
 

Differential remodelling of peroxisome function underpins the environmental 

and metabolic adaptability of diplonemids and kinetoplastids 

 

Jorge Morales, Muneaki Hashimoto, Tom A. Williams, Hiroko Hirawake-Mogi, Takashi 

Makiuchi, Akiko Tsubouchi, Naoko Kaga, Hikari Taka, Tsutomu Fujimura, Masato Koike, 

Toshihiro Mita, Frédéric Bringaud, Juan L. Concepción, Tetsuo Hashimoto, T. Martin Embley 

and Takeshi Nara 

 

Supplementary material 

 

Supplementary materials and methods 

 

(a) Enzyme activity 

Cells of the mid-log phase were collected, washed twice with 10% (v/v) mannitol and 

resuspended in 50 mM Tris-HCl/2 mM EDTA pH 7 with protease inhibitor cocktail (Complete, 

Mini, Roche Diagnostics K.K., Tokyo, Japan). Cells were disrupted by sonication, centrifuged at 

26,000 x g for 20 minutes, and the supernatant was used to measure the enzymatic activity 

described as follows; hexokinase and glucokinase [1], phosphoglucose isomerase [2], 

phosphofructokinase [3], fructose-1,6-biphosphate aldolase [4], GAPDH [5], triose-phosphate 

isomerase [6], phosphoglycerate kinase [7], phosphoglycerate mutase [8], enolase [9], pyruvate 

kinase [10], and fructose-1,6-biphosphatase [11]. 

 

(b) Antibodies 



 

The mouse antiserum to D. papillatum FBPA was produced as described [12]. To obtain antisera 

to glycolytic enzymes, the cDNA clones of interest were obtained by PCR, cloned in pET151/D-

TOPO vector, and expressed in BL21(DE3)Star cells (Life Technologies Japan Inc., Tokyo, 

Japan). The recombinant proteins were purified using His•Bind® Resin (Merck KGaA, 

Darmstadt, Germany) and used for raising antisera in rabbits or mice. Immunization of animals 

and collection of antisera were in part carried out by Medical & Biological Laboratories Co., Ltd., 

Nagoya, Japan. All animal experiments were carried out in accordance with the fundamental 

guidelines for animal experiments under the jurisdiction of the Ministry of Education, Culture, 

Sports, Science and Technology (Notice No. 71, 2006), and approved by the Committee for 

Animal Experimentation of Juntendo University with the Approval No. 270081. 

 

 (c) Western blots 

20 µg of protein from the cell supernatant were separated onto a SuperSep® Ace 10-20 % gel 

(Wako Pure Chemical Industries, Ltd., Osaka, Japan) and transferred to a polyvinylidene fluoride 

membrane under semi-dry conditions at 20 V for 30 minutes. After blocking with 5% fetal 

bovine serum (FBS) in phosphate-buffered saline containing 0.25 % tween20 (PBST), the 

membranes were incubated overnight at 4°C with the antisera to each glycolytic enzyme in 1% 

FBS/PBST, washed with PBST, and incubated with HRP-conjugated secondary antibody 

(Jackson ImmunoResearch Laboratories Inc., PA), followed by chemiluminescent development. 

The reaction was visualized using ImageQuant LAS-4000 min (GE Healthcare Japan Inc., Tokyo, 

Japan). 

 

(d) Electron microscopy 



 

Cells of the late-log phase were harvested, washed twice in artificial marine water, and fixed as 

described [13]. Ultrathin sections were stained with lead citrate and uranyl acetate and examined 

with a transmission electron microscope at 75 kV (Hitachi H-7100, Hitachi High-Technologies 

Co. Ltd., Tokyo, Japan). For immunoelectron microscopy, cells were fixed using 4% 

paraformaldehyde and 1% glutaraldehyde in PBS at 4ºC for 2 hrs, dehydrated with ethanol, and 

embedded in LRWhite at -20ºC for 4 days under UV-light. Ultrathin sections were incubated 

with 50 mM NH4Cl in PBS for 2 hours, blocked with 3% BSA in PBS/0.025 % tween20 for 1 hr, 

and incubated with antisera to D. papillatum FBPA [12] for 1 hr. Cells were then incubated with 

gold-labeled anti-mouse antibody (10 nm particle, Sigma-Aldrich Co. LLC., MO), counterstained 

with uranyl acetate, and observed using Hitachi H-7100. 

 

(e) Metabolic labeling 

The mid-log phase of cells were starved in artificial seawater for 2 hrs and then incubated with 6 

mM 13C6 D-glucose or 6 mM 13C5 L-glutamine (Sigma-Aldrich) in artificial seawater for 0, 4, 

and 8 hrs or with 30 mM 13C6 D-glucose in normal culture medium for 72 hrs without starvation. 

Cells in the mid-log phase of growth were starved in artificial seawater for 2 hrs and then 

incubated with 6 mM 13C6 D-glucose or 6 mM 13C5 L-glutamine (Sigma-Aldrich) in artificial 

seawater for 0, 4, and 8 hrs or with 30 mM 13C6 D-glucose in normal culture medium for 72 hrs 

without starvation. Cells were then washed twice with 10% w/v mannitol and treated with 

methanol by vortexing for 1 min. After removing the debris by centrifugation, the supernatant 

was extracted with 1:0.4 of chloroform and milli-Q water by vortexing for 1 min. The aqueous 

phase was filtered through an Ultrafree MC PHLCC HMT filter (Merck KGaA, Darmstadt, 

Germany) having a cut-off of 5 kDa at 9,400 x g for 2 hrs to remove proteins. The eluate 



 

containing the metabolites was evaporated and dissolved in 0.05 ml of Milli-Q water. CE-Q-

TOFMS analysis was performed using an Agilent CE system combined with a Q-TOFMS 

(Agilent Technologies, Palo Alto, CA, USA) as described [14-16]. The data obtained by CE-Q-

TOFMS analysis were preprocessed using MassHunter workstation software Qualitative Analysis 

Version B.06.00. Each metabolite was identified and quantified based on the peak information 

including m/z, migration time, and peak area. The quantified data were then evaluated for 

statistical significance by a Wilcoxon signed-rank test. Alternatively, liquid chromatography-

coupled mass spectrometry (LC-MS) was performed on a TSQ Quantum Ultra AM with the 

analysis software Xcalibur 2.0.6 software (Thermo Fisher Scientific, San Jose, CA) coupled to a 

Gilson-HPLC system and a Gilson 234 autosampler (Gilson Inc., WI) as described [17].  

 

(f) Metabolome analysis 

Metabolome measurements were carried by Human Metabolome Technology Inc., Tsuruoka, 

Japan. Briefly, cells were collected in mid-log phase, washed twice with 10% mannitol, and 

resuspended in methanol containing internal standards (H3304-1002, Human Metabolome 

Technologies, Inc., Tsuruoka, Japan) followed by ultrasonication, to inactivate enzymes. The 

metabolites were further extracted and finally dissolved in 50 µL of Milli-Q water for CE-MS 

analysis.  
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Table S1. Predicted PTS in non-glycolytic enzymes of Diplonema papillatum. 

Enzyme 
PTS* 

D. papillatum T. brucei 

   
Gluconeogenesis   

Malate dehydrogenase (MDH), glycosomal ND PTS1 
Phosphoenolpyruvate carboxykinase (PEPCK) ND PTS1 

   
Pentose phosphate pathway   
6-phosphogluconolactonase ND PTS1 
Ribokinase ND PTS1 
Transketolase ND PTS1 

   
Energy/redox metabolism   

Adenylate kinase ND PTS1 
Glycerol 3-phosphate dehydrogenase ND PTS1 
Glycerol kinase (GK) PTS1 PTS1 
Isocitrate dehydrogenase ND PTS1 
NADH-dependent fumarate reductase ND PTS1 
Pyruvate phosphate dikinase (PPDK) PTS1 PTS1 

   
Pyrimidine biosynthesis/purine salvage   

Adenine phosphoribosyltransferase ND PTS1 
Guanylate kinase ND PTS1 
Hypoxanthine-guanine phosphoribosyltransferase ND PTS1 
Inosine-5'-monophosphate dehydrogenase ND PTS1 
Orotate phosphoribosyltransferase (OPRT) ND PTS1† 
Orotidine monophosphate decarboxylase (OMPDC) ND PTS1† 
   

*PTS1 represents being double positive for both the C-terminal consensus tripeptides, 
(STAGCN)-(RKH)-(LIVMAFY), and a category of “targeted” or “twilight zone” using the 
PTS1 predictor (see materials and methods). 
†Fused in OMPDC-OPRT.  
ND; No PTS detected. 
 
 



Table S2. Metabolites of carbon metabolism in Diplonema papillatum. 
Metabolites (pmole/108 cells) T. cruzi D. papillatuma D. papillatumb D. papillatumc 
     
Glycolysis     
Hexose phosphate group     

Glucose 6-phosphate 161 21,166 37,182 6,168 
Glucose 1-phosphate 77 4,393 5,773 1,435 
Fructose 6-phosphate 348 7,895 13,324 2,739 
Fructose 1,6-bisphosphate 158 3,490 2,203 769 

     
Triose phosphate group     

Dihydroxyacetone phosphate 129 11,779 5,944 2,600 
Glyceraldehyde 3-phosphate ND 186 ND ND 
3-Phosphoglyceric acid 1,707 4,080 4,442 1,003 
2-Phosphoglyceric acid 267 638 777 189 
Phosphoenolpyruvic acid 1,036 564 903 ND 

     
Ratio of total hexose-P:triose-P 744:3149 

(1:4.2) 
36944:17247 

(2.1:1) 
58482:12066 

(4.8:1) 
11111:3792 

(2.9:1) 
     
TCA cycle     

Citric acid 330 1,705 894 401 
cis-aconitic acid ND 924 532 237 
Isocitric acid ND 70,382 53,107 21,083 
α-ketoglutaric acid ND 4,397 4,412 3,180 
Succinic acid 35,203 108,395 113,315 22,092 
Fumaric acid 126 6,454 2,204 1,492 
Malic acid 535 22,612 15,545 9,739 

     
Pentose phosphate pathway     

6-Phosphogluconic acid 21 73 ND ND 
Ribulose 5-phosphate 144 1,859 1,906 511 
Ribose 5-phosphate 38 585 638 128 
Sedoheptulose 7-phosphate 282 1,729 5,199 443 
Erythrose 4-phosphate ND 572 353 ND 

     
Nucleotides     

ATP 8,578 6,944 9,481 1,247 
ADP 8,010 19,800 19,395 6,637 
AMP 8,028 50,665 23,739 14,455 
cAMP 15 ND ND ND 
GTP 2,264 1,228 2,116 607 
GDP 2,196 4,572 4,143 2,223 
GMP 1,208 6,643 3,884 3,248 
UTP 4,974 1,984 2,259 290 
UDP 5,083 4,847 4,626 1,502 
UMP 5,571 11,936 5,445 2,657 
CTP 583 139 400 ND 
CDP 360 302 528 280 
CMP 457 2,560 2,407 1,424 
     

a ATCC® 1405 artificial seawater supplemented with 10 % v/v horse serum. 
b ATCC® 1532 medium. 
c ATCC® 1532 medium supplemented with 6 mM D-glucose. 
ND, not detected. 



Table S2. Continued. 
Metabolites (pmole/108 cells) T. cruzi D. papillatuma D. papillatumb D. papillatumc 
     
Others     

Pyruvic acid 126 1,372 2,351 1,820 
Lactic acid 11,800 82,962 84,245 20,330 

     
Amino acids     
β-Ala 147 1,191,232   
Glu 14,748 842,686   
Lys 20,288 453,660   
Pro 17,256 423,095   
Ala 212,561 367,248   
Gln 86 317,801   
Arg 11,335 217,878   
Gly 99,373 137,363   
Val 36,898 134,090   
His 200 109,362   
Ser 507 98,449   
Thr 338 85,611   
Leu 3,968 78,799    
Tyr 929 73,437   
Asn 1,700 53,480   
Asp 1,578 51,883   
Ile 15,529 35,984   
Phe 808 35,481   
Trp 290 15,796   
Met 244 12,534   
Cys ND 569   

     
a ATCC® 1405 artificial seawater supplemented with 10 % v/v horse serum. 
b ATCC® 1532 medium. 
c ATCC® 1532 medium supplemented with 6 mM D-glucose. 
ND, not detected. 
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(e) Phosphoglycerate mutase
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Figure S1. Consensus phylogenetic trees for glycolytic enzymes. (a) Hexokinase; (b) glucokinase; (c) phophoglucose 
isomerase; (d) triose phosphate isomerase; (e) phophoglycerate mutase; and (f) enolase. Euglenozoa, bacteria and 
archaea are labeled in green, brown, and gray, respectively. The detailed methods to reconstruct the phylogenetic 
trees are described in the materials and methods.
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Figure S2. Consensus phylogenetic tree for phosphoglycerate kinase. The methods and labeling 
are as in figure S1. 
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Figure S3. Consensus phylogenetic tree for pyruvate kinase. The methods and labeling 
are as in figure S1. 



Euglenozoa

Euglenozoa

Euglenozoa

Euglenozoa

Euglenozoa

Bacteria

Bacteria

Bacteria

Bacteria

Bacteria

Archaea

Archaea

Archaea

Bacteria

Acetivibrio cellulolyticus CD2
Clostridium thermocellum ATCC 27405

Clostridium clariflavum DSM 19732
Paludibacter propionicigenes WB4

Clostridium papyrosolvens DSM 2782
Clostridium sp. MSTE9

Clostridium leptum DSM 753
Clostridium methylpentosum DSM 5476

Anaerotruncus colihominis DSM 17241
Giardia lamblia

Entamoeba histolytica
Phaeodactylum tricornutum

Tetrahymena thermophila
Tetrahymena thermophila

Paramecium tetraurelia
Paramecium tetraurelia strain d4 2

Trypanosoma brucei
Trypanosoma cruzi strain CL Brener

Leishmania major strain Friedlin
Encephalitozoon cuniculi

Giardia lamblia ATCC 50803
Toxoplasma gondii VEG
Toxoplasma gondii
Toxoplasma gondii

Phaeodactylum tricornutum CCAP 1055 1
Ectocarpus siliculosus
Thalassiosira pseudonana

Phaeodactylum tricornutum CCAP 1055 1
Phaeodactylum tricornutum CCAP 1055 1

Ectocarpus siliculosus
Ectocarpus siliculosus

Naegleria gruberi
Diplonema papillatum GAPDH2

Diplonema papillatum GAPDH1
Diplonema sp. ATCC 50225

Syntrophus aciditrophicus SB
Trypanosoma cruzi strain CL Brener

Trypanosoma cruzi strain CL Brener
Trypanosoma cruzi strain CL Brener

Trypanosoma cruzi strain CL Brener
Trypanosoma cruzi strain CL Brener

Trypanosoma brucei
Xenorhabdus bovienii SS 2004

Morganella morganii subsp. morganii KT
Yersinia enterocolitica subsp. enterocolitica 8081
Hafnia alvei ATCC 51873
Erwinia tasmaniensis Et1 99

Synechococcus sp. WH 5701
Synechococcus sp. CB0101
Cyanobium sp. PCC 7001

Polaribacter irgensii 23 P
Nitrosospira sp. TCH716

Magnetospirillum magnetotacticum MS 1
Magnetospirillum gryphiswaldense MSR 1

Hydra magnipapillata
blood disease bacterium R229

Hylemonella gracilis ATCC 19624
Cupriavidus metallidurans CH34

Toxoplasma gondii VEG
Plasmodium falciparum

Ectocarpus siliculosus
Cryptosporidium parvum Iowa II

Saccharomyces cerevisiae S288c
Saccharomyces cerevisiae S288c

Chlamydomonas reinhardtii
Chlamydomonas reinhardtii
Chlamydomonas reinhardtii

Arabidopsis thaliana
Oryza sativa Indica Group

Arabidopsis thaliana
Cyanidioschyzon merolae

Ustilago maydis
Neurospora crassa OR74A

Mus musculus
Homo sapiens
Homo sapiens

Homo sapiens
Homo sapiens

Mus musculus
Mus musculus

Drosophila melanogaster
Drosophila melanogaster

Dictyostelium discoideum AX4
Oryza sativa Japonica Group

Oryza sativa Japonica Group
Oryza sativa Japonica Group

Arabidopsis thaliana
Arabidopsis thaliana

Microcystis aeruginosa NIES 843
Cyanothece sp. PCC 7425

SAR324 cluster bacterium SCGC AAA001 C10
SAR324 cluster bacterium JCVI SC AAA005

Leishmania major
Trypanosoma cruzi strain CL Brener
Trypanosoma brucei brucei strain 927 4 GUTat10.1
Trypanosoma brucei brucei

Euglena gracilis
Pelobacter carbinolicus DSM 2380

Geobacter uraniireducens Rf4
Aspergillus nidulans

Methanoculleus bourgensis MS2
Halopiger xanaduensis SH 6

Natronobacterium gregoryi SP2
Halobiforma lacisalsi AJ5

Natronobacterium gregoryi SP2
Halobiforma lacisalsi AJ5

Halogranum salarium B 1
Halogranum salarium B 1

Halalkalicoccus jeotgali B3
Phaeodactylum tricornutum CCAP 1055 1

Ectocarpus siliculosus
Diplonema sp. ATCC 50225

Rhynchopus sp. ATCC 50231
Diplonema sp. ATCC 50225

Chlamydomonas reinhardtii
uncultured archaeon

Thermofilum pendens Hrk 5
Candidatus Korarchaeum cryptofilum OPF8

delta proteobacterium NaphS2
Geobacter uraniireducens Rf4

Geobacter sp. M21
Geobacter sp. M18

Geobacter daltonii FRC 32
alpha proteobacterium IMCC14465

Tistrella mobilis KA081020 065
Parvularcula bermudensis HTCC2503

Azospirillum lipoferum 4B
Azospirillum brasilense Sp245

Chlamydomonas reinhardtii
Actinomyces urogenitalis DSM 15434

Candidatus Aquiluna sp. IMCC13023
Renibacterium salmoninarum ATCC 33209

Arthrobacter sp. Rue61a
Arthrobacter globiformis NBRC 12137

Arthrobacter chlorophenolicus A6
Actinomyces sp. oral taxon 448 str. F0400

Trimastix pyriformis
Trichomonas vaginalis G3

Trichomonas vaginalis G3
Trichomonas vaginalis G3

uncultured archaeon GZfos1D1
Aciduliprofundum boonei T469

0.97

0.65

0.98

0.9

0.96
0.99

0.86

0.82

0.67

0.94

0.98
0.99

0.99

1

0.78

0.95
1

0.97

0.95
0.79 0.97

0.84

0.84
0.96

0.87
0.9

0.94

0.95

0.99
0.99

0.97

0.69

0.95

0.62

0.99

0.99

0.64 0.99 0.99

0.99
0.99

0.99

0.89

0.9

0.53
0.99

0.99

1
0.88

0.54

0.96

0.56

0.99
1

0.85

0.95
0.99

0.75

0.77

0.94

0.98
0.99

0.99

0.87

0.95

0.61

0.99

0.8

0.99

0.99
0.98

0.99

0.89
0.96

0.91

0.81

0.91

1

0.99

0.97

1

0.99
0.97

1

0.66

0.99

0.99

0.69 1
0.93

0.72

0.62

0.55
0.99 1

0.99
0.51

0.51 1

0.51
0.99

0.78

0.99
0.96

0.99
0.69

0.64

1
0.99

0.99

0.75

0.2

Figure S4. Consensus phylogenetic tree for glyceraldehyde-3-phosphate dehydrogenase. The methods and 
labeling are as in figure S1. 
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Figure S5. Consensus phylogenetic tree for fructose-1,6-bisphosphatase (FBPase). 
Sedoheptulose-1,7-bisphosphatase (SBPase) is an enzyme for pentose phosphate 
pathway. The methods and labeling are as in figure S1.  
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(b) 6 mM 13C6-D-glucose

(c) 30 mM 13C6-D-glucose
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Figure S7. Metabolomic analysis of 13C-labeled metabolites in D. papillatum. D. papillatum cells were incubated with 
6 mM 13C5-glutamine for 0, 4, and 8 hrs (a), 6 mM 13C6-D-glucose for 0, 4, and 8 hrs (b), or 30 mM 13C6-D-glucose 
for 72 hrs (c). The Y-axis indicates the relative abundance (%) of each isotopomer of the relevant metabolite. The 
X-axis represents the number of 13C in the isotopomers. Data points and error bars represent the mean ± s.d. of 
three independent experiments. 
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Figure S8. Consensus phylogenetic tree for adenylate kinase. Note that E. gracilis enzyme and the glycosomal 
enzymes of kinetoplastids are nested independently within the bacterial clade (PP = 0.99), while D. papillatum 
and cytosolic kinetoplastid homologues cluster in the eukaryotic subtree (PP = 0.99). The methods and labeling 
are as in figure S1. 
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Figure S9. Consensus phylogenetic tree for inosine-5-monophosphate dehydrogenase. 
Note that glycosomal isoforms of kinetoplastids are nested within the bacterial clade, 
while E. gracilis, D. papillatum and cytosolic kinetoplastid homologues are monophyletic 
and cluster in the eukaryotic clade, consistent with the organismal tree (PP = 1). 
The methods and labeling are as in figure S1. 



Figure S10. Consensus phylogenetic tree for transketolase. Note that the euglenozoan 
enzymes are monophyletic (PP = 1). The methods and labeling are as in figure S1. 
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