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ABSTRACT  Several microbial metalo-aminopeptidases are 
emerging as novel targets for the treatment of human infec-
tious diseases. Some of them are well validated as targets 
and some are not; some are essential enzymes and others 
are important for virulence and pathogenesis. For another 
group, it is not clear if their enzymatic activity is involved in 
the critical functions that they mediate. But one aspect has 
been established: they display relevant roles in bacteria and 
protozoa that could be targeted for therapeutic purposes. 
This work aims to describe these biological functions for 
several microbial metalo-aminopeptidases. 
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INTRODUCTION 
Several microbial metalo-aminopeptidases are emerging as 
novel targets for the treatment of human infectious dis-
eases. Some of them are well validated as targets and 
some are not; some are essential enzymes and others are 
important for virulence and pathogenesis. For another 
group, it is not clear if their enzymatic activity is involved in 
the critical functions that they mediate. But one aspect has 
been established: they display relevant roles in bacteria 
and protozoa that could be targeted for therapeutic pur-
poses. This work aims to describe these biological func-
tions for several microbial metalo-aminopeptidases. The 
main biological functions and molecular properties of these 
enzymes that support them as targets are presented in 
Table 1. 

 
 

AMINOPEPTIDASES BELONGING TO THE M1 FAMILY OF 
PROTEASES  
The M1 alanyl-aminopeptidase from the parasite Plasmo-
dium falciparum (PfA-M1) is involved in hemoglobin deg-
radation (an essential process [1]) during erythrocytic stag-
es [2-4], when the parasite catabolizes 65-75 % of host 
hemoglobin [5]. This event guarantees vital space for para-
site growth inside the erythrocyte [6], generates free ami-
no acids for parasite protein synthesis [7, 8], modulates 
osmotic pressure within infected red blood cells, prevents 
premature erythrocyte lysis [9] and guarantees the uptake 
of extracellular isoleucine (an essential amino acid absent 
in human hemoglobin [7, 10]) through exchange with in-
tracellular leucine [11, 12]. 

It has been proposed that PfA-M1 develops crucial 
functions to the parasite life cycle [3], being the main evi-
dences: (1) The in vivo parasite growth is inhibited by 
bestatin, a  classical  inhibitor  of many  metaloaminopepti- 
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Abbreviations: 
AcLAP – A. castellanii M17 LAP; HpM17AP – H. pylori M17 
LAP; LAP – leucyl-aminopeptidase; LAP-B – Leishmania spp. 
M17 LAP; MetAP – methionyl aminopeptidase; MtMetAP – 
M. tuberculosis MetAP; PfA-M1 – P. falciparum M1 alanyl 
aminopeptidase; Pfa-M17 – P. falciparum M17 LAP; Pfa-
M18 – P. falciparum M18 LAP; PhpA – P. aeruginosa M17 
LAP; SaM17-LAP – S. aureus M17 LAP; TbLAP-B – T. brucei 
M17 LAP; TgLAP – T. gondii M17 LAP; VcPepA – V. cholerae 
M17 LAP. 
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TABLE 1. Main biological functions and molecular properties of microbial metalo-aminopeptidases that support their essentiality or involvement in virulence. 

Protease 
family 

Metalo-aminopeptidase 
(source) 

Molecular activity or prop-
erty that determines their 

main functions 
Main functions 

Essentiality or involve-
ment in virulence 

Experimental evidences that support their rele-
vance 

M1 
PfA-M1 

(P. falciparum parasite) 
Alanyl-aminopeptidase 

activity 
Hemoglobin 
degradation 

Essential 

- Bestatin and specific inhibitors block parasite 
growth 

- Their toxicity is reduced in parasites overex-
pressing PfA-M1 

- Knockout is lethal 

M17 

MtLAP 
(M. tuberculosis bacterium) 

Leucyl-aminopeptidase 
activity 

Unknown 
Essentiality not demon-

strated 

Bestatin inhibits bacterial growth in vitro and dur-
ing macrophage infection 

PfA-M17 
(P. falciparum parasite) 

Leucyl-aminopeptidase 
activity 

- Hemoglobin degradation 
- Erythrocyte invasion  

(probably) 
- Other housekeeping functions 

Essential 
- Bestatin and a specific inhibitor block parasite 

growth 
- Knockout is lethal 

TbLAP-B 
(T. brucei parasite) 

Leucyl-aminopeptidase 
activity (probably) 

Kinetoplast DNA segregation 
Not essential, involved 

in virulence 
Down-regulation induces a delay in cytokinesis 

LAP-B 
(Leishmania spp. parasite) 

Leucyl-aminopeptidase 
activity (probably) 

- Leucine supply during host 
infection 

- Intracellular protein degrada-
tion and turnover 
- Host cell invasion 

(all probably) 

Essentiality not demon-
strated 

Selective inhibition may interfere with parasite 
viability 

AcLAP 
(A. castellanii parasite) 

Leucyl-aminopeptidase 
activity 

Encystation 
Not essential, involved 

in virulence 
Knockdown and bestatin produce encystation 

inhibition 

TgLAP 
(T. gondii parasite) 

Leucyl-aminopeptidase 
activity (probably) 

Hydrolysis of dipeptides pro-
duced by cathepsin Cs and pro-

teasoma (probably) 

Not essential, involved 
in virulence 

Knockout inhibits the parasite ability to attach 
and/or invade cultured cells, attenuating viru-

lence in a mouse model 

SaM17-LAP 
(S. aureus bacterium) 

Cysteinyl-glycinase activity 
(probably) 

- Bioactivates / inactivates key 
cellular proteins involved in 

metabolism, cell wall biosynthe-
sis or signaling 

- Sulfur metabolism 
(all probably) 

Not essential, involved 
in virulence 

- Required in vitro for bacterial survival inside 
human macrophages 

- Knockout attenuates virulence in in vivo mouse 
models 
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TABLE 1 (continued). Main biological functions and molecular properties of microbial metalo-aminopeptidases that support their essentiality or involvement in virulence. 

Protease 
family 

Metalo-aminopeptidase 
(source) 

Molecular activity or prop-
erty that determines their 

main functions 
Main functions 

Essentiality or involve-
ment in virulence 

Experimental evidences that support their rele-
vance 

M17 

TdM17-LAP 
(T. denticola bacterium) 

Cysteinyl-glycinase activity Glutathione catabolic pathway 
Essentiality not demon-

strated 
Glutathione and Cys-Gly protect the cellular com-

ponents from oxidative damage 

HpM17AP 
(H. pylori bacterium) 

Cysteinyl-glycinase and 
arginyl-aminopeptidase 

activities 

- Defense in human macro-
phages 

- Drug resistance mechanisms 
- Housekeeping role 

- Maintains an adequate cyto-
plasmic pool of free arginine 

(all probably) 

Essentiality not demon-
strated 

- Upregulated in response to the anti-H. pylori 
agent, NE-2001, and oxidative stress caused by 

nitric oxide and metronidazole 
- Bestatin inhibits bacterial growth 

PhpA 
(P. aeruginosa bacterium) 

Quaternary structure 
Regulates transcription of the 

virulence-associated algD gene 
Not essential, involved 

in virulence 

Mutation in a metal-binding residue increases 
transcription of algD gene and produces a slow 

growth phenotype in vivo 

VcPepA 
(V. cholera bacterium) 

 
Quaternary structure 

Modulates transcription of 
the cholera toxin gene under 

different environmental condi-
tions 

Not essential, in-
volved in virulence 

Knockout increases levels of cholera toxin in 
non-inducing conditions 

M18 
PfA-M18 

(P. falciparum parasite) 
Aspartyl-aminopeptidase 

activity 

- Hemoglobin degradation 
- Erythrocyte membrane rup-

ture 
(all probably) 

Essential Knockdown inhibits parasite growth 

M24 

MtMetAP1a 
(M. tuberculosis bacterium) 

Methionyl-aminopeptidase 
activity 

Removal of N-terminal methio-
nine from newly synthesized 

peptides 
Essential 

- Knockdown inhibits bacterial growth 
- Overexpression confers resistance to the anti-

bacterial effect of enzymatic inhibitors 

MtMetAP1c 
(M. tuberculosis bacterium) 

Methionyl-aminopeptidase 
activity 

- Removal of N-terminal methi-
onine from newly synthesized 

peptides 
- A major role in the host mac-

rophage phagosome 

Not essential, involved 
in virulence 

Overexpression confers resistance to the antibac-
terial effect of enzymatic inhibitors 

LdMetAP2 
(L. donovani parasite) 

Methionyl-aminopeptidase 
activity 

- Apoptosis 
- Removal of N-terminal methi-
onine from newly synthesized 

peptides 

Essentiality not demon-
strated 

- Overexpression and apoptosis are associated 
- Inhibitors prevent the induction of apoptosis, 

but do not prevent parasite death 
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dases, and compound 4, a synthetic PfA-M1 inhibitor [13], 
in the murine malaria model Plasmodium chabaudi [14]. 
(2) The toxicity of these compounds is reduced in transgen-
ic parasites overexpressing PfA-M1 [13]. (3) The PfA-M1 
specific inhibitors inhibit the in vitro parasite growth [4]. 
(4) The absence of this enzyme in knockout parasites is 
lethal [2]. All of these results are indicative of the target 
character of PfA-M1 for the search of a new class of anti-
malarials [3, 4]. 

 

AMINOPEPTIDASES BELONGING TO THE M17 FAMILY 
OF PROTEASES 
M17 aminopeptidases have leucyl-aminopeptidase (LAP) 
activity, responsible in most cases for the biological func-
tions related with their target character. But other M17 
enzymes, mainly from bacteria, exhibit also cysteinyl-
glycinase activity, which is involved in their critical cellular 
functions. Another group of M17 LAPs have roles that do 
not depend on their enzymatic activity, but on their qua-
ternary structure (transcriptional regulation, for example). 
 
M17 aminopeptidases whose main function depends on 
LAP activity 
M17 LAP from the bacterium Mycobacterium tuberculosis 
The growth inhibition of the bacterium M. tuberculosis by 
bestatin, in vitro and during macrophage infection, sup-
ports the involvement of the M17 leucyl-aminopeptidase 
(MtLAP) in physiological and pathogenic processes in tu-
berculosis. This enzyme is probably essential for in vivo 
bacterial survival and pathogenesis [15]. 
 
M17 LAP from P. falciparum 
The M17 LAP from P. falciparum (PfA-M17) is involved in 
the hemoglobin digestion, with the functions described 
above. The blockade of this LAP activity is toxic in vitro for 
P. falciparum and P. chabaudi chabaudi [16, 17]. In con-
trast to PfA-M1, PfA-M17 may have additional functions, 
since its specific inhibition in parasite cultures causes 
growth retardation early in the erythrocytic stages, before 
hemoglobin digestion begins [4]. PfA-M17 could participate 
in red cell invasion process, since bestatin diminishes the 
rings number 24 h after addition of schizont-infected 
erythrocytes to uninfected cells [17]. This enzyme is essen-
tial for parasite viability, since PfA-M17 gene knockout has 
been unsuccessful [2]. 
 
Basic M17 LAP from the parasite Trypanosoma brucei 
In host infection processes, the basic M17 LAP from the 
parasite T. brucei (TbLAP-B) could have some of the follow-
ing functions: provide an essential amino acid (leucine is a 
precursor for sterol biosynthesis [18, 19]), being involved in 
infectivity [20], regulate stress responses and signal trans-
duction [21], act as protein chaperones [22], be required 
for glutathione metabolism [23], and participate in host 
cell invasion [24, 25]. 

Interference RNA-mediated down-regulation of TbLAP-
B induces a nonlethal growth defect, causing a delay in 
cytokinesis. Ectopic expression of the TbLAP-B-

hemaglutinin fusion in procyclic T. brucei causes the loss of 
kinetoplast DNA, failure of the mitochondrial membrane 
potential and related growth defects. Parasites expressing 
TbLAP-B-hemaglutinin can duplicate their kinetoplast DNA, 
but correct separation fails. The enzyme down-regulation 
and ectopic expression indicate its clear involvement in 
kinetoplast DNA segregation [26]. 
 
Basic M17 LAP from the parasite Leishmania spp. 
The LAP activity of the soluble extracts of the parasite 
Leishmania spp. was almost completely (90-95 %) inhibited 
by anti-porcine LAP IgG (this antibody inhibits the basic 
M17 LAPs from Leishmania spp. -LAP-Bs-), indicating that 
LAP-Bs are responsible for the bulk of this activity in para-
site extracts. The selective inhibition of LAP-B may inter-
fere with parasite viability [27], because Leishmania spp. 
are auxotrophic for branched-chain amino acids [28, 29]. 
Therefore, LAP-B could provide an essential amino acid in 
host infection processes (leucine is a precursor for fatty 
acids and sterol biosynthesis [18]). Furthermore, LAP-B 
could participate in intracellular protein degradation and 
turnover [30], and host cell invasion [24, 25]. 
 
M17 LAP from the parasite Acanthamoeba castellanii 
The cysts of the parasite A. castellanii, knocked-down for 
M17 LAP (AcLAP), do not show separated ectocyst and 
endocyst, discernible by transmission electronic microsco-
py, indicating cell wall rupture. A similar morphology exhib-
it cells treated with bestatin, suggesting that decreased 
AcLAP activity causes parasite cell wall ultrastructural 
changes, closely related with encystation inhibition. It is 
possible that the affectation in protein turnover blocks the 
cyst wall synthesis or produces the cell breakdown by oli-
gopeptide accumulation [20]. However, a selective M17 
LAP inhibitor is required to confirm that this phenotype is 
only the result of the AcLAP inhibition [31]. 
 
M17 LAP from the parasite Toxoplasma gondii 
The M17 LAP from the parasite T. gondii (TgLAP) could be 
involved in the hydrolysis of dipeptides produced by ca-
thepsin Cs in parasitophorous vacuole [32]. Alternatively, 
the TgLAP substrates could be peptides generated in the 
proteasomal protein degradation pathway [33]. Knockout 
of TgLAP inhibits the parasite’s ability to attach and/or 
invade cultured cells, and this reduces replication and at-
tenuates virulence in a mouse model [34]. However, this 
phenotype has not been directly associated with the en-
zyme LAP activity, and could be related to other unknown 
protein functions [31]. 
 

 
M17 aminopeptidases whose main function depends on 
cysteinyl-glycinase activity 
M17 LAP from the bacterium Staphylococcus aureus 
Despite not being essential for the bacterium S. aureus, its 
M17 LAP (SaM17-LAP) plays an important role in virulence. 
This enzyme is required in vitro for bacterial survival inside 
human macrophages. Further, S. aureus with a disrupted 
SaM17-LAP gene had severely attenuated virulence in both 
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localized and systemic infections in in vivo mouse models. 
It has been proposed that SaM17-LAP bioacti-
vates/inactivates key cellular proteins involved in crucial 
functions, such as metabolism, cell wall biosynthesis or 
signaling. This proteolysis would confer any advantage for 
the bacterium in the harsh host environment [35]. 

S. aureus produces the low-molecular-weight thiol ba-
cillithiol (Cys-GlcN-mal) instead? of glutathione [36]. Cyste-
ine-containing molecules are cysteine sources during nutri-
ent restriction [37], and are important in cellular defense 
against low pH, oxidative and osmotic stress. In addition, 
sulfur metabolism has been linked to virulence [38, 39]. For 
this reason, the cysteinyl-glycinase activity of SaM17-LAP 
suggests its importance for S. aureus virulence [40]. 
 
M17 LAP from the bacterium Treponema denticola 
The M17 LAP from the bacterium T. denticola (TdM17-LAP) 
was identified as the probably only cysteinyl-glycinase in-
volved in the glutathione catabolic pathway, by immuno-
depletion of the most cysteinyl-glycinase activity in the 
soluble fraction of sonicated T. denticola cells, when the 
bacterium was grown under standard conditions. Hydro-
gen sulfide, ammonium, pyruvate, glutamate and glycine 
are produced in equimolar amounts by this pathway [23, 
41]. Both glutathione and Cys-Gly can play critical roles in 
maintaining cellular redox status, protecting the cellular 
components from oxidative damage. These two thiol-
containing molecules can also modify the cysteine residues 
of some proteins, regulating their activities [42]. 
 
M17 LAP from the bacterium Helicobacter pylori 
The M17 LAP from the bacterium H. pylori (HpM17AP) is 
upregulated in response to the anti-H. pylori agent, NE-
2001 [43], and oxidative stress caused by nitric oxide [44] 
and metronidazole [45]. These evidences, together with 
the enzyme allosteric nature and high efficiency, suggest 
that HpM17AP may play a relevant role in the H. pylori life 
cycle [46]. The response against nitric oxide [44] suggests a 
role in defense in human macrophages [47]. In addition, 
the response against metronidazole suggests an involve-
ment in drug resistance mechanisms, in addition to a rele-
vant housekeeping role [45]. These HpM17AP functionali-
ties in response to cellular oxidative stress could potential-
ly result from the cysteinyl-glycinase activity of the protein 
[45, 47]. 

H. pylori utilizes the stomach’s mucosal glutathione, 
produced as the major defense mechanism against low pH, 
oxidative and osmotic stress [38], as a glutamate source 
[48]. The resultant Cys-Gly dipeptide produced by the glu-
tathione catabolism is cleaved to salvage cysteine [47]. On 
the other hand, high activity of HpM17AP on peptides with 
essential N-terminal arginine [49] may contribute to main-
tain an adequate cytoplasmic pool of free arginine, which 
could be used for synthesis of polyamines required for 
optimal H. pylori growth [47]. Bestatin inhibits the growth 
of H. pylori in culture [46], an effect probably caused by 
HpM17AP inhibition [31]. 
 

M17 aminopeptidases whose main function depends on 
their quaternary structure 
M17 LAP from the bacterium Pseudomonas aeruginosa 
The hexameric M17 LAP from the bacterium P. aeruginosa 
(PhpA) transcriptionally regulates the virulence-associated 
algD gene, encoding an enzyme of the alginate biosynthet-
ic pathway [50]. Alginate is involved in biofilm formation, 
and its overproduction characterizes the highly-mucoid 
phenotype of cystic fibrosis in the lung [51]. By mutating 
one of the PhpA metal-binding residues, but not by 
bestatin inhibition, the transcription of the algD gene is 
increased and a slow growth phenotype is generated in 
vivo. This suggests that the aminopeptidase activity is not 
required for transcriptional regulation [50], and mutations 
could result in hexamer disruption [31], as observed for 
tomato M17 LAP [52]. 
 
M17 LAP from the bacterium Vibrio cholera 
In the bacterium V. cholerae the expression of virulence 
factors, such as cholera toxin, are mediated by a complex 
regulatory circuit, highly dependent on environmental 
temperature and pH. Disruption of the gene encoding the 
M17 LAP from V. cholerae (VcPepA) resulted in increased 
levels of cholera toxin under non-inducing conditions (pH 
8.4 and 37°C), under which toxins would normally not be 
observed. In contrast, under inducing conditions (pH 6.5 
and 30°C), the absence of VcPepA has no effect on toxin 
levels [53]. Behari et al. [53] identified a potential target 
sequence in the V. cholerae genome to which VcPepA 
might bind, and therefore propose that the protein modu-
lates transcription of the toxin gene under different envi-
ronmental conditions. Enzymatic activity of VcPepA would 
not be involved in this function. 
 

AMINOPEPTIDASES BELONGING TO the M18 FAMILY 
OF PROTEASES  
The M18 aspartyl-aminopeptidase from P. falciparum (PfA-
M18) could be involved in protein catabolism, including the 
turnover of parasite proteins and hemoglobin degradation. 
The parasitophorous vacuole location (in addition to 
cytosolic) suggests that, like PfA-M17, PfA-M18 may have 
other relevant functions in addition to hemoglobin 
digestion [54]. For example, the enzyme could have a role 
in erythrocyte membrane rupture during merozoite release 
or reinvasion, since it binds the membrane protein spectrin 
[55]. 

PfA-M18 knockdown results in a lethal phenotype with 
relevant morphological alterations, as was observed by 
electron microscopy [54]. Other gene disruption/ 

truncation experiments, resulting in 10 % aspartyl-
aminopeptidase activity compared to wild-type parasites, 
indicate that the enzyme is dispensable for the erythrocytic 
cycle but this generates negative consequences for the 
parasite [2]. 
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AMINOPEPTIDASES BELONGING TO THE M24 FAMILY 
OF PROTEASES 
M24 methionyl-aminopeptidases (MetAP) from M. 
tuberculosis 
Bacterial protein synthesis is initiated with an N-
formylmethionine, whose N-formyl group is removed by 
peptide deformylase. Thereafter, M24 methionyl-
aminopeptidases (MetAPs) remove the N-terminal 
methionine. Since this essential process is required for 
protein post-translational modifications, activity, stability, 
localization or degradation, the excision pathway is a 
potential drug target in tuberculosis [56]. 

M. tuberculosis MetAP1a (MtMetAP1a) antisense-RNA-
knockdown, and not MtMetAP1c, inhibits bacterial growth 
in vitro [57]. MtMetAP1c is inhibited at high methionine 
concentrations and it could not be essential. In contrast, 
MtMetAP1a is not inhibited by methionine and it could 
have an essential role in methionine salvage [58]. On the 
other hand, in contrast to MtMetAP1a, MtMetAP1c retains 
60% activity at pH 5.5, suggesting a major role in acidic 
environments, like the host macrophage phagosome [59]. 
Overexpressed MtMetAP1a and MtMetAP1c in M. 
tuberculosis confer resistance to the antibacterial effect of 
MetAP inhibitors [57], indicating that MtMetAPs may be 
promising targets for the development of antituberculosis 
agents. 
 
M24 MetAP from the parasite Leishmania donovani 
The treatment of L. donovani promastigotes with 
miltefosine (an oral drug against the parasite) induces the 
overexpression of the parasite M24 MetAP (LdMetAP2) by 
3.5 times [60]. This treatment produces an apoptotic 
programmed cell death with activation of caspase 3/7 
protease like activity [61-63]. However, the treatment with 
the MetAP2 inhibitor TNP-470, or miltefosine and TNP-470, 
or miltefosine and the caspase-3 inhibitor N-Acetyl-Asp-
Glu-Val-Asp-al, do not show activation of this activity. 
Moreover, MetAP2 inhibitors prevent the induction of 
nuclear apoptosis in L. donovani, as was confirmed by flow 
cytometry, and analysis of DNA fragmentation, 
translocation of phosphatidyl serine from the inner to the 
outer side of plasma membrane, mitochondrial membrane 
damage and concentration of cytosolic calcium. However, 
LdMetAP2 inhibition does not prevent parasite cell death, 
since this aminopeptidase is also involved in the removal of  
N-terminal methionine from the nascent polypeptides [63]. 

The main biological functions and molecular properties 
of these enzymes that support them as targets are 
presented in Table 1. 

CONCLUSION 
Some metalo-aminopeptidases, as MtMetAP1a, PfA-M1, 
PfA-M17 and PfA-M18, are essential enzymes for their 
microorganisms and, therefore, they have been well 
validated as targets. Others, as MtMetAP1c, SaM17-LAP, 
PhpA, VcPepA, TbLAP-B, AcLAP and TgLAP, are not 
essential but are required for virulence and pathogenesis, 
or their activities confer some advantage for microbial 
growth under given conditions. For another group, formed 
by MtLAP, TdM17-LAP, HpM17AP, LAP-B and LdMetAP2, 
their biological functions are predicted as crucial for 
microorganism survival in the human host, although they 
are not yet validated as targets. Some bacterial LAPs, such 
as SaM17-LAP, TdM17-LAP and HpM17AP, have also 
cysteinyl-glycinase activity. The roles of several metalo-
aminopeptidases, as PhpA and VcPepA, do not depend on 
their enzymatic activity. More work with potent and 
specific inhibitors or gene knockout experiments are 
required to elucidate the essential roles or not of these 
enzymes inside microbial cells. As a group, these enzymes 
are novel drug targets for the treatment of human 
infectious diseases. 
 
ACKNOWLEDGMENTS 
This work was supported by the International Foundation for 
Sciences (grant F/4730-2), and the project assigned to J. Gon-
zález-Bacerio and associated to the Cuban National Program 
of Basic Sciences. 

 
CONFLICT OF INTEREST 
The authors declare no conflict of interest. 
 

COPYRIGHT 
© 2021 González-Bacerio et al. This is an open-access arti-
cle released under the terms of the Creative Commons 
Attribution (CC BY) license, which allows the unrestricted 
use, distribution, and reproduction in any medium, provid-
ed the original author and source are acknowledged. 

 
 

Please cite this article as: Jorge González-Bacerio, Maikel Izquier-
do, Mirtha Elisa Aguado, Ana C. Varela, Maikel González-Matos 
and Maday Alonso del Rivero (2021). Several microbial metalo-
aminopeptidases as targets in human infectious diseases. Micro-
bial Cell 8(10): 239-246. doi: 10.15698/mic2021.10.761 

 
 

REFERENCES 
1. Naughton JA, Nasizadeh S, and Bell A (2010). Downstream effects of 
hemoglobinase inhibition in Plasmodium falciparum-infected erythro-
cytes. Mol Biochem Parasitol 173: 81-87. doi: 
10.1016/j.molbiopara.2010.05.007 

2. Dalal S, and Klemba M (2007). Roles for two aminopeptidases in 
vacuolar hemoglobin catabolism in Plasmodium falciparum. J Biol 
Chem 282: 35978-35987. doi: 10.1074/jbc.M703643200 

3. Skinner-Adams TS, Stack CM, Trenholme KR, Brown CL, Grembecka 
J, Lowther J, Mucha A, Drag M, Kafarski P, McGowan S, Whisstock JC, 
Gardiner DL, and Dalton JP (2010). Plasmodium falciparum neutral 
aminopeptidases: new targets for anti-malarials. Trends Biochem Sci 
35: 53-61. doi: 10.1016/j.tibs.2009.08.004 

4. Harbut MB, Velmourougane G, Dalal S, Reiss G, Whisstock JC, Onder 
O, Brisson D, McGowan S, Klemba M, and Greenbaum DC (2011). 



E.P. RIley et al. (2021)  Milestones in B. subtilis sporulation 

 
 

OPEN ACCESS | www.microbialcell.com 245 Microbial Cell | OCTOBER 2021 | Vol. 8 No. 10 

Bestatin-based chemical biology strategy reveals distinct roles for 
malaria M1- and M17-family aminopeptidases. Proc Natl Acad Sci USA 
108: E526-E534. doi: 10.1073/pnas.1105601108 

5. Krugliak M, Zhang J, and Ginsburg H (2002). Intraerythrocytic Plas-
modium falciparum utilizes only a fraction of the amino acids derived 
from the digestion of host cell cytosol for the biosynthesis of its pro-
teins. Mol Biochem Parasitol 119: 249-256. doi: 10.1016/s0166-
6851(01)00427-3 

6. Allen RJ, and Kirk K (2004). Cell volume control in the Plasmodium-
infected erythrocyte. Trends Parasitol 20: 7-10. doi: 
10.1016/j.pt.2003.10.015 

7. Sherman IW (1977). Amino acid metabolism and protein synthesis 
in malarial parasites. Bull World Health Organ 55: 265-276. PMID: 
338183 

8. Rosenthal PJ (2002). Hydrolysis of erythrocyte proteins by proteases 
of malaria parasites. Curr Opin Hematol 9: 140-145. doi: 
10.1097/00062752-200203000-00010 

9. Lew VL, Macdonald L, Ginsburg H, Krugliak M, and Tiffert T (2004). 
Excess hemoglobin digestion by malaria parasites: a strategy to pre-
vent premature host cell lysis. Blood Cells Mol Dis 32: 353-359. doi: 
10.1016/j.bcmd.2004.01.006 

10. Payne SH, and Loomis WF (2006). Retention and loss of amino acid 
biosynthetic pathways based on analysis of whole-genome sequences. 
Eukaryot Cell 5: 272-276. doi: 10.1128/EC.5.2.272-276.2006 

11. Becker K, and Kirk K (2004). Of malaria, metabolism and mem-
brane transport. Trends Parasitol 20: 590-596. doi: 
10.1016/j.pt.2004.09.004 

12. Martin RE, and Kirk K (2007). Transport of the essential nutrient 
isoleucine in human erythrocytes infected with the malaria parasite 
Plasmodium falciparum. Blood 109(5): 2217-2224. doi: 
10.1182/blood-2005-11-026963 

13. McGowan S, Porter CJ, Lowther J, Stack CM, Golding SJ, Skinner-
Adams TS, Trenholme KR, Teuscher F, Donnelly SM, Grembecka J, 
Mucha A, Kafarski P, DeGori R, Buckle AM, Gardiner DL, Whisstock JC, 
and Dalton JP (2009). Structural basis for the inhibition of the essential 
Plasmodium falciparum M1 neutral aminopeptidase. Proc Natl Acad 
Sci USA 106(8): 2537-2542. doi: 10.1073/pnas.0807398106 

14. Skinner-Adams TS, Lowther J, Teuscher F, Stack CM, Grembecka J, 
Mucha A, Kafarski P, Trenholme KR, Dalton JP, and Gardiner DL (2007). 
Identification of phosphinate dipeptide analog inhibitors directed 
against the Plasmodium falciparum M17 leucine aminopeptidase as 
lead antimalarial compounds. J Med Chem 50: 6024-6031. doi: 
10.1021/jm070733v 

15. Correa AF, Bastos IMD, Neves D, Kipnis A, Junqueira-Kipnis AP, and 
de Santana JM (2017). The activity of a hexameric M17 metallo-
aminopeptidase is associated with survival of Mycobacterium tubercu-
losis. Front Microbiol 8: 504. doi: 10.3389/fmicb.2017.00504 

16. Nankya-Kitaka M, Curley G, Gavigan C, Bell A, and Dalton J (1998). 
Plasmodium chabaudi chabaudi and P. falciparum: inhibition of ami-
nopeptidase and parasite growth by bestatin and nitrobestatin. Para-
sitol Res 84: 552-558. doi: 10.1007/s004360050447 

17. Gavigan CS, Dalton JP, and Bell A (2001). The role of aminopepti-
dases in hemoglobin degradation in Plasmodium falciparum-infected 
erythrocytes. Mol Biochem Parasitol 117: 37-48. doi: 10.1016/s0166-
6851(01)00327-9 

18. Ginger ML, Prescott MC, Reynolds DG, Chance ML, and Goad JL 
(2000). Utilization of leucine and acetate as carbon sources for sterol 
and fatty acid biosynthesis by Old and New World Leishmania species, 
Endotrypanum monterogeii and Trypanosoma cruzi. Eur J Biochem 
267: 2555-2566. doi: 10.1046/j.1432-1327.2000.01261.x 

19. Nes CR, Singha UK, Liu J, Ganapathy K, Villalta F, Waterman MR, 
Lepesheva GI, Chaudhuri M, and Nes WD (2012). Novel sterol meta-
bolic network of Trypanosoma brucei procyclic and bloodstream forms. 
Biochem J 443: 267-277. doi: 10.1042/BJ20111849 

20. Lee Y-R, Na B-K, Moon E-K, Song S-M, Joo S-Y, Kong H-H, Goo YK, 
Chung DI, and Hong Y (2015). Essential role for an M17 leucine ami-
nopeptidase in encystation of Acanthamoeba castellanii. PLoS ONE 
10: e0129884. doi: 10.1371/journal.pone.0129884 

21. Fowler JH, Narváez-Vásquez J, Aromdee DN, Pautot V, Holzer FM, 
and Walling LL (2009). Leucine aminopeptidase regulates defense and 
wound signaling in tomato downstream of jasmonic acid. Plant Cell 
21: 1239-1251. doi: 10.1105/tpc.108.065029 

22. Scranton MA, Yee A, Park S-Y, and Walling LL (2012). Plant leucine 
aminopeptidases moonlight as molecular chaperones to alleviate 
stress-induced damage. J Biol Chem 287: 18408-18417. doi: 
10.1074/jbc.M111.309500 

23. Chu LR, Lai YL, Xu XP, Eddy S, Yang S, Song L, and Kolodrubetz D 
(2008). A 52-kDa leucyl aminopeptidase from Treponema denticola is 
a cysteinylglycinase that mediates the second step of glutathione 
metabolism. J Biol Chem 283: 19351-19358. doi: 
10.1074/jbc.M801034200 

24. Sharma A (2007). Malarial protease inhibitors: potential new 
chemotherapeutic agents. Curr Opin Investig Drugs 8: 642-652. PMID: 
17668366 

25. Arastu-Kapur S, Ponder EL, Fonović UP, Yeoh S, Yuan F, Fonović M, 
Grainger M, Phillips CI, Powers JC, and Bogyo M (2008). Identification 
of proteases that regulate erythrocyte rupture by the malaria parasite 
Plasmodium falciparum. Nat Chem Biol 4: 203-213. doi: 
10.1038/nchembio.70 

26. Peña-Díaz P, Vancová M, Resl C, Field MC, and Lukeš J (2017). A 
leucine aminopeptidase is involved in kinetoplast DNA segregation in 
Trypanosoma brucei. PLoS Pathog 13: e1006310. doi: 
10.1371/journal.ppat.1006310 

27. Morty RE, and Morehead J (2002). Cloning and characterization of 
a leucyl aminopeptidase from three pathogenic Leishmania species. J 
Biol Chem 277: 26057-26065. doi: 10.1074/jbc.m202779200 

28. Harper A, Miller R, and Block K (1984). Branched-chain amino acid 
metabolism. Annu Rev Nutr 4: 409-454. doi: 
10.1146/annurev.nu.04.070184.002205 

29. Curien G, Biou V, Mas-Droux C, Robert-Genthon M, Ferrer JL, and 
Dumas R (2008). Amino acid biosynthesis: New architectures in allo-
steric enzymes. Plant Physiol Biochem 46: 325-339. doi: 
10.1016/j.plaphy.2007.12.006 

30. Schneider P, and Glaser TA (1993). Characterisation of two soluble 
metalloexopeptidases in the protozoan parasite Leishmania major. 
Mol Biochem Parasitol 62: 223-231. doi: 10.1016/0166-
6851(93)90111-a 

31. Drinkwater N, Malcolm TR, and McGowan S (2019). M17 ami-
nopeptidases diversify function by moderating their macromolecular 
assemblies and active site environment. Biochimie 166: 38-51. doi: 
10.1016/j.biochi.2019.01.007 

32. Que X, Engel JC, Ferguson D, Wunderlich A, Tomavo S, and Reed SL 
(2007). Cathepsin Cs are key for the intracellular survival of the proto-
zoan parasite, Toxoplasma gondii. J Biol Chem 282: 4994-5003. doi: 
10.1074/jbc.M606764200 

33. Jia H, Nishikawa Y, Luo Y, Yamagishi J, Sugimoto C, and Xuan X 
(2010). Characterization of a leucine aminopeptidase from Toxoplas-
ma gondii. Mol Biochem Parasitol 170: 1-6. doi: 
10.1016/j.molbiopara.2009.11.005 



E.P. RIley et al. (2021)  Milestones in B. subtilis sporulation 

 
 

OPEN ACCESS | www.microbialcell.com 246 Microbial Cell | OCTOBER 2021 | Vol. 8 No. 10 

34. Zheng J, Jia H, and Zheng Y (2015). Knockout of leucine aminopep-
tidase in Toxoplasma gondii using CRISPR/Cas9. Int J Parasitol 45: 141-
148. doi: 10.1016/j.ijpara.2014.09.003 

35. Carroll RK, Robison TM, Rivera FE, Davenport JE, Jonsson IM, Flor-
czyk D, Tarkowski A, Potempa J, Koziel J, and Shaw LN (2012). Identifi-
cation of an intracellular M17 family leucine aminopeptidase that is 
required for virulence in Staphylococcus aureus. Microb Infect 14: 
989-999. doi: 10.1016/j.micinf.2012.04.013 

36. Newton GL, Rawat M, La Clair JJ, Jothivasan VK, Budiarto T, Hamil-
ton CJ, Claiborne A, Helmann JD, and Fahey RC (2009). Bacillithiol is an 
antioxidant thiol produced in Bacilli. Nat Chem Biol 5: 625-627. doi: 
10.1038/nchembio.189 

37. Suzuki H, Hashimoto W, and Kumagai H (1993). Escherichia coli K-

12 can utilize an exogenous -glutamil peptide as an amino acid 

source, for which -glutamyltranspeptidase is essential. J Bacteriol 
175: 6038-6040. doi: 10.1128/jb.175.18.6038-6040.1993 

38. Masip L, Veeravalli K, and Georgiou G (2006). The many faces of 
glutathione in bacteria. Antioxid Redox Signal 8: 753-762. doi: 
10.1089/ars.2006.8.753 

39. Soutourina O, Poupel O, Coppee JY, Danchin A, Msadek T, and 
Martin-Verstraete I (2009). CymR, the master regulator of cysteine 
metabolism in Staphylococcus aureus, controls host sulphur source 
utilization and plays a role in biofilm formation. Mol Microbiol 73: 
194-211. doi: 10.1111/j.1365-2958.2009.06760.x 

40. Carroll RK, Veillard F, Gagne DT, Lindenmuth JM, Poreba M, Drag 
M, Potempa J, and Shaw LN (2013). The Staphylococcus aureus leucine 
aminopeptidase is localized to the bacterial cytosol and demonstrates 
a broad substrate range that extends beyond leucine. Biol Chem 394: 
791-803. doi: 10.1515/hsz-2012-0308 

41. Chu L, Dong Z, Xu X, Cappelli D, and Ebersole J (2002). Role of 
glutathione metabolism of Treponema denticola in bacterial growth 
and virulence expression. Infect Immun 70(3): 1113-1120. doi: 
10.1128/IAI.70.3.1113-1120.2002 

42. Smirnova GV, and Oktyabrsky ON (2005). Glutathione in bacteria. 
Biochemistry (Moscow) 70: 1199-1211. doi: 10.1007/s10541-005-
0248-3 

43. Cheng N, Xie JS, Zhang MY, Shu C, and Zhu DX (2003). A specific 
anti-Helicobacter pylori agent NE2001: synthesis and its effect on the 
growth of H. pylori. Bioorg Med Chem Lett 13: 2703-2707. doi: 
10.1016/s0960-894x(03)00547-x 

44. Qui W, Zhou YB, Shao CH, Sun YD, Zhang QY, Chen CY, and Jia JH 
(2009). Helicobacter pylori proteins response to nitric oxide stress. J 
Microbiol 47: 486-493. doi: 10.1007/s12275-008-0266-0 

45. Kaakoush NO, Asencio C, Megraud F, and Mendz GL (2009). A 
redox basis for metronidazole resistance in Helicobacter pylori. Anti-
microb Agents Chemother 53: 1884-1891. doi: 10.1128/AAC.01449-
08 

46. Dong L, Cheng N, Wang MW, Zhang J, Shu C, and Zhu DX (2005). 
The leucyl aminopeptidase from Helicobacter pylori is an allosteric 
enzyme. Microbiology 151: 2017-2023. doi: 10.1099/mic.0.27767-0 

47. Modak JK, Rut W, Wijeyewickrema LC, Pike RN, Drag M, and Rou-
jeinikova A (2016). Structural basis for substrate specificity of Helico-
bacter pylori M17 aminopeptidase. Biochimie 121: 60-71. doi: 
10.1016/j.biochi.2015.11.021 

48. Shibayama K, Wachino J, Arakawa Y, Saidijam M, Rutherford NG, 
and Henderson PJ (2007). Metabolism of glutamine and glutathione 
via gamma-glutamyltranspeptidase and glutamate transport in Heli-
cobacter pylori: possible significance in the pathophysiology of the 
organism. Mol Microbiol 64: 396-406. doi: 10.1111/j.1365-
2958.2007.05661.x 

49. Reynolds DJ, and Penn CW (1994). Characteristics of Helicobacter 
pylori growth in a defined medium and determination of its amino 
acid requirements. Microbiology 140: 2649-2656. doi: 
10.1099/00221287-140-10-2649 

50. Woolwine SC, Sprinkle AB, and Wozniak DJ (2001). Loss of Pseu-
domonas aeruginosa PhpA aminopeptidase activity results in in-
creased algD transcription. J Bacteriol 183: 4674-4679. doi: 
10.1128/JB.183.15.4674-4679.2001 

51. Hentzer M, Teitzel GM, Balzer GJ, Heydorn A, Molin S, Givskov M, 
and Parsek MR (2001). Alginate overproduction affects Pseudomonas 
aeruginosa biofilm structure and function. J Bacteriol 183: 5395-5401. 
doi: 10.1128/JB.183.18.5395-5401.2001 

52. Gu YQ, and Walling LL (2002). Identification of residues critical for 
activity of the wound-induced leucine aminopeptidase (LAP-A) of 
tomato. Eur J Biochem 269: 1630-1640. doi: 10.1046/j.1432-
1327.2002.02795.x 

53. Behari J, Stagon L, and Calderwood SB (2001). pepA, a gene medi-
ating pH regulation of virulence genes in Vibrio cholera. J Bacteriol 
183: 178-188. doi: 10.1128/JB.183.1.178-188.2001 

54. Teuscher F, Lowther J, Skinner-Adams TS, Spielmann T, Dixon 
MWA, Stack CM, Donnelly S, Mucha A, Kafarski P, Vassiliou S, Gardiner 
DL, Dalton JP, and Trenholme KR (2007). The M18 aspartyl aminopep-
tidase of the human malaria parasite Plasmodium falciparum. J Biol 
Chem 282: 30817-30826. doi: 10.1074/jbc.M704938200 

55. Lauterbach SB, and Coetzer TL (2008). The M18 aspartyl ami-
nopeptidase of Plasmodium falciparum binds to human erythrocyte 
spectrin in vitro. Malar J 7: 161. doi: 10.1186/1475-2875-7-161 

56. Olaleye OA, Bishai WR, and Liu JO (2009). Targeting the role of N-
terminal methionine processing enzymes in Mycobacterium tubercu-
losis. Tuberculosis 89: S55-S59. doi: 10.1016/S1472-9792(09)70013-7 

57. Olaleye O, Raghunand TR, Bhat S, He J, Tyagi S, Lamichhane G, Gu 
P, Zhou J, Zhang Y, Grosset J, Bishai WR, and Liu JO (2010). Methionine 
aminopeptidases from Mycobacterium tuberculosis as novel antimy-
cobacterial targets. Chem Biol 17: 86-97. doi: 
10.1016/j.chembiol.2009.12.014 

58. Narayanan SS, and Nampoothiri KM (2012). Biochemical character-
ization of recombinant methionine aminopeptidases (MetAPs) from 
Mycobacterium tuberculosis H37Rv. Mol Cell Biochem 365: 191-202. 
doi: 10.1007/s11010-012-1260-8 

59. Zhang XL, Chen SD, Hu ZD, Zhang L, and Wang HH (2009). Expres-
sion and characterization of two functional methionine aminopepti-
dases from Mycobacterium tuberculosis H37Rv. Curr Microbiol 59: 
520-525. doi: 10.1007/s00284-009-9470-3 

60. Kumar R, Mohapatra P, and Dubey VK (2016). Exploring realm of 
proteases of Leishmania donovani genome and gene expression anal-
ysis of proteases under apoptotic condition. J Proteomics Bioinform 9: 
200-208. doi: 10.4172/jpb.1000407 

61. Paris C, Loiseau PM, Bories C, and Bréard J (2004). Miltefosine 
induces apoptosis-like death in Leishmania donovani promastigotes. 
Antimicrob Agents Chemother 48: 852-859. doi: 
10.1128/AAC.48.3.852-859.2004 

62. Verma NK, and Dey CS (2004). Possible mechanism of miltefosine-
mediated death of Leishmania donovani. Antimicrob Agents 
Chemother 48: 3010-3015. doi: 10.1128/AAC.48.8.3010-3015.2004 

63. Kumar R, Tiwari K, and Dubey VK (2017). Methionine aminopepti-
dase 2 is a key regulator of apoptotic like cell death in Leishmania 
donovani. Sci Rep 7: 95. doi: 10.1038/s41598-017-00186-9 




