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Abstract
Plasmodium falciparum Sir2A (PfSir2A), a member of the sirtuin family of nicotinamide adenine
dinucleotide-dependent deacetylases, has been shown to regulate the expression of surface
antigens to evade the detection by host immune surveillance. It is thought that PfSir2A achieves
this by deacetylating histones. However, the deacetylase activity of PfSir2A is weak. Here we
present enzymology and structural evidences supporting that PfSir2A catalyzes the hydrolysis of
medium and long chain fatty acyl groups from lysine residues more efficiently. Furthermore, P.
falciparum proteins are found to contain such fatty acyl lysine modifications that can be removed
by purified PfSir2A in vitro. Together, the data suggest that the physiological function of PfSir2A
in antigen variation may be achieved by removing medium and long chain fatty acyl groups from
protein lysine residues. The robust activity of PfSir2A would also facilitate the development of
PfSir2A inhibitors, which may have therapeutic value in malaria treatment.

Sirtuins are a family of enzymes known as nicotinamide adenine dinucleotide (NAD)-
dependent deacetylases (1, 2). They regulate a variety of biological processes, including
transcription and metabolism (3, 4). Plasmodium falciparum (P. falciparum) contains two
sirtuins, PfSir2A and PfSir2B (5). It was shown that these two sirtuins regulate the
expression of surface antigens to evade the detection by host immune surveillance (6, 7).
Thus, inhibiting these sirtuins may help fight malaria. It was thought that PfSir2A and
PfSir2B achieve this physiological function by deacetylating histones. In vitro studies on
PfSir2A showed that it has deacetylase activity (8). However, the activity was weak
compared to several other sirtuins (9), such as human Sirt1 and yeast Sir2. It was also
reported that PfSir2A had ADP-ribosyltransferase activity (8). However, several reports
questioned whether the ADP-ribosyltransferase activity of sirtuins was physiologically
relevant since the measured activity of several sirtuins was weak (10, 11).

In addition to acetylation, lysine propionylation and butyrylation have been reported as
posttranslational modifications that occur on proteins, including histones (12–14). Many
fatty acyl-CoA molecules exist in cells as metabolic intermediates. If the shorter chain fatty
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acyl-CoA molecules (acetyl-CoA, propionyl-CoA, and butyryl-CoA) are used as acyl donors
to modify proteins, it is possible that longer chain fatty acyl-CoA molecules can also be used
to modify proteins. Given that PfSir2A’s deacetylase activity is weak, we set out to
investigate whether longer chain fatty acyl lysine can be accepted as better substrates by
PfSir2A.

PfSir2A was expressed in E. coli and affinity purified to near homogeneity. For substrates,
we synthesized histone H3 Lys9 (H3K9) peptides bearing acetyl, butyryl, octanoyl, and
myristoyl groups on Lys9. A high-pressure liquid chromatography (HPLC) assay was used
to monitor the activity of PfSir2A on these different acyl peptides. Interestingly, all four acyl
peptides could be hydrolyzed (Figure 1a). The butyryl, octanoyl and myristoyl peptides
could be hydrolyzed more efficiently than the acetyl peptide. The myristoyl peptides
appeared to be hydrolyzed most efficiently.

To quantitatively compare the activity of PfSir2A on different acyl peptides, kinetic studies
were carried out. The kinetics data (Table 1) suggested that acetyl H3K9 peptide was the
least efficient substrate among the four acyl peptides tested, with a kcat/Km of 26 s−1M−1.
The kcat/Km value for deacetylation was comparable to that reported by Sauve and
coworkers (9). The butyryl, octanoyl, and myristoyl peptides were hydrolyzed with much
higher catalytic efficiencies. In particular, the catalytic efficiencies for the hydrolysis of
myristoyl peptide were more than 300-fold higher than that for the hydrolysis of acetyl
peptide. The Km value for the myristoyl peptide was lower than 1 μM (PfSir2A was
saturated with 2 μM of the myristoyl peptide. The Km value could not be accurately
determined because of the detection limit at low substrate concentrations). The enzymology
data demonstrated that PfSir2A preferentially hydrolyzes medium and long chain fatty acyl
lysine.

To understand the structural basis for PfSir2A’ preference for longer chain fatty acyl groups,
we co-crystallized PfSir2A with an H3K9 myristoyl peptide to generate the PfSir2A-H3K9
myristoyl complex. The co-crystal was then soaked briefly in an NAD solution to obtain a
ternary complex of PfSir2A with H3K9 myristoyl peptide and NAD. The structures were
solved using molecular replacement with the deposited PfSir2A structure PDB 3JWP as the
search model. The overall structure of PfSir2A was similar to other sirtuins, containing a
small Zn-binding domain and a large Rossmann fold domain (Figure 2a) (15–18). The two
substrates, H3K9 myristoyl peptide and NAD, bound to the cleft between the two domains.
This binding mode of the two substrates was similar with the reported ternary complex
structures of other sirtuins. For instance, the peptide substrates of the Thermotoga maritima
Sir2 (Sir2Tm, PDB 2H4F, one of the first sirtuin ternary complex structures with both NAD
and acetyl peptide bound) and PfSir2A superimposed well (Figure 2b) (19). The interactions
between PfSir2A and H3K9 myristoyl peptide mainly came from main chain hydrogen
bonds (Figure 2c), in agreement with other studies of sirtuins (19). Compared with the
structure without any acyl peptide bound (PDB 3JWP), the binding of H3K9 myristoyl
peptide to PfSir2A caused the Zn-binding domain to rotate clockwise to the Rossmann fold
domain, so that PfSir2A moved from an open state to a close state which is similar to that
observed in Sir2Tm (Figure 2d) (19). However, different from Sir2Tm, PfSir2A had a long
open hydrophobic tunnel that accommodated the myristoyl group (Figure 2e). The
hydrophobic tunnel was surrounded by several hydrophobic residues (Ile45, Trp56, Ile77,
Ile80, Ile84, Ile90, Val116, Val135, Phe136, Ile178, and Leu181). This structure feature
suggested that PfSir2A was optimized for recognizing fatty acyl groups.

The enzymology and structural data led to the hypothesis that PfSir2A may function to
remove medium and long chain fatty acyl groups in malaria parasite. Protein lysine
myristoylation has been reported to occur on several mammalian proteins (20, 21). To test
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whether malaria parasite proteins have medium or long chain fatty acyl modifications on
lysine residues, a sensitive assay was developed to detect the presence of fatty acyl lysine in
malaria parasites. With the use of 32P-NAD, the formation of fatty acylated ADP-ribose
(ADPR) in PfSir2A-catalyzed defatty acylation of synthetic acyl peptides can be detected
after thin-layer chromatography (TLC) separation and autoradiography. Longer chain fatty
acyl ADPR species were more hydrophobic and thus moved faster than shorter chain fatty
acyl ADPR species (Figure 1b). Notably, most NAD molecules were consumed when
octanoyl and myristoyl peptides were incubated with PfSir2A, while there were still NAD
molecules left when acetyl and butyryl peptides were incubated with PfSir2A. This
observation confirmed the kinetic studies that octanoyl and myristoyl peptides were more
efficient substrate for PfSir2A. When total protein extracts of malaria parasites were
incubated with 32P-NAD and PfSir2A, the formation of a longer chain fatty acyl ADPR was
detected. The position of the fatty acyl ADPR was similar to that formed in the reactions
with synthetic octanoyl and myristoyl peptides, suggesting that fatty acyl group on P.
falciparum proteins should have a similar chain length. The intensity of the fatty acyl ADPR
spot was weak, suggesting that the concentration of the fatty acyl peptide in the P.
falciparum protein extract was low. However, we could repeatedly detect this spot using
the 32P-NAD assay. In addition, compared with the negative control without PfSir2A, the
intensity for the acetyl ADPR spot did not increase. Therefore, PfSir2A’s deacetylase
activity could not be detected using P. falciparum protein extract, but the activity of
removing longer fatty acyl groups could be detected.

In summary, our enzymology and structural data demonstrated that PfSir2A was more
efficient at removing medium and long chain fatty acyl groups than acetyl groups from
peptides. Although it is known that other sirtuins can also hydrolyze propionyl and butyryl
lysine, but the activity is typically weaker than the hydrolysis of acetyl lysine (22, 23).
Therefore, our work demonstrates for the first time that longer fatty acyl lysines can be the
preferred substrate for a sirtuin. The biochemical data suggest that P. falciparum proteins
contain such fatty acyl lysine modifications, which can be removed by PfSir2A in vitro. The
data imply that the biological function of PfSir2A may be achieved by its activity of
removing medium and long chain fatty acyl groups. The detailed structures of the fatty acyl
groups and the abundance of such modifications in comparison to the well-known acetyl
lysine modification await future studies. The finding that PfSir2A could remove longer fatty
acyl groups suggests that other sirtuins, especially those that have weak or no deacetylase
activity, may also have this activity. Sirtuins should therefore be called “NAD-dependent
deacylases”, instead of “NAD-dependent deacetylases”. The discovery of a robust activity
for PfSir2A will also facility the development of PfSir2 inhibitors, which may have
therapeutic value in treating malaria.

Methods
Cloning, expression, and purification of PfSir2A

PfSir2A gene was custom synthesized by Genscript. The sequence was codon optimized for
overexpression in E. coli and cloned into pET-28a(+) vector with BamHI and XhoI
restriction sites. The PfSir2A expression vector was then introduced into an E. coli BL21
with pRARE2. Successful transformants were selected by plating the cells on kanamycin (50
mg mL−1) and chloramphenicol (20 mg mL−1) luria broth (LB) plates. Single colonies were
selected and grown in LB with kanamycin (50 mg mL−1) and chloramphenicol (20 mg
mL−1) overnight at 37°C. On the following day the cells were then subcultured (1:1000
dilution) into 2 L LB with kanamycin (50 mg mL−1) and chloramphenicol (20 mg mL−1).
The cells were induced with 500 μM of isopropyl β-D-1-thiogalactopyranoside (IPTG) at
OD600 of 0.6 and grown overnight at 15°C, 200 rpm. The cells were harvested by
centrifugation at 6000 rpm for 10 minutes at 4°C (Beckman Coulter Refrigerated Floor
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Centrifuge) and passed through an EmulsiFlex-C3 cell disruptor (AVESTIN, Inc.) 3 times.
Cellular debris was removed by centrifuging at 20000 rpm for 30 minutes at 4°C (Beckman
Coulter). The protein was purified using gravity flow Ni-affinity chromatography (Sigma)
and dialyzed into 25 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT, 10% (v/v) glycerol. The
proteins were then aliquoted and kept frozen at −80°C. For crystallization, the His6 tag of
PfSir2A was removed by overnight incubation at 4°C with 30 unit mL−1 of thrombin
(Haematologic Technologies Inc.), followed by Ni-affinity column purification to remove
any undigested PfSir2A. The tag-free PfSir2A was further purified on a Superdex™ 75
column (Bio-rad), dialyzed into 20 mM HEPES, pH 7.1, 20 mM NaCl, 5 mM DTT, 3% (v/
v) glycerol, concentrated into 10 mg mL−1, frozen in liquid nitrogen, and stored at −80 °C
for crystallization.

Synthesis of acyl peptides
Detailed procedure can be found in the Supporting Information. The identities of the
peptides were confirmed using LCMS (LCQ Fleet, Thermo Scientific, Supplementary
Figure 1);

HPLC assay and kinetics
Activity of PfSir2A was detected using HPLC. The reactions contained 20 mM of Tris pH
8.0, 1 mM DTT, 20 μM H3K9 modified peptide, 1 mM of NAD and 1 μM of PfSir2A and
was incubated at 37°C for 1 hour. The reaction was quenched with 1 volume of 10% (v/v)
TFA and spun down for 10 minutes at 18,000 g to separate the PfSir2A from the reaction.
The supernatant was then analyzed by HPLC.

For kinetics, 1 mM of NAD, 20 mM Tris pH 8.0, 50 mM DTT, 0.5 μM (for butyryl,
octanoyl and myristoyl H3K9 peptides) or 1 μM of PfSir2A (for acetyl H3K9 peptide) was
used.. Peptide concentration used for H3K9 acetyl and butyryl were both 2, 4, 8, 16, 32, 64,
128, and 256 μM with an incubation time of 40 and 20 minutes, respectively. Peptide
concentration used for H3K9 octanoyl was 1, 2, 4, 8, 16, 32, 64, and 128 μM with an
incubation time of 15 minutes. Peptide concentration used for H3K9 myristoyl was 1, 2, 3,
4, 5, 6, 8, and 16 μM with an incubation time of 1 minute. The stock solutions of the
different peptides were made in different solvents. H3K9 acetyl was stored in water while
butyryl and octanoyl peptides were stored in 1:1 (v/v) DMSO:water. The myristoyl peptide
was stored in DMSO. If only water was used to dissolve them, the peptides would stick to
the plastic tubes used and led to errors in the concentrations. The amount of DMSO in the
assays varied from 0 to 10% by volume. The quenched reactions were then analyzed by
HPLC using a reverse phase analytical column (Sprite TARGA C18, 40 × 2.1 mm, 5 μm,
Higgins Analytical, Inc.) with a 0% to 70% B gradient in 8 minutes at 1 mL/min. The acetyl
peptide has a very close retention time to the unmodified peptide and a different column was
used to separate the peaks (Kinetex XB-C18 100A, 75 × 4.60 mm, 2.6 um, Phenomenex).
The product peak and the substrate peaks were quantified and converted to initial rates,
which were then plotted against the modified peptide concentration and fitted using the
Kaleidagraph program.

32 P-NAD assay
The reaction contained 50 mM Tris pH 8.0, 150 mM NaCl, 10 mM DTT, 60 μM H3K9
modified peptide, 0.1 μCi of 32P-NAD (American Radiolabeled Chemicals, ARP 0141–250
μCi) and 1 μM of Pfsir2A and was incubated at 37°C for 1 hour.

P. falciparum whole cell lysate (100 μL) was denatured with 6 M of Urea, 15 mM of DTT at
37°C for 15 minutes. Alkylation was carried out with 50 mM of iodoacetamide in the dark at
RT for 1 hour. The solution was then diluted with 50 mM Tris pH 7.4 cotaining 1 mM
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CaCl2 so that the final concentration of urea was less than 0.75 M. Trypsin was added at 0.1
μg/μL and the solution was incubated overnight at 37°C. The digest was quenched with 10%
TFA (v/v, final pH of 2–3) and desalted with a Waters C18 Sep-Pak column. The peptides
were eluted 5 times with 1 mL of 90% ACN/0.1% TFA (v/v) and lyophilized. The peptides
were then solubilized in 50 μL of water and 1 μL was used in the 32P-NAD assay under
conditions described above. The reaction was incubated at 37°C for 15 minutes and 1 μL of
the reaction mixture was spotted onto a polyester backed silica plate (100 μm thick, Waters).
After the spots were dried, the plate was developed in 30:70 (v/v) 1M ammonium
bicarbonate:95% ethanol. The plate was dried and exposed overnight in a PhosphorImaging
screen (GE Healthcare). The signal was detected using a STORM860 phosphorimager (GE
Healthcare).

Crystallization, data collection, and structural refinement
PfSir2A was mixed with 10 equivalent of H3K9 myristoyl, diluted into 3 mg mL−1 with
crystallization buffer, and incubated on ice for 30–60 minutes. Crystals were grown at room
temperature with hanging drop vapor diffusion method at the condition of 16% (w/v) PEG
3350, 0.1 M NaF, 7% (v/v) formamide. PfSir2A-H3K9 myristoyl co-crystals were soaked in
the cryoprotectant solution (18% (w/v) PEG 3350, 0.1 M NaF, 10% (v/v) formamide, 15%
(v/v) glycerol) with 10 mM NAD for 2–10 minutes at room temperature immediately before
data collection. All data were collected at Cornell High Energy Synchrotron Source F2
station. The data were processed using the programs HKL2000 (24). Using the program
Molrep from the CCP4 suite of programs (25), the structures were solved by molecular
replacement with PfSir2A-AMP structure (PDB code: 3JWP) as the search template.
Refinement and model building were performed with REFMAC5 and COOT from CCP4.
The X-ray diffraction data collection and structure refinement statistics were shown in
Supplementary Table 1. Atomic coordinates and structure factors were deposited in the
Protein Data Bank under accession codes 3U3D and 3U31 for PfSir2A-myrH3K9 and
PfSir2A-myrH3K9-NAD, respectively.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PfSir2A could hydrolyze medium and long chain fatty acyl lysine more efficiently than
acetyl lysine. a) Overlaid HPLC traces showing PfSir2A-catalyzed hydrolysis of different
fatty acyl lysine peptides. Acyl peptides were used at 20 μM, PfSir2A at 1 μM, and NAD at
500 μM. The corresponding synthetic peptide without any acyl lysine modification
(H3K9WW unmodified) was used as the control to indicate the position of the hydrolysis
product formed. b) 32P-NAD assay could detect the presence of medium or long chain fatty
acyl lysine modifications on P. falciparum proteins. PfSir2A were incubated with 32P-NAD
and synthetic peptides bearing different acyl modifications. Negative controls were reactions
without PfSir2A or peptides. The reactions were resolved by TLC and detected by
autoradiography. With P. falciparum peptides (last two lanes), the acyl ADPR spot formed
was similar to the C8–C14 acyl ADPR, suggesting that such fatty acyl groups were present
and could be removed by PfSir2A.
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Figure 2.
Structural basis for the recognition of myristoyl lysine by PfSir2A. a) Overall structure of
PfSir2A. The Fo-Fc map at 1.6σ shows the H3K9 myristoyl peptide (green) and NAD
(yellow) at the active site. b) The structural alignment between Sir2Tm (blue) and PfSir2A
(grey). The positions of H3K9 myristoyl peptide and NAD in PfSir2A were similar to the
positions of acetyl peptide and NAD in Sir2Tm. c) Hydrogen bonding interactions between
the H3K9 myristoyl peptide (green) and PfSir2A (grey). d) Structural alignment between
PfSir2A-AMP (cyan, PDB code: 3JWP) and PfSir2A-myrH3K9 showed that the binding of
the substrate peptide myrH3K9 drove PfSir2A from an inactive open state to an active close
state. e) PfSir2A had a long open hydrophobic tunnel which accommodated fatty acyl
groups. PfSir2A surface representation: grey; myristoyl lysine: green; hydrophobic residues:
orange.
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Table 1

Kinetics data for PfSir2A on different acyl peptides

substrate kcat (s−1) Km for peptide (μM) kcat/Km (s−1M−1)

H3K9 acetyl 0.001 ± 0.0002 39 ± 9 2.6 × 101

H3K9 butyryl 0.001 ± 0.0002 8 ± 1 1.6 × 102

H3K9 octanoyl 0.001 ± 0.004 1.2 ± 0. 3 9.2 × 102

H3K9 myristoyl 0.01 ± 0.002 <1.0a >1.0 × 104

a
The Km value cannot be accurately determined due to the detection limit when substrate concentration was lower than 1 μM.
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