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A B S T R A C T   

Amoebic keratitis (AK) is a sight-threatening infection characterized by a severe inflammation of the cornea, 
caused by the free-living protozoan of the genus Acanthamoeba. Identification of amoebic proteins involved in AK 
pathogenesis may help to elucidate molecular mechanisms of infection and contribute to indicate diagnostic and 
therapeutic targets. In this study, we evaluated changes in the expression profile of Acanthamoeba proteins 
triggered by the invasive process, using an approach involving two-dimensional polyacrylamide gel electro-
phoresis (2DE PAGE), followed by mass spectrometry identification (ESI-IT-TOF LC-MSn). AK was induced by 
intrastromal inoculation in Wistar rats, using trophozoites from a T4 genotype, human case-derived A. castellanii 
strain under prolonged axenic culture. Cultures re-isolated from the lesions after two successive passages in the 
animals were used as biological triplicate for proteomic experiments. Analysis of the protein profile comparing 
long-term and re-isolated cultures indicated 62 significant spots, from which 27 proteins could be identified in 
the Acanthamoeba proteome database. Five of them (Serpin, Carboxypeptidase A1, Hypothetical protein, Cal-
ponin domain-containing protein, aldo/keto reductase) were exclusively found in the re-isolated trophozoites. 
Our analysis also revealed that a concerted modulation of several biochemical pathways is triggered when 
A. castellanii switches from a free-living style to a parasitic mode, including energetic metabolism, proteolytic 
activity, control of gene expression, protein degradation and methylation of DNA, which may be also involved in 
gain of virulence in an animal model of AK.   

1. Introduction 

Amoebae are a group of widely diverse protozoa that includes some 
species capable of living primarily as free-living organisms and even-
tually as parasites (Visvesvara et al., 2007). Among such amphizoic 
amoeba, the most frequently found in the environment are those 
belonging to genus Acanthamoeba (Siddiqui et al., 2012). 

Acanthamoeba species evoke clinical interest because they can cause 
two main severe infections in humans: granulomatous amoebic en-
cephalitis (GAE) and amoebic keratitis (AK). GAE is a rare central ner-
vous system (CNS) infection with more than 90% of lethality and 
predominantly associated with immunocompromised patients (Kalra 

et al., 2020; Siddiqui et al., 2012). AK is a sight-threatening infection of 
the cornea whose number of cases has been increasing in the last de-
cades. Contact lenses users are considered the main risk group for 
developing AK, because of the susceptibility of the lens and other ac-
cessories to contamination and the occurrence of corneal micro-traumas 
predisposing to infection (Neelam and Niederkorn, 2017; Siddiqui et al., 
2012) In many situations, the similarity of AK to another microbial 
keratitis delays the diagnosis, resulting in poor response to treatment 
and, sometimes, demanding corneal transplantation (Lorenzo-Morales 
et al., 2015; Siddiqui et al., 2012). 

Interaction between human hosts and Acanthamoeba is a frequent 
event. The eventual parasitic behavior of Acanthamoeba depends on 
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several factors, including the occurrence of specific genotypes. Twenty 
genotypes have been described (T1 to T20), but T4 is the most prevalent 
in the environment and human infections (Corsaro et al., 2015; Maciver 
et al., 2013). The expression of proteases is also considered an important 
factor associated with the pathogenicity of Acanthamoeba. Some pro-
teases already characterized are the serine proteases of 33 kD, that ex-
hibits activity against extracellular matrix (Kim et al., 2006) and 
MIP133, whose production is activated by contact with mannosylated 
glycoproteins of host cells (Clarke and Niederkorn, 2006; Garate et al., 
2006; Neelam and Niederkorn, 2017). A key protein in MIP133 activa-
tion is a surface mannose-binding protein (MBP) that is largely 
expressed in strains that exert an intense cytopathic effect in host cells 
(Garate et al., 2006). Additional molecular classes of proteins identified 
as important in the Acanthamoeba invasive process are a pore-forming 
protein (Michalek et al., 2013) the laminin-binding protein (AhLBP) 
(Hong et al., 2004) and cysteine-proteases (Ramirez-Rico et al., 2015). 
The identification of additional proteins could provide a more complete 
understanding of the molecular mechanisms involved in the transition 
from free-living to parasitic life. 

Proteomics is a promising approach to unveil the molecules involved 
in the pathophysiology of parasitic infection (Coelho et al., 2016). 
Regarding Acanthamoeba, previous studies using this approach have 
described a proteomic profile of trophozoites (Caumo et al., 2014), 
compared cysts and trophozoites stages (Behera and Satpathy, 2016), 
and investigated soluble and surface-enriched fractions of trophozoites 
(Maschio et al., 2018). Here, a comparative study was conducted to 
determine molecules involved in A. castellanii infection, using an 
A. castellanii in prolonged axenic culture and the correspondent isolate 
recovered from experimentally infected rat corneas. We hypothesize 
that this approach may unveil proteins that could be related to patho-
genicity traits, which are induced by the direct contact of Acanthamoeba 
trophozoites with the rat cornea. 

2. Materials and methods 

2.1. Acanthamoeba strain 

The strain of A. castellanii used in the experiments was originally 
isolated from a patient with amoebic keratitis. It was characterized as 
pathogenic and classified into genotype T4 (strain ALX) (Duarte et al., 
2013). Subcultures was done every 15 days in PYG medium (protease 
peptone, yeast extract, and glucose) (Visvesvara and Balamuth, 1975) 
with 10% fetal bovine serum and 2 μg/mL of Enrofloxacin (Baytril® 
Bayer) at 30 ◦C, for 10 years. This culture was named ALXltc (long-term 
culture) to differentiate from those re-isolated from corneal lesions. 

2.2. In vivo infection and re-isolation 

Experimental infection procedures were approved by the Ethics 
Committee on the Use of Animals CEUA-UFMG under protocol 166/ 
2014. Three 45-days old male Wistar rats were used for intra-stromal 
inoculation of ALXltc trophozoites in exponential growth (72h of cul-
ture), based in procedures previously described (Costa et al., 2017; Ren 
and Wu, 2010). Briefly, rats were anesthetized with ketamine (60 
mg/kg) and xylazine (7.5 mg/kg), and then inoculated in the left cornea 
with 2 μL of suspension containing 104 Acanthamoeba trophozoites. A 
single animal presented lesion on the fourth day after inoculation. This 
rat was euthanized, and then both corneas were removed under aseptic 
conditions and washed twice in sterile PBS. A fragment of 2 mm of the 
lesion was inoculated into 2 mL of complete PYG medium for incubation 
at 30 ◦C degrees. After four subcultures, re-isolated trophozoites were 
used to infect six rats. On the fourth day post-infection, fragments of 
corneal lesions from animals that developed AK were transferred to PYG, 
as previously described, to obtain cultures for further proteomic ana-
lyses. The three re-isolated cultures were denominated ALXrec1, ALX-
rec2, ALXrec3. Fragments of right corneas inoculated with PBS were also 

cultivated in PYG to confirm the absence of Acanthamoeba. 

2.3. Protein extraction and two-dimensional gel electrophoresis (2DE) 

A total of 1.0 × 108 trophozoites from cultures ALXltc, ALXrec1, 
ALXrec2 ALXrec3, each in triplicate, were used for protein extraction. 
Cells in exponential growth (72 h) were harvested from cultures and 
washed three times in PBS pH 7.2, by centrifugation at 2000×g for 10 
min. Cells were suspended in 1 mL of lysis buffer (Tris-HCl [25 mM], pH 
7.2) and sonicated in an ice bath (25 Hz, 5 cycles of 30 s, with an interval 
of 1 min between pulses). Lysates were centrifuged at 10,000×g, for 15 
min, at 4 ◦C and the proteins were precipitated for 2 h with trichloro-
acetic acid (10%). Precipitates were washed three times with ice-cold 
acetone by centrifugation at 1000×g for 1 min. The pellet was air- 
dried and solubilized overnight in 500 μL of isoelectric focusing buffer 
(urea [7M], thiourea [2M], CHAPS 4%, DTT [65 mM], 1,5% buffer IPG 
pH 4–7). Protein concentration was determined by the Bradford method 
and the quality of proteins was assessed by one-dimensional electro-
phoresis in 12% polyacrylamide gel (SDS-PAGE). 

For the first dimension run, 900 μg of total protein extract was 
separated by isoelectric focusing (IEF). Strips of 13 cm with immobilized 
pH gradient (pH 4–7) were passively rehydrated with the cell extract 
sample in IEF buffer for 18 h. The IEF was performed in an Ettan IPGphor 
3 system (GE HealthCare, United Kingdom) under the following condi-
tions: 1 h 100 V (STP), 1 h 200 V gradient (GRD), 1h 500 V GRD, 1h 
1000 V STP, 1h 2000 V STP, 1h 4000 V STP, 8000 V until accumulating 
60,000 V. In the second dimension run, proteins were separated by 
molecular weight in homogeneous 15% polyacrylamide gels (SDS- 
PAGE). The strips were equilibrated for 15 min in equilibration buffer I 
(Tris-HCl [1.5 M] pH 8.8; urea [6 M]; glycerol 99.5%; SDS 2%, 0.5% 
bromophenol blue and DTT [130 mM]) then for an additional 15 min in 
equilibration buffer II (Tris-HCl [1.5 M] pH 8.8; urea [6 M]; glycerol 
99.5%; SDS 2%, 0.5% bromophenol blue and iodoacetamide [135 mM]). 
The strips, as well as the molecular weight standard (Page Ruler Plus pre 
stained Protein Ladder Thermo Scientific, USA) were sealed with 0.5% 
agarose in electrophoresis buffer (Tris [250 mM]; glycine [1.92 M]; 1% 
SDS; 0,5% bromophenol blue). The runs were performed in protein 
electrophoresis buffer (Tris-HCl pH 8.3 [250 mM]; glycine [1.92M] and 
1% SDS). Electrophoresis was performed at 20 mA per gel. Gels were 
stained with Colloidal Coomassie Blue G-250 and further scanned using 
the densitometer Image Scanner III (GE HealthCare), calibrated with 
Kodak tablet no 3. Gels were then stored at 4 ◦C, in ammonium sulfate 
[10%] until spot excision for mass spectrometry. 

2.4. Analyses of 2DE gels images 

The triplicates of gels 2DE from each group (ALXltc, ALXrec1, 
ALXrec2, ALXrec3) were analyzed by ImageMaster 2D Platinum 7 (GE 
HealthCare) using 5 pixels for minimum area, smooth factor of 2 and 
salience of 250 as parameters to detect the spots. All spots detected by 
the software were also confirmed manually. Gel images were processed 
using algorithms developed to detect, assign isoelectric point (pI) and 
molecular weight and to quantify and identify the corresponding spots 
between the sets of gels (match among triplicates). The reproducibility 
of the gels was assessed by scatter plots comparing the gels of each 
triplicate technique. ANOVA test (p < 0.05) was applied to detected 
differentially expressed protein between the samples. 

2.5. Spots treatment and mass spectrometry 

The spots of interest were manually excised from the gel and trans-
ferred to microcentrifuge tubes. For removal of blue stain, the spots were 
washed in a solution of ethanol 40% and ammonium bicarbonate [75 
mM] pH 8.0. Acetonitrile (200 μL) was added for 5 min to dehydrate the 
gels. After dehydration, acetonitrile was removed and the gels were 
dried in a Speed Vac. Afterwards, the spots were trypsin [20 μg/mL] 
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treated with Sequencing Grade Modified Trypsin (Promega) and then a 
solution of ammonium bicarbonate ([25 mM] pH 8.0) were added. 
Samples were incubated for 16 h at 37 ◦C. After this time, the super-
natant was transferred to a new tube, a solution of 5% formic acid and 
50% acetonitrile was added to the tubes containing the gel fragment and 
incubated for 30 min with shaking to increase the recovery of tryptic 
peptides. This procedure was performed twice more, and the superna-
tants were transferred to the original tube. Samples were completely 
dried in SpeedVac and sent for mass spectrometry analyses at the 
Biochemistry and Biophysics Laboratory, Butantan Institute in São 
Paulo, Brazil. 

The peptides were loaded onto a C18 column (Supelco, 2.1 × 50 mm, 
100 Å) coupled to a Shimadzu ESI-IT-TOF LC-MSn system (Shimadzu 
Co., Japan). A linear gradient from 0 to 40% solvent B1 (A1: 0.1% AA; 
B1: 90% ACN containing 0.1% AA) was used to elute the peptides. The 
main parameters of the instrument were 4.5 kV interface voltage, 1.76 
kV detector voltage and 200 ◦C capillary temperature, in a positive 
ionization mode, in a full scan mode (50–2000 m/z) followed by data 
dependent acquisition (DDA) MS2, a range of 100–2000 m/z obtained 
after ICD (Ar) fragmentation. Data acquisition and processing were 
performed by LC-MS Solutions software (Shimadzu Co, Japan). For 
protein identification, the processed spectra were analyzed by MASCOT 
(Matrix Science Inc) using MS/MS ion search mode, with 0.5 Da toler-
ance for MS and MS/MS and manually checked for accuracy and cor-
rectness. The complete NCBInr (Non-redundant RefSeq proteins) and 
Acanthamoeba subset databases were selected for research. 

2.6. Data analysis 

After identification, differentially expressed proteins were clustered 
by gene ontology (GO) categories and a heatmap and hierarchical 
clustering analysis (HCA) was plotted using the R software package 

ggplot with the script heatmap.2 (R x 64 3.1.3). Fold change was 
calculated based on the percentage volume displayed by each spot and 
comparing the pairs ALXrec1 X ALXltc, ALXrec2 X ALXltc and ALXrec3 X 
ALXltc. Fold change values were normalized in logarithm of base 2 
(log2). 

3. Results 

3.1. In vivo infection 

The first attempt to induce AK in rats using trophozoites in prolonged 
axenic culture (ALXltc) resulted in a small, punctiform corneal lesion (1 
mm in diameter) in only one out the three infected animals, suggesting 
an attenuated virulence profile, as expected. The re-isolated culture that 
was subsequently inoculated in six animals caused AK in three rats. The 
lesions measured 2–6 mm in diameter and were characterized by 
whitish areas, showing the typical inflammatory infiltrate of AK 
(Fig. 1B–D). Three independent cultures (ALXrec1, ALXrec2, ALXrec3) 
derived from these lesions, provided the trophozoites that constituted 
the biological triplicates for the proteomic experiments. All corneal 
fragments from rats inoculated with PBS as control rendered negative 
for Acanthamoeba. Fig. 1A shows the normal aspect of a right cornea 
inoculated with PBS. 

3.2. Analysis of two-dimensional gels images 

Trophozoites protein extracts of each Acanthamoeba culture, 
including the long-term and recovered from corneal lesions, were 
analyzed by 2DE proteomics. The protein profile indicated the pre-
dominance of spots in a range of pH 6 to 7, with molecular weight 
varying between 15 and 100 kDa (Supplementary Fig. S1). 

Reproducibility was high among gel triplicates (Supplementary 

Fig. 1. Acanthamoeba keratitis induced in Wistar rats. A: Normal aspect of cornea inoculated with PBS. B–D: Ring-shaped inflammatory infiltrate in cornea of animals 
infected with A. castellanii by intra-stromal inoculation of 104 trophozoites. 
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Fig. S2), as indicated by percentages of matches from 50% to 89% 
(Supplementary Table S1). Scatter plot analysis confirmed the repro-
ducibility of triplicate gels, with a coefficient of variation values from 
0.83 to 0.96 (Supplementary Fig. S3). 

3.3. Comparative analyses between long-term and re-isolated trophozoites 

To identify the proteins differentially expressed in long-term and re- 
isolated cultures, the gels were matched to indicate the significant spots, 
as represented in Fig. 2. 

A total of 62 significant spots (p < 0.05, One Way ANOVA) were sent 
for identification by ESI-IT-TOF LC-MSn. The spots were selected based 
on concomitant identification in at least two gels from the technical 
triplicates. Of these, 27 proteins were identified in A. castellanii prote-
ome database (Supplementary Table S2), being 22 of those differentially 
expressed in long-term and re-isolated cultures (Table 1). Five proteins 
were found exclusively in the re-isolated cultures (Fig. 2 B), being three 
simultaneously detected in ALXrec1, ALXrec2, and ALXrec3 cultures 
(Fig. 3, Table 2). 

To differentiate expression levels among proteins from long-term and 
re-isolated cultures, fold change was calculated based on the percentage 
volume displayed by each spot, comparing the pairs ALXrec1 X ALXltc, 
ALXrec2 X ALXltc, and ALXrec3 X ALXltc. The raw data were normalized 
in each column by z-score. Analysis values were given to each spot 
through densitometry, allowing protein classification into three main 
clusters (Fig. 4). Eight proteins (fold change between 0 and 2) composed 
the upregulated cluster in re-isolated cultures: Ankyrin repeat- 
containing protein, Deoxyribosephosphate aldolase 1, Deoxy-
ribosephosphate aldolase 2, Deoxyribosephosphate aldolase 3, Eukary-
otic translation initiation factor 5A, Isochorismatase hydrolase, 
Superoxide dismutase [Cu–Zn], and Ubiquitin carboxyl-terminal 
hydrolase. 

The second cluster included ten proteins with a discrete down- 
regulation (fold change entre − 1 and 1) in re-isolated cultures 
compared to the long-term: Epithiospecifier protein fragment, Guanine 
nucleotide-binding protein beta subunit, putative, Inositol3-phosphate 
synthase, Rho guanine dissociation factor isoform 2, putative, Saccha-
ropine dehydrogenase, S-adenosylmethionine synthase, Short/branched 
chain specific acylCoA dehydrogenase, mitochondrial, putative, Uni-
versal stress domain containing protein, Zinc binding dehydrogenase 
family oxidoreductase 1, Zinc binding dehydrogenase family oxidore-
ductase 2. 

The third cluster contained six proteins presenting negative expres-
sion profiles of ALXrec lines compared to long-term, with fold changes 
between 0 and -2: 26S proteasome regulatory complex subunit RPN11, 
DNA repair protein RAD51, FAD binding domain containing protein, S- 
formylglutathione hydrolase, Hypothetical protein, Actin binding pro-
tein (ADF/cofilin family group). The protein Thiamine phosphate 
pyrophosphorylase presented a unique regulation pattern that separated 
it from the other groups (fold change between − 1.8 and 1.8) (Fig. 4). 

The proteins differentially expressed were grouped according to their 
molecular function and biological process annotated in the gene 
ontology (GO) (Supplementary Table 2). Most proteins have the mo-
lecular function of protein binding (18.8%) and participated in the 
process of oxidation-reduction (20.69%) (Fig. 5). Nine proteins did not 
present GO for Biological Processes. Four proteins did not present Mo-
lecular Function in Acanthamoeba, but they had annotation in Entamoeba 
histolytica, Entamoeba dispar, Entamoeba invadens, and Plasmodium fal-
ciparum databases (Supplementary Table 2). 

4. Discussion 

In this study, we compared the proteome of A. castellanii trophozoites 
recovered from corneal lesions induced in rats with those from pro-
longed axenic culture. Previous studies have already shown that the 
prolonged axenic culture attenuates the virulence properties of Acan-
thamoeba, and conversely, these properties could be restored after pas-
sages in animals (Mazur and Hadas, 1994; Verissimo et al., 2013). While 
such studies involved the animal models of systemic and encephalic 
acanthamoebiasis, we unprecedentedly used the AK model, which also 
resulted in an augmented virulence profile in re-isolated cultures. 

In the proteomic analysis, cultures reactivated by two successive 
passages in AK animal model were used. Some proteins were identified 
only in these samples compared to the long-term trophozoites. Among 
these proteins exclusively found in re-isolated samples, the most 
expressed was Carboxypeptidase A1, a metalloprotease that exhibits 
proteolytic activity on components from the membrane and extracel-
lular matrix (Itoh, 2002). In herpetic keratitis, several matrix metal-
loproteases are involved in the destruction of corneal tissue (Yang et al., 
2003). This class of proteases can also act as a possible factor of path-
ogenicity in Acanthamoeba since they are also found in the repertory of 
proteases released by trophozoites (Alsam et al., 2005; Cao et al., 1998; 
Sissons et al., 2006). Thus, the detection of Carboxypeptidase A1 in rat 
recovered cultures but not in long-term cultures, reinforces the 
involvement of metalloproteases in Acanthamoeba pathogeny. 

Fig. 2. Representative proteome of Acanthamoeba castellanii in long-term cul-
ture (A) and re-isolated from the cornea of a rat with Acanthamoeba keratitis 
(B). The proteins were separated on a linear pH range of 4–7, using IEF in the 
first dimension and 15% SDS-PAGE in the second dimension. Proteins were 
stained with Coomassie Blue G-250. Molecular mass markers are on the left, 
and the acid-to-alkaline gradient is displayed horizontally. Indicative numbers 
in the gel corresponding to the long-term culture (A) identify proteins listed in 
the Supplementary Table 2. Proteins found exclusively in re-isolated culture are 
indicated by white arrows in the gel B and listed in Table 2. 
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Another protein found exclusively and in high levels in the tissue- 
recovered cultures was the serine protease inhibitor (serpin). Serpin 
superfamily protein was previously described only in the Acanthamoeba 
genome, but a recent study identified it in a surface-enriched protein 
fraction of Acanthamoeba (Maschio et al., 2018). Intriguingly, serpin 
inhibits serine proteases (James, 1985), which in turn are important in 
the AK invasive process (Clarke and Niederkorn, 2006; Kong et al., 
2000). Serpins are also described as a virulence factor in viruses. In the 

infection with Myxoma virus, Serp 1 acts inhibiting molecules involved 
in the modulation of the inflammatory response; Serp 2 presents 
anti-inflammatory action and can interfere with cell apoptosis (Guerin 
et al., 2001; Moon et al., 1999). Taking into account these findings, we 
suggest that serpin may have a potential role in the modulation of in-
flammatory responses during the invasive process. 

Calponin domain containing protein was also identified exclusively 
in rat recovered cultures. Calponin is an actin-binding protein associated 

Table 1 
Proteins identified in Acanthamoeba castellanii trophozoites from long-term culture and cultures recovered from rat corneal lesion.  

Spot Protein Access number exp. 
PI 

theor. 
PI 

exp. 
MM 

theor. 
MM 

Score p value 
(ANOVA) 

309 Inositol3-phosphate synthase ACA1_058810 3.91 5.26 54.83 57.80 223 0.0293 
336 FAD binding domain containing protein ACA1_080550 6.28 5.97 62 66.4 145 0.0377 
444 Saccharopine dehydrogenase ACA1_310610 6.14 6.15 46.67 50.53 210 0.0136 
547 S-adenosylmethionine synthase ACA1_091670 6.37 6.37 40.67 42.85 416 0.0074 
624 Short/branched chain specific acylCoA dehydrogenase, mitochondrial, 

putative 
ACA1_384630 5.83 7.67 37 45.6 206 0.0378 

648 Zinc binding dehydrogenase family oxidoreductase ACA1_314990 4.12 6.16 35 38.50 95 0.0268 
650 Zinc binding dehydrogenase family oxidoreductase ACA1_314990 5.85 6.16 34.83 38.50 99 0.0028 
678 DNA repair protein RAD51, putative ACA1_201650 3.71 5.51 34.6 37.51 182 0.0498 
722 26S proteasome regulatory complex subunit RPN11, putative ACA1_073080 4.71 6.24 32.5 35.03 61 0.0120 
824 S-formylglutathione hydrolase ACA1_264380 5.54 6.56 24.67 31.51 102 0.0330 
847 Universal stress domain containing protein ACA1_368860 6.00 6.57 23 26.64 138 0.0025 
861 Ubiquitin carboxyl-terminal hydrolase ACA1_378160 3.04 4.38 23.2 26.78 53 0.0441 
910 Hypothetical protein ACA1_245960 5.80 10.18 21.3 14.65 32 0.0539 
941 Rho guanine dissociation factor isoform 2, putative ACA1_174240 5.17 6.06 19.5 22.87 180 0.0535 
972 Thiaminephosphatepyrophosphorylase ACA1_061790 4.32 6.93 16.2 48.71 34 0.028 
982 Epithiospecifier protein (Fragment) ACA1_198360 5.62 6.4 30.83 37.51 83 0.0037 
997 Superoxide dismutase [Cu–Zn] ACA1_048530 5.70 6.76 14.50 16.48 396 0.0191 
1021 Actin binding protein (ADF/cofilin family group) ACA1_035360 4.93 7.72 12.5 14.46 88 0.0504 
1026 Guanine nucleotide-binding protein beta subunit, putative ACA1_199990 6.60 6.48 28.83 35.54 611 0.00004 
1197 Deoxyribosephosphate aldolase ACA1_296270 6.32 4.8 19.2 43.17 51 0.03357 
1274 Isochorismatase hydrolase ACA1_384860 5.39 5.27 19.33 20 118 0.0340 
1315 Eukaryotic translation initiation factor 5A ACA1_023810 4.11 4.84 15.83 16.80 87 0.0069 
1318 Deoxyribosephosphate aldolase ACA1_296270 4.93 4.8 16.17 43.17 35 0.0316 
1384 Deoxyribosephosphate aldolase ACA1_296270 4.13 4.8 11.5 43.17 47 0.0035 
1401 Ankyrin repeat containing protein ACA1_391670 5.45 5.61 10.17 13.23 256 0.0040 

exp. PI = Isoelectric point experimental; theor. PI = Isoelectric point theoretical; exp. MM = Molecular mass experimental; theor. MM = Molecular mass theoretical. 
Differences in expression levels are shown at Fig. 4. 

Fig. 3. Number of Acanthamoeba castellanii proteins identified in long-term culture and cultures re-isolated from corneal lesions of rats. Five proteins were identified 
only in the re-isolated cultures, while 22 proteins were identified in both long-term and re-isolated cultures. Proteins highlighted in red were identified in all of the 
three re-isolated cultures. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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with smooth muscle contraction in the vertebrates (el-Mezgueldi, 1996). 
It has not been previously described either in the genome or as a protein 
expressed in Acanthamoeba. In Entamoeba histolytica, however, this 
protein appears in excretory-secretory products of trophozoites, pre-
senting a higher level of expression in a virulent strain compared to a 
non-virulent (Ahn et al., 2018). Also, an actin-binding protein G (AbpG), 
whose structure presents a calponin homology domain, is associated 
with cell locomotion in the slime mold Dictyostelium discoideum (Lin 
et al., 2015). During the invasive process in Acanthamoeba, the actin 
cytoskeleton is involved in the locomotion and adhesion of trophozoites 
to host cells, which is consequently associated with the cytopathic effect 

(Gonzalez-Robles et al., 2008; Soto-Arredondo et al., 2014) Thus, as an 
actin-binding component, the calponin domain-containing protein may 
have a function in Acanthamoeba cytoskeleton arrangements and could 
then contribute to the establishment of infection. 

An additional protein found exclusively in recovered cultures is 
Aldo-keto reductase, an enzymatic protein that reduces carbonyl sub-
stracts and is found in prokaryotic and eukaryotic domains of life 
(Penning, 2015). Aldo-keto reductase has not been previously described 
in Acanthamoeba, but it has been studied as a component involved in the 
drug metabolism of Trypanosoma cruzi (Garavaglia et al., 2016; Trochine 
et al., 2014). The exact role of Aldo-keto reductase in the context of 

Fig. 4. Quantitative representation of 
proteins differentially expressed in 
Acanthamoeba castellanii from long-term 
culture (ALXltc) and cultures recovered 
from corneal lesion of rats (ALXrec1, 
ALXrec2, ALXrec3). The proteins iden-
tified by ESI-IT-TOF LC-MSn were 
organized in a heatmap displaying fold 
change pattern for each protein. Protein 
expression was analyzed by One Way 
ANOVA (p < 0.05). Fold change was 
calculated based on the percentage of 
volume displayed by each spot. The 
figure shows values of expression that 
varied between − 2.0 (green) and 2.0 
(red), indicating down-regulation and 
upregulation, respectively, of proteins 
from recovered cultures in relation to 
long-term one. Non-expressive fold 
changes (values next to zero) are shown 
in black. Normalized data and the 
heatmap were generated using R x 64 
3.1.3 software utilizing scripts ggplot/ 
heatmap2. (For interpretation of the 
references to color in this figure legend, 
the reader is referred to the Web version 
of this article.)   

Table 2 
Proteins of Acanthamoeba castellanii exclusively expressed in trophozoites recovered from corneal lesion in rat in comparison to the long-term culture.  

Spot Protein Accession 
number 

exp. 
IP 

theor. 
IP 

exp. 
MM 

theor. 
MM 

Score p value 
(ANOVA) 

Culture 

ALX 
rec1 

ALX 
rec2 

ALX 
rec3 

786 Serpin (Serine proteinase inhibitor) 
superfamily protein 

ACA1_382620 6.22 6.19 36 40.24 44 0.0010 + – +

923 Carboxypeptidase A1, putative ACA1_399750 5.95 6.01 30 47.68 73 0.00001 + + +

1219 Hypothetical protein ACA1_097160 5.55 5.19 17.70 19.37 47 0.000008 + + +

1375 Calponin domain containing protein ACA1_109720 3.93 6.93 11.86 48.94 97 0.0496 + + +

2102 Oxidoreductase, aldo/keto reductase, 
putative 

ACA1_050180 4.31 6.05 25 34.38 72 0.0010 – – +

exp. PI = Isoelectric point experimental; theor. PI = Isoelectric point theoretical; exp. MM = Molecular mass experimental; theor. MM = Molecular mass theoretical; +
and – represent presence or absence in each culture recovered from corneal lesion. 
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Acanthamoeba infection remains a point for further investigation. 
Among the proteins found in both re-isolated and long-term culture, 

most of those up-regulated in the tissue-recovered samples were en-
zymes associated with metabolism, as Deoxyribosephosphate aldolases, 
Isochorismatase hydrolase, Superoxide dismutase [Cu–Zn] and Ubiq-
uitin carboxyl-terminal hydrolase. Aldolases are involved in glycolytic 

pathways of the intestinal parasite Giardia lamblia (Galkin et al., 2007), 
and hydrolases participate in the pathogenic events during the Acan-
thamoeba and Entamoeba histolytica infection (Betanzos et al., 2019). 
Particularly important in the pathogeny of amoebic keratitis, hydrolases 
are required for demyelination and lysis of nerve cells (Betanzos et al., 
2019). An adaptation of the metabolism resulting from contact with the 

Fig. 5. Characterization of Molecular 
function and Biological processes of 
proteins differentially and exclusively 
expressed in long-term culture of Acan-
thamoeba castellannii (ALXltc) and cul-
tures recovered from corneal lesion of 
rats (ALXrec1, ALXrec2 and ALXrec3). 
Based on functional annotations in Gene 
Ontology, proteins were distributed in 
different categories. Those with no 
annotation for Molecular function and 
Biological process in Gene Ontology for 
Acanthamoeba were categorized as Null. 
For Biological processes, twenty-nine 
categories of GO were associated with 
proteins. (For interpretation of the ref-
erences to color in this figure legend, 
the reader is referred to the Web version 
of this article).   
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host organism can also explain the increased expression of these en-
zymes. Concerning the up-regulation of Superoxide dismutase [Cu–Zn], 
it could be a response to the oxidative burst triggered by inflammatory 
events during the infection, since it constitutes a cytosolic enzyme 
associated to protective mechanisms against superoxide radicals from 
defense cells (Broxton and Culotta, 2016; Fridovich, 1995). 

Another up-regulated protein in the tissue-recovered cultures was 
Ubiquitin carboxyl-terminal hydrolase, a cysteine protease whose mo-
lecular function corresponds to the specific thiol-dependent protease in 
Acanthamoeba. This type of hydrolase is a deubiquitinating enzyme that 
cleaves monomers of ubiquitin-conjugate substrates. As a result, they 
have an antagonistic action on ubiquitin proteins, which leads to the 
degradation of other proteins and peptides (Amerik et al., 2006; Dirac 
et al., 2005; Nijman et al., 2005). On the other hand, another protein 
related to deubiquitination was found down-regulated in the 
tissue-recovered isolates. The regulatory complex 26S proteasome sub-
unit RPN11 was the less expressed protein in the re-isolated trophozoites 
compared to those from the long-term culture (Amerik and Hoch-
strasser, 2004). In Acanthamoeba, this protein is annotated for the mo-
lecular function of binding to another protein, which can suggest that 
deubiquitination is necessary for the pathogenic process of Acantha-
moeba in the cornea. 

In this study, an animal model of AK was used to reactivate the 
virulence of Acanthamoeba trophozoites and identify proteins related to 
the invasive process. Our findings suggested that Acanthamoeba signif-
icantly modulates the expression of several proteins during their inter-
action with the host in the AK context. 
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