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Summary
Human African sleeping sickness (HAT) is caused by the parasitic protozoan Trypanosoma
brucei. Polyamine biosynthesis is an important drug target in the treatment of HAT. Previously we
showed that trypanosomatid S-adenosylmethionine decarboxylase (AdoMetDC), a key enzyme for
biosynthesis of the polyamine spermidine, is activated by heterodimer formation with an inactive
paralog termed prozyme. Furthermore, prozyme protein levels were regulated in response reduced
AdoMetDC activity. Herein we show that T. brucei encodes three prozyme transcripts. The
3’UTRs of these transcripts were mapped and chloramphenicol acetyltransferase (CAT) reporter
constructs were used to identify a 1.2 kb region that contained a 3’UTR prozyme regulatory
element sufficient to up regulate CAT protein levels (but not RNA) upon AdoMetDC inhibition,
supporting the hypothesis that prozyme expression is regulated translationally. To gain insight into
trans-acting factors, genetic rescue of AdoMetDC RNAi knockdown lines with human
AdoMetDC was performed leading to rescue of the cell growth block, and restoration of prozyme
protein to wild-type levels. Polyamine and AdoMet metabolite analysis showed that prozyme
protein levels were inversely proportional to intracellular levels of decarboxylated AdoMet
(dcAdoMet). These data suggest that prozyme translation may be regulated by dcAdoMet, a
metabolite not previously identified to play a regulatory role.
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Introduction
Human African trypanosomiasis (HAT) is a fatal vector borne disease of sub-Saharan Africa
with up to 70 million people at risk in disease transmission areas (Stuart et al., 2008,
Kennedy, 2008, Brun et al., 2010). HAT is caused by the parasitic protozoan Trypanosoma
brucei leading to a disabling neurological disease, which if untreated leads to coma and
eventually death in most patients. The recent introduction of nifurtimox/eflornithine
combination therapy has provided a simplified treatment option that is safer and more
efficacious than prior therapies, however, significant limitations still hinder treatment (Burri,
2010, Jacobs et al., 2011, Barrett, 2010). Eflornithine, also known as α-
difluoromethylornithine (DFMO), exerts its anti-trypanosomal activity by inhibiting
polyamine biosynthesis. The proven clinical value of targeting this pathway has led to
interest in understanding the role and function of polyamines in T. brucei (Jacobs et al.,
2011).

Polyamines are ubiquitous small organic cations that are essential for eukaryotic cell growth
and have demonstrated roles in regulating transcription, translation, chromatin structure and
ion channel function (Pegg, 2009a, Pegg & Casero, 2011). Additionally, spermidine is
required for the formation of the hypusine modification of eIF5A, which is an essential
translation factor in eukaryotes (Park et al., 2010). Because polyamines are essential for
proliferation, enzymes involved in their biosynthesis and metabolism have been targeted for
the treatment of proliferative diseases, including cancer and protozoan pathogens (Pegg,
2009a, Pegg & Casero, 2011, Jacobs et al., 2011). The only clinically approved systemic
application of polyamine biosynthetic inhibitors is DFMO for the treatment of HAT.

DFMO is a mechanism-based inhibitor of ornithine decarboxylase (ODC), which catalyzes
the formation of putrescine, the first committed step in the biosynthesis of polyamines
(Jacobs et al., 2011) (Scheme 1). In the subsequent steps the polyamine spermidine is
synthesized from putrescine and decarboxylated S-adenosylmethionine (dcAdoMet), which
is the product of the reaction catalyzed by pyruvoyl-dependent S-adenosylmethionine
decarboxylase (AdoMetDC). Uniquely in the trypanosomatids, spermidine is then
conjugated to two molecules of glutathione to form trypanothione, the cofactor required to
maintain reduced cellular thiol pools (Krauth-Siegel & Comini, 2008). The polyamine and
trypanothione biosynthetic enzymes, including ODC, AdoMetDC and spermidine synthase
(SpdSyn), have been shown to be essential in T. brucei by genetic methods (e.g. gene
knockdown by interfering RNA (RNAi) or gene knockout) (Willert & Phillips, 2012). In
addition to DFMO, inhibitors of AdoMetDC (Bacchi et al., 2009, Barker et al., 2009, Brun
et al., 1996, Bacchi et al., 1996, Tekwani et al., 1992, Bacchi et al., 1992, Bitonti et al.,
1990) and trypanothione synthetase (TrypSyn) (Wyllie et al., 2009, Spinks et al., 2012) have
been reported to have anti-trypanosomal activity.

The functional subunit structure of AdoMetDC is novel in the trpanosomatid parasites
(Willert & Phillips, 2012). In mammals AdoMetDC is a (α2β2) homodimer and the pyruvoyl
cofactor is generated in an autocatalytic reaction that cleaves the peptide backbone to form
the α and β chains with the pyruvate cofactor at the N-terminus of the α chain (Pegg,
2009b). In the trypanosomatids, AdoMetDC is a heterodimer formed from two paralogous
gene products, one that retains limited catalytic activity, and the other, an inactive homolog
termed prozyme that has a regulatory role (Willert et al., 2007, Velez et al., 2013, Willert &
Phillips, 2009). Heterodimer formation between the active AdoMetDC subunit and prozyme
leads to a 102- to 103-fold stimulation of activity of the T. brucei and T. cruzi enzymes.

Polyamine biosynthesis is tightly regulated in mammals, yeast and plants through
transcriptional, translational and post-translational mechanisms that influence the levels of
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ODC and AdoMetDC (Pegg & Casero, 2011, Pegg, 2009a, Pegg, 2009b, Casero & Pegg,
2009, Persson, 2009, Nowotarski et al., 2011, Kahana, 2009, Ivanov et al., 2010). Analogous
mechanisms have not been found in the trypanosomatids (Willert & Phillips, 2012), possibly
due to the atypical mechanism of mRNA biogenesis in these parasites. Gene expression in
T. brucei occurs via the formation of polycistronic messages that are processed by coupled
trans-splicing/polyadenylation to generate the mature capped messages, and thus
transcriptional regulation is uncommon (Clayton & Shapira, 2007, Ouellette &
Papadopoulou, 2009, Gunzl, 2010, Kramer & Carrington, 2011, Kramer, 2012). The
5’UTRs are short and do not typically contain elements for regulatory control. Gene
expression is instead controlled by the 3’UTR, and the major mechanisms for regulation are
mRNA stability, translation and protein stability.

Recently we uncovered evidence that in T. brucei the polyamine biosynthetic pathway is
regulated by a novel mechanism involving the AdoMetDC activator subunit prozyme. We
found that either knockdown of AdoMetDC by RNAi, or treatment of bloodstream form
(BSF) parasites with a potent irreversible AdoMetDC inhibitor MDL 73811, led to
significant upregulation of prozyme protein levels (Willert & Phillips, 2008). Protein
turnover and mRNA expression were unaltered suggesting that prozyme translation was
regulated. Unlike in other eukaryotic cells where spermidine is the regulatory signal that
controls expression of polyamine biosynthetic enzymes, spermidine did not appear to be
involved in the regulation of T. brucei prozyme. Knockdown of ODC or SpdSyn by RNAi
led to similar decreases in spermidine levels as found with AdoMetDC knockdown, however
knockdown of these other biosynthetic enzymes did not lead to increased prozyme
expression (Xiao et al., 2009). Additionally, while spermidine could rescue the growth
defect observed upon knockdown of AdoMetDC, prozyme levels remained elevated under
these conditions. Thus the mechanistic basis for the effects of knockdown or inhibition of
AdoMetDC on prozyme translation remained enigmatic.

To further study the mechanisms that regulate prozyme expression we have evaluated the
prozyme mRNA 3’ untranslated region (UTR) in order to identify potential AdoMetDC
inhibitor responsive regulatory elements. We mapped and sequenced the 3’UTR, then
characterized the expression of CAT reporter constructs containing complete or partial
3’UTR sequences. Three distinct messages encoded by the prozyme gene were identified,
and we identified sequences within the 3’UTR that activate CAT protein expression in the
presence of the AdoMetDC inhibitor MDL 73811. These studies provide additional
evidence that prozyme expression is regulated by translational control. To gain insight into
potential trans-acting factors, genetic rescue of the AdoMetDC RNAi knockdown lines was
performed. We observed a correlation between dcAdoMet levels and prozyme expression,
suggesting that dcAdoMet may regulate prozyme translation in T. brucei. Decarboxylated
AdoMet has not previously been reported to have a regulatory role in protein expression,
suggesting that prozyme translation is regulated by a novel mechanism.

Results
Prozyme regulation occurs in both mammalian and insect cell stages

In our prior studies we demonstrated that treatment of T. brucei bloodstream form (BSF)
cells with MDL 73811 led to the induction of prozyme, and to a lesser extent of ODC
(Willert & Phillips, 2008). Here we reproduce this result and show that substantial
upregulation of prozyme, and to some extent ODC, is observed in both the BSF and the
insect-stage procyclic form (PF) cells after 48 h of MDL 73811 treatment (Figure 1A). The
response in PF cells was even stronger than that observed for BSF cells. These results
demonstrate that the regulatory control mechanisms for prozyme gene expression are not
stage-specific.
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Mapping of the prozyme 3’UTR
Northern analysis of BSF cells using an RNA probe containing sequence from the prozyme
open reading frame (ORF) (probe 1, nts 451–972) demonstrated the presence of both 4.7 kb
and 2.2 kb messenger RNAs (mRNAs) (Figure 1B, panel 1). Our prior northern analysis had
only uncovered the 2.2 kb mRNA (Willert & Phillips, 2008). The different outcome can be
ascribed to the fact that in the current study the transfer conditions were run to ensure
efficient transfer of larger RNAs from the gel to the membrane. Both mRNAs were observed
in the presence or absence of MDL 73811, and as was observed previously for the smaller
mRNA, drug treatment did not lead to any significant changes in abundance of either
transcript.

We previously reported the sequence of the 70-nucleotide (nt) prozyme 5’UTR (Willert et
al., 2007). As most gene expression in T. brucei is controlled by elements in the 3’UTR, we
undertook mapping of the prozyme 3’UTR. Mapping was performed by Rapid
Amplification of cDNA ends (RACE) on mRNA isolated from BSF 427 cells using a
combination of oligo dT and gene specific primers (Figures S1 and S2). The
polyadenylation (poly(A)) addition site of the 4.7 kb mRNA could be unambiguously
assigned to nt 4699 in the prozyme gene (Figure S2). A poly(Y) tract, which is the typical
signal to initiate a coupled splicing and polyadenylation event in T. brucei, is located 21 nts
downstream of the poly(A) site at nt 4720 in the prozyme gene (Figure S1). This distance is
atypically short (Siegel et al., 2005, Nilsson et al., 2010, Kolev et al., 2010). The splice site
acceptor AG used for splicing of the downstream AdoMetDC mRNA (Willert & Phillips,
2008) is 58 nt downstream of this tract (Figure S2B). Mapping of the poly(A) site of the 2.2
kb mRNA was complicated by the presence of internal poly(A) tracts in the cDNA at nts
2004 and 3324 that led to generation of RACE products. Polyadenylation at nt 3324 would
not generate either of the observed mRNAs, suggesting this product was initiated from the
internal poly(A) tract. However polyadenylation at nt 2004 is consistent with the 2.2 kb
mRNA size, supporting assignment of the poly(A) site for the 2.2 kb mRNA to the region
near nt 2004. Furthermore, no other RACE products were identified based on oligo dT
priming that could lead to the generation of the 2.2 kb mRNA. The size of the 4.7 kb mRNA
3’UTR (3651 nt) that we mapped is in good agreement with the 3’UTR length (3617 nt)
reported from the genome wide RNA sequencing studies (Siegel et al., 2010, Kolev et al.,
2010), though the exact poly(A) site does not precisely match. An RNA ending at nt 2004
was also observed in that study. Our sequence of the full length 3’UTR (3651 nt) is 98%
identical to that obtained in the study mapping mRNA in procyclic 427 cells. The
differences likely reflect lab strain differences in the currently propagated isolates.

In order to better define the end of the 2.2 kb mRNA we performed additional northern
analysis using a probe 3’ to the coding region designed to begin downstream of the likely
poly(A) site in the 2.2 kb mRNA (probe 2; position nts 2229 – 2778) (Figures 1B, 1D and
S2). Probe 2 hybridized to the 4.7 kb larger mRNA but not the 2.2 kb mRNA showing that
this mRNA indeed ends upstream of nt 2229. This analysis revealed the presence of yet a
third message of 2.7 kb that did not contain the prozyme ORF, but which began within the
3’UTR, and would be predicted to end near the stop site of the 4.7 kb mRNA. The 2.7 kb
mRNA does not contain an ORF greater than 96 amino acids in the sense direction and is
not predicted to encode a protein. The data are consistent with a poly(A) splice site for the
2.2 kb mRNA at position 2004 (identified by the RACE analysis), and the coupled 5’ splice
site for the 2.7 kb mRNA occurring at one of three possible down stream splice sites (nts
2091, 2121 or 2180). A requisite poly(Y) track is present between these sites at nt 2054.
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Identification of secondary structure elements in the 3’UTR
During the sequencing of the clones generated by RACE we identified some clones that
lacked 899 bases from nts 1879 – 2278 in the 3’UTR (Figures S1 and S2). These clones
were obtained with reverse strand primers ending at nt 2838 and 2928 but not with oligo dT
primers. Additional PCR analysis showed that the 899 nts were missing only when cDNA
(generated with Superscript reverse transcriptase (RT)), but not genomic DNA, was used as
the template (Figure 1C). We noted that 14 nts on either side of the junction (5’ of nt 1879
and 3’ of nt 2278) are exactly complementary in sequence (Figure S1), suggesting that the
region on either side of the missing 899 nt would form a tight hairpin structure in the mRNA
that might account for the excision of this sequence by the Superscript RT reaction. RT
excisions of this type have been reported for regions of strong secondary structure and they
were found to be dependent on the type of RT used for the reaction (Houseley & Tollervey,
2010). To test if this was the case for the 899 nt prozyme sequence we regenerated cDNA
using Moloney murine leukemia virus (MMLV) RT. In this reaction both cDNA and
genomic DNA yielded the full length PCR fragment without deletion of the 899 bases
(Figure 1C). These data support the presence of a secondary structure region at nts 1879 –
2278. Furthermore, the alternative explanation, the presence of an intron was unlikely to
account for the observation as the junction sites (CT/CA) at the excision points were not
typical of the major splice sites (GT/AG) expected at an intron boundary (Nilsson et al.,
2010).

As a final study to rule out the possibility of an intron we performed RNase protection using
a 208 nt probe that spanned across the deleted 899 nt sequence (114 nt upstream of the
splice site and 94 nt downstream of the splice site). The 208 nt fragment was protected when
RNA was isolated from cells transfected with a positive control plasmid (clone 4b in Figure
2), which lacked the 899 nt sequence, however when RNA was isolated from wild-type T.
brucei 427 cells or cells transfected with a negative control construct (clone 4a in Figure 2),
the full length probe was not protected (Figure S3). Thus the RNase protection study shows
that an intron is not present at nts 1879–2278.

Mapping regulatory elements in the prozyme 3’UTR with CAT reporter constructs
In order to determine if the prozyme 3’UTR contained regulatory elements that were
responsive to MDL 73811 we cloned the full length UTR from the 4.7 kb (clone 7) and from
the 2.2 kb (clone 10) mRNA into the pHD1437 construct (Colasante et al., 2007, Robles &
Clayton, 2008) (Figure 2A), which contains a CAT reporter gene under the control of the T7
promoter, and a EP1 5’ splice site (Figure 2B). The 3’UTR was supplied from the prozyme
gene. In addition to the full-length UTRs we also cloned a number of smaller fragments
from the 4.7 kb 3’UTR into this vector in an attempt to narrow down any regulatory control
elements to smaller regions of the UTR. In order to understand the potential role of the
secondary structure elements discovered above we also studied clone 4b, which lacked the
899 nt sequence. The plasmid constructs (10 in total) were transiently transfected into BSF
90-13 cells and MDL 73811 was added 3 h after transfection, followed by harvesting for
CAT expression analysis 16 h later.

Treatment of the cells harboring the CAT expression constructs with MDL 73811 led to a
significant and reproducible 5 – 9-fold average induction of CAT protein expression for two
of the nine constructs (clones 3 and 4a) with both showing similar activity (Clone 4a
activation average = 9-fold, range 5 – 14-fold and clone 3 activation average = 8-fold, range
6 – 10-fold) (Figure 2C and Table S5). The full length 3’UTR (clone 7) from the 4.7 kb
mRNA was only modestly activated by drug treatment (2.5-fold), suggesting the presence of
negative regulatory elements on this longer message that suppressed the response elements
observed in the shorter fragments. Clone 3 represented the shortest sequence that provided a
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full MDL 73811 response, suggesting that the prozyme regulatory elements are located
between nt 1049–2278. Notably this sequence encompasses the full 956 nts of the 2.2 kb
3’UTR, and all of the hairpin secondary structure region. Attempts to narrow down the
response element to a shorter fragment however led to inactivation of the element as clones
1, 2 and 9 showed no activation of CAT expression in the presence of MDL 73811 and
behaved identically to the negative empty vector control while clones 4b, 5 and 6, which
contain parts of the sequence in 4a showed activation of CAT protein expression in the
presence of MDL 73811, but at a reduced level. The construct containing the full-length
UTR from the shorter 2.2 kb message (clone 10) was not activated by MDL 73811 treatment
suggesting that expression of the shorter mRNA may be constitutive, while expression of the
larger one is regulated. Thus these data show that the 4.7 kb prozyme mRNA 3’UTR
contains elements that are responsive to the inhibition of AdoMetDC by MDL 73811,
leading to increased expression of CAT protein from the transfected reporter construct. In
contrast, CAT mRNA levels were not changed by MDL 73811 treatment for any of the
tested clones (Figure 3 and Table S5). Thus, as was observed for the effects on prozyme
expression when cells were treated with MDL 73811 (Willert & Phillips, 2008), the effect of
the compound is confined to changes in CAT protein expression levels, providing additional
support that prozyme expression is regulated at the translational level.

The effects of putrescine levels on prozyme expression in BSF T. brucei cells
While reduced spermidine levels are unlikely to be involved in regulating prozyme
expression, changes in putrescine levels were potentially implicated. Putrescine increased
10-fold after induction of AdoMetDC RNAi, or in the presence of MDL 73811, while it was
decreased or unaffected by the knockdown of other enzymes in the pathway (e.g. ODC and
SpdSyn) (Xiao et al., 2009, Willert & Phillips, 2008). In order to determine whether elevated
putrescine levels have a role in the induction of prozyme expression we treated cells with a
combination of the ODC inhibitor DFMO (12.5 µM) and with MDL 73811 (75 nM) for 3 d.
We reasoned that DFMO would reduce putrescine pools by inhibiting biosynthesis and
thereby might reverse the increases observed upon inhibition of AdoMetDC with MDL
73811. Prozyme expression was induced by treatment with MDL 73811 but not by DFMO,
and prozyme protein levels remained high in cells treated simultaneously with both
inhibitors (Figure 3A). Treatment of cells with MDL 73811 led to an increase in putrescine
levels (5-fold), while treatment with DFMO alone led to a near 100% reduction in putrescine
pools (Figure 3B). Treatment with DFMO and MDL 73811 in combination had a balancing
effect, and putresciene levels were found to be ~50% of wild-type. Spermidine levels were
decreased in the presence of both inhibitors, but the reduction was modest (3–4-fold in the
presence of MDL 73811 and only 1.3-fold in the presence of DFMO). As prozyme protein
levels were increased by both MDL 73811 alone, or by the combination treatment with
MDL 73811 and DFMO, these data suggest putrescine levels are not involved in regulating
prozyme protein expression.

The intracellular levels of AdoMet, dcAdoMet and methylthioadenosine (MTA) were
monitored by LC-MS/MS. Neither the AdoMet nor MTA levels were significantly affected
by treatment with either drug (Figure S4A). In contrast, treatment with DFMO led to an
increase in dcAdoMet levels, whereas in cells treated with MDL 73811, either alone or in
combination with DFMO, dcAdoMet levels were below the level of detection (~1 × 10−6

relative peak area for the more abundant fragment ion) (Figure 3C). Thus, the data suggested
the possibility that reduced levels of dcAdoMet could play a role in inducing prozyme
expression levels, while elevated levels correlate with repressed or base-line expression.
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Complementation of the T. brucei BSF AdoMetDC RNAi cell line with human AdoMetDC
(hAdoMetDC)

To obtain additional mechanistic insight into trans-acting factors that contribute to the
induction of prozyme expression we wanted to explore two potential hypotheses in greater
detail. The first was the possibility that AdoMetDC could function as a RNA binding protein
to regulate translation of the prozyme mRNA. Precedence for this hypothesis comes from
the study of dihydrofolate reductase, which has been shown to regulate its own translation in
both human and Plasmodium cells by binding its own mRNA and thereby inhibiting
translation (Chu et al., 1993, Ercikan-Abali et al., 1997, Hsieh et al., 2009, Zhang & Rathod,
2002). Secondly, we sought to explore the possibility that prozyme expression is induced in
response to depletion of dcAdoMet pools. While there is no precedence for dcAdoMet as a
regulatory molecule, riboswitch-mediated regulation by AdoMet has been described in
bacteria (Wang & Breaker, 2008, Batey, 2011).

To test these hypotheses we transfected the BSF AdoMetDC RNAi cell line (RNAi) with a
Tet-inducible expression construct for hAdoMetDC to generate the complemented RNAi
line (RNAi-C). In this line the addition of Tet should lead to the simultaneous knockdown of
T. brucei AdoMetDC and to the expression of hAdoMetDC. We reasoned that if T. brucei
AdoMetDC functions as an RNA binding protein, hAdoMetDC would be unlikely to replace
this function because it would be unlikely to have evolved to bind T. brucei specific RNA
sequences. However, if dcAdoMet levels are the important factor, than hAdoMetDC should
restore both normal growth and wild-type prozyme levels to the cell. The AdoMetDC RNAi
cell line and the hAdoMetDC RNAi-C line were grown in the presence and absence of Tet
and the cell growth rate was followed over 15 days (Figure 4A). Levels of AdoMetDC and
prozyme were monitored by western blot on day 3 post Tet induction (Figures 4B). As
previously observed in the AdoMetDC RNAi line (Willert & Phillips, 2008), the addition of
Tet led to the induction of the RNAi response, to cell growth arrest, to the loss of the
AdoMetDC protein and to a substantial increase in prozyme protein levels. For the RNAi-C
line, addition of Tet led to simultaneous knockdown of T. brucei AdoMetDC and to
expression of hAdoMetDC. Under these conditions cells grew at the same rate as the control
cells and prozyme protein levels were similar to control levels.

Polyamine (spermidine and putrescine) and AdoMet (AdoMet, dcAdoMet and MTA) pools
were also evaluated on day 3 post Tet induction using LC-MS/MS (Figure 4C, D and Figure
S4B). The dcAdoMet levels in the uninduced cell lines (-Tet) and in the AdoMetDC RNAi
line +Tet were at or below the limit of detection, not allowing a clear distinction between
these conditions (Figure 4C). However in the RNA-C line, when hAdoMetDC was
expressed (+Tet), dcAdoMet levels increased at least 20-fold in comparison to the no Tet
control. There were no significant differences in the AdoMet or MTA pools under any of the
tested conditions (Figure 4D). A modest 30% decrease in spermidine was observed in the
Tet-induced AdoMetDC RNAi line, whereas wild-type levels were restored in the
complemented cells. A 50% reduction in putrescine was observed in the RNA-C line in the
presence of Tet, but putrescine was otherwise similar to the no Tet controls under the
remaining conditions. The modest effects of the AdoMetDC knockdown on the spermidine
pools are consistent with previous results showing spermidine levels did not drop below
50% until day 4 after Tet induction of the AdoMetDC RNAi, whereas prozyme induction
occurred within the first 12 h (Willert & Phillips, 2008). In parallel, the metabolite levels
were also determined for BSF 427 cells plus and minus MDL 73811 (Figure S4B), and the
results were similar to those shown in Figures 3 and S4A. Thus the data show a clear
correlation between prozyme expression and dcAdoMet levels: prozyme levels were low
when dcAdoMet levels were high.
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The effects of exogenous dcAdoMet
To test if dcAdoMet added exogenously to the cell cultures could be used to manipulate
intracellular levels of dcAdoMet and regulate prozyme expression levels we synthesized the
compound enzymatically and purified it using column chromatography. To determine if
exogenous dcAdoMet could provide functional rescue of the intracellular dcAdoMet pools
we tested the effects on growth of cells that were either chemically or genetically depleted of
AdoMetDC activity. We found that dcAdoMet (50 µM) added to the cultures was unable to
rescue the cell growth arrest caused by either treatment with MDL 73811 or by Tet
induction of the RNAi response in the AdoMetDC RNAi cell line (Figure S5).
Concentrations above 100 µM dcAdoMet began to show toxicity to the cells preventing
testing of higher concentrations. These data show that exogenously added dcAdoMet is
unable to replace the function of intracellular dcAdoMet pools and thus an independent
conformation of the effects of dcAdoMet on prozyme expression within the parasite was not
possible. These results are in contrast to what we observed when exogenous spermidine was
added to the AdoMetDC RNAi line, as spermidine was able to rescue growth arrest
demonstrating that the AdoMetDC RNAi effect was on target (Willert & Phillips, 2008).
Further proof that the AdoMetDC RNAi was target-specific was obtained by the finding that
hAdoMetDC was able to rescue the cell growth affects of RNAi induced depletion of
TbAdoMetDC (as discussed above and shown in Figure 4). Thus the results suggest that
dcAdoMet is either not transported into the parasite or that it is unstable in culture.
Decarboxylated AdoMet has been reported to be highly labile in basic pH conditions
(Zappia et al., 1977).

Discussion
Polyamine metabolism is highly regulated in eukaryotic cells (Pegg & Casero, 2011, Pegg,
2009a, Pegg, 2009b, Casero & Pegg, 2009, Persson, 2009, Nowotarski et al., 2011),
including in trypanosomatids where AdoMetDC is regulated by a novel mechanism
requiring heterodimer formation with a catalytically-dead paralog (prozyme) to form the
active enzyme (Willert et al., 2007). Our prior data suggested that prozyme protein
expression was regulated translationally in response to loss of AdoMetDC (Willert &
Phillips, 2008). In extending these studies we sought to provide additional support for the
hypothesis that prozyme expression is regulated at the translational level and we additionally
focused on obtaining mechanistic insight into both cis- and trans-acting factors that
contribute to the control of prozyme expression.

Gene expression in T. brucei is typically controlled post-transcriptionally and sequence
elements that modulate mRNA stability and control translation are usually found in the
3’UTR (Clayton & Shapira, 2007, Ouellette & Papadopoulou, 2009, Gunzl, 2010, Kramer &
Carrington, 2011, Kramer, 2012) (Horn, 2008). We identified three separate mRNAs that
were transcribed from the prozyme gene including two that contained the prozyme ORF (4.7
and 2.2 kb) and one that contained only the 3’ end of the 3’UTR (2.7 kb). The 2.2 kb and 2.7
kb mRNAs appear to be generated by an alternative splicing of the full length 3’UTR found
in the 4.7 kb mRNA. However, despite the existence of multiple prozyme mRNAs, neither
alternative splicing nor changes in mRNA levels were found to control prozyme protein
levels as the mRNAs were found in equal abundance before or after the addition of the
AdoMetDC inhibitor MDL 73811 to the cells. The role of the non-coding 2.7 kb mRNA
remains unclear, though it is most likely simply a by-product of mRNA processing, as was
previously demonstrated for procyclin mRNAs 1 (Vassella et al., 1994, Hug et al., 1994).

In order to determine if elements in the 3’UTR regulate prozyme protein expression we used
CAT reporter constructs and deletion analysis to identify regulatory control elements.
Several fragments of the 3’UTR displayed regulated CAT protein expression in the presence

Xiao et al. Page 8

Mol Microbiol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of MDL 73811 while CAT mRNA levels remained unchanged, thus recapitulating the
effects observed for prozyme expression from the endogenous locus. These results provide
additional support for the hypothesis that regulation of prozyme protein expression occurs at
the translational level. The key regulatory response elements in the mRNA 3’UTR appear to
be localized to the first 1.2 kb of the 3’UTR, but attempts to further narrow down the
functional region by deletion analysis led to reduced activity. A region of strong secondary
structure was identified at nts 1879 – 2778, based on excision of this sequence during RT
reactions. This region of the sequence is contained within the prozyme regulatory element.
The full length 3’UTR from the 4.7 kb mRNA was less responsive to the addition of MDL
73811 than smaller regions of the UTR, though expression of the CAT reporter was
increased 2.5-fold in the construct containing this sequence. These data suggest that
additional elements in the mRNA 5’UTR or the coding sequence function together with the
prozyme regulatory elements in the 3’UTR in order to fully manifest increased prozyme
expression from the full length mRNAs.

To identify potential trans-acting factors that contribute to the regulation of prozyme
translation we addressed the question of whether or not T. brucei AdoMetDC might regulate
translation by binding to the prozyme mRNA. As precedence for this hypothesis
dihydrofolate reductase has been shown to be an RNA binding protein that regulates its own
translation in both human and Plasmodium cells (Chu et al., 1993, Ercikan-Abali et al.,
1997, Hsieh et al., 2009, Zhang & Rathod, 2002). To determine if this mechanism could
operate in the control of prozyme expression we rescued the T. brucei AdoMetDC RNAi
cell line with human AdoMetDC, which provided a source of dcAdoMet in the background
of low T. brucei AdoMetDC levels. Expression of hAdoMetDC fully rescued the effects of
AdoMetDC knockdown by RNAi. Since hAdoMetDC would be unlikely to have evolved to
bind to specific elements in the T. brucei AdoMetDC RNA, our results show that a T. brucei
AdoMetDC RNA binding mechanism for controlling prozyme expression is unlikely to
contribute to the observed regulation.

Finally we further explored the possibility that small molecule metabolites from the pathway
were involved in the regulation of prozyme translation. Spermidine has been shown to be the
key regulator of polyamine biosynthesis in mammals and yeast (Pegg & Casero, 2011, Pegg,
2009a, Pegg, 2009b, Casero & Pegg, 2009, Persson, 2009, Nowotarski et al., 2011).
However, we showed previously that spermidine levels do not correlate with changes in
prozyme protein expression (Xiao et al., 2009, Willert & Phillips, 2008). We again observed
that spermidine levels are only modestly decreased (~30%) by knockdown of AdoMetDC
under conditions that led to prozyme upregulation, including a different time course for
these events. We noted previously a trend for putrescine levels to be increased under
conditions that led to prozyme induction (e.g. when AdoMetDC activity was reduced),
however, in these current studies we showed that by treating cells with both MDL 73811
and DFMO in combination, we were able to restore putrescine levels to near wild-type
levels demonstrating elevated putrescine does not appear to play a role in inducing prozyme
expression.

In contrast, dcAdoMet levels inversely correlated with prozyme protein levels, providing the
first evidence that a metabolite may function to regulate prozyme protein expression. These
studies suggested that prozyme translation may be feedback controlled by the product of the
AdoMetDC reaction, thus in this model when dcAdoMet levels are low additional prozyme
would be expressed to increase the catalytic efficiency of AdoMetDC. In our previous
studies we showed that during normal cell growth prozyme levels were present at limiting
levels relative to AdoMetDC, providing the potential for the increased prozyme protein to
lead to higher AdoMetDC activity (Willert & Phillips, 2008). Under normal growth
conditions dcAdoMet represents <0.5% of the total AdoMetDC pool in BSF T. brucei (Xiao
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et al., 2009), which is similar to the findings in mammalian cells (Pegg et al., 2011). This
suggests that small fluctuations in its synthetic or degradation rate could lead to rapid and
significant changes in steady-state levels, and thus provide a sensitive mechanism to regulate
gene expression. The finding that exogenously added dcAdoMet could not replace the
function of intracellular dcAdoMet prevented a an independent conformation of this
hypothesis and leaves open the possibility that other metabolites restored by the expression
of human AdoMetDC could still play a role in the regulation.

Control of gene expression by dcAdoMet would represent a novel mechanism of
translational regulation. There are no reports implicating dcAdoMet as a regulatory
molecule in eukaryotic or prokaryotic cells. However, both AdoMet and S-
adenosylhomocysteine sensing riboswitches have been reported in bacteria (Wang &
Breaker, 2008, Bastet et al., 2011, Heppell et al., 2011) and recently genomic approaches
have uncovered evidence that some riboswitches may be located in the 3’UTR (Weinberg et
al., 2010). The strong secondary structure region we identified in the mRNA (nt 1879 –
2278), including the hairpin region, is likely to play a role in prozyme regulation and could
form a key structural element in a potential riboswitch or other regulatory structure.

The metabolite dcAdoMet represents a potentially novel trans-activating factor involved in
the control of prozyme translation. Only a handful of trans-acting factors involved in
regulation of mRNA stability and protein translation have been described in T. brucei
(Kramer & Carrington, 2011). These examples include, the CCCH-class Zn RNA binding
proteins (TbZFP1, TbZFP2 and TbZFP3) involved in regulation of procyclin isoform
expression in procyclic cells (Walrad et al., 2009, Paterou et al., 2006), the RNA binding
protein PUF9 which stabilizes transcripts during S-phase (Archer et al., 2009) and TbRBP6,
a RNA-binding protein that regulates differentiation into the infective metacyclic forms
(Kolev et al., 2012, Walrad et al., 2009). Both glucose depletion and cis-aconitate addition
can trigger differentiation of BSF cells. The RNA binding protein RBP10 has been
implicated in the control of expression of BSF specific proteins and in the response of cells
to cis-aconitate during differentiation (Wurst et al., 2012). The stumpy-specific surface
transporter PAD1 is differentially expressed between slender and stumpy forms, and
expression is regulated by 3’UTR elements that are derepressed in the presence of stumpy
induction factor or cAMP (MacGregor & Matthews, 2012).

In T. brucei while there are many examples where regulation of mRNA stability is used to
control gene expression, translational control has been less well explored. However, in
addition to our example of prozyme translational regulation, a number of other genes also
appear to be regulated translationally. Genome-wide analysis comparing proteome changes
to transcriptome changes during development from blood stage to insect stage identified
many examples of likely regulation at the translational or posttranslational level
(Gunasekera et al., 2012). Furthermore specific examples include the RNA-binding protein
TbZFP3 that regulates EP1 surface expression at the level of translation (Walrad et al.,
2009), RBP10 that represses translation of some mRNAs needed for PF gene expression
(Wurst et al., 2012), and developmental regulation of the Nrk protein kinase at the
translational level (Gale et al., 1994).

In conclusion we have demonstrated that elements in the 3’UTR of the prozyme gene are
able to modulate the expression levels of the prozyme protein, thus identifying cis-acting
elements that control prozyme gene expression and showing that this regulation is likely to
be translational. We further showed that prozyme protein levels are low when dcAdoMet
levels are high, whereas prozyme protein levels are induced under conditions that would
lead to reduced dcAdoMet levels. Thus dcAdoMet is a likely trans-acting factor controlling
translation of the prozyme gene, which would represent the first example of dcAdoMet
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acting in a regulatory role. It remains to be determined if a novel RNA binding protein
mediates this regulation, if dcAdoMet binds directly to the mRNA or if other factors are
involved.

Experimental Procedures
Gene accession numbers for genes and proteins described in the study

Gene accession numbers have been taken from http://www.tritryp.org and are as follows:
AdoMetDC, Tb927.6.4460/Tb927.6.4410; prozyme, Tb927.6.4470; ODC, Tb11.01.5300;
SpdSyn, Tb09.v1.0380; TrypSyn, Tb927.2.4370, trypanothione reductase, Tb10.406.0520
and from GenBank, hAdoMetDC, NP_001625.2.

Trypanosome cultures
BSF trypanosomes, including wild-type 427 cells, 90-13 cells, and AdoMetDC RNAi lines
were cultured in HMI-9 medium with 10% chicken serum at 37°C under 5% CO2 (Willert &
Phillips, 2008). Chicken serum is used in place of fetal calf serum (FCS) when polyamines
may be added to the culture for analysis because it prevents toxicity due to generation of
reactive species by polyamine oxidases that are present in FCS but not chicken serum. Cells
were maintained in mid-log phase (105-106 cells/ml) and selected in medium containing the
appropriate antibiotics (2.5 µg/ml of G418, 2.5 µg/ml of hygromycin, and 2.5 µg/ml of
phleomycin). For experiments with MDL 73811 (75 nM) or DFMO (12.5 µM) cells were
treated for 1 or 3 d where concentrations represent the approximate ED50 for growth
inhibition using the available compound stocks. For experiments with dcAdoMet, 50 µM
was added freshly to the culture either every 2 days for experiments with the AdoMetDC
RNAi line and or every day for experiments with MDL 73811. Cell densities were
determined by counting with a hemocytometer (Fisher). PF trypanosomes 427 were grown
in SDM-79 media with 10% FCS at 28 °C (Brun & Schonenberger, 1979). Cells were grown
to mid-log phase (105–106 cells/ml) and diluted 1:100 about every 4 days into fresh media.
Total cell numbers were calculated as the product of cell density × the total dilution factor ×
culture volume. Cells were scored as dead when no live parasites were observed in the
culture flask by microscopy after monitoring for 2 – 4 days.

Preparation of total RNA and mRNA
Cells (~1 × 108 ) were centrifuged at 3000 × rpm and cell pellets were lysed in TRIzol
(Invitrogen) after vortexing. Total RNA was extracted with RNeasy mini kit (Qiagen). To
obtain mRNA, total RNA was purified with Dynabeads mRNA purification kit (Invitrogen).

Preparation of genomic DNA
For the extraction of genomic DNA, 1 × 107 of cells were centrifuged at 3000 × rpm,
washed twice in 20 ml phosphate buffered saline (PBS) pH 7.4, and resuspended in 0.5 ml
of lysis buffer (100 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 200 mM NaCl, 0.2% SDS).
Proteinase K (Sigma) was added to a final concentration of 0.2 mg/ml, and the suspension
was incubated at 55°C overnight with shaking. After sequential extraction with phenol-
chloroform, the DNA was precipitated by the addition 0.3 M sodium acetate and 2.5
volumes of ethanol. The pellet was washed with 70% ethanol, air dried, and resuspended in
distilled water.

Prozyme 3’UTR mapping
3’- RACE was performed with a GeneRacer kit with SuperScript III TOPO TA cloning kit
(Invitrogen) using RNA isolated from T. brucei BSF 427 cells as template. cDNA was
synthesized using oligo dT primers and PCR products were generated from the cDNA using
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prozyme gene specific primers (Table S1) and/or a GeneRacer 3’ primer homologous to the
oligo dT primer. PCR products were cloned into a pCR 2.1-TOPO vector (Invitrogen) and
sequenced in their entirety in both directions at the McDermott sequencing core (UT
Southwestern). Sequenced clones are displayed in Figure 1S. Additional cDNA synthesis
was also performed with Moloney murine leukemia virus (MMLV) RT (Invitrogen) as a
replacement to SuperScript III RT. Touchdown PCR methodology was used for mapping as
described with modification (Yue et al., 2010). Reactions contained PCR buffer (60 mM
Tris-SO4, 18 mM NH4SO4), 2.5 mM MgSO4, 0.2 mM each dNTP, T. brucei cDNA (100
ng), 1.5 U of Platinum® Taq DNA Polymerase High Fidelity (Invitrogen) (total volume
0.05 ml). The touchdown PCR protocol consisted of two phases: phase 1 included an initial
step of 94°C for 2 m, followed by 5- cycles of 94°C for 30 s, 72°C for 3 m, and 5-cycles of
94°C for 30 s, 70°C for 3 m. The subsequent 3 cycles were at 94°C for 30 s, with annealing
temperatures of 68°C, 66°C and 72°C respectively, for 3 m each. Phase 2 consisted of 22
cycles of 94°C for 30 s, 65°C for 30 s, and 72°C for 3 m, followed by a final 15 m extension
cycle at 68°C.

Generation of Prozyme 3’UTR plasmid reporter constructs
The 3’UTR of the prozyme mRNA, and fragments therein (9 in total), were cloned into
pHD1437 reporter construct vector (Colasante et al., 2007, Robles & Clayton, 2008) which
allows the expression of the CAT gene to serve as a reporter for the strength of the
regulatory sequences that are cloned 3’ to the gene. Fragments were amplified by PCR
(except fragment 4a, 4b and 7) and cloned into pHD1437 immediately after the CAT ORF.
Cloning was performed after digestion of both the vector and the PCR fragments with Bam
HI and Mlu I, followed by subsequent purification of the fragments from agarose gels using
high pure PCR product purification kit (Roche). Forward strand primers contained a Bam
H1 site while reverse strand primers contained the Mlu I site. To generate construct 4a,
construct 3 was digested with Mlu I and Sal I and ligated to the PCR product containing
fragment 9MS generated with primers that contained Mlu I and Sal I restriction sites,
respectively; construct 4b was made similarly by annealing fragment 9MS to construct 1
after digestion of both with Mlu I and Sal I; and construct 7 was made by annealing
fragment 6MS to construct 3 again digested with Mlu I and Sal I. See Table S2 for primer
pairs used to generate the described clones and Table S4 for a list of the base pair regions
included in each construct.

Transient transfection of cell lines with CAT reporter constructs
To monitor CAT activity cultures of BSF 90-13 cells were transiently transfected with the
prozyme 3’UTR plasmid constructs as described (Wirtz et al., 1994). Briefly, BSF 90-13
cells (3 × 107) were electroporated with 15 µg of circular plasmid constructs by a single
pulse on the AMAXA Nucleofector II (Lonza). AdoMetDC inhibitor MDL 73811 (75 nM)
or a vehicle control were added 3 h after transfection and cells were allowed to grow for 16
h before harvesting. Cells were collected by centrifugation at 3000 × rpm (Sorvall legend
RT). For CAT ELISA assays cells were washed twice with 20 ml of PBS and resuspended in
lysis buffer from the CAT Elisa assay kit (Roche). Supernatants were collected after
centrifugation at 3000 × rpm (10 min) for subsequent CAT activity assays. Cells to be used
for the isolation of RNA for quantitative real-time PCR analysis were lysed in Trizol, and
the RNA was extracted with RNase mini kit (Qiagen) according to the manufacturer’s
protocol.

CAT activity assays
CAT activity was monitored using the CAT ELISA assay kit (Roche), a colorimetric
enzyme immunoassay that monitors CAT protein levels. Absorbance was monitored at 405
nm using a 96-well plate reader (PowerWave X, Bio-Tek instrument, Inc). CAT protein
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levels were quantitated using standard curves prepared using CAT protein standards
(included within the ELISA kit). CAT level in each lysate were verified to be in the linear
range of quantitation by diluting lysates over a 1000-fold range.

Generation of the AdoMetDC RNAi-hAdoMetDC cell line
hAdoMetDC (Gene ID: NP_001625.2) was amplified by PCR (primers in Table 3S) using a
previously reported E. coli expression vector as template (Clyne et al., 2002), and cloned
into a modified pLEW100 vector containing a resistance selectable marker for blasticidin in
place of phleomycin (Willert & Phillips, 2008). The construct was transfected into the
previously generated AdoMetDC RNAi line derived from 90-13 BSF cells, which contains a
620 base pair (bp) fragment of the AdoMetDC gene cloned into a stem loop hairpin under
the control of a tetracycline (Tet) regulated promoter with a phleomycin resistance selection
marker(Willert & Phillips, 2008). Transfection was performed as described above for the
CAT reporter constructs except stable cell lines were generated by selection with blasticidin
to drive plasmid integration into the rRNA locus. The coexpression of hAdoMetDC and the
double stranded RNA (RNAi) targeting the T. brucei AdoMetDC message was induced by
the addition of Tet (1 µg/ml) added into the culture every 24 h; blasticidin and phleomycin
were added to the culture to maintain the AdoMetDC RNAi and hAdoMetDC expression
constructs.

Northern blotting analysis
All reagents were purchased from Applied Biosystems unless otherwise indicated. Template
DNA for RNA probes was generated by PCR from genomic DNA isolated from BSF 427
cells using primers shown in Table S3. The antisense strand primer contained the T7
polymerase minimal promoter to allow direct transcription to generate the probe. RNA
probes were synthesized from the PCR products using MAXIscript T7 kit (Invitrogen), and
subjected to purification with RNase mini kit (Qiagen). Purified RNA probes were labeled
with psoralen-biotin using BrightStar Psoralen-biotin kit (Invitrogen). T. brucei mRNA
(isolated as describe above) was denatured with formaldehyde, and separated on 1%
denaturing agarose gels (2 µg/lane). The gel was soaked in 0.05 M NaOH/1.5 M NaCl for 30
m with gentle shaking, rinsed with DEPC-treated water twice, then soaked in 10X SSC
buffer (1.5 M NaCl and 0.15 M sodium citrate) for 40 m before blotting onto a positively
charged nylon membrane (BrightStar-Plus) (Invitrogen) to ensure efficient transfer of larger
mRNAs. Blots were cut into equal sections for analysis. Blots were hybridized overnight in
ULTRAhyb buffer containing 0.1 nM psoralen-biotin labeled RNA (Yue et al., 2010) probe
at 68°C, washed and visualized by BrightStar® BioDetect nonisotopic detection kit after
subsequent exposure to film. Primers used to generate the various probes (Figures 1 and S2)
for Northern analysis are shown in Table S3.

RNase protection assay
A non-coding strand RNA probe was synthesized spanning 94 bases of sequence 5’ to the
region of secondary structure in the prozyme cDNA and 114 bases down stream of the 3’
region of secondary structure, while eliminating the intervening sequence (Table S3 and
Figure S3). A 41-base tag was included on the 5’ end of the probe that contained the 20
nucleotide T7 polymerase site to allow transcription and 21 bases of random sequence to
distinguish the undigested and digested probes. The probe DNA was synthesized by
Genscript and cloned into the Bam HI/Hind III sites of pUC57. The Bam HI/Hind III
fragment was excised from this vector, gel purified and used directly in the reaction to
synthesize the RNA probe in the presence of alpha-[32P]UTP and T7 RNA polymerase
(Invitrogen). Total RNA was extracted from BSF 427 cells and from BSF 90-13 cells
transiently transfected with construct 4a or 4b to serve as controls. Gel purified RNA probe
and DNase-treated RNA were mixed in 30 µl of Hybe Buffer (40 mM Pipes pH 6.4; 1 mM
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EDTA; 0.4 M NaCl; 80% di-formamide), and incubated at 45°C overnight. After adding 300
µl RNase digestion buffer (300 mM NaCl; 10 mM Tris-HCl, pH 7.5; 5 mM EDTA), 1.5 ug
of RNaseA (Life techonology) and 45 units of RNaseT1 (Life technology), digestion of
single-strand RNAs was performed by incubation at 30°C for 30 min. The digestion was
stopped by adding 10 µl of 20% SDS and 10 µl of 20 mg/ml proteinase K and further
incubation at 37°C for 15 min. The RNAs were treated with phenol/chloroform, ethanol
precipitated in the presence of 25 µg of carrier yeast tRNA, and resuspended in 10 µl of urea
gel-loading buffer (8M urea, 0.15% bromophenol blue, 0.15% xylene cyanol, 2.5 mM
EDTA, pH 8.0, 1x TBE buffer (890 mM Tris, 890 mM boric acid, 20 mM EDTA). Protected
RNA fragments were fractionated in 6% urea page gel. After exposure to x-ray film, gels
were analyzed with a PhosphoImaging system.

Western blot analysis
Protein levels were evaluated by western blot analysis as described (Xiao et al., 2009).
Briefly, cells (1 × 108) were harvested, washed twice in 20 ml phosphate buffered saline
PBS pH 7.4, resuspended in lysis buffer (50 mM HEPES pH 8.0, 100 mM NaCl, 5 mM 2-
mercaptoethanol, 2 mM phenylmethylsulfonyl fluoride (PMSF), 1 µg/ml leupeptin, 2 µg/ml
antipain, 10 µg/ml benzamidine, 1 µg/ml pepstatin, and 1 µg/ml chymostatin) and subjected
to three freeze/thaw cycles. The supernatant was collected by centrifugation at 3000 × rpm
for 10 m. Total protein concentration was determined using the protein assay dye reagent
from Bio-Rad Labs. Cell lysates in SDS-sample buffer were boiled for 5 m, total protein (40
ug) was separated by 16% of SDS-PAGE, and transferred to a polyvinylidene difluoride
(PVDF) membrane (Hybond-P, Life techonology). Membranes were probed with rabbit
polyclonal antibody raised against T. brucei ODC, T. brucei AdoMetDC, T. brucei Prozyme,
and T. brucei dihydroorotate dehydrogenase (DHODH), using antibody dilutions and
conditions as previously described (Willert & Phillips, 2008, Arakaki et al., 2008), followed
by visualization with ECL Western blotting detection reagents (Amersham Biosciences/GE
Healthcare). hAdoMetDC antibody was a generous gift from David Feith and was used as
described (Wallick et al., 2005).

Quantitative real-time PCR analysis
Gene expression was measured by quantitative real-time PCR as described (Kalidas et al.,
2011). Total RNA was treated with DNAse I (Invitrogen) to remove genomic DNA and
reverse-transcribed using SuperScript® III First-Strand Synthesis System (Invitrogen). First-
strand cDNA was used as a template for subsequent real time PCR amplification with the
iTaq SYBR Green Supermix With ROX kit (Bio-Rad) and CFX 96 Real-time System (Bio-
Rad). Primers are listed in Table S3. Reactions contained 0.1 µM primer, 30 ng of first
strand cDNA, and 2x ready-to-use reaction mix (0.4 mM dATPs, 0.4 mM dCTPs, 0.4 mM
dGTPs, 50 unit/ml iTaq DNA polymerase, 6 mM Mg2+, SYBR® Green I, 1 µM ROX
reference dye) in a final volume of 20 µl. PCR cycling conditions were as follows: 95 °C for
3 m, followed by 45 cycles of 95 °C for 10 s and 55 °C for 30 s. Gene expression levels
were quantified by the comparative ΔΔCT method (Winer et al., 1999) by using telomerase
reverse transcriptase (TERT) as the internal standard for normalization. TERT was
previously shown to be an optimal control transcript (Brenndorfer & Boshart, 2010). The
ΔCT value was determined by subtracting the CT value of each sample from that of TERT in
the corresponding sample. The ΔΔCT values were then calculated by subtracting the highest
mean ΔCT value as an arbitrary constant from all other ΔCT values. Relative gene expression
levels were calculated using the equation of 2−ΔΔCt. To control for the presence of
contaminating genomic DNA a no-reverse transcriptase control was included in all runs and
the signal generated by primer dimers was determined through no-template controls.
Melting curve analysis (65–95 °C) was performed and confirmed no visible nonspecific
amplification of any PCR products from genomic DNA or primer dimers.

Xiao et al. Page 14

Mol Microbiol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Quantification of intracellular polyamines by HPLC
Quantitation of intracellular polyamines by HPLC was performed as previously described
(Willert & Phillips, 2008, Xiao et al., 2009). T. brucei cells (1×107 ) were collected and
washed twice in 20 ml PBS pH 7.4, resuspended in lysis buffer (100 mM MOPS buffer pH
8.0, 50 mM NaCl, 2 mM EDTA, and 20 mM MgCl2), and subjected to three freeze/thaw
cycles. Protein was precipitated with trichloroacetic acid (9.2% final concentration), and the
supernatants were collected by centrifugation (13500 rpm for 3 m). Aliquots (5 µl) were
labeled with AccQ-tag reagent (Waters) followed by HPLC analysis (System Gold
Nouveau, Beckman Instruments) on an AccQ-TAG column (3.9 × 150 mm) (Waters) using
Buffer A (450 mM NaAcetate, 17 mM triethylamine, 0.01% w/v NaN3, pH 4.95) and Buffer
B (60% acetonitrile, and 0.01% acetone) with a modified gradient (0–20 % solvent B over 4
m, 20–50% solvent B over 45 m, 50–100% solvent B over 5 m). Fluorescent peaks were
detected with λEx at 250 nm and λEm at 395 nm. Polyamines were quantitated by the peak
areas relative to commercial standards.

Quantitation of polyamines and AdoMet metabolites by LC-MS/MS
Polyamine metabolites (Spermidine, AdoMet, dcAdoMet, and MTA) were also quantitated
by LC-MS/MS as previously described (Tu et al., 2007). Briefly, cells were lysed with cold
lysis buffer (50% methanol, 0.1% formic acid), and subjected to ten freeze/thaw cycles. The
supernatant was collected by centrifugation, vacuum dried and re-suspended in formic acid
buffer (0.1% in HPLC grade water) before filtering through a 0.2 µm spin column (Grace
Davison). A Shimadzu Prominence LC20/SIL-20AC HPLC coupled to a ABSCIEX 3200
QTRAP triple quadrupole mass spectrometer was used for LC-MS/MS quantification of
metabolites. Chromatographic separation of metabolites was performed on a C18-based
column with polar embedded groups (Synergi Fusion, 150 × 2.0 mm 4 µ, Phenomenex). for
detection of sulfur-containing metabolites in positive mode, a 0.1% formic acid /methanol
gradient was used based on previously published methods (Tu et al., 2007). Infusion
quantitative optimization was performed to acquire optimal product ion mass for each
metabolite. Multiple reaction monitoring (MRM) was used to detect and quantitate
metabolites. The two most abundant daughter ions were used when possible and metabolite
concentrations were normalized to total ion content. For dcAdoMet a relative peak area of 1
×10−6 for the more abundant ion represents the lower limit of quantitation. Daughter ion
pairs were as follows: AdoMet (ion 1, 355/250; ion 2, 399/136), dcAdoMet (ion 1, 355/250;
ion 2, 355, 136), MTA (ion 1, 298/136; ion 2, 298/119), putrescine (ion 1, 89/72; ion 2,
89/71) and spermidine (ion 1, 146/72; ion 2, 146/84).

Synthesis of dcAdoMet
Enzymatic synthesis and purification of dcAdoMet was performed as described (Zappia et
al., 1977). Briefly, AdoMet (8 mM) (Affymetrix) was incubated with recombinant T. brucei
AdoMetDC/Prozyme (1 µM; expressed and purified as described (Velez et al., 2013)) for 3
h in 5 mL 300 mM HEPES buffer, pH 7.7, 50 mM NaCl, 5 mM DTT. The reaction was
stopped with 2.5 mL 1.5 M HClO4. After centrifugation at 17,000 g for 15 m, 3 M KHCO3
was added to adjust the pH to 4.5. The solution was cleared by centrifugation at 3,500 g for
15 min, the supernatant was boiled for 1 h, cooled and then applied to Dowex 50 W resin (8
% cross-linked, dry mesh 200–400, from Sigma) packed in a 4 × 2.5 cm column (20 mL bed
volume) and prepared by washing with 1 M NaCl until neutral pH followed by water until
conductivity reached zero. Conductivity and UV at 254 nM were monitored on an
AKTAPurifier UPC-900 monitor. After sample was applied, the column was washed with
0.1 M NaCl, followed by 3 M HCL to elute homoserine and methylthioadenosine, products
of acid hydrolysis of AdoMet, and then dcAdoMet was eluted with 6 M HCl. The solution
was evaporated and the pellet re-dissolved in water. The presence of dcAdoMet was
confirmed by LC-MS on an Agilent 6430 triple Quadrupole LC/MS system and purity was
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determined to be >90%. Levels were quantified assuming an extinction coefficient of
1.53E4 M−1cm−1 at 260 nm.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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hAdoMetDC human AdoMetDC

ODC ornithine decarboxylase

AdoMet (S-adenosylmethionine)

dcAdoMet decarboxylated AdoMet

SpdSyn spermidine synthase

TrypSyn trypanothione synthase

CAT chloramphenicol acetyl transferase

RT reverse transcriptase

DHODH dihydroorotate dehydrogenase
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Figure 1. Structure of the prozyme 3’UTR and the effects of AdoMetDC inhibitors on prozyme
mRNAs
(A) The effects of chemical inhibition of AdoMetDC on expression of polyamine
biosynthetic enzymes. BSF and PF form T. brucei 427 cells were treated with MDL 73811
(75 nM). Cells were harvested after 48 h incubation and analyzed by western blot. DHODH
is included as a loading control. (B) Northern blot analysis of BSF mRNA from T. brucei
427 cells in the presence or in the absence of MDL 73811 with two different probes (probe
primers see Table 3S). (C) PCR amplification of prozyme 3’UTR using genomic BSF DNA
(gDNA) or cDNA generated with either SuperScript III (SSIII) or MMLV RT. Primer set 2
(Table S3) was used for PCR amplification. (D) Schematic of the prozyme 3’UTRs as
mapped by RACE (rapid amplification of cDNA ends). The location of the probes used in
northern analysis (part B above) are shown.
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Figure 2. The effect of AdoMetDC inhibition on CAT expression levels from prozyme 3’UTR
reporter constructs
(A) Schematic of the prozyme 3’UTR fragments that were cloned into pHD1437 reporter
construct vector. Number (from 1 to 10) indicates the fragment number and subsequent
construct number. Nucleotide positions are displayed. The start and end points of each
fragment are shown in Table 4S. The gene is numbered with position 1 representing the first
gene specific base after the splice leader in the 5’UTR (Figures S1 and S2) (B) Structure of
the reporter gene vector pHD1437: the black line of the structure of pHD1437 shows the
plasmid backbone. Other components include a region from the tubulin locus (Tublin), a T7
polymerase promoter (PT7), a 5’-splice site and UTR from EP1 gene (EP5’), a CAT reporter
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gene (CAT), 5’UTR from the actin locus (ACT5’), a puromycin selectable marker gene
(Pur), and the actin 3’UTR (ACT 3’). (C) CAT reporter plasmids containing different
prozyme 3’UTR fragments were transiently transfected into BSF 90–13 cells. The empty
pHD1437 vector was transfected as the control (Ctrl). Cells were grown for 3 h before the
addition of MDL 73811 (75 nM), and then incubated for additional 16 h before harvesting.
The CAT ELISA assay was used to determine the level of CAT enzyme activity (CAT), and
mRNA levels were quantitated by qPCR with primers from table 3S (mRNA). The fold
change was calculated as M(+)/M(−). Errors represent the standard error of the mean for
n=3–4 independent biological replicates.
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Figure 3. The effects of chemical inhibitors of AdoMetDC and/or ODC on the expression of
polyamine biosynthetic enzymes and intracelluar polyamine and dcAdoMetDC pools
(A) Western blot analysis of polyamine biosynthetic enzymes (40 µg total protein/lane). BSF
427 cells were grown in the absence (−) or presence (+) of MDL 73811 (M) (75 nM) and/or
DFMO (D) (12.5 µM) for three days before harvesting. DHODH is shown as a loading
control. (B) HPLC analysis of polyamine biosynthesis pathway metabolites for n=4
replicates. Cells were treated as in A. (C) LC-MS/MS analysis of dcAdoMet pools followed
by two separate ion peaks (represented by the blue and red bars). Cells were treated as in A
except that incubation with drugs was for either 1 (d1) or 3 (d3) days. Data are displayed as
the relative peak area. The lower limit of quantitation (LLQ) for dcAdoMet was a relative
peak area of 10−6.
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Figure 4. Expression of hAdoMetDC rescues the effects of AdoMetDC knockdown by RNAi
(A) Representative growth curve analysis comparing AdoMetDC RNAi cells (RNAi) with
the same cell line transfected with the human AdoMetDC expression construct (RNAi-C).
Tet (1 µg/ml) was added on day 0 resulting in the co-induction of AdoMetDC RNAi and
human AdoMet expression. Cell numbers were below detection levels for the RNAi induced
cells after day 14. Total cell numbers were calculated as cell density × the total dilution
factor and are plotted versus time in days after Tet induction. (B) Representative western
analysis. Cells were harvested 3 d after Tet induction and analyzed by western using
antibodies to prozyme, T. brucei AdoMetDC and human AdoMetDC. DHODH is shown as
the loading control (40 µg total protein/lane). (C) LC-MS/MS analysis of intracellular
dcAdoMet levels. Cells were harvested as in B. Data are displayed as the relative peak area.
Data represent the mean of n=3 independent biological replicates. Two separate ion
fragments were quantitated for each condition (red and blue bars). The LLQ for dcAdoMet
was a relative peak area of 10−6(D) LC-MS/MS analysis of intracellular AdoMet, MTA,
spermidine and putrescine levels. Cells were harvested as in B. Data represent the ratio to
the uninduced AdoMetDC RNAi line and are shown for the highest abundance ion peak of
the two measured. Raw data are displayed in Figure S4. Errors represent the standard error
of the mean for n=3 independent biological replicates.
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Scheme 1. Polyamine metabolic pathway in T. brucei
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