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In the human malaria parasite Plasmodium falciparum, a member of the sirtuin family has been implicated
in the epigenetic regulation of virulence genes that are vital to malaria pathogenesis and persistence. This
eukaryotic sirtuin, PfSir2, is divergent in sequence from those characterized thus far and belongs to the
phylogenetic class that contains primarily eubacterial and archaeal sirtuins. PfSir2 cofractionates with his-
tones in blood-stage parasites, and the recombinant enzyme efficiently deacetylates the N-terminal tails of
histones H3 and H4. In addition, PfSir2 can ADP-ribosylate both histones and itself, an activity that is minimal
or absent in most sirtuins with significant deacetylase activity. Strikingly, the deacetylase activity of PfSir2 is
dependent on its ADP-ribosylation. Finally, although PfSir2 is not affected by established sirtuin inhibitors, it
can be completely inhibited by nicotinamide, a natural product of the sirtuin reaction. This study shows that
PfSir2 has the appropriate characteristics to be a direct regulator of chromatin structure in P. falciparum. It
also raises the significant possibility that both ADP-ribosylation and deacetylation of histones could be
sirtuin-regulated modulators of chromatin structure in this species.

Class TII deacetylases are a family of NAD"-dependent
deacetylase enzymes that are widely conserved from archaea to
humans (21). They are also termed “sirtuins” after the found-
ing member of the family, Saccharomyces cerevisiae ‘silencing
information regulator 2’ (Sir2). ScSir2 plays a central role in
epigenetic transcriptional control, acting as a histone deacety-
lase (HDAC) to establish regions of silent heterochromatin at
subtelomeres, mating-type loci, and ribosomal DNA within the
budding yeast genome (23). At least one of the seven sirtuins
in humans, HsSirT1, appears to have a similar role in estab-
lishing gene silencing in human cells (61), suggesting that this
function has been conserved through evolution. Many other
sirtuins do not, however, act efficiently on histone substrates,
including two additional nuclear sirtuins in humans (45), while
others act on substrates in the cytoplasm or mitochondria. The
roles of these sirtuins are generally not completely understood,
but various members of the family have been assigned to pro-
cesses such as longevity control (reviewed reference 26), DNA
repair (22, 48), and the control of metabolic enzymes (27, 28).

All the sirtuin proteins crystallized so far have the same basic
structure: a large NAD"-binding “Rossmann fold” domain
and a smaller domain consisting of a zinc-binding module plus
a variable, primarily helical, module (17, 46, 66). Sirtuins have
a complex reaction mechanism compared to NAD " -indepen-
dent (“class I and II”’) deacetylases, involving the breakdown of
an NAD" cofactor to produce nicotinamide and O-acetyl-
ADP-ribose as well as the deacetylated lysine product. This
mechanism allows sirtuins to act as both deacetylases and
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ADP-ribosyltransferases (51). In fact, both ScSir2 and a human
enzyme, HsSirT2, were initially shown to have ADP-ribosyl-
transferase activity rather than deacetylase activity: ScSir2
ADP-ribosylates both itself and its histone substrates, albeit at
a very low level (20, 56). It was subsequently demonstrated,
however, that a second, more significant activity, the deacety-
lation of histones H3 and H4, correlated with the effects of
ScSir2 on transcriptional silencing and life span extension (34).
It now appears that both deacetylation and ADP-ribosylation
by different sirtuins are of biological importance, with certain
sirtuins, such as ScSir2, being biased towards deacetylation and
others, such as HsSirT6 and HsSirT4, towards ADP-ribosyla-
tion (27, 40).

In several eukaryotic microbial pathogens, including Plas-
modium spp., variantly expressed gene families encoding viru-
lence determinants are located in potentially heterochromatic,
subtelomeric regions of the genome. This observation suggests
that there may be a common sirtuin-mediated mechanism for
controlling antigenic variation in these pathogens (43). In the
human malarial parasite Plasmodium falciparum, a sirtuin ho-
molog, PfSir2, was recently shown to be involved in the epige-
netic transcriptional control of a large number of subtelomeric
genes that are vital for virulence (15). These included the
multigene families var and rifin, both of which encode variantly
expressed antigens exposed on the surface of infected eryth-
rocytes during a blood-stage malarial infection (11, 38, 54).
When the P£SIR2 gene was experimentally disrupted, mutually
exclusive expression of var genes was abolished, and the ex-
pression of many var genes (and also some rifin genes) was
simultaneously upregulated (15). In a complementary study,
semiquantitative chromatin immunoprecipitation showed that
H4 was more highly acetylated within an active subtelomeric
var gene than within a silent one and that this hyperacetylation
was mutually exclusive with the presence of PfSir2 (19). All of
this evidence points to the idea that heterochromatic silencing,
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mediated by PfSir2, could directly control the expression of var
virulence genes in P. falciparum.

In this study we have characterized the PfSir2 protein, es-
tablishing it as a genuine HDAC with the ability to act on
Plasmodium histones. In P. falciparum, the protein was found
in the parasite nucleus, where it cofractionated with histones.
Furthermore, PfSir2 could partially complement a sir2 mutant
in the heterologous species Schizosaccharomyces pombe. Strik-
ingly, in addition to deacetylase activity, PfSir2 had robust
ADP-ribosyltransferase activity. PfSir2 therefore possesses all
the necessary characteristics to contribute to the epigenetic
control of virulence genes in P. falciparum.

MATERIALS AND METHODS

Recombinant protein preparation from P. falciparum. P. falciparum was cul-
tured in human O™ erythrocytes using standard procedures (59). The PfSIR2
gene was amplified by PCR from genomic DNA (P. falciparum 3D7 strain) and
cloned into an expression vector under control of the PfHsp86 promoter (65)
with a C-terminal His, tag. Transformation into parasites was carried out as
previously described (14). Cytoplasmic and nuclear extracts of transformed par-
asites were made as described previously (63), using mixed-stage cultures at 3 to
5% parasitemia. For Ni-nitrilotriacetic acid (Ni-NTA) purification of PfSir2,
parasite extracts were made as described previously (63) but using a modified
buffer with sodium phosphate buffer replacing HEPES. All soluble fractions were
then pooled and bound to Ni-NTA resin (Novagen, Madison, WI). The resin was
extensively washed with 50 mM Na,HPO,-300 mM NaCl-20 mM imidazole, and
the protein was eluted in the same buffer with 250 mM imidazole.

Recombinant protein preparation from Escherichia coli. The PfSIR2 gene was
cloned into the pET-21a vector (Novagen) between the BamHI and Xhol sites.
BL21(DE3)/pLysS E. coli (Stratagene, La Jolla, CA) was transformed with this
plasmid, grown to an optical density of ~0.5, and induced with 0.1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside) overnight at room temperature. Cells
were then lysed with “Bugbuster” reagent (Novagen) containing 5 U/ml Benzo-
nase (Novagen) and “Complete” protease inhibitors (Roche, Basel, Switzer-
land). Protein was purified as described previously (49). Protein-containing frac-
tions were concentrated to ~2 mg/ml on Amicon Ultra 5-kDa-cutoff columns
(Millipore, Billerica, MA) and then exchanged into 50 mM Tris-HCI (pH 8.0)-
100 mM NaCl-0.1 mM dithiothreitol-0.01% sodium azide with the addition of
20% glycerol for storage at —20°C.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blotting. SDS-10% polyacrylamide gels and 0.45-pum pore-size nitro-
cellulose were used for Sir2-His, blots; 15% gels and 0.2-wm-pore-size nitrocel-
lulose were used for histone blots. All samples were reduced with dithiothreitol
before electrophoresis. Primary antibodies were as follows: mouse anti-tetra-His
(QIAGEN, Valencia, CA), 1:1,000; mouse anti-T7 tag (Novagen), 1:10,000;
rabbit anti-H3 (Abcam Inc, Cambridge, MA), 1:1,000; rabbit anti-AcH3
(Lys9,14) (Upstate, Charlottesville, VA), 1:500; and rabbit anti-AcH4
(Lys5,8,12,16) (Upstate), 1:500. Secondary horseradish peroxidase-linked anti-
mouse and anti-rabbit antibodies (sheep) were from Amersham, Piscataway, NJ,
and detection was via ECL (Pierce, Rockford IL). Bands were quantitated by
using AlphaEase FC densitometry software (Alpha Innotech, San Leandro, CA).

Deacetylase assays. Assays using substrate A, ZMAL, were carried out as
described previously (31), using 2.5 to 7.5 wg PfSir2. Reaction mixtures were
incubated at 37°C for 16 h, and fluorescence was read in an fmax plate reader
(Molecular Devices) (355 nm excitation/460 nm emission). All assays were per-
formed in triplicate. Assays were carried out identically using substrate B (41),
substituting 0.54 pM of the acetylated peptide for ZMAL. Product lysis was
achieved with thermolysin instead of trypsin, and fluorescence was read at 540
nm/585 nm.

Assays testing the effects of treatment with nicotinamide or other drugs (spli-
tomicin, sirtinol, and resveratrol) were carried out using substrate A and 5 pg
PfSir2, as described above. The drug was dissolved in dimethyl sulfoxide and
added at between 25 uM and 10 mM (constant final concentration of 1%
dimethyl sulfoxide). The reaction rate was expressed as a percentage of the
fluorescence from the uninhibited reaction.

Histone deacetylation assays were carried out as described previously (57),
using 500 uM NAD*, 5 ug Sir2, and 5 pg histones (either from sodium-butyrate-
treated P. falciparum or from sodium butyrate-treated HeLa cells [Upstate]).
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P. falciparum histone preparation. Histones were prepared from trophozoite-
stage cultures of P. falciparum. For deacetylation assays, parasites were subjected
to 2 h of pretreatment with 5 mM sodium butyrate before collection. Nuclear
extraction was carried out as described previously (63), and then the remaining
insoluble material containing DNA and histones was treated twice with 0.5 M
ice-cold HCl for 1 h. The acid-extractable protein was precipitated with trichlo-
roacetic acid (TCA), washed in ice-cold acetone, and resuspended in double-
distilled water.

Schizosaccharomyces pombe complementation assay. The complementation as-
say was carried out as described previously (18). PfSIR2 was amplified from 3D7
genomic DNA and cloned into the an S. pombe nmt" thiamine-repressible
vector, pREP-1 (42). Wild-type S. pombe and a sir2A strain, SPY48, carrying the
URA4 gene inserted into a centromeric repeat region of the genome, were
transformed via the lithium acetate method with either the PfSir2 construct or
the empty vector, and 10-fold dilutions of the yeast were plated on EMM-leucine
with 5-fluoroorotic acid (5-FOA) and 15 mM thiamine. Four to 5 days of growth
was allowed at 30°C before imaging the plates.

ADP-ribosylation assay. The ADP-ribosylation assay was carried out as de-
scribed previously (56), with the addition of EDTA-free “Complete” protease
inhibitors (Roche). Each reaction used ~5 wg PfSir2 or Hst2, 5 pg P. falciparum
histones and/or 5 pg bovine serum albumin (BSA), and 3uCi [**P]NAD™, giving
a final concentration of 375 uM NAD ™. Directly before TCA precipitation, 5 pg
BSA was added to all reaction mixtures lacking BSA, to act as a carrier. For high
resolution of histones, Tris-Tricine gels were used and stained with SYPRO
Ruby protein stain (Invitrogen) instead of Coomassie blue. For phosphodiester-
ase treatment, 5 ug phosphodiesterase (Sigma) was added to a completed reac-
tion in 100 mM Tris-HCI (pH 8.9), 100 mM NaCl, and 15 mM MgCl, and then
incubated for 30 min at 37°C before TCA precipitation. For the repurification of
P1Sir2 after such a treatment, 60 pg PfSir2 was incubated with 60 wg phospho-
diesterase for 2 h at 37°C in the above buffer, and the mixture was diluted five
times in 150 mM NaCl and then bound to Ni-NTA and eluted as before.

RESULTS

PfSir2 is a putative NAD*-dependent HDAC. PfSir2 is one
of the smallest eukaryotic sirtuins, having only 273 residues; it
is smaller than any of the S. cerevisiae or Homo sapiens sirtuins
(357 to 562 and 310 to 747 residues, respectively). In fact,
PfSir2 more closely resembles the Archaeoglobus fulgidus
sirtuin Afl in size and overall sequence similarity. Moreover, a
classification of sirtuins from across the evolutionary spectrum
into four classes by molecular phylogeny places PfSir2 into
class III, the class containing Afl, many eubacterial sirtuins,
and only a single human homolog, the mitochondrial protein
SirTS (21).

Figure 1 shows the predicted protein sequence of PfSir2
aligned with sirtuin sequences from archaea, yeast, and human
for which the encoded proteins have been crystallized and
structures solved. The alignment also includes a sirtuin from
Plasmodium vivax and the recently characterized sirtuin from
Trypanosoma brucei, TDSIR2RP1. The core sirtuin domains of
PfSir2 are relatively poorly conserved with the human, yeast,
and Archeoglobus sirtuins (23 to 35%), but there is nevertheless
identity or similarity between PfSir2 and the extensively stud-
ied S. cerevisiae sirtuin Hst2 at all but one of the residues
known to be important for catalytic activity (36) (Fig. 1). For
example, the two pairs of cysteines required for zinc binding
(Cys140, Cys143, Cys168, and Cys170 in PfSir2) remain con-
served, and it has previously been noted that considerable
diversity is tolerated within the zinc-binding module outside of
these residues (17). PfSir2 is also broadly conserved at the
most invariant sirtuin motifs, the residues of which form an
NAD *-binding pocket in the Af2 crystal structure (2). Here, it
has only three substitutions: GAGXS/GSGXS, GIPXFR/NIP
XFR, and TONIDXL/TONVDXL.
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FIG. 1. PfSir2 aligned with a selection of crystallized sirtuins from other species. The predicted sequence of PfSir2 is aligned with the sequences
of A. fulgidus Afl, S. cerevisiae Hst2, S. pombe Sir2, H. sapiens SirT2, T. brucei SIR2RP1, and the predicted homolog in P. vivax, PvSir2. Strictly
conserved and conserved residues are shaded in black and gray, respectively. Starred residues are essential for catalytic activity in Hst2 (36), and
where necessary, essential residues with slightly different spacings in different sirtuins are boxed to indicate their presence.

P1fSir2 has several changes at residues implicated in inhibi-
tion of the deacetylation reaction by nicotinamide. Of the
residues that form a nicotinamide-binding pocket in Hst2 (50),
Glu is changed to Arg62 and Phe to Gly65 in PfSir2. This
phenylalanine is also altered in the Afl and Af2 proteins, to
alanine, possibly pointing to an altered potential for nicotin-
amide inhibition among all these class III enzymes. Similarly,
most of the residues which contact an acetyl-lysine substrate in
a ternary complex of Hst2, substrate, and product (67) remain
conserved in PfSir2, although there are two conservative sub-
stitutions, Val to Ile179 and Leu to Vall85, as well as one
nonconservative change, Pro to Thr214. This could influence
any binding of PfSir2 to acetyl-lysine substrates, altering the
efficiency or specificity of this putative HDAC enzyme. Inter-
estingly, most but not all of the alterations described here are
also present in the P. vivax sirtuin homolog, which shares 80%
similarly with PfSir2.

Outside of the core enzymatic domain, the N and C termini
of the larger eukaryotic sirtuins are thought to mediate pro-

tein-protein interactions and/or regulate activity. For example,
the N- and C-terminal domains in Hst2 have both been as-
signed functional roles: the C-terminal helices self-interact
with the NAD"-binding site, causing autoinhibition, and this
region also bears a nuclear export signal which keeps the en-
zyme primarily cytoplasmic and limits its nuclear deacetylase
activity. The N-terminal seven residues of Hst2 mediate tri-
merization by interacting with, and apparently blocking, the
substrate-binding cleft of an adjacent molecule (64, 66). Figure
1 shows that PfSir2 has a small N-terminal extension similar in
length to that of Hst2, which may therefore be sufficient to play
a functional role. The C terminus of PfSir2, however, is almost
as short as that of the very minimal A. fulgidus sequence.

In order to support some of this in silico analysis with ex-
perimental evidence, we sought to express a recombinant
PfSir2 protein.

Production and characterization of recombinant PfSir2.
The PfSIR2 gene was cloned from P. falciparum genomic DNA
into a vector containing a C-terminal His, tag and a strong P.
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FIG. 2. Expression and purification of PfSir2. (A) Schematic of the construct used to express Hisg-tagged Sir2 in P. falciparum. (B) Western
blots of extracts from mixed-stage parasites expressing Hisg-tagged PfSir2 (HIS) or from nonrecombinant 3D7 parasites (WT). Parasites were
fractionated to give cytosolic proteins (C), soluble nuclear proteins (N), and proteins from the remaining insoluble material (I). PfSir2 (a-His)
cofractionates with histones (a-H3) in the insoluble, chromatin-containing fraction. Unfractionated parasites are also shown (U). (C) Western blot
of His-tagged PfSir2 from P. falciparum, purified via Ni-NTA. Successive elution fractions with 250 mM imidazole are shown. The recombinant
protein (a-His) appears as a series of multimers. (D) Coomassie blue-stained SDS-polyacrylamide gel showing recombinant PfSir2 produced in
E. coli (eluate from Ni-NTA). (E) Western blots of the Ni-NTA eluate shown in panel D, using antibodies against the His, tag or T7 tag.

falciparum promoter, the Pfhsp86 promoter (65) (Fig. 2A).
This was transfected as an episome into the 3D7 strain of P.
falciparum, and biochemical fractionation of transgenic para-
sites showed that tagged PfSir2 was in the insoluble chromatin-
containing fraction together with the great majority of histones
(Fig. 2B). This suggests that PfSir2 has the appropriate loca-
tion for an HDAC enzyme and is bound to chromatin (or
possibly another insoluble nuclear component), either directly
or via protein-protein interactions. PfSir2 was resistant to ex-
traction with 800 mM KCl, possibly pointing to a hydrophobic
protein-protein interaction. Limited amounts of soluble PfSir2
could, however, be released using modified buffer conditions,
and when this protein was purified from parasite extract via
Ni-NTA, it eluted as a series of multimers that were at least
partially resistant to SDS-PAGE (Fig. 2C).

In order to produce greater quantities of recombinant
P1fSir2, the gene was expressed in E. coli with a C-terminal His,
tag and an N-terminal T7 tag. The recombinant protein was
produced in a soluble form with the expected size of ~30 kDa,
purified via Ni-NTA, and eluted at high purity (judged from
SDS-PAGE and Coomassie blue staining) (Fig. 2D). Western
analysis and mass spectrometry confirmed that the major, up-
per band of this doublet was indeed full-length, N- and C-
terminally tagged PfSir2 (Fig. 2E). Several peptides, including
the Hiss-containing peptide, were not detected in the lower,
minor band, and this may be a C-terminally truncated version
of the protein, although since purification was via the C-ter-
minal His tag, a truncated protein could be purified only via
tight binding to a second, full-length molecule. Alternatively,
one band of the doublet might represent a modified form, and
data in Fig. 6 do indeed show that the upper band is ADP-
ribosylated, as has also been observed in recombinant ScSir2
(56).

In addition to the ~30-kDa band of recombinant PfSir2,
Western analysis revealed several minor, higher-molecular-
mass forms of the protein resembling the multimers observed

when the protein was purified from P. falciparum (Fig. 2E).
This suggested that PfSir2 had an inherent tendency to form
dimers, tetramers, and larger multimers. Indeed, native PAGE
and fast protein liquid chromatography confirmed that the
protein existed as a very large multimer in solution (data not
shown), and dynamic light scattering measurements estimated
a uniform size for these multimers of ~1,200 kDa (approxi-
mately 40 times the molecular mass of the monomer).

PfSir2 acts as a lysine deacetylase in vitro. Two independent
in vitro assays showed that recombinant PfSir2 from E. coli had
NAD™-dependent deacetylase activity, as shown schematically
in Fig. 3A. Both assays are based on synthetic acetylated sub-
strates which, upon deacetylation, produce a compound that
becomes fluorescent after trypsin treatment. Substrate A in
Fig. 3B is an acetylated-lysine (AcLys) derivative termed
ZMAL (30), and substrate B is a 19-residue synthetic peptide
modeled on the tail of human p53, containing a single AcLys
(41). In both assays PfSir2 showed deacetylase activity that was
dependent upon NAD™ and about 7 times lower than the
activity of a positive control, recombinant glutathione S-trans-
ferase (GST)-tagged Hst2 (data not shown). Hst2 has previ-
ously been shown to possess strong protein deacetylase activity
(39). A non-HDAC protein prepared from E. coli and used as
a negative control had no effect on substrate A (see Fig. S1 in
the supplemental material), so the apparent deacetylase activ-
ity of PfSir2 cannot be attributed to nonspecific protease ac-
tivities.

Having established that recombinant PfSir2 could deacety-
late synthetic substrates, we wanted to determine whether it
could also deacetylate histones, a probable native substrate.
This was tested using commercially available histones purified
from HelLa cells and also histones purified from P. falciparum
itself. These were Western blotted and probed with antibodies
specific to acetyl-lysine residues on H3 and H4.

The H3 and H4 tails are almost completely conserved be-
tween P. falciparum and H. sapiens (44), and PfSir2 effectively
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FIG. 3. Recombinant PfSir2 has NAD*-dependent lysine deacetylase activity. (A) Reaction scheme for NAD*-dependent deacetylase en-
zymes. (B) Two independent in vitro deacetylase assays were carried out on increasing amounts of PfSir2, with or without 500 .M NAD™".
Substrate A is a synthetic AcLys derivative termed ZMAL, and substrate B is a 19-residue synthetic peptide bearing a single AcLys. Assays were
carried out in triplicate at 37°C for 16 h, and deacetylase activity is represented in relative fluorescence units (rfu). Error bars indicate standard
deviations.(C) Western blots showing histones from sodium butyrate-treated HeLa cells or P. falciparum trophozoites, incubated with recombinant
PfSir2 in the presence (+) or absence (—) of 500 M NAD" for the indicated times and then probed with antibodies against AcH3, AcH4, or the
C-terminal portion of H3 (i.e., total H3). Ratios of acetylated histone signal in the NAD" (+) reaction to that in the NAD" (—) reaction are
indicated at each time point. Each ratio is normalized to the ratio of total H3 signals in NAD" and NAD" lanes.

deacetylated H3 and H4 from either source (Fig. 3C). PfSir2
generally appeared to prefer H3 as a substrate over H4, and P.
falciparum histones were deacetylated more efficiently, partic-
ularly in the case of H3, than commercial preparations of
HeLa histones. Previous studies of other sirtuins have reported
significant preferences for particular acetylated residues, espe-
cially Lys16 of H4 and Lys9 of H3, which may be important
components of the histone code relating to epigenetic silenc-
ing. It was not possible to establish conclusively whether PfSir2
preferred a single residue in H3 because the antibody recog-
nized both AcLys9 and AcLys14, while an antibody specific for
AcLys14 does not react well with P. falciparum histones (44),
perhaps due to a single residue change at position 12, Gly to
Ala. However, since the overall AcH3 tail signal was readily
reduced to near-undetectable levels, both Lys9 and Lys14 are
clearly deacetylated efficiently.

In regard to H4, there are four potentially modified lysines
in the N-terminal tail, Lys5, Lys8, Lys12, and Lys16. Again, it
was not possible to conclusively determine a preference for a
particular residue because only antibodies to AcLys8 and
AcLys12 gave detectable signals. PfSir2 had no activity on
AcLys8 and only a very limited activity on AcLys12 (data not
shown). It may, however, act more strongly on AcLysS or
AcLysl16.

PfSir2 is inhibited by nicotinamide but not by other estab-
lished sirtuin inhibitors. We next investigated whether the
deacetylase activity of PfSir2 could be specifically inhibited
with small molecules. Several inhibitors and activators of
ScSir2 have been identified, including the inhibitors nicotin-
amide (5), sirtinol (25), and splitomicin (3) and the activators
isonicotinamide (52) and resveratrol (33). All of these were
tested on PfSir2 using the in vitro assay with substrate A.

Nicotinamide is a natural product of the NAD™-dependent
deacetylase reaction (Fig. 3A), which can promote a back re-
action (“nicotinamide exchange”) at the expense of the for-
ward reaction (53). This compound only partially inhibited
PfSir2 in the synthetic-substrate assay, reaching a plateau at
~65% of the uninhibited reaction rate (Fig. 4A). Strikingly,
however, it inhibited the deacetylation of native histones much
more effectively, with a high level of 10 mM being completely
inhibitory (Fig. 4B) and even much lower levels (25 to 500 wM)
showing substantial dose-dependent inhibition (Fig. 4C).

By contrast, splitomicin and sirtinol failed to inhibit PfSir2 in
either assay (Fig. 4B and data not shown). Both drugs were
tested at 50 wM, a concentration reported to reduce the reac-
tion rate of a sensitive sirtuin, HsSirT1, by ~40% for splito-
micin and ~70% for sirtinol (5). Indeed, both drugs at this
concentration substantially inhibited ScSir2 in the same assay
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FIG. 4. PfSir2 is inhibited by nicotinamide but not by other established sirtuin inhibitors. (A) The deacetylase assay using substrate A as for
Fig. 3B was carried out in the presence of 25 pM to 10 mM nicotinamide. Residual activity in nicotinamide-treated reactions is expressed as a
percentage of the fluorescence released in the uninhibited reaction. The graph shows the averages from three assays, each carried out in triplicate.
Error bars indicate standard deviations. (B) Western blots as in Fig. 3C, showing P. falciparum histones incubated with recombinant PfSir2 in the
presence (+) or absence (—) of 500 puM NAD™, with 10 mM nicotinamide (NAM), 50 M splitomicin (Split), or 50 .M sirtinol (Sirt). (C) Western
blots showing P. falciparum histones incubated for 1 h with recombinant PfSir2 in the presence (+) or absence (—) of 500 uM NAD™" and then
with NAD™ and also increasing levels of nicotinamide (25 to 10,000 wM). Densitometric quantification of the AcH3 signal in the absence of NAD
was set at 1, and all subsequent signals were compared to this. Each value was corrected for the ratio of total H3 signal in each lane to total H3
signal in the NAD" (—) lane. Quantification of Western blot signals is linear only over a limited range, however, so values are at best
semiquantitative over the whole range shown on this blot. (D) Alignment of the splitomicin target region of ScSir2 with the splitomicin-sensitive
sirtuin Hstl and the insensitive sirtuins Hst2 and PfSir2. Arrows mark residues which can be mutated to confer splitomicin resistance in ScSir2.

None of these are conserved in PfSir2.

(see Fig. S2 in the supplemental material). Even at 400 M,
splitomicin did not inhibit PfSir2 (data not shown); the same
test cannot be carried out with sirtinol due to its precipitation
in aqueous solutions. The failure of splitomicin to affect PfSir2
may be due to the lack of conservation between PfSir2 and
ScSir2 (the sirtuin for which splitomicin was initially discov-
ered) in the region that is thought to contact the drug (Fig.
4D). Hst2, which also lacks homology in this region, is similarly
insensitive to splitomicin (3). No target region has been re-
ported for sirtinol, but it may likewise be effective only against
the sirtuins most closely related to its initial target, ScSir2.

Finally, PfSir2 was also unaffected by the activators isonico-
tinamide and resveratrol (data not shown). Isonicotinamide
can apparently bind to the nicotinamide-binding site of ScSir2
and specifically inhibit nicotinamide exchange (53), but this
compound had little effect on the reaction rate of PfSir2. Like-
wise, resveratrol failed to activate the enzyme, a finding which
may not be surprising as it has been reported that the in vitro
“activation” of sirtuins by this drug is related specifically to the
use of the Fluor-de-Lys synthetic substrate (35).

P£Sir2 partially complements a fission yeast sir2 mutant. To
test whether PfSir2 could serve as an active HDAC in vivo as

well as in vitro, it was used to complement a sir2 mutant strain
of the fission yeast Schizosaccharomyces pombe. This strain
carries the URA4 marker gene in a pericentromeric locus un-
der Sir2-mediated silencing control. In the mutant, the URA4
gene cannot be silenced and a toxic prodrug, 5-FOA, can
therefore be metabolized, killing the yeast. The addition of a
functional sirtuin rescues this strain by silencing the URA4
gene; such successful cross-complementation was previously
demonstrated when ScSir2 was expressed in S. pombe (18).

A PfSir2 construct was transformed into both wild-type and
sir2 mutant S. pombe strains. When the yeast was grown on
plates containing no thiamine, the overexpression of PSir2 was
toxic, an effect also observed with high levels of ScSir2 (18).
Under conditions of thiamine repression and more moderate
PfSir2 expression, however, the complemented strain grew 5-
to 10-fold better on 5-FOA than an empty-vector control
(Fig. 5).

PfSir2 has ADP-ribosyltransferase in addition to HDAC
activity. Most of the sirtuins characterized thus far have either
deacetylase or ADP-ribosyltransferase activity but are not sig-
nificantly bifunctional. A sirtuin from Trypanosoma brucei,
however, was recently reported to perform both functions ro-
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FIG. 5. PfSir2 complements an S. pombe sir2 mutant. Wild-type
(WT) or sir2A S. pombe was transformed with either the empty p-
REP1 vector or with a construct containing the PfSir2 gene. Trans-
formed cells were plated in 10-fold dilutions on EMM-Leu with
5-FOA. The highlighted dilution demonstrates better growth of the
sir2A mutant carrying PfSir2 than of the mutant carrying only empty
vector.

bustly, ADP-ribosylating both histones and BSA, as well as
itself, and also deacetylating histones (22). This sirtuin,
TbSIR2RP1, falls into phylogenetic class I, and it is not very
closely related to PfSir2 in sequence (Fig. 1); it is, however,
another sirtuin from a protozoan parasite which, like P. falcip-
arum, has relatively few sirtuin genes (4).

When PfSir2 was tested for the ability to ADP-ribosylate
either BSA or Plasmodium histones using radioactive NAD ™,
significant activity was detected on both substrates (Fig. 6A,
lanes 3 and 4). This was genuinely dependent on PfSir2, since
a high level of nicotinamide inhibited the activity (Fig. 6A, lane
5), and substrate proteins were not significantly modified in the
absence of the sirtuin (Fig. 6A, lanes 1 and 2). PfSir2 also
ADP-ribosylated itself and was able to do this in the absence of
other proteins (Fig. 6A, lane 6). Self-modification was, how-
ever, promoted by the presence of additional protein sub-
strates, since the sirtuin became more strongly labeled when
incubated in the presence of BSA and histones than when
incubated alone. All four major histones became modified (see
Fig. S3 in the supplemental material) but there was some
preference for ADP-ribosylation of H2A, H2Bv, and/or H3
over H2B and H4. Figure 6B shows that the ADP-ribosyltrans-
ferase activity of PfSir2 was very robust compared to that of
another sirtuin, Hst2 (which nevertheless has robust deacety-
lase activity). Finally, treatment with phosphodiesterase, which
cleaves the pyrophosphate bond in ADP-ribose, was used to
confirm that the labeling of PfSir2 was definitely due to the
presence of [**P]JADP-ribose on the protein. This treatment
did indeed reduce the intensity of the signal on radiolabeled
PfSir2 (Fig. 6C).

Interestingly, prolonged treatment of recombinant PfSir2
with phosphodiesterase followed by repurification via Ni-NTA
reduced the size of the major band of this protein. The size
reduction was small but clearly visible on a highly resolved
SDS-polyacrylamide gel (Fig. 6D), and concomitant with this,
deacetylase activity was reduced by a factor of 10 (Fig. 6E).
ADP-ribosylation of the major, upper band of recombinant
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P1fSir2 therefore occurs when it is produced in E. coli, and the
enzyme’s activity depends on this modification. It remains to
be established whether this is because ADP-ribosylation is
actually required to activate PfSir2—an unprecedented finding
among sirtuins—or because artificial cleavage of the ADP-
ribose moiety at the pyrophosphate bond is somehow inhibi-
tory to deacetylase activity.

DISCUSSION

This report provides the first detailed characterization of an
apicomplexan sirtuin, PfSir2. It is also one of the few reports
published so far examining a sirtuin from phylogenetic class
III, since most of the extensively studied human and yeast
sirtuins fall into class I. Class III sirtuins appear to be a very
ancient group, as they are the most frequently occurring sir-
tuins in both eubacteria and archaea (21). They have been
maintained in some although not all eukaryotic species; hu-
mans, for example, possess a single class III sirtuin, SirT5.
SirT5 is found in mitochondria, consistent with a possible en-
dosymbiotic origin, and it is presently without an established
function or substrates.

In silico analysis of the protein sequence of PfSir2 suggested
that it was probably a functional sirtuin, possessing the great
majority of residues known to be important for catalytic activ-
ity in the yeast sirtuin Hst2 and having broadly conserved
NAD-binding motifs. P. falciparum also contains a second,
larger sirtuin gene in phylogenetic class IV (21), but this gene
remains unstudied and it is unclear whether the two sirtuins,
both of which are predicted to be nuclear, could perform all of
the functions shared between multiple sirtuins in several loca-
tions in other higher eukaryotes. Apicomplexans diverged very
early in evolution, and other species in the phylum, including
Plasmodium spp. and also Toxoplasma gondii, similarly have
only two sirtuin genes, orthologous to those in P. falciparum
(Fig. 1). Some sirtuin functions, such as tubulin deacetylation
or the regulation of metabolic enzymes, may have been lost in
the apicomplexan lineage, but specialized partner proteins may
also have evolved to adapt the apicomplexan sirtuins to a
number of different roles. ScSir2, for example, is able to act in
at least two distinct genomic locations via its binding to differ-
ent protein complexes (24, 57).

PfSir2 formed large multimers in solution, and a similar
property has been observed in ScSir2 (57), so this may be a
physiological feature of certain sirtuins. ScSir2 spreads along
stretches of DNA when establishing silenced heterochromatin,
and the ability to multimerize could perhaps facilitate such
spreading. Alternatively, the multimeric form may simply be an
artifact of overexpression or of preparation in the absence of
any physiological protein partners and/or substrates. ScSir2,
HsSirT1, and HsSirT2 can all be produced under certain con-
ditions as stable homotrimers, and Hst2 exists in an equilib-
rium between trimeric and monomeric states, with substrate
binding specifically disrupting the trimer (66). ScSir2 also pref-
erentially forms heterodimers and heterotrimers with its het-
erologous binding partners Sir4 and Sir3 (12, 47, 61). No evi-
dence was found in the present study for preferential
trimerization of PfSir2, a property which could be unique to
class I sirtuins.

When His-tagged PfSir2 was expressed in P. falciparum, the
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FIG. 6. Recombinant PfSir2 has ADP-ribosyltransferase activity. (A) P. falciparum histones and/or BSA was treated with PfSir2 and
[**PINAD™ for 30 min at 37°C and then precipitated with TCA and subjected to SDS-PAGE. The Coomassie blue-stained SDS-polyacrylamide
gel shows the positions of PfSir2, histones, BSA, and a minor breakdown product of BSA marked *. The autoradiogram of the gel shows
ADP-ribosylated proteins. Lanes 1 and 2, substrates incubated with [*P[NAD™ in the absence of PfSir2. Lane 1, histones; Lane 2, histones plus
BSA. Lanes 3 to 6, substrates incubated with [**P]NAD™ in the presence of PfSir2. Lane 3, histones; lane 4, histones plus BSA; lane 5, histones
plus BSA plus 10 mM nicotinamide (NAM); lane 6, PfSir2 alone. (B) Histones and BSA were treated with either PfSir2 or GST-tagged Hst2, as
for panel A. The Coomassie blue-stained SDS-polyacrylamide gel shows the positions of PfSir2, histones, BSA, and GST-Hst2. Lane 3 is included
to show the size of GST-Hst2, which is very close to the size of BSA. The autoradiogram of the gel shows ADP-ribosylation by PfSir2 but not by
GST-Hst2. (C) After incubation of PfSir2 with histones and [**P]NAD™ as described for panel A, 5 ug phosphodiesterase (PDE) was added to
half of the reaction mixture and incubated for a further 30 min at 37°C before TCA precipitation. Radiolabel on the treated protein was calculated
as a percentage of that on the nontreated protein, normalized to the amount of Coomassie blue-stained Sir2 in each lane. (D) Coomassie
blue-stained SDS-polyacrylamide gel with extensive resolution, showing PfSir2 incubated for 2 h with PDE or with buffer alone (—) and then
repurified on Ni-NTA. a, original upper band; b, PDE-modified upper band; c, original lower band, unaltered by PDE. (E) In vitro deacetylation
assays with substrate A were carried out in duplicate using PfSir2 treated as described for panel D. Activity is expressed as a percentage of the
fluorescence generated by untreated PfSir2. The error bar indicates standard deviation.

protein was located in the insoluble chromatin-containing frac-
tion of the parasite, together with the histones. PfSir2 may be
bound here via hydrophobic interactions with a larger DNA-
associated protein complex, perhaps containing many mole-
cules of PfSir2 and being consistent with previous analyses of
the large DNA-bound complexes containing ScSir2. ScSir2
does not itself have DNA-binding or nucleosome-binding ac-
tivity (24), but it associates with chromatin via other proteins.
The nuclear location of PfSir2 reported here is also consistent
with a previous report that detected this protein in the parasite
nucleus by immunocytochemistry (19). In the same report,
regions of chromatin with highly acetylated histones were
found to lack detectable PfSir2 and vice versa, pointing to a
direct or indirect role for PfSir2 in histone deacetylation.

In this report, PfSir2 is directly shown to be an active
HDAC. When its deacetylase activity was tested on two differ-
ent synthetic substrates, PfSir2 clearly acted as an NAD™-

dependent deacetylase, although rather slowly, requiring over-
night incubations to produce significant signals. PfSir2 also
deacetylated Plasmodium histones, a probable physiological
substrate, and this reaction could be completed to the limit of
detection within 1 h under appropriate conditions. These as-
says are not directly comparable, but any disparity between
them may occur because the synthetic substrates only poorly
mimic optimal, physiological substrates for PfSir2 (the syn-
thetic peptide, for example, is modeled on human p53, which
has no clear homolog in P. falciparum). PfSir2 may also require
an absent binding partner(s) for its optimal activity, as is the
case for ScSir2 (12, 57).

When deacetylating histones, PfSir2 acted most strongly on
the N-terminal tail of H3, which is acetylated in this species by
the acetyltransferase PFGCNS5 (16). By contrast, all of the class
I sirtuins ScSir2, SpSir2, HsSirT1 and HsSirT2 act primarily on
H4Lys16, although they also deacetylate H3Lys9 to various
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extents (55, 57, 61, 62). It remains possible that H4Lys16 is
specifically deacetylated by PfSir2 as well, though this did not
reduce the overall acetylation of H4 very significantly whereas
H3 could be deacetylated to the limit of detection. In any case,
PfSir2 may still play a central role in transcriptional silencing
because mutational studies in yeast have shown that the critical
residues for heterochromatic silencing are H4 Lys16, H3 Lys9
and H3 Lys14 (9, 29, 58). Interestingly, there is some recent
evidence that methylation of H3 Lys9 is associated with epi-
genetic silencing of virulence genes in Plasmodium falciparum
(10).

P1fSir2 could partially complement a sir2 mutant in the fis-
sion yeast S. pombe, despite the large evolutionary distance
between the two species. This suggested that it supplied a bona
fide HDAC activity within the S. pombe nucleus sufficient to
partially repress transcription in a region normally silenced by
SpSir2 (55), although it does remain possible that PfSir2
merely played a structural role, facilitating some degree of
silencing in the absence of actual HDAC activity. If PfSir2 did
supply a genuine HDAC activity, this may be undirected since
the DNA elements and/or protein binding partners that would
normally recruit SpSir2 to pericentromeric DNA are unlikely
to be closely conserved between the two species. Alternatively,
PfSir2 may recognize, via relatively conserved sirtuin domains,
the repetitive DNA structure of the S. pombe centromere. P.
falciparum itself has extensive repetitive DNA at its telomeres,
which are heterochromatic (19). In support of this second
theory, S. pombe can be complemented by ScSir2 as well as
P£Sir2 (18), despite the absence of S. pombe homologs for the
ScSir2 protein partners Sir3 and Sir4 and despite the fact that
ScSir2 does not normally silence pericentromeric DNA in its
own genome.

PfSir2 was unusual among other characterized sirtuins in
having robust ADP-ribosyltransferase activity as well as
deacetylase activity, as shown schematically in Fig. 7. Only
TbSIR2RP1 has previously been reported to act in this bifunc-
tional way (22), and it is interesting to speculate that this is
related to the relative paucity of sirtuins in both parasites,
especially since TbSIR2RP1 and PfSir2 fall into different phy-
logenetic classes and are not closely homologous.

The ADP-ribosylation of histones is a well-established phe-
nomenon in mammalian cells, where it is associated with rep-
lication (8) and with the response to DNA damage (1, 6, 7, 37).
This has not, however, been traced directly to sirtuin activity,
and it remains unclear what proportion of functional histone
modification occurs via sirtuins and what via poly-ADP-ribose
polymerase. We have found no obvious P. falciparum homolog
of poly-ADP-ribose polymerase or of its counterpart poly-
ADP-ribose glycohydrolase, so if a DNA damage response
involving ADP-ribose does occur in this species, it might be
mediated by ADP-ribosylation via PfSir2. TbSIR2RP1 cer-
tainly seems to be involved in DNA damage survival in 7.
brucei (22). Alternatively, or perhaps additionally, mono-ADP-
ribosylation of histones could act like acetylation or methyl-
ation as a mark used to control chromatin structure, either for
transcriptional control or to facilitate DNA repair. However,
histones in mammalian cells can be modified on a range of
different residues, and sirtuins would be limited to modifying
lysine unless they can ultimately transfer ADP-ribose to an-
other acceptor residue within a target protein (Fig. 7, scheme
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FIG. 7. Model of reaction schemes showing possible ADP-ribosy-
lation and deacetylation outcomes of the sirtuin reaction. Scheme 1
shows the classical deacetylation reaction, producing O-acetyl-ADP-
ribose and a deacetylated lysine in the target protein. Scheme 2 shows
an ADP-ribosylation reaction in which ADP-ribose is either left at-
tached to the target lysine or subsequently transferred to another
residue within the target protein. Scheme 3 shows the transfer of
ADP-ribose to the sirtuin instead of to the target protein.

2). No mechanism for such a reaction has been published, but
the concept arises in a recent report showing that HsSIRT4
regulates mitochondrial glutamate dehydrogenase (27), which
is regulated by cysteine-specific rather than lysine-specific
ADP-ribosylation (32). If this is so, PfSir2 could potentially
modify a range of acceptor residues within its target histones,
widening its scope beyond the deacetylation of lysine.

The fact that ADP-ribosylation was detected on PfSir2 itself
as well as on its substrates may be due to the trapping of a
stable reaction intermediate in which ADP-ribose is bound to
PfSir2, or it may by due to the secondary transfer of ADP-
ribose onto other residues within the sirtuin (Fig. 7, scheme 3).
The fact that phosphodiesterase, an enzyme which cleaves
ADP-ribose, can reduce the size of freshly purified PfSir2
certainly suggests the latter, and intriguingly, this cleavage cor-
related with a severe reduction in deacetylase activity, suggest-
ing a positive regulatory role for the modification. The very low
level of ADP-ribosylation seen on recombinant ScSir2 has pre-
viously been proposed to play a regulatory role in vivo (56),
and it was recently reported that the correct function and
location of a Drosophila sirtuin depends upon poly-ADP-ribose
glycohydrolase, perhaps because a regulatory ADP-ribose
group(s) must be removed from this sirtuin for it to function
properly (60).

Turning to the possibility of using inhibitors or activators to
modify PfSir2 activity, all of the most commonly used com-
pounds that affect class I sirtuins were either ineffective or only
minimally effective on PfSir2, possibly due to the lack of con-
servation between PfSir2 and the S. cerevisiae sirtuin for which
these drugs were first selected (3). The exception was nicotin-
amide, a universal product of the NAD*-dependent deacety-
lase reaction which can act as a competing nucleophile attack-
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ing the peptidyl-ADP-ribose reaction intermediate (53). The
deacetylation of histones by PfSir2 could accordingly be com-
pletely inhibited by sufficiently high levels of nicotinamide and
at least partially inhibited within the K; range of the previously
studied class I enzymes ScSir2 and Hst2 (110 uM and 180 pM,
respectively) (50, 52). PfSir2 was much less responsive to nic-
otinamide when acting on a synthetic substrate, suggesting that
the enzyme’s configuration may be altered when it binds to an
actual physiological substrate. This is not without precedent, as
the sensitivity of ScSir2 to nicotinamide is also altered by its
binding to two different protein complexes in vivo (57). Inter-
estingly, nicotinic acid (metabolized to nicotinamide in an in
vivo mouse model) has been shown to directly modulate the
expression of virulence genes in a sirtuin-dependent manner in
the fungal pathogen Candida glabrata (13). This raises the
possibility of targeting PfSir2 as a means of altering virulence
gene expression and pathogenesis in P. falciparum.

In conclusion, this study characterizes PfSir2, which is one of
only two sirtuins in the most important human malarial para-
site, P. falciparum. PfSir2 is a genuine HDAC with all of the
properties required to act as a controller of the epigenetic
silencing of subtelomeric virulence genes. It is also an ADP-
ribosyltransferase, an activity that certainly merits further in-
vestigation, as it may reveal both regulatory mechanisms and
secondary functions for this sirtuin that are either related or
unrelated to epigenetic silencing. Little is currently known
about sirtuins in phylogenetic class III, and further work may
now clarify the precise targets of PfSir2 in vivo, the mecha-
nisms of its regulation, and the identity of any potential binding
partners, leading to a better understanding of class III sirtuins
in general and of epigenetic silencing in P. falciparum in par-
ticular.
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