








16. Möhrle JJ, Zhao Y, Wernli B, Franklin RM, Kappes B (1997) Molecular cloning,
characterization and localization of PfPK4, an eIF-2alpha kinase-related enzyme from
the malarial parasite Plasmodium falciparum. Biochem J 328(Pt 2):677–687.

17. Zhang M, et al. (2010) The Plasmodium eukaryotic initiation factor-2alpha kinase IK2
controls the latency of sporozoites in the mosquito salivary glands. J Exp Med 207(7):
1465–1474.

18. Zhang M, et al. (2012) PK4, a eukaryotic initiation factor 2α(eIF2α) kinase, is essential
for the development of the erythrocytic cycle of Plasmodium. Proc Natl Acad Sci USA
109(10):3956–3961.

19. Konrad C, Wek RC, Sullivan WJ, Jr. (2011) A GCN2-like eukaryotic initiation factor 2
kinase increases the viability of extracellular Toxoplasma gondii parasites. Eukaryot
Cell 10(11):1403–1412.

20. Francis SE, Sullivan DJ, Jr., Goldberg DE (1997) Hemoglobin metabolism in the malaria
parasite Plasmodium falciparum. Annu Rev Microbiol 51:97–123.

21. Sijwali PS, Rosenthal PJ (2004) Gene disruption confirms a critical role for the cysteine
protease falcipain-2 in hemoglobin hydrolysis by Plasmodium falciparum. Proc Natl
Acad Sci USA 101(13):4384–4389.

22. Codd A, Teuscher F, Kyle DE, Cheng Q, Gatton ML (2011) Artemisinin-induced parasite
dormancy: A plausible mechanism for treatment failure. Malar J 10:56.

23. Witkowski B, et al. (2010) Increased tolerance to artemisinin in Plasmodium
falciparum is mediated by a quiescence mechanism. Antimicrob Agents Chemother
54(5):1872–1877.

24. Teuscher F, et al. (2010) Artemisinin‐induced dormancy in plasmodium falciparum:
Duration, recovery rates, and implications in treatment failure. J Infect Dis 202(9):
1362–1368.

25. Bozdech Z, et al. (2003) The transcriptome of the intraerythrocytic developmental
cycle of Plasmodium falciparum. PLoS Biol 1(1):E5.

26. Le Roch KG, et al. (2003) Discovery of gene function by expression profiling of the
malaria parasite life cycle. Science 301(5639):1503–1508.

27. Llinás M, Bozdech Z, Wong ED, Adai AT, DeRisi JL (2006) Comparative whole genome
transcriptome analysis of three Plasmodium falciparum strains. Nucleic Acids Res
34(4):1166–1173.

28. Olszewski KL, et al. (2009) Host-parasite interactions revealed by Plasmodium
falciparum metabolomics. Cell Host Microbe 5(2):191–199.

29. Joyce BR, Queener SF, Wek RC, Sullivan WJ, Jr. (2010) Phosphorylation of eukaryotic
initiation factor-2alpha promotes the extracellular survival of obligate intracellular
parasite Toxoplasma gondii. Proc Natl Acad Sci USA 107(40):17200–17205.

30. Dyer M, Day KP (2000) Commitment to gametocytogenesis in Plasmodium falciparum.
Parasitol Today 16(3):102–107.

31. vanWerven FJ, Amon A (2011) Regulation of entry into gametogenesis. Philos Trans R
Soc Lond B Biol Sci 366(1584):3521–3531.

32. Deitsch K, et al. (2007) Mechanisms of gene regulation in Plasmodium. Am J TropMed
Hyg 77(2):201–208.

33. Callebaut I, Prat K, Meurice E, Mornon JP, Tomavo S (2005) Prediction of the general
transcription factors associated with RNA polymerase II in Plasmodium falciparum:
Conserved features and differences relative to other eukaryotes. BMC Genomics
6:100.

34. Coulson RM, Hall N, Ouzounis CA (2004) Comparative genomics of transcriptional
control in the human malaria parasite Plasmodium falciparum. Genome Res 14(8):
1548–1554.

35. Sharma UK, Chatterji D (2010) Transcriptional switching in Escherichia coli during
stress and starvation by modulation of sigma activity. FEMS Microbiol Rev 34(5):
646–657.

36. Martin RE, Kirk K (2007) Transport of the essential nutrient isoleucine in human
erythrocytes infected with the malaria parasite Plasmodium falciparum. Blood 109(5):
2217–2224.

37. Daily JP, et al. (2007) Distinct physiological states of Plasmodium falciparum in
malaria-infected patients. Nature 450(7172):1091–1095.

38. Pfaller MA, Krogstad DJ, Parquette AR, Nguyen-Dinh P (1982) Plasmodium
falciparum: Stage-specific lactate production in synchronized cultures. Exp Parasitol
54(3):391–396.

39. Roth EF, Jr., Raventos-Suarez C, Perkins M, Nagel RL (1982) Glutathione stability and
oxidative stress in P. falciparum infection in vitro: Responses of normal and G6PD
deficient cells. Biochem Biophys Res Commun 109(2):355–362.

40. Zolg JW, Macleod AJ, Scaife JG, Beaudoin RL (1984) The accumulation of lactic acid
and its influence on the growth of Plasmodium falciparum in synchronized cultures.
In Vitro 20(3 Pt 1):205–215.

41. Kourtis N, Tavernarakis N (2009) Autophagy and cell death in model organisms. Cell
Death Differ 16(1):21–30.

42. Zaborske JM, Wu X, Wek RC, Pan T (2010) Selective control of amino acid metabolism
by the GCN2 eIF2 kinase pathway in Saccharomyces cerevisiae. BMC Biochem 11:29.

43. Trager W, Jensen JB (1976) Human malaria parasites in continuous culture. Science
193(4254):673–675.

44. Russo I, Oksman A, Goldberg DE (2009) Fatty acid acylation regulates trafficking of
the unusual Plasmodium falciparum calpain to the nucleolus. Mol Microbiol 72(1):
229–245.

45. Fidock DA, Wellems TE (1997) Transformation with human dihydrofolate reductase
renders malaria parasites insensitive to WR99210 but does not affect the intrinsic
activity of proguanil. Proc Natl Acad Sci USA 94(20):10931–10936.

46. Lambros C, Vanderberg JP (1979) Synchronization of Plasmodium falciparum
erythrocytic stages in culture. J Parasitol 65(3):418–420.

47. Kafsack BF, Painter HJ, Llinás M (2012) New Agilent platform DNA microarrays for
transcriptome analysis of Plasmodium falciparum and Plasmodium berghei for the
malaria research community. Malar J 11:187.

48. Saldanha AJ (2004) Java Treeview—extensible visualization of microarray data.
Bioinformatics 20(17):3246–3248.

49. Lu W, et al. (2010) Metabolomic analysis via reversed-phase ion-pairing liquid chro-
matography coupled to a stand alone orbitrap mass spectrometer. Anal Chem
82(8):3212–3221.

50. Lu W, Bennett BD, Rabinowitz JD (2008) Analytical strategies for LC-MS-based
targeted metabolomics. J Chromatogr B Analyt Technol Biomed Life Sci 871(2):
236–242.

51. Kraml CM, Zhou D, Byrne N, McConnell O (2005) Enhanced chromatographic
resolution of amine enantiomers as carbobenzyloxy derivatives in high-performance
liquid chromatography and supercritical fluid chromatography. J Chromatogr A 1100
(1):108–115.

52. Clasquin MF, Melamud E, Rabinowitz JD (2012) LC-MS data processing with MAVEN:
A metabolomic analysis and visualization engine. Current Protocols in Bioinformatics
Chapter 14:Unit14.11.

53. Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: Procedure and some applications. Proc
Natl Acad Sci USA 76(9):4350–4354.

10 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1209823109 Babbitt et al.



Supporting Information
Babbitt et al. 10.1073/pnas.1209823109

Fig. S1. Glucose-starved parasites do not recover growth. (A) Representative images of Giemsa-stained thin blood smears prepared from parasites incubated
in glucose-free medium for 6 h. (B) Growth recovery following glucose resupplementation of parasites starved for indicated times. A control set of parasites
was fed (complete medium, CM) or glucose starved (no Glc) for 72 h. Parasitemia of all cultures was measured by flow cytometry after 72 h of recovery. Data
shown represent the mean parasitemia ± SEM; n = 3.

Fig. S2. Parasite recovery does not depend on preexisting isoleucine (Ile) stores. Synchronous 3D7 parasites, previously maintained in RPMI medium con-
taining various concentrations of isoleucine, were starved for isoleucine for 24 h and then were resupplemented. Parasitemia of all cultures was measured by
flow cytometry after 72 h of recovery. Data shown represent the mean parasitemia ± SEM; n = 3.

Fig. S3. Hibernating parasites remain susceptible to artemisinin. Synchronous 3D7 parasites were fed (black bars) or starved for isoleucine (gray bars) for 72 h
with 50 nM artemisinin present for the last 24 h of the incubation. After drug removal, each culture was replated in CM for recovery. A control culture was
incubated in the absence of drug for 72 h in CM or isoleucine-free RPMI (no Ile) for 72 h, followed by isoleucine supplementation and recovery. Parasitemia was
measured by flow cytometry after 72 h of recovery. Data shown represent the mean parasitemia ± SEM; n = 3.
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Fig. S4. Metabolite profile of infected-erythrocyte cultures under standard and isoleucine-starved conditions. Profiles of 87 intracellular metabolites for 3D7
Plasmodium falciparum-infected erythrocytes over 48 h. Infected erythrocytes were cultured under standard conditions (Control) and isoleucine-depleted
conditions (No Isoleucine). Relative levels are expressed as the mean-centered ratio of the normalized signal intensity in the infected erythrocyte extract at
each time point (XN/X) from two independent replicates.
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Fig. S5. Protein translation is reduced in PfeIK1 mutants during isoleucine starvation. Protein synthesis in starved parasites. Synchronous clonal pfeik1−

parasites were fed or starved for isoleucine for 6 h and labeled with [35S]methionine/cysteine for the last hour while incubated in complete (CM) or isoleucine-
free (no Ile) labeling RPMI medium in the presence or absence of the protein synthesis inhibitor cycloheximide (CHX). Parasite proteins were tricarboxylic acid
(TCA)-precipitated, and the amount of incorporated radioactivity was determined in a scintillation counter. Data shown represent the mean disintegrations per
minute (DPM) of incorporated radioactivity ± SEM, n = 6.

Fig. S6. PfeIF2α remains unphosphorylated in PfeIK1-KO parasites during prolonged starvation. Synchronous clonal pfeik1− parasites were maintained in
isoleucine-free RPMI medium for 18 h, followed by resupplementation with isoleucine for 45 min. Parasite lysates were prepared for SDS/PAGE followed by
immunoblotting with antibodies against phosphorylated eIF2α (eIF2α-P) and with BiP as a loading control.
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Table S1. R2 correlation of gene expression between fed (+) and isoleucine-starved (−) parasites

 0 h 3 h+ 6 h+ 12 h+ 18 h+ 24 h+ 30 h+ 36 h+ 42 h+ 48 h+ 3 h  6 h  12 h  18 h  24 h  30 h  36 h  42 h  48 h
0 h                   

3 h+ 0.6473                  

6 h+ 0.4188 0.8637                 

12 h+ 0.0488 0.2812 0.5455                

18 h+ 0.0924 0.0169 0.0088 0.3638               

24 h+ 0.0733 0.2273 0.1961 0.0384 0.1831              

30 h+ 0.1541 0.0042 0.0145 0.1415 0.0753 0.2540             

36 h+ 0.7558 0.5164 0.2568 0.0018 0.1871 0.0336 0.3803            

42 h+ 0.6160 0.9464 0.8836 0.3350 0.0091 0.2058 0.0036 0.4972           

48 h+ 0.1709 0.4786 0.7582 0.8586 0.1647 0.0963 0.0894 0.0475 0.5584          

3 h  0.6895 0.8805 0.6718 0.1811 0.0467 0.2005 0.0207 0.6154 0.8667 0.3350         

6 h  0.5440 0.8110 0.7292 0.2873 0.0038 0.1673 0.0016 0.4388 0.8395 0.4438 0.8443        

12 h  0.3176 0.6241 0.7088 0.4522 0.0141 0.1212 0.0185 0.2012 0.6817 0.5690 0.6139 0.8490       

18 h  0.2538 0.6068 0.7942 0.6521 0.0725 0.1065 0.0514 0.1148 0.6477 0.7501 0.5142 0.6978 0.8562      

24 h  0.1232 0.3407 0.5139 0.6394 0.1496 0.0358 0.0600 0.0437 0.4021 0.6321 0.3187 0.5495 0.7856 0.8321     

30 h  0.0435 0.2270 0.4345 0.8136 0.3534 0.0152 0.1137 0.0013 0.2704 0.7038 0.1719 0.3244 0.5292 0.7274 0.8165    

36 h  0.0007 0.0680 0.2074 0.6796 0.6035 0.0065 0.1029 0.0198 0.0902 0.4938 0.0419 0.1384 0.2934 0.4563 0.6215 0.8570   

42 h  0.0091 0.0020 0.0390 0.3117 0.5475 0.0964 0.0302 0.0411 0.0062 0.1751 0.0009 0.0643 0.1879 0.2180 0.4651 0.5065 0.7254  

48 h  0.0533 0.0250 0.0001 0.2027 0.6611 0.2275 0.0258 0.1218 0.0138 0.0780 0.0182 0.0005 0.0243 0.0618 0.1902 0.3164 0.5756 0.6750 

Yellow: best correlation between fed control samples; green: worst correlation between fed control sample; turquoise: best correlation between fed and
starved samples; pink: worst correlation between fed and starved samples; orange: best correlation between starved samples; purple: worst correlation
between starved samples; gray: point at which gene expression starts to deviate significantly between fed and starved sample.
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