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Abstract

The intracellular parasite Toxgplasma gondiiis a leading cause of congenital neurological defects.
To cause disease, it must reiterate its lytic cycle through host cell invasion, replication,and parasite
egress. This requires the parasite to sense changes in its environment and switch between the non-
motile (for replication) and motile (for invasion and egress) states appropriately. Recently, we
discovered a previously unknown mechanism of motility regulation in 7. gondii, mediated by a
lysine methyltransferase, AKMT (for Apical complex lysine (K) methyltransferase). When
AKMT is absent, activation of motility is inhibited, which compromises parasite invasion and
egress, and thus severely impairs the lytic cycle. Although the methyltransferase activity of
AKMT has been established, the phylogenetic relationship of AKMT with other better studied
lysine methyltransferases (KMTSs) was not known. Also unknown was the functional relationships
between different domains of AKMT. In this work we carried out phylogenetic analyses, which
show that AKMT orthologs form a new subfamily of KMTs. We systematically generated
truncation mutants of AKMT, and discovered that the predicted enzymatic domain alone is a very
poor enzyme and cannot complement the function of AKMT Jn vivo. Interestingly, the N- and C-
terminal domains of the AKMT have drastically different impacts on its enzyme activity,
localization as well as /n vivo function. Our results thus reveal that AKMT is an unusual, parasite-
specific enzyme and identified regions and interactions within this novel lysine methyltransferase
that can be used as drug targets.
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1. INTRODUCTION

The phylum Apicomplexa contains thousands of species, many of which are serious health
threats to humans [1]. Each year, more than 1 million lives are claimed by Plasmodium
falciparum infection. Another apicomplexan parasite, 7oxoplasma gondiiis one of the most
successful human parasites. Nearly 20% of the global population is permanently infected by
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T. gondii In otherwise healthy individuals, extracellular parasites are quickly eliminated by
the immune system, thus preventing the expansion of the population, but live parasites
persist within cysts in brain, skeletal and cardiac muscle. These latent parasites can
reactivate and regenerate the rapidly replicating form of the parasite if the immune system is
compromised, as in AIDS patients [2-8]. The consequences are devastating, including the
development of toxoplasmic encephalitis, a lethal disease if left untreated [9-15]. Another
important clinical setting for toxoplasmosis is the infection of unprotected fetus [16—25].
Congenital toxoplasmosis results in severe physical and mental defects and is a leading
cause of congenital neurological defects in the U.S.

To cause disease, 7. gondii (as well as other apicomplexan parasites) must reiterate its lytic
cycle through host cell invasion, parasite replication, and parasite egress, which requires that
the parasite switch between non-motile and motile states according to changes in its
environment [26-39]. Despite its importance in parasite physiology and the pathogenesis of
toxoplasmosis, little is known about how this switch is regulated. Recently we discovered a
key regulator of parasite motility, a lysine methyltransferase named AKMT (for Apical
complex lysine (K) methyltransferase) (GenBank: XP_002370918; ToxoDB:
TGME49_016080) [40]. When AKMT is absent, the parasite remains largely immotile.
Both invasion and egress, and thus the complete lytic cycle, are inhibited. Importantly, the
lysine methyltransferase activity of AKMT is required for its function. Interestingly, we
found that the localization of AKMT in T gondiiis sensitive to a potent motility-stimulating
signal - parasite cytoplasmic [Ca2*] increase,with AKMT departing from the apical complex
just before the onset of parasite motility and egress, suggesting that parasite motility might
be regulated through the precise temporal control of AKMT localization [40].

All members of the lysine (K) methyltransferase (KMT) family, except for the DOT1
family, contain a SET domain, which, together with clusters of zinc binding cysteines in the
pre and/or post-SET region, binds to the co-factor S-adenosyl-L-methionine (SAM) and
catalyzes the methyl transfer reaction to specific lysine(s) on the substrate [41, 42]. In this
study, we carried out phylogenetic analyses and found that AKMT orthologs form a clade
distinct from those of other known KMT families. To further understand the properties of
this unusual enzyme, we examined factors that might affect AKMT function /n vitroand in
vivo. We found that although AKMT localization in the parasite is sensitive to intra-parasite
[CaZ*], the enzymatic activity of AKMT is not. Truncation analyses showed that the
predicted enzymatic domain [the SET domain plus the cysteine cluster (SET-cys)] by itself
is only weakly active as a lysine methyltransferase, mislocalizes and cannot complement
AKMT function in the parasite.The truncation remains a poor enzyme when both the SET-
cys and the N-terminal domain of AKMT are included, although the N-terminal domain
does seem to have a moderate contribution to AKMT function and localization /in vivo. In
contrast, when the C-terminal domain AKMT is included together with SET-cys, it yields a
very active enzyme, which can also activate motility during egress, thus revealing the
importance of this module to AKMT function.

2. MATERIALS AND METHODS
2.1 Phylogenetic analysis

The phylogenetic tree was built using distance-based neighbor-joining method in PHYLIP, a
part of Unipro-UGENE (V 1.11) package with the Dayhoff PAM substitution model [43].
An alignment generated by T-Coffee [44] using the SET and post-SET domain of KMTs
comprising of apicomplexan KMTs as well as those from 10 other species including Homo
sapiens, Mus musculus, Gallus gallus, Xenopus laevis, Drosophila melanogaster, Danio
rerio,Caenorhabditis elegans, Dictyostelium discoideum, Saccharomyces cerevisiae, and
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Neurospora crassa. The trees were evaluated with 1,000 bootstrap replicates. Use of
alternative tree building methods did not significantly affect the results (not shown).

The accession numbers as well as the sequences used for building the phylogenetic tree are
included in the Supplementary Table 1.

2.2 Construction of expression plasmids

2.2.1 T. gondii expression plasmids—pmin-eGFP-AKMT-full-length was created as
described earlier [40]. AKMT truncation constructs pmin-eGFP-Nt, pmin-eGFP-Nt-SET-
cys, pmin-eGFP-SET-cys, pmin-eGFP-SET-cys- Ct, and pmin-eGFP-cys-Ct were created by
PCR amplification of truncated AKMT sequence by primer combinations shown in
Supplemental Table I, followed by digestion with Bglll and Aflll and subsequent cloning
into pmin-eGFP-AKMT-full-length replacing the full-length AKMT/BgllI-Aflll fragment.
To create ptub-mTagRFP-T-TgTUBA1, a DNA fragment containing mTagRFP-T with a C-
terminal SGLR linker was amplified by PCR with corresponding primers (Supplemental
Table I1) with pmin-mTagRFP-T-TgCentrin2_v2 (a kind gift from Dr. John Murray,
University of Pennsylvania) as the template, and digested with restriction enzymes Nhel and
Bglll. The digested fragment was then subcloned into the Nhel- Bglll site of ptub-
mCherryFP-TgTUBAL (A kind gift from Dr. John Murray, University of Pennsylvania) to
replace mCherryFP fragment with mTagRFP-T_SGLR linker.

2.2.2 Bacterial expression plasmids—pET22b-FLAG-AKMT-full-length was created
as described earlier [40]. AKMT truncation constructs pET22b-FLAG-Nt-SET-cys and
pET22b-FLAG-SET-cys were created by amplifying AKMT coding sequence from
PET22b-FLAG-AKMT-full-length as template and using primer combinations shown in
Supplemental Table Il. The PCR product was digested with Nhel and EcoRI and was
subcloned into the Nhel and EcoRl sites of pET22b-FLAG-AKMT-full-length. To create
pET22B-FLAG-SET-cys-Ct, a DNA fragment (flanked with Nhel-EcoRI) encoding 301-
709 aa of AKMT was first synthesized and cloned into the PUC57 simple plasmid to
generate pUC-Simple-SET-cys-Ct (constructed by Genescript, Inc, New Jersey, U.S.A). The
fragment was then isolated via Nhel-EcoRI digestion and then subcloned into the Nhel-
EcoRl sites of pET22B-FLAG-AKMT-full-length.

2.3 Parasite culture and transfection

7. gondii A akmttachyzoites generated in a previous study [40] were used in all
experiments. The parasites were maintained by continuous passage in human foreskin
fibroblasts (HFFs) as previously described [40]. For each 7. gondiitransfection, 30-50 ug of
DNA was electroporated into extracellular parasites harvested from 1 T12.5 flask (~2-3
%107 parasites) and suspended in apotassium-based "intracellular buffer" (120 mM KCI;
0.15 mM CacCly; 10 MM KHoPO4/K,HPO4 pH 7.6; 25 mM HEPES-KOH pH 7.6; 2 mM
Ko,EGTA pH 7.6; 5 mM MgCl,, pH adjusted with KOH) [45] containing 2 mM K,ATP and
5 mM glutathione. Electroporation was performed using a Harvard Apparatus BT X-
BCM®630 electroporator (Holliston, MA) with the electroporation voltage set at 1400 V,
capacitance set at 50 uF, and resistance set at 25Q.

2.4 Protein expression and purification

FLAG-tagged full-length and truncation constructs of AKMT were purified from BL21 E.
coli expressing corresponding plasmids as described previously [40]. Briefly, bacteria were
induced with 1 mM IPTG for ~20 hours at 16°C and lysed in lysis buffer (8 mM Tris-
Acetate pH 7.5, 7 mM Tris base pH unadjusted, 100 mM KAcetate, 1 mM MgAcetate)
containing 0.5% Triton-100 (TX-100), protease inhibitors (0.25 mM phenylmethanesulfonyl
fluoride, 10 pg/ml tosylphenylalanine chloromethyl ketone, 10 pg/ml N-tosyl- L-lysine

Mol Biochem Parasitol. Author manuscript; available in PMC 2014 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sivagurunathan et al.

Page 4

chloromethyl ketone, 10 ug/ml p- toluenesulfonyl-L-arginine methyl ester) and 4mM DTT.
The FLAG tagged protein was then purified using anti-FLAG M2 agarose (CAT# A2220:
Sigma) and eluted with 100 pg/ml FLAG-peptide (CAT# 3290: Sigma) in lysis buffer
containing 4 mM DTT. The eluted fractions were pooled and the pooled fractions were then
concentrated 18-25 fold using Amicon centrifugal filters (10000 — 50000 MWCO,
Millipore). Glycerol was added to concentrated proteins to a final concentration of 36% and
stored at —20°C.

2.5 Protein lysine(K) methyltransferase (PKMT) assay

PKMT assays were performed as described [40, 46, 47] with some modifications. For
activity assays with recombinant full-length and truncated AKMT proteins (FLAG-Nt-SET-
cys, FLAG-SET-cys-Ct, and FLAG-SET-cys), 30 pl reactions were set up with 0.2 — 1 g of
full-length or truncated AKMT proteins, 2 ug of Xenopus histone H3.3 (CAT# 14-411:
Millipore), 0.5mM DTT, 2.5 — 5 pM 3H-S-adenosyl-L-methionine (3H-SAM) (CAT#
NET155V250UC: Perkin Elmer) in "intracellular buffer" [45]. Reactions were incubated at
30°C for 60 minutes, and then stopped by adding LDS sample buffer and reducing agent and
10 min 70°C heating. Proteins in the reactions were resolved on 4-12% gradient bis-tris
NuPAGE gels (CAT# NP0332: Invitrogen). For detecting the methylated histone by
autoradiography, proteins resolved on NUPAGE gels were transferred to PVDF. To visualize
total proteins, the PVDF membranes were first washed twice in DPBS for 5 minutes each,
stained with amido black staining solution (0.1% amido black 10B, 45% methanol, 10%
acetic acid) for 5 — 10 min and rinsed briefly 4 — 6 times in destaining solution (90%
methanol and 2% acetic acid). The membranes were then air-dried,sprayed with
EN3HANCE Spray (CAT# 6NE970C: Perkin Elmer) per manufacturer’s instructions and
exposed to X-ray film for 2 —18 hr as necessary to detect the 3H signal incorporated into the
histone H3.3 protein. For determining the effect of free [Ca2*] on AKMT activity (Figure 2),
free [Ca2*] was buffered by EGTA and calculated using Theo Schoenmakers Chelator
program [48].

2.6 Immunofluorescence

For immunolabeling, parasites grown in HFF monolayer were fixed in 3.7% formaldehyde
in DPBS for 15 minutes and permeabilized with 0.25% TX-100 in DPBS for 15 minutes.
Cells were blocked with 1% BSA in DPBS for 30 minutes and then incubated in primary
and subsequently secondary antibody solutions for 1 hr each. All incubations were
performed at room temperature. Antibody dilutions were as follows: mouse anti-IMC1,
1:1000 (a kind gift from Dr. Gary Ward, University of Vermont); goat anti-mouse Alexa
568 (CAT# A11031: Molecular Probes-Invitrogen), 1:1000.

2.7 Fluorescence Imaging and line-scan analyses

2.7.1 Wide-field deconvolution—3-D image stacks were collected at 35-37°C at z-
increments of 0.2 um using an Applied Precision Delta Vision imaging station constructed
on an Olympus inverted microscope base. A 100X oil immersion lens (1.4 NA), and
immersion oil of refractive index 1.524 was used for the imaging. Deconvolved images were
computed using the point-spread functions and software supplied by the manufacturer. The
brightness and contrast of images used in the final figures were optimized for color prints.
The line-scan analysis tool in Metamorph software (Molecular Devices) was used for
obtaining fluorescence intensity (expressed as relative intensity) profiles.The area of
analysis was defined by a 3 pixel line width and a line length drawn to cover the apical
region of the parasite.
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2.7.2 Structured-illumination (SIM) based super-resolution imaging—3D image
stacks of live parasites maintained in CO, independent media (Sku# RR060058:Invitrogen)
containing 1% heat-inactivated bovine calf serum (CO, independent imaging media) were
collected at room temperature at z-increments of 0.125 um using an the OMX imaging
station (Applied precision-GE). A 100X oil immersion lens (1.4 NA), and immersion oil of
refractive index 1.516 was used for the imaging. Deconvolved images were computed using
the point-spread functions and software supplied by the manufacturer.

2.8 Live cell imaging and analyses of egress

Induced egress assay as described [40] was performed on A akmt parasites transfected with
eGFP-tagged full-length and truncated AKMT constructs for assessing functional
complementation. Briefly, transfected parasites were added to MatTek dishes containing a
confluent HFF monolayer and grown for ~35-40 hours. Cells were washed once and
incubated in 1.5 ml of CO5 independent imaging media. 0.5 ml of 20 uM A23187 in CO,
independent imaging media was then added to the MatTek dishes for a final concentration of
5 UM to induce egress. Images were collected at 35-37°C for 10-40 minutes on an Applied
Precision Delta Vision imaging station equipped with an environmental chamber. VVacuoles
that did not show any significant changes in the refractivity or morphology of the host nor
the parasites (likely due to inadequate exposure to the A23187) were excluded from the
analysis.

3. RESULTS
3.1 AKMT orthologs form a clade distinct from other KMTs

The KMTs have been classified into multiple subfamilies based on distinct features in the
amino acid sequences of various SET domains. Determining the phylogenetic relationship of
AKMT orthologs with respect to other KMTs will help us understand its function (if it
belongs to a certain subfamily) or reveal its novelty (if the AKMT orthologs form a distinct
cluster).There were two previous phylogenetic analyses of apicomplexan KMTs [49,
50].However, those studies either focused on KMTs in only Plasmodium sps [49] or did not
include AKMT orthologs [50].We therefore carried out phylogenetic analysis of SET and
post-SET domains in AKMT orthologs as well as those in members of known KMT families
using a distance based neighbor-joining method [43, 51] (Figure 1A, Supplementary Table
1).Our analysis shows that the TJAKMT is contained within a cluster that includes its
apicomplexan orthologs as well as several other putative apicomplexan KMTs that share
significant homology with the AKMTs in the C-terminal region of SET domain and in the
post-SET cysteine cluster. This AKMT-containing clade is adjacent to that of SMYDs
(Figure 1A), a family of KMTs involved in transcriptional regulation for oncogenesis as
well as developmental processes such as muscular differentiation [52-55]. This is consistent
with the results from a previous phylogenetic analysis of Plasmodium KMTSs [49].However,
although clustered closely to SMY Ds, multiple sequence alignment (Figure 1B) shows that
AKMT orthologs form a distinct subfamily. For instance, they lack a MYND zinc finger
domain within the SET domain, a unique and fundamental feature of the SMYDs. Further,
the highly-conserved post-SET cysteine cluster in AKMT orthologs (CXCX,CX11CX5C)
contains two extra cysteines and is considerably longer than that (CXCX,C) in SMYDs.
Besides the unusual enzymatic core, the regions in AKMT N- or C-terminal to this domain
are also novel and no significant homology is found outside Apicomplexa.

3.2 The enzymatic activity of AKMT in vitro is not sensitive to free [Ca2*]

Previous studies have shown that the motility activation leading to parasite egress can be
induced by calcium flux into the parasite [56, 57] and we have shown that the lysine
methyltransferase activity of AKMT is required for the parasite motility and that the
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localization of AKMT is sensitive to intra-parasite [Ca2*] [40]. It is therefore conceivable
that calcium might regulate the activity of AKMT. To test this hypothesis, we examined the
effect of varying concentrations of free calcium on the methyltransferase activity of AKMT,
using an artificial substrate (histone H3.3) and 3H labeled cofactor SAM in an in vitro
methylation assay (Figure 2). We found that the methylation of the substrate by AKMT is
not affected by varying concentrations of free calcium, suggesting that calcium flux does not
have a direct effect on regulating enzyme activity of AKMT. However, it is still possible
that its activity is indirectly regulated by calcium /n vivo, via for example, the activity of
calcium binding proteins, such as calmodulins, which are known to regulate the activity of
many signaling proteins, including the calmodulin dependent mediated kinases [58—-62] .

3.3 The predicted enzymatic domain (SET and post-SET cysteine cluster) only exhibits
weak methyltransferase activity

The SET domain (SET; 301-486 aa) and post-SET cysteine cluster (cys; 487-532 aa) are
the only recognizable features in AKMT (Figure 1B). Although we have previously shown
that a single point mutation within the SET domain (H447V) abolishes the enzyme activity
in vitro as well as the motility regulation function /n vivo [40], it was not known whether
this predicted enzymatic core is sufficient for these functions. Also not known is how other
domains of AKMT contribute to its function. To address these questions, we generated
recombinant proteins with N-terminal FLAG-tag for the truncations that include the SET
domain and the cysteine cluster (Figure 3A). We found that SET-cys (301-532 aa) exhibits
only weak methyltransferase activity (Figure 3B), producing signal only detectable upon
prolonged exposures. The inclusion of the N-terminal domain (Nt; 2—-300 aa) together with
SET-cys in the truncation (Nt-SET-cys; 2-532 aa) does not rescue the enzyme activity. In
contrast, SET-cys and the C-terminal domain (Ct;533-709 aa) together (SET-cys-Ct; 301-
709aa) constitute a robust enzyme, with an activity level similar to that of full-length AKMT
under the condition of this assay (Figure 3B). Therefore SET-cys is necessary [40], but not
sufficient for AKMT enzyme activity. Further, the N- and C- terminal domains of AKMT
have drastically different contributions to the enzyme activity /n vitro, with the N-terminal
domain being largely dispensable and the C-terminal domain being very crucial.

3.4 The C-terminal domain of AKMT is required for the proper localization of AKMT

How do these modules each contribute to AKMT behavior in the parasite? To address this
question, we first examined the localization of various AKMT truncations by transiently
expressing fusions with N-terminal eGFP-tag. To eliminate the interference from
endogenous AKMT, we expressed these fusion proteins in the AKMT knockout (A akmi)
mutant (Figure 4). In intracellular parasites, full-length AKMT is concentrated in the apical
complex (Figure 4). For both Nt-SET-cys and SET-cys, which displayed weak enzyme
activity /in vitro, a significant amount of the fusion proteins were found in the parasite body.
They were also localized to a perinuclear foci, likely to be the spindle pole of the parasite.
Nt-SET-cys and SET-cys are incorporated into the apical complex with different
consistency. Nt-SET-cys was incorporated into apical complex in all transfected cells
examined, but the apical localization of SET-cys was only detectable in some (Figure 4) but
not others (data not shown). In contrast to Nt-SET-cys and SET-cys, SET-cys-Ct, an active
enzyme /n vitro, is incorporated very efficiently into the apical complex, largely
recapitulating the localization of the full-length AKMT (Figure 4).Although unlike full-
length AKMT, some eGFP-SET-cys-Ct enters the nucleus (Figure 4B, white arrow), perhaps
due to its smaller size. Interestingly, the C-terminal 223 aa (cys-Ct) exhibited a completely
cytosolic distribution, indicating that an efficient targeting of AKMT to the apical complex
requires the coordination of at least two domains (SET-cys and Ct), and either part on its
own fails to properly localize. Upon closer examination, we noticed that when SET-cys was
incorporated into the apical complex, the shape of its apical labeling appeared to be different
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from those of other SET-cys containing constructs. To confirm this, we co-localized eGFP-
tagged full-length or truncated AKMT proteins (Nt-SET-cys, SET-cys, and SET-cys-Ct)
with a fluorescently tagged 7.gondii a1-Tubulin (TubA1), which marks the conoid- a
tubulin-containing substructure within the apical complex [63] (Figure 5, ¢f. Figure 4A). We
found that while the apical labeling of SET-cys is restricted to the conoid in most parasites
analyzed (78%, n=18), the full-length AKMT, SET-cys-Ct, or Nt-SET-cys is found in a
region anterior to the conoid (Figure 5A). Using a structured illumination (SIM) based
super-resolution imaging, we further confirmed that AKMT indeed resides in a ring-like
structure anterior to the conoid (Figure 5B). Thus, compared with SET-cys alone, there is a
change in apical labeling pattern when the N- and/or C-terminal domain is combined with
SET-cys. As the N- and C- terminal domains of AKMT themselves do not target to the
apical complex (cf. Figure 4), this suggests that new interfaces form when SET-cys and the
N- or C-terminal domains interact. This allows for the association with a different set of
proteins in the apical complex and results in a shift in apical localization. Further, consistent
with our previous hypothesis [40], AKMT localization to the apical complex is greatly
dependent on AKMT enzyme activity, for which the interaction between SET-cys and the
C-terminal domain is critical.

3.5 The C-terminal domain of AKMT is crucial to the motility regulating function of AKMT

How do the localization and enzymatic activity of these truncation products correlate with
their function 7n vivo? Our previous study showed that A akmt parasites display a motility
activation defect [40]. As a result, these parasites fail to exit the vacuole actively during
egress, although they are able to secret pore-forming proteins [e.g. Toxoplasma perforin-like
protein 1 [39] like the wild-type parasites to permeablize the host cell membrane [40]. To
test the functionality of the AKMT truncations, we transfected eGFP fusion of those that
contain the enzymatic core (SET-cys, Nt-SET-cys, and SET-cys-Ct), into A akmi parasites
and examined their ability to rescue the phenotype of the A akmt parasites during calcium
ionophore (A23187) induced egress (Figure 6). We found that upon A23187 exposure, in a
majority of the vacuoles containing parasites expressing SET-cys (97%, n=31 vacuoles) or
Nt-SET-cys (78%, n=38 vacuoles), no active parasite dispersion occurred despite efficient
permeabilization of the surrounding membrane (as indicated by the increase in refractivity
of the parasites and contraction of the host cell) (Figure 6). In 22% of vacuoles containing
parasites expressing Nt- SET-cys, active egress was observed. However, in these cases, the
egress was often incomplete, /.e. only a minority of the parasites actively exit with most
parasites in the vacuole remaining immobile. It also usually occurred with a significant
delay after membrane permeabilization. The slightly higher level of complementation in
parasites expressing eGFP-Nt-SET-cys compared with the those expressing eGFP-SET-cys
suggests that despite having no apparent effect on /n vitro enzyme activity, the N-terminal
domain of AKMT contributes, albeit very modestly, to motility activation /in vivo. In
contrast to the low level of complementation by Nt-SET-cys, complete and active egress
occurred in a majority of vacuoles (~75%, n=39) containing the eGFP-SET-cys-Ct
expressing parasites. Further, in these vacuoles, egress and membrane permeabilization
occurred nearly simultaneously (Figure 6), similar to parasites expressing full-length AKMT
(98% active egress, n=37). eGFP-SET-cys-Ct-expressing parasites that failed to actively
egress (25%) all had a very high level expression of the truncation (data not shown),where
the truncation is no longer predominantly localized to the apical complex, but also found at a
high level in the cytoplasm and nucleus (likely due to the saturation of the binding sites in
the apical complex). We suspect that the lack of egress in these vacuoles reflects an indirect
effect of over-expression induced toxicity. The C-terminal domain of AKMT therefore is
crucial to not only the enzymatic activity, but also the motility regulating function of AKMT
in the parasite.
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4. DISCUSSION

Lysine methylation was first extensively studied in histones [64—70] and later in other
nuclear proteins, such as p53, for its role in transcription control [53, 71, 72]. In 7. gondij,
the first characterized histone lysine methyltransferase (KMT) was TgSETS8, which is
capable of mono-, di- and trimethylating histone H4 and was found to associate with
hetereochromatic domains in chromatin immunoprecipitation experiments [50]. Another
interesting nuclear KMT identified in 7. gondiiis TgKMTox, which forms a complex with
peroxiredoxin-1 and might be involved in oxidative stress responses by regulating the
expression of relevant genes [70].Recently, a histone H3 lysine 4 methyltransferase,
PfSET10, has been shown to specifically associate with the vargene locus in Plasmodium
falciparum. The disruption of its function appears to affect the expression level of certain var
genes [73]. Although AKMT can methylate histones /n vitro, several observations in our
previous work make it highly unlikely that AKMT regulates motility by controlling gene
expression [40]. First, canonical histone lysine methyltransferases are chromatin-bound
proteins concentrated in the nucleus, whereas AKMT is undetectable in the nucleus.
Furthermore, inhibition of transcription and translation has no effect on AKMT regulatory
function. In recent years, it becomes increasingly clear that the lysine methylation of non-
nuclear proteins is common. These proteins span a variety of functions,including a
chloroplast protein (Rubisco, for ribulose- 1,5-bisphosphate carboxylase/oxygenase) [74,
75], a mitochondrial protein (cytochrome C) [76, 77], a growth factor receptor (vascular
endothelial growth factor receptor 1) [78], calmodulin [79], an ATP-Synthase [80] and
several ribosomal proteins [81]. However, the purpose for these modifications remains
poorly understood. AKMT provides a clear example that lysine methylation is directly
involved in an important cellular function (motility regulation) other than transcriptional
control [40]. Our previous work demonstrated that AKMT and its enzyme activity are
crucial in regulating the motility state switch of 7. gondii, an essential step in the lytic cycle
of this parasite. Here we further characterized this protein and found that the AKMT
orthologs form a new subfamily. We also discovered that besides the SET domain
containing enzymatic core, the C-terminal 177 aa of AKMT are also required for AKMT
functions. These two modules together constitute a protein that is necessary and sufficient to
function as a lysine methyltransferase, to efficiently localize the protein to the apical
complex, as well as to regulate motility regulation during induced egress.

In our phylogenetic analysis, the AKMT and SMYD families branch off from a common
node. However, they have clearly diverged from each other during evolution before the
speciation of the apicomplexan parasites. Further, orthologs of AKMT are found in the
genomes of other apicomplexan parasites such as Plasmodium sps, but not in animals.
AKMT thus represents a new subclass of lysine methyltransferases distinct from those in the
host, therefore could be a target for treatment and preventive measures.

SET and post-SET domains from certain KMTs, such as SET8 or ASH1, form an active
methyltransferase [82, 83]. SET-cys in AKMT, which contains the predicted SET domain
and the post-SET cysteine cluster, displays only very poor methyltransferase activity /in
vitro. The addition of the N-terminal domain of AKMT to SET-cys appears to have little
effect on the enzymatic activity of AKMT Jn vitro when histone H3.3 is used as the artificial
substrate.However, compared with SET-cys, Nt-SET-cys displays a slightly higher level of
in vivo complementation and its localization pattern within the apical complex is also more
similar to that of wild-type AKMT allele, suggesting that the N-terminal domain might serve
minor modulating role for AKMT function via regulating its /n vivo activity and/or
localization. In contrast to the very modest contribution of the N-terminal domain to AKMT
function, the C-terminal 177 aa of AKMT is clearly important. The truncation (SET-cys-Ct)
that includes both SET-cys and Ct to a large extent mimics the /n vitro activity, in vivo
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complementation and localization of the wild-type allele. This reveals that the C-terminal
domain contains novel features that coordinate with the enzymatic core for processing
substrates, which in turn is critical for protein localization and function /in vivo. Importantly,
this domain is well conserved within Apicomplexa. The C-terminal domain of 7. gondii
AKMT shares ~44% identity with the P. falciparum ortholog in the corresponding region,
but no significant homology is found with any animal proteins. Thus the novel SET and the
C-terminal domain, as well as the interaction between these two modules provide promising
targets for designing drug for treating or preventing infection by this large group of
important parasites.

In sum, AKMT is a novel KMT with interesting features both in terms of its domain
structure as well as its function /n vivo. Future work including comprehensive identification
of substrates, interaction partners, and small-molecule inhibitors will further elucidate how
this new class of KMTSs functions as a key enzyme and a motility regulator, which will
facilitate a deeper understanding of KMT biology in general.
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A) Phylogenetic analysis of SET and post-SET domains from AKMT orthologs and KMTs
representing several other subfamilies of SET-domain containing methyltransferases. The
tree shows that AKMT orthologs form a distinct clade close to the SMYD subfamily. Gene
identifiers used are either accession numbers or, when available, annotated gene names in

publicly accessible databases (e.g. GenBank, EuPathDB or ToxoDB). The names for

apicomplexan KMTs are shaded (AKMTs in red and others in light blue). The name and

branches of each subfamily are color-coded. Bootstrap percentages higher than 20 are

displayed.
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B) Protein sequence alignment of AKMT SET and post-SET domains with representative
members of the KMT superfamily. Green highlighting indicates highly conserved motifs
found in SET domain-containing proteins. Letters highlighted in red indicate cysteine
cluster. Note that although AKMTs and SMYDs clusters are closely placed in the
phylogenetic analysis, they each have some distinct features. SMYDs have a MYND zinc
finger domain (highlighted in blue) within the SET domain, a unique and fundamental
feature of this subfamily. The post-SET cysteine cluster in AKMTs (CXCX,CX11CX5C)
contains 2 more cysteine residues and is significantly longer than that (CXCX,C) in
SMYDs. Accession numbers of the proteins used in the alignment are: AKMT_T.gondiii:
TGME49_016080, AKMT_N.caninum.: NCLIV_060040, AKMT_P.falciparum.
PF3D7_1115200, AKMT_C.parvum. cgd4_2090, AKMT_B.bovis: BBOV_I1V010830,
AKMT_T.annulata: TA06820, SMYD2_H.sapiens: NP_064582, SUV4-20H1_H.sapiens:
NP_060105, SUV 31 _H.sapiens: NP_003164, EZH1_H.sapiens: NP_001982,

SET1 S.cerevisiae. EDN62358, SETD2 H.sapiens: NP_054878, SETD8_H.sapiens.
QINQR1, SETD7 Mus musculus: NP_542983, R1.Z_H.sapiens. Q13029.
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Figure 2. The effect of free calcium concentration on AKMT lysine methyltransfer ase activity
In vitro methyltransferase assays were performed with 2 pg Xenopus histone H3.3, 2.5
UM 3H-SAM and 0.2 pg of recombinant FLAG-AKMT-full-length in the presence of <
0.001 pM , 10 UM, 30 uM, 90 pM, and 180 uM free Ca2*. Top: Blot stained with amido
black showing total histone H3.3. Bottom: Autoradiograph showing 3H signals.
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Figure 3. In vitro analyses of the lysine methyltransferase activity of AKMT truncations
A) Schematic representation of the full-length and truncated AKMT proteins used in the
study. Full-length: 2-709 aa; Nt: 2-300 aa; Nt-SET-cys: 2-532 aa; SET-cys: 301-532 aa;

SET-cys-Ct: 301-709 aa; cys-Ct: 487-709 aa.

B) /n vitro methyltransferase assays were performed on histone H3.3 with FLAG tagged
recombinant full-length and truncated AKMT constructs that contain the putative enzymatic
core, the SET-cys domain. Top: Blot stained with amido black showing total protein in the
reactions: histone H3.3 alone (lane 1), full-length alone (lane 2), full-length + histone H3.3
(lane 3), SET-cys-Ct alone (lane 4), SET-cys-Ct + histone H3.3 (lane 5), Nt-SET-cys alone
(lane 6), Nt-SET-cys + histone H3.3 (lane 7), SET-cys alone (lane 8), and SET-cys + histone

Mol Biochem Parasitol. Author manuscript; available in PMC 2014 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sivagurunathan et al.

Page 19

H3.3 (lane 9). The protein truncations are indicated by an asterisk and the position of histone
H3.3 is indicated by the arrowhead. Bottom: Autoradiographs showing 3H signals of the
same blot after 2 hour (for all lanes) and 18 hour (for lanes 6-9) exposures. The irregularly-
shaped dark spot observed (lane 6) in the 18 hr exposure panel is an artifact.
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Figure4. Cellular localization of the AKMT truncations

A) Cartoon drawing showing several membrane and cytoskeletal structures referred to in the
text. For clarity, cortical microtubules of the parasite are not shown. PM: Plasma Membrane.
IMC: Inner Membrane Complex

B) Immunofluorescence of intracellular parasites expressing eGFP-tagged full-length, Nt,
Nt-SET-cys, SET-cys, SET-cys-Ct, or cys-Ct in the Aakmtbackground. Similar to full-
length AKMT, SET-cys-Ct is incorporated into the apical complex (green arrow) very
efficiently. SET-cys-Ct also shows faint nuclear localization (white arrow). Nt, Nt-SET-cys
and SET-cys are predominantly distributed in the cytoplasm and found in a perinuclear foci
(green arrowheads), likely to be the spindle pole. Nt-SET-cys is incorporated into the apical

Mol Biochem Parasitol. Author manuscript; available in PMC 2014 May 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sivagurunathan et al.

Page 21

complex in all transfected cells examined, but the apical localization of SET-cys was only
detectable in some (as shown), but not others (data not shown). cys-Ct is cytoplasmic. Each
image is the sum projection of a deconvolved 3D stack. Red: anti-IMC1, outlining the
parasite periphery; Green: eGFP fluorescence. The host cells occupy the dark space. They
are not visible in these images, because they are not fluorescently labeled.
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Figure5. Colocalization of the AKMT truncationsand T. gondii a.1- tubulin

A) Intracellular Aakmt parasites co-expressing mTAG-RFP-TgTUBAL with eGFP tagged
SET-cys, Nt-SET-cys, SET-cys-Ct, or full-length. To facilitate the line-scan analyses,
maximum intensity projections of deconvolved 3-D stacks are used. Red: mTAG-RFP-
TgTUBAL; Green: eGFP fluorescence. Insets: 2X.

B) Structured illumination-based super-resolution imaging of dividing intracellular parasites
co-expressing mCherryFP-TgTUBA1 and eGFP-AKMT-full length in the A akmt
background. Arrowheads: daughters. Arrows: daughter cortical microtubules. Contrast of
the mCherryFP-TgTUBAL image is adjusted to display the daughter cortical microtubules.
Insets: 2X. Line-scans represent fluorescence intensity variation along the region indicated
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by the white dotted lines. Green:AKMT. Red: TUBAL. X-axis: distance in pixels. Y-axis:
relative intensity in arbitrary units.

Mol Biochem Parasitol. Author manuscript; available in PMC 2014 May 17.



Sivagurunathan et al.

1duosnuey JoyIny vd-HIN

Z
D
Y
>
>
C
—+
>
o
=
<
QD
-]
C
[%2)
Q
g

Figure 6. Functional complementation by AKMT truncationsin Aakmt parasites

Images show the representative results from induced egress experiments of Aakmt parasites
expressing eGFP tagged full-length, Nt-SET-cys, SET-cys, SET-cys-Ct. Active dispersion
occurred in most vacuoles containing parasites expressing eGFP-tagged full-length or SET-
cys-Ct upon 5 uM A23187 exposure. In these vacuoles, egress and membrane
permeabilization occurred nearly simultaneously (White arrows in the full-length and SET-
cys-Ct “A23187 response” panels indicate moving parasites). However, most parasites
expressing eGFP tagged SET-cys and Nt-SET-cys failed to actively exit the vacuole despite
efficient vacuole permeabilization (as evidenced by the increase in refractivity of the
culture).
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