
Biochemical and Biophysical Research Communications 395 (2010) 76–81
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Characterization of two M17 family members in Escherichia coli, Peptidase A
and Peptidase B

Manoj Bhosale, Samay Pande, Anujith Kumar, Subhash Kairamkonda, Dipankar Nandi *

Department of Biochemistry, Indian Institute of Science, Bangalore 560012, India

a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 March 2010
Available online 27 March 2010

Keywords:
Aminopeptidase
Cellular proteolysis
Comparative biochemistry
M1 family peptidase
M17 family peptidase
Substrate specificity
0006-291X/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.bbrc.2010.03.142

* Corresponding author. Fax: +91 80 23600814.
E-mail address: nandi@biochem.iisc.ernet.in (D. N
Escherichia coli encodes two aminopeptidases belonging to the M17 family: Peptidase A (PepA) and Pep-
tidase B (PepB). To gain insights into their substrate specificities, PepA or PepB were overexpressed in
DpepN, which shows greatly reduced activity against the majority of amino acid substrates. Overexpres-
sion of PepA or PepB increases catalytic activity of several aminopeptidase substrates and partially res-
cues growth of DpepN during nutritional downshift and high temperature stress. Purified PepA and
PepB display broad substrate specificity and Leu, Lys, Met and Gly are preferred substrates. However, dis-
tinct differences are observed between these two paralogs: PepA is more stable at high temperature
whereas PepB displays broader substrate specificity as it cleaves Asp and insulin B chain peptide. Impor-
tantly, this strategy, i.e. overexpression of peptidases in DpepN and screening a panel of substrates for
cleavage, can be used to rapidly identify peptidases with novel substrate specificities encoded in genomes
of different organisms.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction [7], etc. PepN is the sole M1 family member in Escherichia coli
Intracellular proteolysis is responsible for the efficient turnover
of cellular proteins and removing damaged or aged proteins. In
addition, the cytosolic protein degradation pathway regulates sev-
eral cellular processes [1]. One of the key players during intracellu-
lar protein degradation are aminopeptidases, several of which
require metal as cofactor. Metallopeptidases are classified based
on motifs and other features (www.merops.sanger.ac.uk) and the
majority contains the HEXXH motif. The M1 family of peptidases
contains GAMEN and HEXXH(X)18E motifs which are important
in catalysis and binding to Zn2+. The remaining family members
contain other motifs, e.g. HXXE which is typical of the M14 family,
or conserved residues, e.g. Lys, Asp and Glu which are typical of the
M17 family peptidases [2].

Initially, aminopeptidases were named based on the substrate
used in an activity assay. This resulted in aminopeptidases being
given names that were not truly reflective of their substrate spec-
ificities, for e.g., leucine aminopeptidases (LAP’s). In general, LAPs
belong to two peptidase families, M1 or M17, and their representa-
tives are widely distributed and play diverse roles [3]. Mammalian
M1 family members are important in several physiological pro-
cesses: Aminopeptidase A regulates blood pressure [4] and angio-
genesis [5]; LTA4H generates inflammatory mediators [6]; ERAP1
trims MHC class I binding peptides in the endoplasmic reticulum
ll rights reserved.
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and is responsible for majority of the aminopeptidase activity in
total cell extracts [8]. M1 family members are also involved in pro-
tein degradation [9], stress responses [8,10–12] and have been
characterized in pathogens such as Salmonella typhimurium [13]
and Plasmodium falciparum [14].

A mammalian LAP belonging to the M17 family is IFNc induc-
ible and involved in N-terminal trimming of peptides generated
by 20S proteasomes [15]. In addition, LAP, along with other pepti-
dases, is important in degradation of crystalline protein deposits
that accumulate in the eye after oxidative stress and/or aging
[16]. A M17 LAP ortholog in tomato is induced upon wounding
and modulates plant defense against pathogens [17]. Plasmodium
falciparum encoded M17 LAP plays an important role in breakdown
of hemoglobin in infected red blood cells [18]. Escherichia coli en-
codes two M17 family members: PepA and PepB. Interestingly,
E. coli PepA binds DNA and is essential for Xer site specific recom-
bination which is involved in stable inheritance of ColE1 plasmids
[19]. The crystal structure of E. coli PepA reveals the existence of a
DNA binding path, which mostly involves the N-terminal domain
and certain extreme C-terminal residues [20]; however, the DNA-
related activities and peptidase activity of PepA are independent
of each other [21]. PepA orthologs in Pseudomonas aeruginosa
[22] and Vibrio cholerae [23] act as negative regulators of viru-
lence-associated genes. Inactivation of a pepA ortholog in P. aeru-
ginosa correlates with the mucoid phenotype and increase in
algD transcription. These studies clearly demonstrate a great
amount of interest in studying the cellular roles of M17 family
members in diverse organisms.
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Individual peptidases in E. coli and S. typhimurium, with the
exception of methionine aminopeptidase [24], are not essential
for growth due to the presence of redundant peptidases. However,
there is evidence for roles of multiple peptidases during growth in
minimal media [25] and degradation of selected substrates, e.g.
cysteinylglycine [26] and microcin C [27]. Escherichia coli amino-
peptidases, PepA, PepB and PepN, have overlapping substrate spec-
ificity and mutants of these peptidases exhibit some differences in
peptide utilization compared to parent strains [28]. Further studies
on the roles of individual peptidases in contributing to accumula-
tion of trichloroacetic acid soluble peptides during growth in
minimal medium revealed the following hierarchy: PepA >
PepN > PepB and PepD [25]. However, these studies were done
qualitatively and there is no quantitative and comparative study
on the substrate specificity of PepA and PepB. As these two enzymes
belong to the M17 family and are 26% identical and 17% similar, we
characterized these enzymes using multiple approaches. Due to the
major contribution of PepN to the aminopeptidase activities present
in total cell extracts [8], PepA and PepB were overexpressed in
DpepN and purified. As shown in this study, this strategy may be ex-
tended to other peptidases to rapidly identify novel substrate
specificities.

2. Materials and methods

2.1. Strains and growth conditions

The E. coli strains used are listed in Supplementary Table 1.
Strains were grown in LB (Himedia Labs, India) containing ampicil-
lin (100 lg/ml) (Himedia) at 37 �C and 160 rpm.

2.2. Cloning of pepA and pepB

Genomic DNA extracted from E. coli K12 MG1655 was used to
amplify pepA and pepB using Pfu polymerase (New England Biolabs,
USA). The primers used for PCR amplification along with restriction
enzyme sites are listed in Supplementary Table 2. The arabinose
inducible vector pBAD24 and PCR amplified pepA and pepB were
digested with NcoI and PstI (in case of pepA) and EcoRI and SmaI
(in case of pepB). The products were gel eluted, ligated and trans-
formed in competent DH5aDpepN cells. Plasmid DNA was isolated
from transformed colonies and restriction digestion was performed
to confirm the clones.

2.3. Preparation of total cell extracts

Different strains were grown for �8 h at 37 �C in LB media
with 400 lg/ml L-arabinose (Himedia). Bacteria were washed,
sonicated and centrifuged at 100,000g for 1 h at 4 �C to obtain
total cell extracts and 20 lg protein was used for enzyme
assays.

2.4. Purification of PepA, PepB and PepN

Overnight grown cultures of E. coli transformed with pBAD24-
pepA, pBAD24pepB and pBAD24pepN were grown for �10 h at
37 �C with 400 lg/ml L-arabinose. To purify PepA, total cell extracts
were obtained, subjected to heat denaturation at 60 �C for 30 min
followed by centrifugation at 100,000g for 1 h. Proteins in the
supernatant were precipitated using 50% (NH4)2SO4, centrifuged
at 100,000g for 1 h and the pellet was resuspended in 10 mM
Tris–HCl, pH 8.0 followed by dialysis. The dialyzed proteins were
loaded on DEAE-cellulose (Sigma, St. Louis, USA) and bound pro-
teins were eluted with a 100–350 mM NaCl gradient in 10 mM
Tris–HCl, pH 8.0.
To purify PepB, total cell lysates were precipitated using 50%
(NH4)2SO4, centrifuged, and the pellet was resuspended in
10 mM Tris–HCl, pH 8.0. After dialysis in 100 mM NaCl, the pro-
teins were loaded on Q-Sepharose (Sigma), subsequently washed
with 200 mM NaCl before eluting it with 200–350 mM NaCl. PepN
was purified using a series of chromatography columns, e.g. DEAE-
cellulose, Q-Sepharose and Butyl toyopearl (Sigma), as previously
reported [8]. Further, Sephacryl-200 (Pharmacia) FPLC gel filtration
was performed to obtain apparently homogenous purified pro-
teins. Under native conditions, PepN migrates as a monomer of
�90 kDa whereas PepA and PepB are hexamers with molecular
weights of �340 and �275 kDa, respectively. Enzyme purity was
checked by SDS–PAGE with silver nitrate staining (Supplementary
Fig. 1A).

2.5. Spectroscopic studies

Purified enzymes (�50 lg protein) in 400 ll of 20 mM phos-
phate buffer pH 8.0 were used and ellipticity was monitored from
200 to 250 nm in a 0.2-cm path length cuvette with a bandwidth of
1 nm and response time of 2 s at 20 �C. The molar ellipticity and
thermal denaturation temperature (Tm) was calculated as previ-
ously reported [12].

2.6. Enzyme assays

Total cell extracts of different strains or purified enzymes (10 ng
protein for aminopeptidase substrates and 1 lg protein for endo-
peptidase substrates) were assayed for hydrolysis of aminopepti-
dase (0.5 mM) and endopeptidase (0.5 mM) substrates, in 20 mM
phosphate buffer, pH 8.0, at 37 �C for 1 h. All substrates used were
conjugated to AMC (Bachem AG, Switzerland) with the sole excep-
tion of Lys which was linked to pNA (Sigma). The enzyme assays
and kinetic parameters were performed as previously reported
[11]. To study the cleavage of natural substrates, different amounts
of purified PepA, PepB and PepN were incubated with 100 lg of
either oxidized insulin B chain or casein (Sigma) in 20 mM phos-
phate buffer, pH 8.0 for 4 h. The release of newly released amino
groups was assayed as previously reported [11].

2.7. Inhibitor analysis

The purified proteins were incubated with different inhibitors
for 15 min followed by addition of 0.5 mM of L-Leu-AMC, at 37 �C
for 1 h and AMC released was measured. The inhibitors used were:
5 lM pepstatin (aspartate protease); 5 mM EDTA; 5 mM EGTA;
4 mM 1,10-phenanthroline (metalloprotease); 1 mM DTT (cysteine
protease) and 280 lM bestatin (aminopeptidase).

2.8. Growth analysis

Preinoculum (0.2%) of different strains were grown overnight at
37 �C and transferred to either LB medium or M9 minimal [14].
Bacterial strains were initially grown at 37 �C for 3.5 h and then
shifted to 42 �C. Cultures were aliquoted at different time intervals
and dilutions were plated on LB agar plates for CFU analysis.

3. Results

3.1. Substrate hydrolysis profile of PepA and PepB in total cell extracts
of DpepN

In order to characterize the two M17 family members in E. coli,
pepA and pepB were cloned in pBAD24, using the strategy shown in
Fig. 1A. Following confirmation of the clones, the hydrolysis of a
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Fig. 1. PepA or PepB overexpression in DpepN increases catalytic activity for selected aminopeptidase substrates. The cloning strategy of pepA and pepB in DpepN and
screening for activity is shown (A). Total cell lysates (20 lg) of indicated strains were incubated with different substrates (0.5 mM) for 1 h at 37 �C and the released AMC or
pNa was measured. The specific activity is means ± SE representative of four independent experiments.
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panel of 11 aminopeptidase substrates in total cell extracts of
DpepN was studied. As shown in Supplementary Fig. 2, DpepN
shows greatly reduced ability to cleave these substrates and over-
expression of PepN greatly increases aminopeptidase activities [8].
Upon overexpression of PepA and PepB, the cleavage of few sub-
strates, e.g. Lys, Leu, Met, Gly and AAF-AMC was increased by
�8–10-fold (Fig. 1B). Interestingly, only PepB showed significant
cleavage of Asp. These results demonstrate that overexpression
of PepA and PepB increased aminopeptidase activities in DpepN.

3.2. Effects of overexpression of PepA or PepB in DpepN during stress

PepN modulates the growth of S. typhimurium and E. coli during
nutritional downshift and high temperature stress [11,12]. To
study whether the increased peptidase activities in DpepN upon
overexpression of PepA or PepB plays a role, indicated strains were
grown at 37 �C for 3.5 h and then transferred to 42 �C in LB or min-
imal media (Fig. 2). No difference in growth among the different
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upon overexpression of PepA and PepB partially improved the
growth of DpepN during nutrition deprivation and high tempera-
ture stress.

3.3. Substrate specificities of PepA, PepB and PepN

To study the substrate preferences of PepA and PepB and com-
pare them with PepN, these enzymes were purified to apparent
homogeneity (Supplementary Fig. 1A). The cleavage pattern of
PepN was Lys > Leu/Gly/Met > Pro/Thr/Tyr/Gln > Trp (Fig. 3A).
However, the cleavage profile of PepA and PepB was distinct:
Lys/Leu/Met/Gly > Pro/Tyr > Thr/Gln/Trp. Interestingly, PepB was
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Fig. 3. Substrate specificity of PepA, PepB and PepN. Purified enzymes were assayed for their ability to hydrolyze a panel of 0.5 mM aminopeptidase substrates (A). Different
amounts of purified enzymes were incubated at 37 �C with 100 lg of oxidized insulin B chain (B) or casein (C) for 4 h and newly released free amino groups were estimated.
Data is representative of three independent enzyme preparations and shown as means ± SE.
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strate AAF more efficiently than PepA or PepB. Also, PepN cleaved
endopeptidase substrates [8]; however, PepA and PepB did not
cleave these substrates (Supplementary Fig. 3). Further, kinetic
studies were performed and Lys was the most favored substrate
for PepN with the following profile: Lys > Leu > Gly/Met > AAF
whereas PepA and PepB showed: Lys/Leu/Met > Gly > AAF. Impor-
tantly, the kcat values of PepN for Lys, Gly, Met, Leu and AAF cleav-
age were �3–15-fold higher compared to PepA and PepB.

Next, the cleavage of a peptide, oxidized insulin B chain, and a
loosely folded protein, casein was studied. All three enzymes
hydrolyzed casein in a concentration and time dependent manner
(Fig. 3B and Supplementary Fig. 4). Notably, PepN was more effi-
cient compared to PepA and PepB as cleavage was observed using
lower amounts of enzyme. Interestingly, PepA was not able to
cleave Insulin B chain. Also, increasing the time for cleavage did
not enhance the ability of PepA to cleave Insulin B chain (Supple-
mentary Fig. 4). Overall, these studies, using synthetic and natural
substrates, showed that purified PepN possessed a greater catalytic
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PepB possessed a broader substrate specificity compared to PepA.

3.4. Inhibitor and temperature stability analysis

These enzymes were further characterized using inhibitors and
temperature stability studies. Purified PepA, PepB and PepN were
incubated with different inhibitors and assayed for catalytic activ-
ity (Fig. 4A). All three enzymes were greatly inhibited by 1,10-phe-
nanthroline and bestatin. Interestingly, PepA and PepB were more
sensitive to pepstatin as compared to PepN. Next, the structural
stability of these enzymes was analyzed using circular dichroism
(CD). No major differences between the CD spectra of these three
enzymes were observed (Supplementary Fig. 5); however, CD–Tm

analysis clearly revealed that PepA was more stable at higher tem-
perature (Fig. 4B). In fact, the melting temperature of PepA was
61 ± 0.8 �C whereas that of PepB and PepN was 55 ± 0.7 �C, using
three independent enzyme preparations.
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Table 1
Kinetic parameters of hydrolysis of selected substrates by PepA, PepB and PepN.

Substrates PepA PepB PepN

Km (lM) kcat (s�1) kcat/Km (s�1 lM�1) Km (lM) kcat (s�1) kcat/Km (s�1 lM�1) Km (lM) kcat (s�1) kcat/Km (s�1 lM�1)

L-Lys-pNa 220 ± 7 17.7 0.082 170 ± 4.5 14.3 0.089 382 ± 6 290 1

L-Leu-AMC 180 ± 6 17 0.091 140 ± 13 19 0.112 270 ± 7 90 0.33

L-Met-AMC 240 ± 6 20 0.081 140 ± 2 14 0.104 340 ± 19 80 0.235

L-Gly-AMC 140 ± 6 11 0.068 160 ± 9.5 12 0.071 310 ± 10 92 0.292

AAF-AMC 260 ± 20 10 0.034 330 ± 3 14.4 0.041 445 ± 12 53 0.126

L-Asp-AMC ND ND ND 401 ± 2 11.7 0.023 ND ND ND

Different concentrations of substrates were subjected for hydrolysis by purified PepA, PepB and PepN. The kinetic parameters were calculated by direct linear plot. Data are
representative of three independent enzyme preparations shown as means ± SE. ND indicates not detected.
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4. Discussion

The highlight of this study is the comparative biochemical char-
acterization of the two M17 family paralogs in E. coli. Although PepA
and PepB are known as LAPs, this study clearly showed that they pos-
sess broad substrate specificity (Fig. 3) and cleave Leu as efficiently
as Lys and Met (Table 1). Initially, the substrate cleavage pattern
was analyzed by overexpressing PepA and PepB in DpepN (Fig. 1B).
The increased catalytic activities upon overexpression of PepA or
PepB were, most likely, responsible for better growth of DpepN dur-
ing nutrient limitation and high temperature stress (Fig. 2). How-
ever, these effects observed upon overexpression of PepA or PepB
were less compared to that observed upon PepN overexpression
(Fig. 2). Most likely, this is due to the enhanced catalytic activity of
PepN compared to PepA and PepB (Fig. 3 and Table 1). In fact, the ex-
tent of peptidase activities appears to directly correlate with growth
of DpepN during nutritional downshift and high temperature stress.

In general, M1 and M17 members are sensitive to chelation
with 1,10-phenanthroline, which chelates divalent cations like
Fe2+, Co2+ and Zn2+, whereas differential sensitivity is observed
with EDTA: a M17 member encoded by Schizosaccharomyces pombe
is inhibited by EDTA [29] whereas lysine aminopeptidase, a M1
family member in Aspergillus niger, is less sensitive to EDTA and
EGTA [30]. Studies with inhibitors demonstrated PepA, PepB and
PepN to be sensitive to 1,10-phenanthroline and bestatin but not
EDTA and EGTA (Fig. 4A). Interestingly, PepstatinA, an aspartyl pro-
tease inhibitor, inhibited PepA and PepB greater than PepN
(Fig. 4A) probably due to the presence of Asp in the active sites
of PepA and PepB but not PepN (Supplementary Figs. 6 and 7).

Distinct differences were observed in four properties of PepA
and PepB. First, bioinformatics analysis showed that residues
known to be involved in DNA-related activities of E. coli PepA are
not conserved in PepB and most M17 orthologs (Supplementary
Fig. 7). Second, PepA is larger than PepB, both in terms of subunit
size and native molecular weight (Supplementary Fig. 1). Third,
PepB, but not PepA, cleaved Asp (Fig. 3A). A previous study had
shown that partially pure E. coli PepB preferred Glu over 5-fold
more than Leu [31]. However, kinetic analysis showed purified
PepB to cleave Asp less efficiently compared to Leu/Met/Lys/Gly
(Table 1). The ability of PepB to cleave Asp at the N-terminal of
peptide chain is due to the presence of a Lys residue present in
the domain containing the active site [32]. As shown in Supple-
mentary Fig. 7, this Lys residue is present only in E. coli PepB and
Vibrio cholerae PepA but not other M17 family members. In addi-
tion, the CSATYRK motif is present only in PepB and Arg present
in this motif may be interacting with N-terminus of acidic sub-
strates [32]. Also, PepA was unable to cleave the oxidized insulin
B chain peptide (Fig. 3B). Taking into account the ability to cleave
Asp and insulin B chain, it appears that PepB has broader specificity
compared to PepA. Fourth, CD–Tm analysis showed that the Tm for
PepA was higher than PepB (Fig. 4B). This is in contrast to a previ-
ous study which showed that partially pure S. typhimurium PepB is
stable at 70 �C [32]. In fact, our study agrees with another that
showed PepA to be more resistant to heat denaturation compared
to other L-Leu-pNA cleaving enzymes [33].

The broad specificity of PepN has been studied using structural
biology approaches [34]. The substrate binding pocket in PepN is
close to the active site and the top of it is composed of polar residues
whereas the walls are made up of hydrophobic amino acids. This
arrangement allows the binding of different amino acids which con-
tributes to the broad specificity of PepN. Although, the crystal struc-
ture of PepB is not known that of PepA is known and the active sites
are located in a cavity in the center of the hexamer that are accessed
via three solvent channels [20]. PepA has two overlapping Zn2+ bind-
ing motifs and the metal binding motifs are rich in residues with
carboxylate groups. The catalytically important residues (Supple-
mentary Fig. 7) are conserved across all the orthologs and the cata-
lytic Lys-282 in E. coli PepA (Lys-294 in mouse LAP) acts as a
proton donor [20]. The crystal structure of P. falciparum LAP (PfA-
M17) shows the substrate binding pocket interacting with P1 amino
acids is narrow and majority of amino acids present at the entrance
are hydrophobic which may be responsible for the restricted sub-
strate profile with respect to polar and charged amino acids. In addi-
tion, the structure suggests difficulties for small amino acids to bind
optimally at the substrate binding pocket [35]. Further studies are
required to understand whether these differences are responsible
for the lowered catalytic activity and differences in substrate speci-
ficity of PepA and PepB compared to PepN.

The current method of identifying the substrate specificities of
peptidases relies on purification from natural or overexpressing
systems. Consequently, this time consuming process reduces the
number of enzymes that can be screened. On the other hand, using
this strategy different peptidases can be cloned, expressed in
DpepN and screened for activities in total cell lysates (Fig. 1A).
After screening, only selected peptidases can be purified to confirm
their substrate specificities. This aspect is important in light of the
fact that �2–5% of the genes encode for peptidases, irrespectively
of the organism source [36]. Overall, implementation of this strat-
egy can rapidly enhance the identification of peptidases with novel
substrate specificities that may play important cellular roles and/or
have industrial applications.
Acknowledgments

We appreciate the suggestions by Prof. P. Sadhale and encour-
agement by members of the DpN laboratory to improve the quality
of this work. This study was funded by the Department of Science
and Technology, Government of India.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2010.03.142.

http://dx.doi.org/10.1016/j.bbrc.2010.03.142


M. Bhosale et al. / Biochemical and Biophysical Research Communications 395 (2010) 76–81 81
References

[1] D. Nandi, P. Tahiliani, A. Kumar, D. Chandu, The ubiquitin–proteasome system,
J. Biosci. 31 (2006) 137–155.

[2] N.D. Rawlings, A.J. Barrett, Evolutionary families of metallopeptidases,
Methods Enzymol. 248 (1995) 183–228.

[3] M. Matsui, J.H. Fowler, L.L. Walling, Leucine aminopeptidases: diversity in
structure and function, Biol. Chem. 387 (2006) 1535–1544.

[4] T. Mitsui, S. Nomura, M. Okada, et al., Hypertension and angiotensin II
hypersensitivity in aminopeptidase A-deficient mice, Mol. Med. 9 (2003) 57–
62.

[5] S. Marchiò, J. Lahdenranta, R.O. Schlingemann, et al., Aminopeptidase A is a
functional target in angiogenic blood vessels, Cancer Cell 5 (2004) 151–162.

[6] J.Z. Haeggstrom, Leukotriene-A4 hydrolase/aminopeptidase, the gatekeeper of
chemotactic leukotriene B4 biosynthesis, J. Biol. Chem. 279 (2004) 50639–
50642.

[7] J. Yan, V.V. Parekh, Y. Mendez-Fernandez, et al., In vivo role of ER-associated
peptidase activity in tailoring peptides for presentation by MHC class Ia and
class Ib molecules, J. Exp. Med. 203 (2006) 647–659.

[8] D. Chandu, D. Nandi, PepN is the major aminopeptidase in Escherichia coli:
insights on substrate specificity and role during sodium salicylate-induced
stress, Microbiology 149 (2003) 3437–3447.

[9] N. Tamura, F. Lottspeich, W. Baumeister, T. Tamura, The role of tricorn protease
and its aminopeptidase-interacting factors in cellular protein degradation, Cell
95 (1998) 637–648.

[10] D.R. Caprioglio, C. Padilla, M. Werner-Washburne, Isolation and
characterization of AAP1. A gene encoding an alanine/arginine
aminopeptidase in yeast, J. Biol. Chem. 268 (1993) 14310–14315.

[11] A. Kumar, D. Nandi, Characterization and role of Peptidase N from Salmonella
enterica serovar Typhimurium, Biochem. Biophys. Res. Commun. 353 (2007)
706–712.

[12] A. Kumar, M. Bhosale, S. Reddy, N. Srinivasan, D. Nandi, Importance of non-
conserved distal carboxyl terminal amino acids in two peptidases belonging to
the M1 family: Thermoplasma acidophilum Tricorn interacting factor F2 and
Escherichia coli Peptidase N, Biochimie 91 (2009) 1145–1155.

[13] V. Patil, A. Kumar, S. Kuruppath, D. Nandi, Peptidase N encoded by Salmonella
enterica serovar Typhimurium modulates systemic infection in mice, FEMS
Immunol. Microbiol. 51 (2007) 431–442.

[14] M. Allary, J. Schrevel, I. Florent, Properties, stage-dependent expression and
localization of Plasmodium falciparum M1 family zinc-aminopeptidase,
Parasitology 125 (2002) 1–10.

[15] J. Beninga, K.L. Rock, A.L. Goldberg, Interferon-gamma can stimulate post-
proteasomal trimming of the N terminus of an antigenic peptide by inducing
leucine aminopeptidase, J. Biol. Chem. 273 (1998) 18734–18742.

[16] K.K. Sharma, K. Kester, Peptide hydrolysis in lens: role of leucine
aminopeptidase, aminopeptidase III, prolyloligopeptidase and acylpeptide-
hydrolase, Curr. Eye Res. 15 (1996) 363–369.

[17] J.H. Fowler, J. Narváez-Vásquez, D.N. Aromdee, et al., Leucine aminopeptidase
regulates defense and wound signaling in tomato downstream of jasmonic
acid, Plant Cell 21 (2009) 1239–1251.

[18] C.M. Stack, J. Lowther, E. Cunningham, et al., Characterization of the
Plasmodium falciparum M17 leucyl aminopeptidase. A protease involved in
amino acid regulation with potential for antimalarial drug development, J.
Biol. Chem. 282 (2007) 2069–2080.
[19] C. Alén, D.J. Sherratt, S.D. Colloms, Direct interaction of aminopeptidase A with
recombination site DNA in Xer site-specific recombination, EMBO J. 17 (1997)
5188–5197.

[20] N. Strater, D.J. Sherratt, S.D. Colloms, X-ray structure of aminopeptidase A from
Escherichia coli and a model for the nucleoprotein complex in Xer site-specific
recombination, EMBO J. 18 (1999) 4513–4522.

[21] R. McCulloch, M.E. Burke, D.J. Sherratt, Peptidase activity of Escherichia coli
aminopeptidase A is not required for its role in Xer site-specific recombination,
Mol. Microbiol. 12 (1994) 241–251.

[22] S.C. Woolwine, D.J. Wozniak, Identification of an Escherichia coli pepA homolog
and its involvement in suppression of the algB phenotype in mucoid
Pseudomonas aeruginosa, J. Bacteriol. 181 (1999) 107–116.

[23] J. Behari, L. Stagon, S.B. Calderwood, pepA, a gene mediating pH regulation of
virulence genes in Vibrio cholerae, J. Bacteriol. 183 (2001) 178–188.

[24] S.Y. Chang, E.C. McGary, S. Chang, Methionine aminopeptidase gene of
Escherichia coli is essential for cell growth, J. Bacteriol. 171 (1989) 4071–
4072.

[25] C. Yen, L. Green, C.G. Miller, Peptide accumulation during growth of peptidase
deficient mutants, J. Mol. Biol. 143 (1980) 35–48.

[26] H. Suzuki, S. Kamatani, E.S. Kim, H. Kumagai, Aminopeptidases A, B, and N and
dipeptidase D are the four cysteinylglycinases of Escherichia coli K-12, J.
Bacteriol. 183 (2001) 1489–1490.

[27] T. Kazakov, G.H. Vondenhoff, K.A. Datsenko, et al., Escherichia coli peptidase A,
B, or N can process translation inhibitor microcin C, J. Bacteriol. 190 (2008)
2607–2610.

[28] C.G. Miller, G. Schwartz, Peptidase-deficient mutants of Escherichia coli, J.
Bacteriol. 135 (1978) 603–611.

[29] I. Herrera-Camacho, N.H. Rosas-Murrieta, A. Rojo-Domínguez, et al.,
Biochemical characterization and structural prediction of a novel cytosolic
leucyl aminopeptidase of the M17 family from Schizosaccharomyces pombe,
FEBS J. 274 (2007) 6228–6240.

[30] D.E. Basten, J. Visser, P.J. Schaap, Lysine aminopeptidase of Aspergillus niger,
Microbiology 147 (2001) 2045–2050.

[31] H. Suzuki, S. Kamatani, H. Kumagai, Purification and characterization of
aminopeptidase B from Escherichia coli K-12, Biosci. Biotechnol. Biochem. 65
(2001) 1549–1558.

[32] Z. Mathew, T.M. Knox, C.G. Miller, Salmonella enterica serovar Typhimurium
peptidase B is a leucyl aminopeptidase with specificity for acidic amino acids,
J. Bacteriol. 182 (2000) 3383–3393.

[33] C.J. Stirling, S.D. Colloms, J.F. Collins, G. Szatmari, D.J. Sherratt, xerB, an
Escherichia coli gene required for plasmid ColE1 site-specific recombination, is
identical to pepA, encoding aminopeptidase A, a protein with substantial
similarity to bovine lens leucine aminopeptidase, EMBO J. 8 (1989) 1623–
1627.

[34] A. Addlagatta, L. Gay, B.W. Matthews, Structural basis for the unusual
specificity of Escherichia coli aminopeptidase N, Biochemistry 47 (2008)
5303–5311.

[35] S. McGowan, C.A. Oellig, W.A. Birru, et al., Structure of the Plasmodium
falciparum M17 aminopeptidase and significance for the design of drugs
targeting the neutral exopeptidases, Proc. Natl. Acad. Sci. USA 107 (2010)
2449–2454.

[36] L. Bartoli, R. Calabrese, P. Fariselli, D.G. Mita, R. Casadio, A computational
approach for detecting peptidases and their specific inhibitors at the genome
level, BMC Bioinformatics 8 (Suppl. 1) (2007) S3.


	Characterization of two M17 family members in Escherichia coli, Peptidase A  and Peptidase B
	Introduction
	Materials and methods
	Strains and growth conditions
	Cloning of pepA and pepB
	Preparation of total cell extracts
	Purification of PepA, PepB and PepN
	Spectroscopic studies
	Enzyme assays
	Inhibitor analysis
	Growth analysis

	Results
	Substrate hydrolysis profile of PepA and PepB in
	Effects of overexpression of PepA or PepB in Δpe
	Substrate specificities of PepA, PepB and PepN
	Inhibitor and temperature stability analysis

	Discussion
	Acknowledgments
	Supplementary data
	References


