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Co-inhibition of Plasmodium falciparum S-Adenosylmethionine
Decarboxylase/Ornithine Decarboxylase Reveals
Perturbation-specific Compensatory Mechanisms by
Transcriptome, Proteome, and Metabolome Analyses*□S
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Polyamines are ubiquitous components of all living cells, and
their depletion usually causes cytostasis, a strategy employed for
treatment of West African trypanosomiasis. To evaluate poly-
amine depletion as an anti-malarial strategy, cytostasis caused
by the co-inhibition of S-adenosylmethionine decarboxylase/
ornithine decarboxylase inPlasmodium falciparumwas studied
with a comprehensive transcriptome, proteome, and metabo-
lome investigation. Highly synchronized cultures were sampled
just before and during cytostasis, and a novel zero time point
definition was used to enable interpretation of results in lieu of
the developmentally regulated control of gene expression in P.
falciparum. Transcriptome analysis revealed the occurrence of
a generalized transcriptional arrest just prior to the growth
arrest due to polyamine depletion. However, the abundance of
538 transcripts was differentially affected and included three
perturbation-specific compensatory transcriptional responses
as follows: the increased abundance of the transcripts for lysine
decarboxylase and ornithine aminotransferase and the
decreased abundance of that for S-adenosylmethionine synthe-
tase. Moreover, the latter two compensatory mechanisms were
confirmed on both protein and metabolite levels confirming
their biological relevance. In contrast with previous reports, the
results provide evidence thatP. falciparum responds to alleviate
the detrimental effects of polyamine depletion via regulation of
its transcriptome and subsequently the proteome and
metabolome.

Polyamines such as putrescine, spermidine, and spermine
are small organic compounds containing two or more amino
groups. At physiological pH, these polycations interact electro-
statically with numerous anionic macromolecules, thereby sta-

bilizing DNA, RNA, nucleoside triphosphates (e.g.ATP), phos-
pholipids, and proteins (1, 2). These interactions with
polyamines can alter DNA conformation, regulate replication
and transcription, strengthen membranes, regulate ion chan-
nels, and protect DNA and phospholipids from oxidative stress
(1–5). Yet polyamines are also implicated in apoptosis (5). Poly-
amine depletion generally causes cytostasis or growth arrest,
which implies that these molecules are involved in cell cycle
progression and regulation, and it is speculated that polyamines
regulate cyclin degradation (1, 6, 7). Therefore, polyamines are
essential for cellular growth, differentiation, and macromolec-
ular synthesis and are ubiquitous components of all living cells,
except two orders of Archaea (1). Polyaminemetabolism is par-
ticularly important in rapidly proliferating cells and has been
exploited in the treatment of cancer (1) and parasitic diseases
(8). Polyamine metabolism of the malaria parasite Plasmodium
falciparum is also a potential target for therapeutic interven-
tion (9, 10).
Polyamine and methionine metabolism are closely con-

nected. This is particularly evident in Plasmodium where the
two rate-limiting enzymes of polyamine biosynthesis, ornithine
decarboxylase (ODC)2 and S-adenosylmethionine decarboxyl-
ase (AdoMetDC), form a single bifunctional protein
(PfAdoMetDC/ODC, PF10_0322 (11)). ODC inhibition
decreases putrescine levels in P. falciparum, whereas
AdoMetDC inhibition decreases the levels of both spermidine
and spermine (12, 13). The unique bifunctional nature of this
complex could lead to the selective treatment of malaria. Inhi-
bition of either ODC or AdoMetDC of P. falciparum in vitro
causes cytostatic arrest in the trophozoite stage of the
intraerythrocytic developmental cycle (IDC), but it does not
cure Plasmodium berghei-infected mice in vivo (12, 14, 15).
This is possibly because of exogenous polyamine salvage from
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the host (16). However, when ODC, AdoMetDC, and exoge-
nous polyamine import are inhibited by the combination of
bis(benzyl)polyamine analogues and DL-�-difluoromethylorni-
thine (DFMO), 100% of P. berghei-infected mice were cured
(17). A polyamine transporter has not yet been identified in the
P. falciparum genome, but a drug combination selectively
inhibiting both polyamine biosynthesis and transport may pro-
vide a promising anti-malarial strategy (16).
Transcriptional profiling can be used to assess the response

of cells or organisms to environmental stress and to identify
feedback mechanisms, alternative pathways, and metabolic
buffering systems activated to copewith a perturbation (18, 19).
This approach was applied with great success in the case of
Mycobacterium tuberculosis, revealing transcriptional signa-
tures specific to the mode-of-action for several antimycobacte-
rial drugs (20). However, the correlation of perturbation-spe-
cific events in the transcriptome of the malaria parasite has
been limited to a few studies (21–25), and support for a more
prominent role of post-transcriptional control in plasmodial
gene regulation is mounting (26–29).
Reported here is a comprehensive functional genomics

investigation of P. falciparum during cytostasis after the co-
inhibition of both catalytic sites of PfAdoMetDC/ODC with
selective enzyme-activated, irreversible inhibitors (30). Cau-
tious experimental design enabled transcriptional profiling and
revealed very prominent polyamine metabolism-specific com-
pensatory responses induced in the parasite to circumvent the
perturbation. Convincingly, these were subsequently con-
firmed by proteomic and metabolomic analyses. This study
therefore indicates that perturbation-specific events can be
observed in the P. falciparum transcriptome and clearly links
this to regulation in the parasite proteome and metabolome.

EXPERIMENTAL PROCEDURES

Parasite Cultures—Parasite culturing and sampling for the
transcriptomics, proteomics, andmetabolomics occurred inde-
pendently, but perturbation conditions were replicated in
terms of the parasite population, treatment, and sampling
times. 3D7 P. falciparum parasites were cultured and synchro-
nized (for three generations) according to established methods
(31, 32). Parasites were treated in the late schizont stage (42 h
post-invasion (hpi)) with 5mMDFMO (IC50 � 1mM) and 5 �M
5�-{[(Z)-4-amino-2-butenyl]methylamino}-5�-deoxyadenosine
(MDL73811, IC50 � 1�M) to ensure complete parasite arrest to
prevent parasites escaping cytostasis and causing asynchrony
(14). At these dosages the combined drug effect was additive
and cytostatic (12, 14), but complete enzyme inhibition was
confirmed with radiolabeled substrate assays (see below).
DFMOwas kindly provided by P.Woster (Wayne StateUniver-
sity, MI) and MDL73811 by Sanofi-Aventis. A preceding small
scale morphological study was performed to determine the
exact sampling times, just before and during growth arrest. For
the actual experiments treatment was performed in duplicate
(i.e. two biological replicates, A andB) alongside untreated con-
trols. Drug treated (T) and untreated (UT) cultures, at about
8–10% parasitemia and 2–3% hematocrit, were harvested at
three time points within the trophozoite stage (t1 � 19 hpi, t2 �
27 hpi, and t3 � 34 hpi), based on the morphology of untreated

parasites after microscopic inspection of Giemsa-stained thin
smears. Culture medium (with and without drug) was replaced
halfway through the time course but before the first sampling,
to prevent metabolic stress of the parasites.
Radiolabeled Substrate Decarboxylase Assays—To ensure

complete enzyme inhibition and presumably arrest of the cul-
tures at the specified dosages, AdoMetDC and ODC activity of
DFMO/MDL73811-treated and untreated cultures sampled at
t1 � 19 hpi and t3 � 34 hpi were assessed as described (33), with
uninfected erythrocytes as negative controls.
RNA Isolation and Microarray—Total RNA was isolated

from frozen phosphate-buffered saline-washed pellets from
15-ml culture samples (two biological replicates) with the Qia-
gen RNeasy kit, using a modified protocol including TRI Rea-
gent� (Sigma) in the lysis step. Contaminating genomic DNA
was removedwithDNase I (Qiagen). A reference RNApool was
prepared from all three treated and untreated time points,
including both sets of biological replicates. First strand cDNA
synthesis was initiated from 12 �g of total RNA with 775 pmol
of random primer 9 (New England Biolabs) and 250 pmol of
oligo(dT)25 by incubation at 70 °C for 10 min followed by cool-
ing on ice for 10 min. Reverse transcription and amino-allyl
incorporation were performed at 42 °C as described (34), but
the reaction was performed overnight using 480 units of Super-
Script III (Invitrogen). Contaminating RNA was removed by
hydrolysis with 0.5 M EDTA and 1 MNaOH at 65 °C for 15 min,
and the reactions were purified with the Wizard SV Gel and
PCR Clean-Up system (Promega). The cDNA obtained was
divided into aliquots of 2�g each, andwhere possible two tech-
nical array replicates were performed. The 2 �g of cDNA was
coupled to either Cy3 (reference pool) or Cy5 (samples) at pH
9.0 (Amersham Biosciences). Free dye was removed with DNA
Clean and Concentrator-5 columns (Zymo Research). DeRisi
style 70-mer oligonucleotide arrays (34) were spotted in-house
at the Lewis-Sigler Institute Microarray Facility (Princeton
University). Post-processing, overnight hybridization at 65 °C,
and washing were performed as described (34). Twenty arrays
were scanned with an Axon GenePix 4000A scanner, and the
images were analyzed with GenePix Pro 6.0 software (Axon
Instruments).
Microarray Data Analysis—The GenePix default flagging

parameters were applied in combination with visual inspection
to assess spot quality, and flagged values received a zero weight.
Array data were stored in the Princeton University Microarray
data base and the NCBI Gene Expression Omnibus (35), acces-
sion number GSE13578. Exploratory data analysis was per-
formed using CLUSTER and TREEVIEW software (36). Data
were normalized, log transformed, and mean centered in Prin-
ceton University Microarray data base and ordered according
to the phase of expression (37, 38). Pearson correlation coeffi-
cients (r) were calculated in Excel. For differential abundance
analysis, data quality and normalization methods were evalu-
ated using data diagnostic tools from the MARRAY software
package (39) in R on GenePix data. Background subtraction
(offset � 50) and robust spline normalization were applied
within each array, followed by Gquantile normalization
between arrays because of the reference array design of the
experiment. Differential abundance analysis was performed
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with linear models for microarray data (LIMMA) analysis
within R (40, 41). With a common reference design LIMMA is
similar to ordinary analysis of variance or multiple regression
except that a linear model is fitted to the data for every oligo-
nucleotide. Significancewas calculatedwithmoderated t statis-
tics using a simple Bayesian model to make the analyses robust
even for a small number of arrays (41). Differential abundance
was calculated compared with UTt1, defined as relative time 0
(t0). Genes in at least one treated time point with transcript
abundance greater than 1.7-fold (log2 ratio �0.75 or � �0.75)
in either direction compared with relative t0, and p values
(adjusted for multiple comparison false discovery rate) of less
than 0.05, were regarded as differentially affected. Data within
these limits of transcripts represented bymultiple oligonucleo-
tides were averaged. The differentially affected transcripts were
classified into functional groups using gene ontology terms
obtained from DAVID (42) and PlasmoDB 5.3 (43). Further-
more, the transcript data were compared with the PlasmoDB
5.3 general feature format file to search for clusters of adja-
cently located genes with differentially affected transcripts,
where a cluster was regarded as q4 or more genes within a
window of six adjacent genes.
Microarray Validation with Real Time PCR—The differen-

tial abundance analysis was validated using a LightCycler 1.5
and FastStart DNA MasterPLUS SYBR Green I kit (Roche
Applied Science). Six transcripts of interest were amplified,
three transcripts with increased (PFL1885c, PFD0285c, and
PFF0435w) and three with decreased (PF08_0131, PFD0830w,
and PFI1090w) abundance. Starting levels across different sam-
ples were equalized relative to a putative cyclophilin
(PFE0505w), which remained unchanged in the array data as
well as in the IDC transcriptome (38).
Protein Extraction and Two-dimensional Gel Electrophoresis

Separation—Parasites for two-dimensional gel electrophoresis
were released with 0.05% saponin from 60-ml culture samples
(two biological replicates) and washed with phosphate-buff-
ered saline to reduce contamination with erythrocyte proteins.
Two-dimensional gel electrophoresis was performed as
described (44) with a few modifications. Two biological repli-
cate extracts were combined to obtain enough protein for three
to four replicate gels. The protein concentration was deter-
mined with a two-dimensional Quant kit (Amersham Bio-
sciences), and 400 �g of total protein was applied to 18-cm
Immobilon DryStrip gels (pH 3–10, GE Healthcare). The first
dimension separation was performed with a Ettan IPGphor II
isoelectric focusing system with active rehydration at 30 V for
10 h followed by a gradual step-and-hold increase to 8000 V for
a total of 24,000 V h. The run was terminated after 35,000 V h.
The second dimension separation was performed on 10% ver-
tical SDS-polyacrylamide gels with a Hoefer SE 600 vertical
system at 80 mA and 20 °C. The gels were fixed with 40% etha-
nol, 10% acetic acid overnight and stained with in Flamingo
fluorescent stain (Bio-Rad). Twenty one gels were scannedwith
a Pharos FX Plus molecular imager at high and medium inten-
sity (photomultiplier tube voltage), and the best three of four
were selected for spot matching and differential spot analysis.
Proteomics Data Analysis—Data analysis was performed

with PDQuest 8.0 Advanced software (Bio-Rad). Roller-ball

background subtraction, loess normalization, and automated
spot detection and matching were performed. The automated
spot matching was carefully checked by visual inspection and
comparison for maximum consensus within each replicate
group. A master image was generated, including all replicate
groups to be compared.Differential protein abundancewas cal-
culated in comparison with UTt1 (relative t0). Proteins in at
least one treated time point with an abundance greater than
2-fold in either direction comparedwith relative t0, and p values
of less than 0.05 (Student’s t test), were regarded as differen-
tially affected. Correlation coefficients (R) of the regression line
between replicate groups were calculated in PDQuest.
Spot Excision and MALDI-MS/MS—Spots of interest were

excised, purified, trypsin-digested and prepared for MALDI-
MS/MS as described (44), followed by peptide analysis with a
QStar Elite instrument (Applied Biosystems) with a MALDI
source. The instrument was calibrated with a commercially
available peptide calibration standard ranging from �1000 to
3200 Da (Bruker Daltonics). Peptide mass finger prints and
MS/MS fragments were compared with a nonredundant pro-
tein data base (Swiss-Prot/TrEMBL) usingMASCOTwith oxi-
dation (methionine) and carbamidomethylation set as protein
modifications, only one missed trypsin cleavage accepted and a
mass tolerance of 50 ppm. The probability-based MOWSE
score was used to estimate the significance of the identification
with p � 0.05.
Metabolite Extraction and LC-MS/MS—From 20-ml culture

samples (two biological replicates), 10 ml was used for general
metabolite analysis, and 10 ml was derivatized for polyamine
analysis. Cultures were pelleted and serially extracted immedi-
ately thereafter, first with 4 volumes of 100% methanol at
�75 °C for 15 min and then twice more with 1 volume 80:20
methanol/water at 4 °C. For the second and third extractions,
the cell/methanol mixture was sonicated for 15 min on ice in a
water bath sonicator. The supernatants from each extraction
were pooled and centrifuged free of cell debris and protein. All
samples were analyzed within 24 h of their generation andwere
analyzed for 167 metabolites as described (45, 46), as well as
putrescine, spermidine, spermine, cadaverine, and decarboxy-
lated AdoMet (dcAdoMet). The dcAdoMet standard used for
calibration was a kind gift by K. Samejima (Josai University,
Japan).
For polyamine analysis, 10 �l of triethylamine was added to

100 �l of cell extract andmixed. A few crystals of solid succinic
anhydride were then added, and the mixture was vortexed vig-
orously. The reaction was allowed to proceed for 1 h at room
temperature, with vortexing every 10min. After this incubation
the samples were centrifuged to pellet any remaining solid suc-
cinic anhydride, and the liquid portion of the sample was sub-
jected to LC-MS/MS analysis using parameters previously
determinedwith pure stock solutions of putrescine, cadaverine,
spermidine, and spermine.
LC-MS/MS was performed using an LC-10A high pressure

liquid chromatography system (Shimadzu) and a Luna amin-
opropyl column (250 � 2 mm with a 5-�m particle size) from
Phenomenex coupled to the mass spectrometer. The LC
parameters were as follows: autosampler temperature, 4 °C;
injection volume, 20 �l; column temperature, 15 °C; and flow
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rate, 150 �l/min. The LC solvents were solvent A (20 mM
ammonium acetate � 20 mM ammonium hydroxide in 95:5
water/acetonitrile, pH 9.45) and solvent B, acetonitrile. The
gradients are as follows: positivemode, t� 0, 85%B; t� 15min,
0% B; t � 28 min, 0% B; t � 30 min, 85% B; t � 40 min, 85% B;
and negative mode, t � 0, 85% B; t � 15 min, 0% B; t � 38 min,
0% B; t � 40 min, 85% B; t � 50 min, 85% B.

Mass spectrometric analyses were performed on a Finnigan
TSQ Quantum Ultra triple-quadrupole mass spectrometer
(Thermo Electron Corp.), equipped with an ESI source. ESI
spray voltage was 3200 V in positive mode and 3000 V in neg-
ative mode. Nitrogen was used as sheath gas at 30 p.s.i. and as
the auxiliary gas at 10 p.s.i., and argon as the collision gas at 1.5
millitorr, with the capillary temperature 325 °C. Scan time for
each single reaction monitoring event transition was 0.1 s with
a scan width of 1 m/z. The LC runs were divided into time
segments, with the single reaction monitoring scans within
each time segment limited to those compounds eluting during
that time interval. For compounds eluting at the boundaries
between time segments, the single reaction monitoring scan
corresponding to the compound is conducted in both time seg-
ments. The instrument control, data acquisition, and data anal-
ysis were performed by the Xcalibur software (Thermo Elec-
tron Corp., version 1.4 SR1), which also controlled the
chromatography system.
Metabolomics Data Analysis—Raw data peak quantitation

was performed by Xcalibur software with 103 as the quantita-
tion limit. Biological replicate data were averaged, background
subtracted, and normalized to relative t0 in Excel. Metabolites
with a fold change of 2 were regarded as changed.

RESULTS

The global response ofP. falciparumduring cytostasis result-
ing from PfAdoMetDC/ODC co-inhibition was examined.
Both catalytic sites of the bifunctional enzyme were simulta-
neously inhibited with MDL73811 (AbeAdo) and DFMO,
respectively. The functional genomics investigation was pre-
ceded by enzyme activity and morphological studies of drug-
treated (T) versus untreated (UT) parasites to ensure complete
growth arrest at the treatment dosage and to determine sam-
pling times. Complete enzyme inhibition of both AdoMetDC
andODCwas confirmed because no decarboxylase activity was
observed in the treated samples (Tt1 to Tt3) compared with
increasing enzyme activity in UTt1 to UTt3 (results not shown).
Growth arrest was observed morphologically from the tropho-
zoite stage with no visible effect during the ring stage, corre-
sponding with previous reports (12, 14). Parasites were subse-
quently sampled in the early (t1� 19 hpi),mid (t2� 27 hpi), and
mature (t3 � 34 hpi) trophozoite stages such that the normal
expression period of PfAdoMetDC/ODC (12–40 hpi) was
spanned (Fig. 1A).
Transcriptome Analysis Reveals Transcriptional Arrest—

Transcriptome analyses of treated and untreated parasites har-
vested at the abovementioned time points were performedwith
oligonucleotide-based DNA microarray containing 8088
70-mer oligonucleotides and using a reference design (34). Fast
Fourier analysis has been applied previously to calculate the
apparent phase and frequency of gene expression in the IDC

transcriptome (37, 38). Subsequently, by ordering the
PfAdoMetDC/ODC co-inhibition transcriptome data accord-
ing to the phase of expression, as determined for the 3D7 strain
(38), cytostasis was revealed as a generalized transcriptional
arrest across Tt1 to Tt3 with normal IDC progression visible in
UTt1 to UTt3 (Fig. 1B). In general, expression of genes that were
already transcribed before the effect of the treatment (IDCpeak
expression before or around t1) was unchanged, whereas genes
that were not yet transcribed (IDC peak expression in second
half of 48-h cycle, e.g. t2 and t3) showed no or low transcript
abundance.
Pearson correlation (r) of the data with each of the 1-h time

points of the 3D7 IDC transcriptome (38) indicated the highest
correlation of UTt1 (19 hpi) at 14–15 hpi of the IDC data with
the three treated samples following closely thereafter at 15–16
hpi (Fig. 1C). This correlationwith the IDC aligned the two data
sets in terms of expression times and indicated the approximate
time of transcriptional arrest. Thus, all three treated samples
were arrested at around t1 (Fig. 1, B and C), and correlation
between the treated data was relatively close (Tt1 versusTt2, r�
0.77; Tt2 versus Tt3, r � 0.89; Tt1 versus Tt3, r � 0.61 (Fig. 1A)).
Pearson correlation was also calculated between the treated
and untreated data to estimate the impact of the drug treatment
on the parasite transcriptome. UTt1 versus Tt1 correlated at
0.72, but due to transcriptional arrest of treated and normal
progression of untreated parasites, UTt2 versus Tt2 was uncor-
related (r � 0.07) and UTt3 versus Tt3 was anti-correlated (r �
�0.61, Fig. 1A) after 40 h of treatment. Conversely, in the
absence of transcriptional arrest array data of doxycycline-
treated versus untreated P. falciparum was still highly corre-
lated (r � 0.8) after 55 h (47). As expected, growth arrest
occurred after transcriptional arrest and was morphologically
visible only from Tt2 with parasites looking distressed com-
pared with their untreated counterparts (Fig. 1A).
Differential Transcript Abundance Despite Transcriptional

Arrest—To identify the transcripts with differential abundance
within the transcriptome as a result of the perturbation, a quan-
titative approach was followed with LIMMA analysis within R.
The global transcriptional arrest caused by PfAdoMetDC/ODC
co-inhibition negated the direct comparison of treated and
untreated data at t2 and t3, as this standard approach would
have detected mainly growth/stage differences. Therefore, in
differential transcript abundance analysis, all treated time
points were compared with UTt1, regarded as a relative t0,
mediated by the reference design of the microarray. Compari-
son to the real t0 would also primarily have identified stage
differences because drug treatment was performed in the late
schizont stage, but cytostasis and sampling occurred in the sub-
sequent trophozoite stage. Over the time course, the abun-
dance of 538 transcripts from 5332 unique genes represented
on the array were significantly affected compared with the rel-
ative t0 (supplemental Table S1). Of these, 171 transcripts were
increased (up to 3.2-fold), and 377 were decreased (down to
5-fold), with the transcripts of 10 apparently unrelated genes
falling in both categories by displaying an increase in t1 as well
as a decrease in t2 and/or t3. A selected subset of the differen-
tially affected transcripts is presented (Table 1), including eight
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transcripts from polyamine and methionine metabolism and
three methyltransferases.
The 538 transcripts were classified into 14 functional groups

(supplemental Fig. S1) using gene ontology terms obtained
from DAVID and PlasmoDB. The transcripts with the most
increased abundance were related to RNA metabolism (9%),
translation (10%), and host/parasite interaction (11%), whereas
those with decreased abundancemostly representedDNA (7%)
and primary metabolism (8%, including carbohydrate, lipid,
and energy metabolism). The increase of transcripts associated
with host/parasite interaction (including surface antigens) is
regarded as a general stress response (22, 48). Transcripts
related to mitochondrial and plastid metabolism, including

organellar translation, were gener-
ally decreased, whereas those
related to ribosomal translation
were increased. As expected with
growth arrest, cell cycle regulators
were affected, which included three
cyclin-associated transcripts (Table
1). The limited annotation status
(only �40%) of the P. falciparum
genome (49) was also reflected in
the dataset with 51% of the tran-
scripts encoding hypothetical pro-
teins with unknown biological
function.
The accuracy of the dataset was

validated with real time PCR, which
confirmed the differential abun-
dance of three increased and three
decreased transcripts, including
lysine decarboxylase (LDC,
PFD0285c), OAT (ornithine amin-
otransferase, PFF0435w), and S-
adenosylmethionine synthetase
(AdoMet synthetase, PFI1090w)
(supplemental Table S2). Relatively
low abundance transcripts within
the dataset were validated by the
inclusion of LDC and dihydrofolate
reductase/thymidylate synthase
(DHFR/TS, PFD0830w) in the real
time PCR strategy.
Perturbation-specific Transcrip-

tional Responses—The majority
(70%) of the differentially affected
transcripts were decreased and simi-
larly so forpolyamineandmethionine
metabolism, with the abundance of
only two transcripts, LDC and OAT,
being increased by 2.8- and �2-fold,
respectively. The transcript level for
PfAdoMetDC/ODC, the protein
that was targeted by DFMO and
MDL73811, was decreased by
�2-fold. Thus, despite the transcripts
for LDC and PfAdoMetDC/

ODC being expressed at approximately the same time in the
IDC (25 and 24 hpi, respectively), the transcript for LDC was
increased and that of PfAdoMetDC/ODC was decreased,
which illustrates the differential effects of the co-inhibition
on the abundance of specific transcripts. Based on reports in
other systems, the increase of the transcripts for LDC (50)
and OAT (51) and the decrease of that for AdoMet synthe-
tase (52) were regarded as compensatory to alleviate the
effects of the perturbation.
Interestingly, several of the decreased abundance transcripts

translate to proteins that are known to require polyamines for
optimal functioning, protection, or gene expression in other
organisms (Table 1). These, for example, include the transcript

FIGURE 1. Transcriptional arrest prior to cytostasis. A, Giemsa-stained thin smears of treated (T) and
untreated (UT) P. falciparum cultures. DFMO/MDL73811 treatment was initiated in the schizont stage at about
42 hpi (real t0) and sampled at t1 � 19 hpi, t2 � 27 hpi, and t3 � 34 hpi. Pearson correlation coefficients (r) of
transcriptome data are tabled. The close correlations between UTt1 and Tt1 to Tt3 compared with the low
correlation with the matched untreated controls at t2 and t3 is the result of transcriptional arrest at t1 (technical
replicates correlated at 0.93 and biological replicates at 0.88 on average). However, growth arrest was mor-
phologically observed only from t2 (Tt2 to Tt3). The transcriptional arrest negated direct comparison of parallel
treated and untreated time points at t2 and t3, and UTt1 was defined as a relative t0 for quantitative differential
abundance analysis. B, phaseogram depicting the transcriptional profiles over the three time points (t1 to t3) by
ordering 3206 oligonucleotides according to the phase of expression. Transcriptional arrest is visible in Tt1 to
Tt3. C, Pearson correlation between the PfAdoMetDC/ODC co-inhibition data and the 1-h time points of the 3D7
IDC transcriptome. All three treated samples have a correlation profile similar to UTt1 (relative t0), which cor-
roborates the transcriptional arrest and also indicates the approximate time thereof as �15–16 hpi. Data of the
respective biological replicates (A and B) are shown separately (Tt1 had only one biological replicate because of
technical difficulty).
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TABLE 1
Biological functions of a subset of transcripts with differential abundance due to PfAdoMetDC/ODC co-inhibition

PlasmoDB ID Annotation Fold changea IDC time of peak expression
hpi

Polyamine and methionine metabolism
PF10_0322 PfAdoMetDC/ODC �1.9 24
PFD0285c LDC 2.8 25
PFF0435w OAT 1.9 18
PFI1090w AdoMet synthetase �2.4 27
PFE1050w Adenosylhomocysteinase �1.9 33
PF10_0289 Adenosine deaminase, putative �2.6 27
PFE0660c Uridine phosphorylase, putative �3.2 27
PF10_0340 Methionine-tRNA ligase �1.7 33

Methyltransferases
MAL13P1.214 Phosphoethanolamine N-methyltransferase, putative �2.8 40
PF14_0309 Protein-L-isoaspartate O-methyltransferase, putative �1.9 41
PF14_0526 Generic methyltransferase �2.9 37

Potential polyamine associated effects
PF14_0316 DNA topoisomerase II �1.7 50
PFL1885c Calcium/calmodulin-dependent protein kinase 2, putative 2.4 50
PF07_0065 Zinc transporter, putative �2.4 40

Oxidative stress defense
PF08_0131 1-Cys-peroxidoxin �3.2 34
PF14_0192 Glutathione reductase �1.7 34
PF14_0187 Glutathione S-transferase �1.8

Energy metabolism
Oxidative phosphorylation
CoI Cytochrome oxidase I, putative �2.0
CoxI Cytochrome oxidase I, putative �1.7 53
CoxIII_2 Mitochondrial encoded cytochrome oxidase subunit 3 �2.0
PF11_0412 Vacuolar ATP synthase subunit F, putative �1.8 34
vMAL7P1.75 Mitochondrial ATP synthase F1, � subunit, putative �1.8
PFE0970w Cytochrome c oxidase assembly, putative �1.7 24
PF13_0121 Dihydrolipoamide succinyltransferase �1.7 27

Glycolysis
PF10_0155 Enolase �2.0 18
PF13_0141 L-Lactate dehydrogenase �1.8 18
PF14_0378 Triose-phosphate isomerase �1.8 18
PF14_0598 Glyceraldehyde-3-phosphate dehydrogenase �2.1 27
PFF1300w Pyruvate kinase �1.9 28

DNA replication
PF11_0117 Replication factor C subunit 5, putative �2.1 34
PF11_0087 Rad51 homologue, putative �2.0 35
PF13_0095 DNA replication licensing factor mcm4-related �2.2 42
PF13_0291 Replication licensing factor, putative �1.8 34
PF14_0081 DNA repair helicase, putative �1.7
PF14_0112 POM1, putative �2.0 37
PF14_0254 DNA mismatch repair protein Msh2p, putative �1.8 32
PF14_0314 Chromatin assembly factor 1 p55 subunit, putative 2.4
PF14_0601 Replication factor C3 �2.0 34
PFB0180w 5�–3�-Exonuclease, putative �1.9 26
PFB0895c Replication factor C subunit 1, putative �2.0 33
PFD0470c Replication factor A protein, putative �2.5 34
PFD0685c Chromosome-associated protein, putative �2.0 40
PFD0830w Dihydrofolate reductase-thymidylate synthase �2.0 33
PFD0950w Ran binding protein 1 2.0
PFE0675c DNA photolyase �2.2 36
PFF1470c DNA polymerase �, catalytic subunit A, putative �1.7 36
PFI0235w Replication factor A-related protein, putative �1.8 33
PFI0530c DNA primase, large subunit, putative �1.8 35

Transcription factors
PF11_0241 Hypothetical protein with Myb-like domains 1.8
PFL0465c C2H2-type zinc finger transcription factor, krox1 2.0
PFE1245w CCCH-type zinc finger protein 1.7 26
PFD0560w Hypothetical protein with a TATA box-like domain 1.7 32
PFE0415w Transcription factor IIB, putative �1.8

Translation
MAL13P1.327 Ribosomal protein S17 homologue, putative 1.7 22
PF07_0080 40 S ribosomal protein S10, putative 1.9 16
PF10_0038 Ribosomal protein S20e, putative 2.3 15
PF11_0454 Ribosomal protein, 40 S subunit, putative 2.0
PF13_0014 40 S ribosomal protein S7 homologue, putative 1.8 15
PF13_0171 60 S ribosomal protein L23, putative 2.0 13
PF13_0228 40 S ribosomal subunit protein S6 1.8 13
PF14_0205 Ribosomal protein S25 2.4 23
PF14_0231 Ribosomal protein L7a, putative 1.8 21
PF14_0579 Ribosomal protein L27, putative 2.1 21
PF14_0709 Ribosomal protein L20, putative �2.6 32

(Continued)
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for DNA topoisomerase II (PF14_0316) (53), three oxidative
stress defense transcripts (54), and transcripts involved with
zinc transport and energy metabolism (55), which were all
decreased.
The possible enrichment of the differentially affected tran-

script data for transcripts of proteins functionally connected to
polyamine and methionine metabolism were investigated by
comparison with the in silico predicted interactome of
PfAdoMetDC/ODC (56). These networks were constructed
using among others the IDC transcriptome (37, 56). Sixty per-
cent (12:20) of the top 20 (highest probability) scored binding
partners of PfAdoMetDC/ODCwas foundwithin the dataset of
538 (supplemental Table S3). In contrast, the transcripts of only
10% (2:20) of the top 20 binding partners of another unrelated
bifunctional protein (dihydropteroate synthase/dihydroxym-
ethylpterin pyrophosphokinase (PF08_0095)) were present
among the 538, thereby excluding random overlap (supple-
mental Table S3). Although the interactome is a theoretical
interaction prediction that requires experimental verification,
these analyses may suggest enrichment of the differentially
affected transcript data for transcripts of proteins that interact
with PfAdoMetDC/ODC and/or are functionally related to
polyamine and methionine metabolism.
During data analysis, it was noticed that several of the differ-

entially affected transcripts were encoded by genes that were
physically located adjacently or in close proximity at the chro-
mosomal level. The dataset of 538 was therefore evaluated for
clusters of adjacently located genes, where a cluster was defined
as four or more genes within a window of six adjacent genes
with transcripts within the dataset. Seven such adjacent gene
clusters were found among the decreased abundance tran-
scripts and none among the increased abundance transcripts.
The seven clusters were distributed over chromosomes 7, 10,
and 11, respectively (supplemental Table S4). Particularly sig-
nificant was a cluster of 11 genes on chromosome 10
(PF10_0014 to PF10_0025) that lie back-to-back on the same
strand, with only one gene (PF10_0018) missing in the entire
stretch of �41,000 bases. PF10_0018 produces a low abun-
dance transcript, which was most likely affected in the same
way but was not detected. Decreased transcription of co-
localized genes may be due to a common transcription factor
that became nonfunctional in the absence of polyamines.
However, the genes within these clusters are not all co-ex-
pressed according to the IDC transcriptome and nuclear
expression of contiguous genes are rarely co-regulated in P.
falciparum (37).

Perturbation-specific Compensatory Mechanisms Confirmed
in the Proteome—To further probe the effects of the perturba-
tion, PfAdoMetDC/ODC co-inhibition was repeated, and the
effects were assessed on the parasite proteome with two-di-
mensional gel electrophoresis. As in the transcriptome,
cytostasis resulted in a high correlation between the gels of the
relative t0 (UTt1) and the three treated time points (UTt1 versus
Tt1, r� 0.93; UTt1 versusTt2, r� 0.88; UTt1 versusTt3, r� 0.88)
and a lower correlation with UTt2 and UTt3 (UTt1 versus UTt2,
r� 0.78;UTt1 versusUTt3, r� 0.70). The effects of cytostasis on
the proteome were more subtle than in the transcriptome, but
the perturbation caused an overall decrease in the number of
proteins detected over the time course (UTt1� 483 spots; Tt1�
461; Tt2 � 409; Tt3 � 416).
As with the transcriptome analysis, the effects of

PfAdoMetDC/ODC co-inhibition on the proteomewere quan-
tified with differential protein abundance analysis compared
with the defined relative t0. Forty one spots with significant
differential abundance were excised (supplemental Table S5),
of which the majority had lowmolecular weight and low inten-
sity. Similar to another two-dimensional gel electrophoresis
plasmodial study (57), around 30% of the spots could be identi-
fied with MALDI-MS/MS. The identification scores and char-
acteristics of a subset of the differentially affected proteins are
provided (Fig. 2B). These include proteins involved with poly-
amine and methionine metabolism, namely AdoMet synthe-
tase, OAT, and pyridoxal 5�-phosphate (PLP) synthase (Pdx1,
PFF1025c). The latter protein was increased 2.5-fold and syn-
thesizes PLP, which is an important co-factor for both
PfAdoMetDC/ODC and LDC (58). The differential protein
abundance ofOAT andAdoMet synthetase (Fig. 2C) correlated
with their transcript abundance after PfAdoMetDC/ODC co-
inhibition (Table 1), which confirmed these compensatory
mechanisms in the proteome and furthermore suggested tran-
scriptional control of these proteins. For other proteins (e.g.
falcipain-2 (PF11_0165) and Pdx1), incremental changes on the
transcript level (therefore not present in supplemental Table
S1) resulted in significant changes on the protein level (Fig. 2B).
Furthermore, the transcriptional response was sometimes
delayed in the proteome, e.g. the lactate dehydrogenase
(PF13_0141) transcript was decreased 1.8-fold in the treated
parasites at t1, whereas the protein was increased 2.8-fold.
However, during the time course the lactate dehydrogenase
protein gradually decreased to the same level as that of the
relative t0 (i.e. unchanged). The same effect was observed for
elongation factor 2 (PF14_0486). This delay in translation

TABLE 1—continued

PlasmoDB ID Annotation Fold changea IDC time of peak expression
PFB0455w Ribosomal L37ae protein, putative 1.7 16
PFC0535w 60 S ribosomal protein L26, putative 2.0
PFC1020c 40 S ribosomal protein S3A, putative 1.7 15
PFE0185c 60 S ribosomal subunit protein L31, putative 1.8 14
PFI1585c 30 S ribosomal protein S6-like protein, putative 1.8

Cell cycle mediators
PF13_0328 Proliferating cell nuclear antigen �3.3 40
PF14_0604 Hypothetical protein with cyclin homology �1.7 2
PFL1330c Hypothetical protein with cyclin homology 1.8 37

a Average fold change was calculated at the time point of maximum change.
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(translational gap) was also reported, specifically for these
two proteins, in a comparative study of the Plasmodium
transcriptome and proteome (59), and implicates post-tran-
scriptional regulation of expression for these specific pro-
teins (59).
Perturbation-specific Compensatory Mechanisms Confirmed

in the Metabolome—The effects of PfAdoMetDC/ODC co-in-
hibition were also evaluated in the parasite metabolome by
assaying 172metabolites over the time course with LC-MS/MS
as described (45, 46). Reliable data were obtained for 92metab-
olites (supplemental Table S6) with the balance excluded
because of levels below the detection or set quantitation limit.
Differential metabolite abundance was again quantified com-
pared with the relative t0, and 24 metabolites were changed at
least 2-fold (supplemental Table S6), although many of these
were similarly affected in the untreated controls. Compellingly,
the perturbation-specific effects of PfAdoMetDC/ODC co-in-
hibition were specifically observed in the parasite metabolome
by the significant decrease of the polyamines (putrescine and
spermidine, Fig. 3A) in the treated parasites compared with
increasing levels in the untreated controls (supplemental Table
S6). Moreover, downstream metabolites, including 5-methyl-

thioinosine (Fig. 3A), were also decreased, corroborating the
complete metabolic halt of polyamine metabolism after the
co-inhibition.
The proposed compensatory responses of LDC, OAT, and

AdoMet synthetase were also investigated in the metabolome.
The increased abundance in LDC transcripts could indicate the
functional production of cadaverine from lysine by this protein
in P. falciparum, but cadaverine could not be detected. A
reduced production of AdoMet synthetase was observed after
complete inhibition of PfAdoMetDC/ODC, and metabolome
analysis revealed no change in the levels of AdoMet (Fig. 3B). In
other organisms, inhibition of AdoMetDC caused an increase
of the substrate AdoMet (60); however, in Plasmodium
AdoMet homeostasis is apparently maintained by decreasing
the synthesis thereof through a reduced production of AdoMet
synthetase as reflected in the decreased transcript and protein
abundance. Moreover, ornithine levels remained unchanged
(Fig. 3B) and appeared to be regulated through a compensatory
increase in OAT as also detected in both the transcriptome and
the proteome. The observed increase of the glutamate metab-
olites, �-aminobutyrate (GABA) and �-ketoglutarate, may
additionally be due to increased ornithine degradation viaOAT

FIGURE 2. Two-dimensional gel electrophoresis illustrated with a typical gel image (UTt1_tech_repl_1) indicating the positions of a subset of proteins
(A), the protein identities and characteristics (B), and an enlarged view of AdoMet synthetase and OAT (just below) over the time course, including
the respective spot densities (C). Spot density ratios were calculated compared with UTt1 (relative t0) with p � 0.05. Protein ID � the MASCOT search
identifier; Pep. No. � the number of peptides identified in the mass spectrum.
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(Fig. 3B). However, both these metabolites were also signifi-
cantly increased in the untreated parasites, and GABA was
recently reported to be one of themost abundantmetabolites in
isolated trophozoites (61). Several other relevant metabolites,
namely spermine, dcAdoMet, and PLP, were not detected or
could not be reliably quantified.

DISCUSSION

Cytostatic drugs, including DFMO, have been therapeuti-
cally used in the treatment of protozoan diseases such as West
African sleeping sickness (8). Global expression profiling after
treatment with cytostatic drugs has been performed in cancer
(62, 63) but not in multistage organisms such as P. falciparum.
Although the cytostatic effects of DFMO and MDL73811 are
well established, the exact mechanism by which the induced
polyamine depletion results in growth inhibition is not clear
(64). In this investigation, the transcriptional arrest preceding
and resulting in cytostatic growth arrest due to polyamine
depletion was demonstrated for the first time to our knowledge
in any organism.P. falciparum is amultistage organism, and the
transcriptional arrest of highly synchronized treated parasites
compared with normal transcriptional progression of
untreated parasites was clearly visible when the transcript data
were ordered according to peak expression times within the
IDC. Pearson correlation calculations indicated the approxi-
mate time of transcriptional arrest to occur at about 15–16 hpi,
thus late ring/early trophozoite stage, which correlates to the
estimated time of PfAdoMetDC/ODC expression, indicating
the perturbation-specific effect only after production of the tar-
geted protein. The exact mechanism by which polyamine
depletion results in transcriptional arrest requires further elu-
cidation, but their importance in macromolecular synthesis
(including RNA and proteins, e.g. transcription factors) (33),
optimal ribosome functioning (65), and the association of the
main fraction of polyamines with RNA (2) is well known.
The transcriptional arrest of treated and normal progression

of untreated parasites negated direct comparison at t2 and t3, as
these would have mainly encompassed growth/stage differ-
ences. Therefore, in differential abundance analysis, all treated
time points were compared with UTt1, regarded as a relative t0
and reference point for quantitative analysis. This critical prin-
ciple was applied through thewhole functional genomics inves-
tigation. Despite the generalized transcriptional arrest, the
abundance of 538 transcripts was significantly changed with

fold changes ranging between 3.2-fold up and 5-fold down.This
is in agreement with other transcriptome reports of perturbed
Plasmodium where relatively small amplitude transcriptional
responses were detected, especially in the increased abundance
datasets (22, 48).
The most dramatic perturbation-specific transcriptional

responses were the significant increase of the transcripts for
LDC and OAT and the decrease of the transcript for AdoMet
synthetase (Fig. 4). Lysine decarboxylation produces cadaver-
ine, a diamine, and structural analogue of putrescine. LDC
activity and cadaverine accumulation have been reported to
alleviate ethylene inhibition of arginine decarboxylase and
AdoMetDC in pea seedlings (50) and 0.4 mM cadaverine par-
tially reversed DFMO-induced growth arrest in Plasmodium
(14). LDC induction as compensatory mechanism for poly-
amine depletion in Plasmodium remains to be confirmed
because the protein could not be detected by two-dimensional
gel electrophoresis or cadaverine with LC-MS/MS. However,
the possible inhibition of the induced LDC via DFMO, as in
Selenomonas ruminantum (66), cannot be excluded. The tran-
scripts for LDC and PfAdoMetDC/ODC are expressed at
approximately the same time in P. falciparum (25 and 24 hpi,
respectively), which is expected should LDC serve as a compen-
satory mechanism for polyamine/diamine biosynthesis. The
increased transcript abundance of LDC may indicate a poten-
tial resistance mechanism should PfAdoMetDC/ODC be clin-
ically targeted in the future.
The increased levels of OAT transcripts and protein

observed in this study and the maintenance of ornithine con-
centrations in the metabolome provide evidence for compen-
satory effects of OAT in PfAdoMetDC/ODC co-inhibited P.
falciparum. OAT catalyzes both the synthesis of ornithine from
glutamate-5-semialdehyde when levels are low as well as its
degradation to proline and glutamate when present in excess
(67) to prevent toxic ornithine accumulation (51).
DFMO/MDL73811 treatment of trypanosomes caused a

40-fold accumulation of AdoMet (68), which resulted in spec-
ulation on hypermethylation of nucleic acids and/or proteins
being the main anti-trypanosomal mechanism of MDL73811
(60). However, this study shows that AdoMet concentrations
were maintained in P. falciparum. Several mechanisms could
restore suchmetabolic homeostasis during a perturbation such
as regulation of enzyme activity or protein production. This

FIGURE 3. Selected metabolite profiles during cytostasis induced by PfAdoMetDC/ODC co-inhibition. A, putrescine, spermidine, and 5-methylthioinosine
levels decreased as expected, but cadaverine and spermine were too low for reliable detection. B, AdoMet and ornithine levels did not accumulate despite
PfAdoMetDC/ODC co-inhibition, but ornithine enters glutamate metabolism via OAT, and the glutamate metabolites, �-ketoglutarate and GABA, increased.
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study revealed a decrease of both the transcript and protein of
AdoMet synthetase that may act as a compensatory strategy
induced to maintain AdoMet levels. The exact mechanism
behind this regulation needs to be elucidated, but in
MDL73811-treated mammalian cells the AdoMet concentra-
tion was effectively regulated through substrate feedback inhi-
bition of AdoMet synthetase activity (52, 60). In contrast, the
trypanosomal enzyme is apparently poorly regulated resulting
in the substantial accumulation of AdoMet after AdoMetDC
inhibition (60). Plasmodial AdoMet synthetase activity may
therefore also be regulated by AdoMet similar to mammalian
systems, but this needs to be confirmed. Moreover, the pro-
posed difference in regulation of AdoMet synthetase between
Trypanosoma and Plasmodia, resulting in hypermethylation
with polyamine depletion in the first case and possibly only
polyamine depletion in the second case, may be the reason for
the success of MDL73811 in Trypanosoma brucei rhodesiense-
infected mice (69) and failure of MDL73811 in P. berghei-in-
fected mice (12).
The coordinated response on the transcript, protein, and

metabolite levels as demonstrated for AdoMet synthetase and

OAT is evidence that the parasite is able to respond in a pro-
grammed manner on the transcriptional level to perturbation
of polyamine andmethioninemetabolism. This is corroborated
by other transcriptome studies of polyamine-depleted P. falcip-
arum. Increased transcript levels of OAT was also reported
after treatment with DFMO alone (70), and inhibition of sper-
midine synthase (the enzyme downstream to PfAdoMetDC/
ODC) also resulted in increased transcript levels of LDC.3 In
contrast, the transcripts for neither OAT, LDC, nor AdoMet
synthetase were differentially affected after exposure of P. fal-
ciparum to a variety of other perturbations including a series of
anti-malarial drugs and environmental stressors (23, 25, 48).4 It
therefore appears as if these transcriptional responses are spe-
cific to the perturbation of polyamine and methionine metab-
olism in P. falciparum.
A number of transcriptome studies of environmentally per-

turbed Plasmodium detected compensatory transcriptional
responses (21–23), but few of these were confirmed on the pro-

3 J. Becker, personal communication.
4 M. Llinás, unpublished data.

FIGURE 4. Polyamine and methionine metabolism (adapted from Malaria Parasite Metabolic Pathways). Plasmodial spermine synthesis is currently
believed to be catalyzed by spermidine synthase as indicated (75). Enzymes of which the transcript abundance was significantly increased are indicated in red
and those significantly decreased are indicated in green, whereas proteins with confirmed corresponding abundance are framed with a thick border. Metab-
olites that were unchanged or that were increased or decreased at least 2-fold are indicated.
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teome/metabolome level, and others failed to detect such pro-
grammed responses (48, 71, 72). An important difference of this
study is that highly synchronized cultures were used compared
with the asynchronous cultures used in most perturbations of
Plasmodium reported up to now.The transcriptional arrest and
general cytostasis demonstrated would have been masked if
asynchronous cultures had been used, and defining a reference
point for quantitative analysis (relative t0) would have been dif-
ficult. The use of synchronized cultures thus enabled compar-
ison with the IDC transcriptome, and transcripts from treated
samples with profiles that deviated from their IDC profiles fur-
ther substantiated the findings of the differential abundance
analysis.
The limited evidence of compensatory feedback and small

amplitude of transcriptional responses upon perturbation of P.
falciparum comparedwith other organisms, e.g.M. tuberculosis
(20), have been attributed to the dominant role of post-tran-
scriptional mechanisms of gene regulation (27, 71, 73). How-
ever, recently a cascade of AP2 transcription factors were pro-
posed to control transcription during the IDC (74). In this
study, the transcript and protein levels correlated well for some
genes (e.g.OAT andAdoMet synthetase), indicating a predom-
inant transcriptional level of regulation. However, others (e.g.
lactate dehydrogenase, elongation factor 2, falcipain, and Pdx1)
seem to have a delay between transcript and protein produc-
tion, which may implicate involvement of post-transcriptional
regulatory mechanisms. Additionally, in this study compensa-
tory responses specific to polyamine and methionine metabo-
lism were detected in the transcriptome, which provide con-
vincing evidence of regulation occurring at the transcriptional
level in P. falciparum after exogenous perturbations. Compre-
hensively, this was also confirmed in the proteome andmetabo-
lome (Fig. 4).
In conclusion, evidence was presented here of the response

of a multistage organism, P. falciparum, to cytostasis upon
polyamine depletion. There was a clear correlation between the
perturbation and the transcriptional response observed in the
parasite, which indicates the presence of transcriptional regu-
latory mechanisms in P. falciparum. This was translated in cer-
tain cases to the parasite proteome andmetabolome. Together,
the results imply that compensatorymechanisms are induced
in P. falciparum after polyamine depletion, which corrobo-
rates the biological importance of this pathway to the
malaria parasite.

Acknowledgments—We thank J. de Ridder, L. Dzikiti, and C. Stutzer
(University of Pretoria), B. Crampton and S. Stoychev (CSIR), J. D.
Rabinowitz and the PrincetonUniversityMicroarray data base cura-
tors (Princeton University) for their assistance. The Princeton Univer-
sity Microarray Data Base was supported in part by National Insti-
tutes of Health Grant P50 GM071508 (NIGMS).

REFERENCES
1. Wallace, H., Fraser, A., and Huges, A. (2003) Biochem. J. 376, 1–14
2. Igarashi, K., and Kashiwagi, K. (2000) Biochem. Biophys. Res. Commun.

271, 559–564
3. Tadolini, B. (1988) Biochem. J. 249, 33–36
4. Muscari, C., Guarnieri, C., Giaccari, A., andCaldarera, C. (1995)Mol. Cell.

Biochem. 144, 125–129
5. Seiler, N., and Raul, F. (2005) J. Cell. Mol. Med. 9, 623–642
6. Heby, O. (1981) Differentiation 19, 1–20
7. Thomas, T., and Thomas, T. J. (2001) Cell. Mol. Life Sci. 58, 244–258
8. Shapiro, T., andGoldberg, D. (2006) inGoodman andGilman’s The Phar-

macological Basis of Therapeutics (Brunton, L., Lazo, J., and Parker, K.,
eds) 11th Ed., pp. 1053–1055, McGraw-Hill Inc., New York

9. Yeh, I., and Altman, R. (2006)Mini Rev. Med. Chem. 6, 177–202
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