the P aeruginosa group
have been sequenced. Ten [6-9] contain a highly conserved
central region rich in glycine, serine and alanine residues which
give the consensus pattern, known in the PROSITE dictionary
as amidase signature (PDOCQO0494;PS00571).

The catalytic mechanism for the P. aeruginosa amidase is not
known but the participation of a thiol group in the catalytic
mechanism was proposed for the amidase from Brevibacterium
sp R312 [10] based on the work of Jallageas et al. [11]; however,
no particular cysteine residue was assigned as the active site

*Corresponding author. Fax: (44) (171) 873-2285.

Abbreviations: PDOC, Prosite documentation; PS, PROSITE; PAM
probability matrix, corresponds to one accepted amino acid substitu-
tion per hundred sites.

nucleophile and no conclusive evidence was given for the pro-
posed mechanism.

In some organisms conversion of aliphatic nitriles (organic
compounds containing a CN moiety) to acid and ammonium
is a two-step process. The first, catalysed by a nitrile hydratase,
produces an amide whose hydrolysis is then catalysed by an
amidase. Nitrile hydratases are not structuraily related to ami-
dases or to nitrilases [7,12,13]. Nitrilases catalyse the direct
cleavage of nitriles to the corresponding acids and ammonium.
Several microbial and plant nitrilases that use aromatic nitriles
as substrates are known [14-20] and one from R. rhodochrous
uses aliphatic nitriles as substrates [21]. The amino acid se-
quences of several nitrilases are known [14-21]; they are suscep-
tible to inactivation by thiol reagents and the Cys residue acting
as the active site nucleophile has been identified [15,21]. Two
fungal cyanide hydratases from Gloeoceocospora sorghi[22] and
Fusarum laterittum [23] have extensive amino acid sequence
homology with nitrilases and two conserved regions, known as
nitrilase/cyanide  hydratase  signatures (PDOCOO712;
PS00920/1) in the PROSITE dictionary, are found in all mem-
bers of the family.

Until this report no significant homologies had been reported
between the P. aeruginosa amidase group and any other en-
zymes.

2. Materials and methods

2.1. Amino acid sequence homology

Searches for homology in databases were done with PROSRCH
version 1.1, at the Biocomputing Research Unit in Molecular Biology,
University of Edinburgh, BLAST [24], at the National Center for Bio-
technology Information (NCBI), Bethesda, USA, and FASTA [25], at
the European Molecular Biology Laboratory (EMBL), Heidelberg,
Germany. The data banks available at the above institutions were used
in conjunction with the programmes.

2.2. Blockslblockmaker programs

The search on the BLOCKS database version 8.0 derived from
PROSITE 12 keyed to SWISS-PROT 29 [26,27] and was done by the
BLOCKS search program version 1.5 [28]. The search of blocks com-
mon to aligned sequences was done using BLOCKMAKER program
version 1.11 [29] which uses the Smith’s MOTIF program [29] and a
modification of Lawrence’s Gibbs sample program [30]. Both programs
are from the Fred Hutchinson Cancer Research Center, Seattle, USA.

2.3. Profile analysis

The nitrilase profile was constructed by applying successively the
programs LINEUP, PILEUP and PROFILEMAKE version 4.40 to six
nitrilase and two cyanide hydratase sequences in databases. Nitrilases:
Arabidopsis thaliana [17,19]; Alcaligenes faecalis [14]; Rhodococcus rho-
dochrous [15,21); Klebsiella pneumoniae [18]. Cyanide hydratases:
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G. sorghi [22); F laterittum [23). The specificity of the profile was
checked in PIR and SWISS-PROT databases using the program PRO-
FILESEARCH. The comparison of protein sequences with the nitrilase
profile was done with PROFILEGAP and with the profile library using
PROFILESCAN.

All the programs used are included in GCG package version 7.3 [31].

2.4. Phylogenetic relationships

The phylogenetic tree of protein sequences was constructed by Phy-
lotree and Rootedtree programs at the Darwin Computational Bio-
chemistry Research Group (CBRG) ETH, Zurich, Switzerland.

2.5. Protein structure predictions
Hydrophilicity was determined by the method of Kyte and Doolittle
[32] and solvent accessibility by the method of Rost and Sander [33,34].

2.6. Enzymeslproteins

Enzymes mentioned in the main text are represented by SWISS-
PROT database names in Figs. 1 and 3 as follows: Nitrilases: R. rhodo-
chrous NRL1-RHORH [15], NRL2-RHORH [21]; 4. thaliana NRL1-
ARATH [17], NRL2-ARATH [19]; 4. faecalis NRLA-ALCFA [14}; K.
pneumoniae NRLB-KLEPN [18]. Cyanide hydratases: G. sorghi
CYHY-GLOSO [22); F. laterittum: CYHY-FUSLA [23]. Amidases: P,
aeruginosa ALAM-PSEAE (2], Rhodococcus erythropolis; ALAM-
RHOER [3,7]. Saccharomyces cerevisiae hypothetical protein 1
HYP.PROT.1 (Doignon, F. et. al., unpublished). Staphylococcus au-
reus hypothetical protein 5 HYP.PROT.5 (Kornblum et al., unpub-
lished). Staphyloccus lugdunensis open reading frame 5-ORF5’ [35].
Rattus norvegians f-ureidopropionase BUP-RAT [36).

3. Results and discussion

3.1. Database search

Around 120 sequences, the output of a data base search for
proteins showing greatest homology with P. aeruginosa ami-
dase, were analysed further by the method of Sander and
Schneider [37] to investigate whether any of these homologies
implied a structural relationship. Ten sequences lay above the
homology threshold, ¢, defined in this method indicating possi-
ble structural homology with amidase. One of these sequences
was the amidase from R. erythropolis which has an identical
sequence to the amidase from Brevibacterium sp strain R312
[3,7]. Two nitrilases from R. rhodochrous [15,21] appeared
above the threshold line. Other sequences with implied homol-
ogy to the Pseudomonas amidase emerging from this study
included an unascribed gene from S. lugdunensis [35] with an
identity of 32% in a length of 93 residues and hypothetical
protein 5, from S. aureus (Kornblum, R. et al., unpublished)
with an identity of 32% in a length of 91 residues.

These results provoked a further investigation by doing a
BLOCKS search in the P. aeruginosa amidase sequence. This
detected four blocks (BL00920: A, B, C, D) of the nitrilase/
cyanide hydratase family. The blocks aligned with the amidase
sequence in the order they were in nitrilases and with similar
intervening distances. The probabilities supplied by the pro-
gramme showed that chance alignment for these blocks was
highly unlikely. By combining the results from the BLOCKS
search with database homology searches four regions common
to nitrilases and the amidases from P aeruginosa and
R. erythropolis were defined (Fig. 1).

The high homology of the hypothetical protein 1 from
S. cerevisiae (Doignon, F. et al., unpublished) with nitrilase
sequences, noted previously for the A.thaliana nitrilases [20],
was confirmed by detection of three blocks BL00920; E, B, C
from the nitrilase family in the correct order in its sequence
(data not shown).
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3.2. Profile analysis

In order to carry out a profile analysis of the P. geruginosa
amidase sequence, a nitrilase profile was constructed and its
specificity checked by using it to search the PIR and SWISS-
PROT databases. The nitrilase profile showed a high specificity
for the nitrilase family: 8 sequences were detected in the SWISS-
PROT databank (40.69 < z score' < 49.72) and 7 sequences
were detected in the PIR databank, (42.43 < z score < 48.10)
(data not shown). The profile search also detected the P. aerug-
inosa amidase with the best z score (6.04) after nitrilases in the
SWISS-PROT databank and with the fifth best in the PIR
databank (z score = 5.89). The hypothetical protein 5 sequence
from S. aureus had the second best z score (8.47) after nitrilases
in the PIR databank. The profile search also detected other
sequences presumably related to the nitrilase family: the
R. norvegians p-ureidopropionase [36] with second best z score
(5.44) after nitrilases in the SWISS-PROT databank and hypo-
thetical protein 1 from S. cerevisiae with the best z score (23.10)
after nitrilases in the PIR databank.

3.3. Phylogenetic tree

Using Phylotree and Rooted tree programs, a phylogenetic
tree (Fig. 2) was constructed of amidases, nitrilases, nitrile
hydratases, acyl transferases (amidases have acy! transferase
activity), ureases and the other proteins found to share homol-
ogy with nitrilases. Amidases were separated into four catego-
ries. The signature group together with the amidase from As-
pergillus oryzae [38)] comprised amidases exclusively. Amidases
from P, aeruginosa and R. erythropolis were included with the
nitrilase family; an amidase from Mycobacterium smegmatis
[39] was related to ureases and another, the putative amidase
from Salmonella typhimurium (Xu, K., unpublished), was separated
from the others. Nitrilases and nitrile hydratases were unrelated,
in agreement with the conclusions of other authors [21].

Inspection of the proteins shown by the tree to be related to
the nitrilase family suggested that: (i) S-ureidopropionase di-
verged first (114 PAM distant) from an ancestral gene; (ii) the
S. aureus and S. lugdunensis sequences were phylogenetically
very close and shared a common ancestor with the acyltrans-
ferase sequence from E. coli [40,41]; (iil) the hypothetical pro-
tein 1 from S. cerevisiae was closely related to the two nitrilases
from A. thaligna; (iv) the amidases from P. aeruginosa and
R. erythropolis were, out of all the sequences of the group, the
most closely related to the nitrilase family.

3.4. P. aeruginosa amidase active site

The active site of nitrilases contains a cysteine —SH that is
proposed to carry out a nucleophilic attack on the nitrile C
atom during the catalytic cycle [42,43). Comparisons between
the nitrilase profile sequence and those of each of the other
sequences assigned to the nitrilase phylogenetic group showed
that, with the exception of the E. coli acyltransferase, all the
others had a cysteine residue matching the nitrilase cysteine
active site nucleophile (data not shown). The same approach
applied to each of the amidases in the amidase signature group,
and those from A. oryzae and S. typhimurium, revealed that

'All sequence alignments had a z score>2.50 (maximum z
score = 49.2), where z represents the difference in standard deviation
units between the comparison score and the score for sequences unre-
lated to the profile.
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Fig. 1. Regions of amino acid homology common to the nitrilase/cyanide hydratase family and the aliphatic amidases from P aeruginosa and
R. erythropolis. The upper part of the figure shows a compilation of the BLOCK, BLOCKMAKER and database searches for sequence homology;
the P. aeruginosa amidase numbering is used. Below, the sequences of the four common regions are displayed with residues that are similar or identical
in most or all sequences shown in bold. See section 2 for identification of the enzymes.

only Pseudomonas syringae indoleacetamide hydrolase [44] had
a cysteine matching with the nitrilase active site cysteine. How-
ever, this enzyme displayed low homology with the nitrilase
profile suggesting that the cysteine residue may not have a role
as active site nucleophile.

Multiple alignment of group sequences (Fig. 3), confirmed
the conservation of the cysteine residue and of a proline, six
residues away. Nitrilases showed strong conservation of the
sequence C(WA)E whereas for the other members of the group
C(D,Y)}DG) was strongly conserved.

Hydrophobicity plots (data not shown) indicated that in all
sequences the cysteine residue was in a region with a solvent
relative accessibility less than 9% suggesting that the Cys resi-
due was buried in a hydrophobic pocket.

4., Conclusions

The data strongly suggested that amidases from P aerugi-
nosa and R. erythropolis (Brevibacterium sp. R312 wide-spec-
trum amidase) were closely related to the nitrilase/cyanide hy-
dratase family. Furthermore the relationship indicated that
both amidases use Cys'® as the active site nucleophile. By
site-directed mutagenesis, we have obtained amidases from
P. aeruginosa with the changes C166S and C166A. In both cases
the mutated enzyme is without activity and is immunologically
indistinguishable from the wild-type enzyme (Brown, P. et al.,
in preparation) strongly supporting the conclusions of this
computer-based study. Kobayashi et al. [21] noted that the
aliphatic nitrilase of R. rhodochrous K22 exhibited relatively
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Fig. 2. Phylogenetic tree. Sequences are clustered by the program into groups of related proteins. In the figure, groups are identified by the type of
enzyme predominating within the group. Numbers represent PAM values. Sequences not mentioned in the main text or in section 2 are referred to
solely by their names in the SWISS-PROT database. Amidase signature group: () AMID-PSECL, (f) AMID-YEAST, (g) HYIN-BRAJA,
(h) NYLA-PSESS, (i) AMID-RHOER, (j) HYIN-AGRT3, (k) P. syringae indoleacetamide hydrolase [44], () AMDS-EMENI, (m) HYN-AGRT4,
(n) NYLA-FLASP, (0) 4. oryzae amidase [38]; Nitrilase family: Nitrilases (q) A. thaliana [17], (r) A. thaliana [19], (s) R. rhodococcus [15], (t) R.
rhodococcus [21]; Cyanide hydratases (u) G. sorghi [22], (v) E laterittum [23]; Nitrilases: (w) A. faecalis [14], (x) K. pneumoniae [18], (0) P. aeruginosa
amidase [2], (p) R. erythropolis amidase [3,7], (a) S. cerevisiue hypothetical protein 1, (b) S. aureus hypothetical protein 5, (¢) S. lugdunensis OrfS’
[35], (d) R norvegians B-ureidopropionase [36]; Ureases: (G) UREA-CANEN, (H) URE1-LACFE, (I) URE1-UREUR, (J) UREA-SOYBN, (K)
UREIL- YEREN, (L) URE2-HELPY, (M) UREI-PROVU, (P) UREI-ECOLI, (Q) UREI-KLEAE, (R) UREI1-PROMI, (S) UREI-MORMO,
(N) M. smegmatis amidase [39]; acetyl and acyl transferases: (Uy CAT-CLOBU, (V) CATI1-STAAU, (W) CAT2-HAEIN, (X) CAT1-CLOPE,
(Y) ATDA- MESAU, (Z) ATDA-HUMAN, (0) IIK-SOLTU, (1) CAT-BACPU, nitrile hydratases: (A) NHAB-PSECL, (B) NHAB-RHOER, (C)
NHBI1- RHORH, (D) NHA1-RHORH, (E) NHB2-RHOERH, (F) NHA2-RHORH. Enzymes separate from main groupings: (y) S. typhimurium
amidase (YAMI-SALTY), (z) NHAA-PSECL (Pseudomonas chlororaphis nitrile hydratase), (T) E. coli apolipoprotein-N-acyl transferase [40,41].

residues were Cys®* for the S-ureidopropionase from R. nor-
vegians, Cys'® for S. cerevisiae hypothetical protein 1, Cys'*®

high resistance to thiol reagents that strongly inhibited other
nitrilases deducing therefore that the active site cysteine in this

case was ‘buried” and this may also be true for the P, aeruginosa
amidase accounting for previous inconclusive results about the
nature of the nucleophilic group.

With the probable exception of E. coli acyltransferase, all
other enzymes belonging to the nitrilase group also appear to
have a cysteine residue acting as an active site nucleophile. The

for S. aureus hypothetical protein 5, and Cys''® for the S.
lugdunensis orf5” sequence.

Amidases fell into 4 groups, a separation confirmed by the
multiple alignment of amidase sequences (data not shown),
reflecting differences in their substrate specificities and meta-
bolic roles as suggested by Hashimoto et al. [6]. Since no homol-
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Enzyme Multialignment sequences
NRLZ2_ARATH 169 TPIGKLGAAICWENRMPLYRT 189
NRL1_ARATH 176 TPIGRKLGAAICWENRMPLYRT 196
CYHY_GLOSO 153 .EIGRLGQLNCWENMNPFLKS 173
CYHY_FUSLA 154 LRLAASGQLNCWENMNPFLKS 174
NRL2_RHORH 154 MPFARLGALNCWEHFQTLTKY 174
NRL1_RHORH 160 FGFGRVGGLNCWEHFQPLSKY 180
NRLA_ALCFA 153 TELGRVGALCCWEHLSPLSKY 173
NRLB_KLEPN 151 TSVGRVGALNCAENLQSLNKF 171
HYP.PROT.1 159 TAAGKIGGAICWENIMPLLRY 179
ALAM_RHOER 156 PKGLKISLIICDDGNYPEIWR 176
ALAM_PSEAE 156 PKGMKISLIICDDGNYPEIWR 176
HYP.PROT.S 136 SDGTYVTQLICYDLRFPELLR 156
ORF5' 109 SNGVRVTQMICYDLRFPELLR 129
BUP_RAT 223 TQFGRIAVNICYGRHHPLNWL 243

Fig. 3. Multiple alignment of the active site cysteine region of nitrilases
with the sequences of other proteins in the nitrilase phylogenetic group.
Residues that are similar or identical in most of the sequences are shown
in bold.

ogy was seen between the proposed active site region of the
Paeruginosa and R. erythropolis amidases and amidases in
other groups, it seems likely that the amidases in the other
groups use a different catalytic mechanism and/or different
active site residues.
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