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elF4F-like complexes formed by cap-binding homolog
ThEIF4E5 with TbEIF4G1 or TbEIF4G2 are implicated
in post-transcriptional regulation in Trypanosoma brucei
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ABSTRACT

Members of the eIF4E mRNA cap-binding family are involved in translation and the modulation of transcript availability in other
systems as part of a three-component complex including elF4G and elF4A. The kinetoplastids possess four described elF4E and five
elF4G homologs. We have identified two new elF4E family proteins in Trypanosoma brucei, and define distinct complexes
associated with the fifth member, TbEIF4E5. The cytosolic TbEIF4E5 protein binds cap O in vitro. TbEIF4E5 was found in
association with two of the five TbEIF4Gs. TbIF4EG1 bound TbEIF4E5, a 47.5-kDa protein with two RNA-binding domains, and
either the regulatory protein 14-3-3 Il or a 117.5-kDa protein with guanylyltransferase and methyltransferase domains in a
potentially dynamic interaction. The ThEIF4G2/TbEIF4E5 complex was associated with a 17.9-kDa hypothetical protein and
both 14-3-3 variants I and Il. Knockdown of TbEIF4E5 resulted in the loss of productive cell movement, as evidenced by the
inability of the cells to remain in suspension in liquid culture and the loss of social motility on semisolid plating medium, as
well as a minor reduction of translation. Cells appeared lethargic, as opposed to compromised in flagellar function per se. The
minimal use of transcriptional control in kinetoplastids requires these organisms to implement downstream mechanisms to
regulate gene expression, and the ThEIF4E5/TbEIF4G1/117.5-kDa complex in particular may be a key player in that process.
We suggest that a pathway involved in cell motility is affected, directly or indirectly, by one of the TbEIF4E5 complexes.

Keywords: 14-3-3 protein; kinetoplastid; mRNA cap; social motility; translation initiation factor

INTRODUCTION transcribed polycistronically (Alsford et al. 2012). Mature
mRNAs possessing 5" caps and 3’ poly(A) tails are generated
by trans-splicing, which is linked mechanistically to polyade-
nylation (Liang et al. 2003; Preufler et al. 2012). Regulation of
transcription initiation by RNA polymerase II is minimal
(Martinez-Calvillo et al. 2010; Giinzl 2012). The control of
protein abundance and function during the parasite lifecycle
is mediated predominantly through post-transcriptional
mechanisms such as mRNA stability and availability, transla-
tional efficiency, post-translational modification, and protein
stability (Clayton and Shapira 2007; Fernandez-Moya and
Estevez 2010; Kramer 2012).

Trypanosoma brucei is a kinetoplastid protozoan belonging to
the Excavata, a group that contains free-living and parasitic
representatives (Adl et al. 2012). During the digenetic life-
cycle, T. brucei is commonly found in the intestinal tract
and salivary glands of tsetse flies and in the blood and cerebro-
spinal fluid of mammalian hosts, in which the parasite causes
the tropical diseases human African trypanosomiasis and na-
gana in cattle. Transmission of the parasite occurs through the
bite of the hematophagous tsetse fly vector, which harbors
distinct intestinal and salivary forms. The kinetoplastid proto-
zoa share unusual features of gene expression. Most protein-

coding genes are arranged in directional gene clusters that are ) S ) )
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RNA binding and translation control in T. brucei

A key step in post-transcriptional control is the regulation
of translation initiation by the tripartite mRNA-binding
complex elF4F (Topisirovic et al. 2011). The core eIF4F com-
plex consists of three proteins: eIlF4E, an mRNA m’G cap-
binding protein; eIF4G, a large scaffold protein interacting
directly with both eIF4E and the poly(A)-binding protein
PABP; and eIF4A, a helicase linked to eIF4G that unwinds
RNA secondary structure between the 5 cap and the initia-
tion codon (Gingras et al. 1999). Binding of eIF4F to the
mRNA enables recruitment of multiple other translation ini-
tiation factors and the two ribosomal subunits to the ini-
tiation codon (Aitken and Lorsch 2012). eIF4E function
represents a central control point in translational regulation
(Jackson et al. 2010). The ability to bind eIF4G can be negat-
ed by 4E-binding proteins (Raught and Gingras 1999; Richter
and Sonenberg 2005), and binding activity is implicated in
the selective translation of RNA subgroups designated “regu-
lons” (Culjkovic et al. 2007; Keene 2007). The existence of
coordinated mRNA regulons is supported in the kinetoplas-
tid protozoa (Ouellette and Papadopoulou 2009; Queiroz
etal. 2009; Das et al. 2012; De Gaudenzi et al. 2013), however
their mechanism of cap-mediated translation regulation re-
mains a mystery.

The complexity of e[F4F components varies among organ-
isms, including the protists (Joshi et al. 2005; Jagus et al.
2012). The yeast Saccharomyces cerevisiae possesses a single
elF4E and two elF4Gs with distinct functions (Prévot et al.
2003; Clarkson et al. 2010); humans have four eIF4E iso-
forms and two eIF4Gs (Prévot et al. 2003; Joshi et al. 2004).
The nematode Caenorhabditis elegans, in contrast, possesses
five eIF4E variants (Keiper et al. 2000) that displays distinct
preferences for m’G and m**’G cap structures (Jankowska-
Anyszka et al. 1998), and a single eIF4G gene that gives rise
to two isoforms (Contreras et al. 2008). Variants of eIF4E
may show developmental regulation. Drosophila melanogaster
has eight isoforms that show distinct patterns of expression
during embryogenesis (Herndndez et al. 2005). Distinct
variant e[F4E—elF4G interactions are thus expected and ob-
served (Ptushkina et al. 2001). Not all homologs of elF4E
have a role in constitutive translation initiation (Rhoads
2009); they may function as competitive inhibitors of eIF4G
recruitment and as scaffolds for interactions with other po-
tential regulatory proteins (Groppo and Richter 2009;
Blewett and Goldstrohm 2012; Gosselin et al. 2013). Some
e]F4E-binding proteins like 4E-BP repress translation by in-
hibiting eIF4F formation, whereas other eIF4E-binding pro-
teins, such as Cup and Maskin, use alternative 3" UTR-
protein interactions for selective repression of translation
(Groppo and Richter 2009). Further, selective translation of
mRNAs can occur via cap binding of an eIF4E homologous
protein, 4E-HP (Cho et al. 2005) and discrete protein—3’
UTR interactions (Lasko et al. 2005).

The related pathogens T. brucei and Leishmania spp. have
four eIF4E homologs (EIF4E) and five elFAG homologs
(EIF4G) (Dhalia et al. 2005; Freire et al. 2011; Zinoviev and

Shapira 2012). In some cases, the respective interacting part-
ners have been identified: EIF4E3 binds to FIF4G4, and
FIF4E4 binds to EIF4G3 (Yoffe et al. 2009; Freire et al.
2011; Zinoviev et al. 2012), whereas EIF4E1 appears to lack
an EIF4G partner (Zinoviev et al. 2011). The kinetoplastid
mRNA cap, termed cap 4, is a complex 5-nt structure com-
prised of three base methylations and four ribose methyla-
tions (Bangs et al. 1992). The Leishmania EIF4E variants
display differing affinities for synthetic cap analogs in vitro
(Yofte et al. 2006), suggesting differential roles in cap recog-
nition. EIF4E4 is the best candidate for the workhorse trans-
lation initiation factor (Yoffe et al. 2009; Zinoviev et al. 2012).

The functions of the extended family of EIF4E proteins in
kinetoplastids remain obscure. Here we extend the T. brucei
EIF4E family with the identification of the fifth and sixth
members, designated TbEIF4E5 and TbEIF4E6, and charac-
terize the properties and macromolecular composition of
TbEIF4E5 (or TbE5). We demonstrate that TbE5 binds to
mRNA caps in vitro, is cytosolic, and associates with multi-
protein complexes including either the TbEIF4GIl or
TbEIF4G2 proteins (also called TbG1 or TbG2, respectively).
The TbE5:TbG1 complex contains one protein with two
RNA-binding domains and another with both guanylyltrans-
ferase and methyltransferase motifs, implicating the complex
in cap modification of specific transcripts. The TbE5:TbG2
complex is distinguished by the presence of both 14-3-3 iso-
forms (Inoue et al. 2005; Benz et al. 2010), hetero- and homo-
dimer forming proteins whose functions are determined by
interactions with phosphorylated serine or threonine residues
(Mackintosh 2004). The manifestation of a specific pheno-
type upon knockdown of the TbES5 protein is suggestive of a
role for post-transcriptional gene regulation of at least one cel-
lular pathway by a TbE5-containing complex.

RESULTS

Two new members of the kinetoplastid
elF4E-homolog family

In pursuit of our longstanding interest in SL RNA cap func-
tion in kinetoplastid gene expression, a search was conducted
for potential cap-binding proteins using known entities from
other model systems. The eIF4E protein that recognizes the
cap 0 structure as a first step in mRNA translation fits this de-
scription, and searches using the yeast eIF4E sequence yielded
a set of five potential elF4E family members that are present in
T. brucei (Tb4EIF4E), T. cruzi, and Leishmania spp. Of this set,
four have been identified and studied to varying degrees
by other groups (Yoffe et al. 2004, 2006, 2009; Dhalia et al.
2005; Freire et al. 2011). A sixth homolog was identified by re-
ciprocal BLAST with the uncharacterized TbEIF4E sequence.
Here we designate the additional two putative members as
TbEIF4E5 (Tb927.10.5020) and TbEIF4E6 (Tb927.7.1670)
and present the molecular characterization of TbEIF4E5,
a.k.a. TbES.

1273

www.rnajournal.org
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The TbE5 and TbEIF4E6 genes produce the two smallest
members of the Tb4EIF4AE family at estimated molecular
weights of 21.9 and 20.8 kDa, respectively (Fig. 1A). Both
proteins carry features conserved generally in eIF4Es, includ-
ing the eIF4E “core” and amino acids suggestive of RNA cap 0
binding as indicated. Key tryptophan residues are conserved
in the trypanosome proteins. The tryptophan at position 73,
relative to the human eIF4E-1 numbering, that is key for
elF4G interaction is found in TbE5 and shows a substitution
by histidine in TbEIF4E6. Tryptophans at positions 56 and
102 of the human protein act in cap binding through stacking
interactions with m’G of the cap structure. Position 56 is
conserved in TbE5, while TbEIF4E6 carries a conservative
substitution with phenylalanine. Both T. brucei homologs
show conservative substitutions to either tyrosine or phenyl-
alanine at position 102. Position 166, which in the human
protein is implicated in m’G recognition, shows absolute
conservation in the kinetoplastid proteins, as does the trypto-
phan at position 43. Phylogenetic and BLAST analyses sug-
gest that TbE5 and TbEIF4E6 are more closely related to

each other than to other TbEIF4Es (data not shown) and
may thus represent a distinct category within this RNA
cap-binding protein family.

ThEIF4E5 binds cap analogs in vitro

The conservation of aromatic amino acids corresponding to
positions 56, 102, and 166 suggests that TbES5 should be capa-
ble of binding mRNA caps. Basic arginine residues at posi-
tions 112 and 162 could interact with the phosphate chain
of the cap via hydrogen bonds. Recombinant TbE5 protein
was tested in vitro for binding ability to various cap analogs
using fluorescence assays (Fig. 1B). TbE5 bound better to
the cap 4 analog corresponding to the structure found on
all kinetoplastid nuclear mRNAs (K, = 0.55+0.01 pM™")
and the m’GTP analog (K,,=0.65+0.01 upM~') than to
m’GpppA (K =0.12+0.01 uM™") or GTP (K, = ~0.037
uM™"). TbE5 bound the trypanosome-specific substrate 47-
fold less than the mouse eIF4E (Yoffe et al. 2006). The asso-
ciation constant for TbE5 with cap 4 was within the range

observed for Leishmania major EIF4Es

(Yoffe et al. 2006), falling between
43 56 73 . .

A Hs4E 1 MATVEPETTP TPNPPTTEEE KTESNQEVAN PEHYIK ALWEFK- -------NDB SK ----- ANLRLISKFD LY' LelShIF4E_2 and LeIShIF4E_4' GenerallY’
o N R MY T W S— o R R iy IbE5 and all Leishmania EIF4Es show a
THES 1 = e ——————] MAR EATEKP) FRSgFP- —————-- VVI QKKESKDSEE QKGVERBDWVS L il .

i % it preference for cap analogs with an N7-
eIF4E core

02 112

ScdE 80 NIPEPHEMPL KSDYHV D A
TbES 59 SLPKLHQEES SSTEVFE YPAE PR -
TbEE 56 AFSPLTLPP DDNLVFAREK .l..rl 13 =y

sk A *1

Hs4E 78 HIQLssur? GCDY¥SLFKDG n:'wu DEKR Kl

LIVDI REKA----AMA EKATAVIESS
SMFT RTK----VQA TQAVPLVIEAR
1.1 1

-WEIT LNKQORRSDL DRFWLETLC FD--D YSDDVCG NV&P.KGD’**
K-WSFQ LRG--KGADT DELWLRTRLA ID--E DDSQING SERKGGN---
WSQEV CGGKPIC]

ER-TV TDGPSHA

methylated guanosine. The energetic
gain from methylation of the guanine
ring for TbE5 is similar by AAG® of

BELSSRPNKES
REAHKPGTVY
A

152 156 eIF4E core

HS4E 162 —f—fxm TECENRENIT HIGR-VYKER EEEPPKIVIG YQSADTATK SGSTTKNRFV V
ScdE 162 ----KFALRT KSE-DKEPEL RIGG-KFKQV LKLTDDGHLE FFJQUSSANGR HPQPSITL-- -
TbES 143 PELVREEV@L SDQTYG]
TbE6 139 PESLRVEVQL RDRSKV]
A

L AYVRKALN-D VgM------- IFGES LFEKEKKKKG K
KYFSEMLAPH R----MA GRETNAEGEE AK-------- -
*

fluorescence, arbitrary units

01 1 10 100
cap analog pM

FIGURE 1. TbEIF4E5 and TbEIF4E6 are shorter than the elF4E homologs from yeast and human.
(A) Alignment of the sequences was performed using Clustal W. Identical amino acids are indicat-
ed by black shading. Amino acids defined as similar, by the BLOSUM 62 Matrix, in >60% of the

about —1.6 kcal/mol. The presence of ad-
ditional nucleotides that simulate an
mRNA 5" end showed decreased binding
relative to the m’GTP substrate. In all in-
stances, including mouse, the cap 4 sub-
strate was bound better than the cap 0
analog, probably due to the stabilization
effect of the phosphate group in the
oligonucleotide.

Due to the virtual absence of transcrip-
tional control in kinetoplastids, down-
stream methods for the modulation of
gene expression are of particular interest.
The divergent TbES5 protein represents a
potential player in the modulation of
post-transcriptional control events in the
parasite.

sequences are shaded gray. Dashes represent spaces that were inserted to allow better alignment.

Asterisks represent tryptophan residues conserved in the eIF4E protein family. Arrowheads indi-
cate nontryptophan residues required for the interaction with the cap structure: E103 hydrogen
bonded with guanine; and, basic residues at positions 112, 157, and 162 with the phosphate bridge
(Marcotrigiano et al. 1997). Thin arrows indicate conserved nontryptophan residues shown to be
involved in eIF4G binding (Marcotrigiano et al. 1999). GenBank Accession numbers: Hs (human)
elF4E-1, NP_001959; Sc (yeast) elF4E, NP_014502. (B) In vitro cap-binding ability of recombi-
nant TbE5. The fluorescence-titration curves with four cap analogs were determined by fluores-
cence-binding assays. The protein fluorescence was excited at 280 nm and observed at 340 nm.
The WT mRNA cap in trypanosomes was represented by hypermethylated cap 4, while the typical
eukaryotic cap structure was represented by both the m’GTP and m’GpppA cap 0 structures. The
nonmethylated GTP served as a negative control for cap 0-specific binding.
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TbEIF4E5 interacts directly with two
of the five TbEIF4Gs

A hallmark characteristic of the elF4E
proteins is their association with
elF4Gs. In T. brucei five EIF4AG family
members have been described, thus the
potential for specific interactions among
the EIFAE and EIF4G homologs could
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yield a range of combinatorial arrangements leading to an ar-
ray of biological consequences. To determine if any of these
interactions are favored by TbES5 we performed an exhaustive
interaction study between the prospective players.

The yeast two-hybrid assay detects interactions between
two proteins, termed “bait” and “prey,” as indicated by the ac-
tivation of a promoter in the yeast cells that permits growth
(Fig. 2). The reciprocal interactions were tested, with compat-
ible results (data not shown). The assays revealed either large
yeast colonies indicating that TbE5 associated strongly with
TbEIF4G2 (Tb09.160.3980; TbG2) or smaller colonies indi-
cating a weaker interaction with TbEIF4G1 (Tb927.5.1490;
TbG1). In the yeast two-hybrid assay, binding between
TbEIF4E and TbEIF4G proteins in the presence of 5.0 mM
3AT indicates a strong interaction, to the exclusion of other
weaker TbEIF4E-TbEIF4G pairings.

The interaction of TbE5 with more than one TbEIF4G may
be an indication of specific functions associated with either
TbG1 or TbG2 pairings. With the exception of the site of
FIF4E:EIF4G interaction in Leishmania (Yoffe et al. 2009),
no functionality can be predicted for any of the five
TbEIF4G sequences outside the core family-defining MIF4G
domain (Dhalia et al. 2005). TbG1 and TbG2 have not been
observed to interact with other trypanosomatid EIF4E homo-
logs to date. They are the two largest members of the TbEIF4G
family and may serve as a scaffold for binding of additional
proteins, as observed in humans and yeast (Pestova and
Hellen 2003; Jackson et al. 2010). These isolated interactions
serve as a guide for the behaviors of proteins in T. brucei, how-
ever the incorporation of other proteins or RNAs into the
equation may alter the actual complex components.

TbEIF4E5 is present in high molecular weight complexes

The typical e[F4F complex contains three components: e[F4E,
eIF4G, and eIF4A (Gingras et al. 1999). Our yeast two-hybrid
interaction assays indicate TbE5 associates with two specific
TbEIF4G homologs, TbG1 and TbG2. The interaction of

1.6 mM 3AT 5.0 mM 3AT

FIGURE 2. Direct interaction of TbEIF4ES5 with two of the five T. brucei
EIF4G homologs. Interactions between TbES5 and the five TbEIF4AG ho-
mologs were challenged using the yeast two-hybrid assay in the presence
of increasing amounts of 3AT, increasing the stringency of the assay.
Positive controls were pGADT7-T and pGBKT7-53; the negative con-
trols were the empty vectors. Interaction strength is inferred by colony
size: >2 mm = strong; 1-2 mm = moderate; <1 mm = weak.

2.5mM 3AT

A ES G1 G2

kDa
1236 —

1048 ' l
480 —
242 —

D 1.5 mM 3AT

2.5mM 3AT

5.0 mM 3AT
Tb117.5:TbES

TbE5:Tb117.5

TbG1:Th117.5

FIGURE 3. TbEIF4ES is present in high molecular weight complexes.
(A) Blue Native gel electrophoresis of cell extracts from transfected T.
brucei containing PTP-tagged proteins. Lysates were run through Blue
Native gels, transferred to nitrocellulose membranes and probed with
antibody directed against the protein A domain of the PTP tag (TbE5,
TbG1, TbG2 =E5, G1, G2, respectively). The migration of size stan-
dards is indicated in kDa. (B) The components that co-purified with
TbEIF4E5 and TbEIFAG2. The RNA (black line; black circle represents
5" end cap 4) is recognized by the cap-binding eIF4E component TbE5
(dark gray circle, E5). The eIF4G-like scaffold protein TbG2 (light gray
rectangle, G2) interacts directly with TbES5, as indicated by overlap of the
respective shapes. Other TbE5-associated proteins are shown as ovals.
Overlap of the ovals with other shapes is speculative and based on the
assumed scaffold function of TbG2, and shapes do not reflect protein
size. The placement of Tb17.9 on the RNA is speculative, as indicated
by the “?”. (C) The TbEIF4E5/TbEIF4G1 dynamic complex model.
The 117.5-kDa protein in association with the TbG1 scaffold may be
regulated by the presence of the 14-3-3 II homodimer, the binding of
which is dependent on TbG1 phosphorylation. The dotted arrows high-
light the either/or aspect of the complexes. (D) Yeast two-hybrid analysis
of Tb117.5 with TbE5 or TbG1 in both bait and prey orientations.
Controls and interpretations are shown in Figure 2.

TbES5 and the two TbEIF4G subunits observed in yeast was ex-
amined in T. brucei first by visualizing the size of complexes
containing PTP-tagged proteins by Blue Native gel electro-
phoresis, followed by MudPIT analysis of tandem-affinity pu-
rified complexes.

To validate that TbE5 was in a high molecular weight com-
plex(es), extracts of TbE5 "™ were resolved by Blue Native
gel analysis and visualized by Western blotting using anti-
protein A antibody. Two bands of ~100 kDa (migrating be-
tween the 66 and 146 kDa markers) and ~900 kDa (migrating
between the 720 and 1048 kDa markers) were detected in the
TbE5 extracts (Fig. 3A), indicating complexes of substantially
greater size than predicted for free TbE5 (22 kDa + 19 kDa
for the PTP tag), which was either undetectable or not run-
ning true to predicted size. The proteins implicated by yeast
two-hybrid analysis, TbG1 and TbG2, were PTP-tagged as
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well to allow reciprocal comparisons. For both TbG1~/*™"

and TbG2™""™" lines multiple discrete and smeared higher
molecular weight bands were seen, suggestive of their in-
volvement in multiple distinct complexes, some of which
may contain TbES5. The predicted sizes of TbG1 and TbG2
are 122.1 kDa and 97.3 kDa, respectively; thus adding the
contribution of the PTP tags, the bottom bands in each
lane likely represent the migration of free proteins. The size
markers may not represent true complex sizes, as the shape
of the complex will play a major role in the migration of spe-
cies through this nondenaturing gel system. Both of the
TbEIF4G proteins show more complex patterns than TbES5.

The combined data from these experiments are consistent
with the prediction that TbEIF4E/TbEIF4G form high MW
complexes in vivo, and indicate the presence of additional
components in the complexes formed by TbES5, TbG1, and
TbG2 proteins.

TbEIF4E5 associates with two distinct sub-complexes

To isolate the specific complexes and identify their constitu-
ents, the TbE5/"™ line was used for tandem-affinity com-
plex purification with subsequent protein identification by
MudPIT. The purification was performed four times under
different salt conditions. The comparative results revealed
11 proteins that co-purified with TbE5 in all four preparations
(Table 1). Based on low abundance, low numbers of peptides
detected, and in some cases the identity of the protein, the bot-
tom four proteins are considered to be contaminants.

In accordance with the yeast two-hybrid assay both TbG1
and TbG2 co-purified consistently with TbE5. Additional
proteins that co-purified with TbE5 complex include both

TABLE 1. Proteins that co-purify consistently with ThEIF4E5-PTP

isoforms of the ~30 kDa phosphoserine/phosphothreo-
nine-binding protein named Tb14-3-3 I and Tb14-3-3 II
(Inoue et al. 2005), and proteins of 17.9, 47.5, and 117.5
kDa all designated as “hypothetical” in GeneDB.

Based on the yeast two-hybrid and TbE5~*"* MudPIT re-
sults, extracts from the TbG1™"™ and TbG2 "™ cell lines
were subjected to tandem-affinity chromatography and sub-
sequent MudPIT analysis. These purifications partitioned
the proteins co-purifying with TbE5 into two distinct subsets.
The TbG1-PTP purifications identified 14 proteins that co-
purified in two separate preparations (Table 2). Of these,
five were present in all TbE5-PTP purifications, supporting
the existence of a discrete complex comprised of five mem-
bers: TbE5, TbG1, Tb14-3-3 II, and the 47.5-kDa and
117.5-kDa proteins. Notably, the first six proteins identified
other than TbG]1 itself were not present in the TbE5-PTP pu-
rification; thus although they may be legitimate associates of
TbG1, at this point there is no evidence to include them in the
TbE5/TbG1 complex. TbG1 may participate in multiple com-
plexes, not all of which include TbES5, consistent with the wid-
er range of complexes visible for TbG1 in the Blue Native gel
analysis (see Fig. 3A). Three tandem-affinity preparations of
TbG2-PTP yielded a set of 13 proteins, of which five were pre-
sent in all TbE5-PTP purifications (Table 3). The second
TbE5 complex was thus defined by the presence of TbG2
along with TbE5, Tb14-3-3 I, Tb14-3-3 II, and the 17.9-
kDa hypothetical protein (Fig. 3B), yielding a predicted com-
plex mass of 196.5 kDa. In the case of TbG2, the top five iden-
tifications in terms of NSAF score are found in the TbE5
purification, and several of the remaining proteins are com-
mon to the TbG1 purification, indicating that they may func-
tion in a chaperoning role or be contaminants of EIF4G

Gene GeneDB ID? GeneDB IDP NSAFe5¢ kDa # Peptides RNAi¢
ThEIFAES Th927.10.5020 Tb11.02.4700 22387.585 21.9 21 1-1-0°-1
14-3-3 1l Th927.11.6870 12514.799 29.1 14 0-0-1-0
Hypothetical Th927.11.6010 Th11.02.3830 8724.748 17.9 9 0-0-0-0
Hypothetical Th927.11.6720 Tb11.02.4550 6892.809 117.5 50 0-0-0-0
14-3-3 | Tb927.11.9530 Th11.01.1290 5795.657 30.3 11 0-0-0-0
ThEIFAG2 Th927.9.5460 Th09.160.3980 3824.758 97.3 30 1-0-1-0
ThEIFAGT Th927.5.1490 3160.416 122.1 40 1-0-1-1
Hypothetical Th927.11.350 Th11.03.0790 1409.713 47.5 7 1-1-1-1
TEF1-o Th927.10.2090 1262.683 37.8 5 0-0-0-0
Dynein light chain LC8 Th927.11.18680 Tb11.50.0007 1135.602 10.4 2 1-0-0-0
Mitochondrial carrier prot. Tb927.9.10310 Tb09.211.1750 138.176 34.3 2 1-0-1-1
Hypothetical Th927.8.4560 46.685 137.9 2 1-1-0-1

Four different preparations were analyzed by MudPIT. Peptide recovery shown represents extracts that were treated with 150 mM KCl for
20 min before affinity chromatography.
“GeneDB identifier from T. brucei 927 version 6.0, www.genedb.org and www.tritrypdb.org.

PTemporary GeneDB identifier retrieved from peptide analysis based on T. brucei 927 version 2.2.

°NSAF, normalized spectral abundance factor.
dHigh-throughput RNAi data and abbreviations from Alsford et al. (2011). Reported as BF3-BF6-PC-diff: BF3, bloodstream form 3 d; BF6,
bloodstream form 6 d; PC, procyclic forms; diff, differentiating bloodstream forms; 1 = Normal; 0 = Abnormal, significant loss of fitness.

°TbE5 procyclic forms showed normal growth curves after RNAI (this manuscript).

‘RNAi showed abnormal growth curves of procyclic forms after 6 d (Inoue et al. 2005).
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TABLE 2. Proteins co-purifying with TbEIF4G1-PTP in multiple purifications

2010), the TbE5 situation is notable.

Furthermore, the associates of each com-

. . . # E5-  plex are distinct, implying that the two

Gene GeneDB ID GeneDB ID NSAFe5 kDa  Peptides PTP complexes could perform unique regula—
ThEIFAG1 Th927.5.1490  Tb09.160.3270 1264.422 122.1 49 yes tory functions.
ThEIF4AT Tb927.9.4680 1083.045  45.4 13
Hypothetical ~ Tb927.9.1520  Th09.160.0465  923.937  97.6 4
TEF-1 B Th927.4.3590 730.755 243 8 Dynamic associations within the
TEF-1 B Th927.10.5840 669.805  21.9 5 ThEIF4E5/TbEIF4G1 complex implied
ALBA3 Th927.4.2040 472.389  20.8 5
ALBA2 Th927.11.4450 Th11.02.2030  383.564 12.8 4 To get a better understanding of the
Hypothetical Th927.11.6720 Tb11.02.4550 297.198 117.5 17 yes TbES/TbGl Complex’ we performed a

7657 PTP purification using a third compo-
14-3-3 11 Th927.11.6870  Tb11.02.4700  267.125  29.1 4 yes ¢ Analvsis of a stri ¢ purificati
TEF-1 o Th927.8.5880 260.912 194 4 nent. Analysis ot a stringent purtlicaion
DHH1 T5927.10.3990 221069 465 6 using the 117.5-kDa protein tagged with
TbEIF4E5 Th927.10.5020 172.604  21.9 3 yes PTP revealed the presence of the 47.5-
elF2p Th927.5.3120 143.377 350 4 kDa protein, TbG1, and TbE5 (Table 4),
Hylzc;tiﬁtucal Th927.11.350  Tb11.03.0790  128.957 47.5 4 yes along with other proteins (data not

Two different preparations were analyzed by MudPIT. Peptide recovery shown is from ex-

tracts incubated in 150 mM KCI.

“GeneDB identifier, www.genedb.org and www.tritrypdb.org.
PTemporary GeneDB identifier retrieved from peptide analysis.
°NSAF, normalized spectral abundance factor.

dProtein present in MudPIT of PTP-tagged ThES5.

purifications. The TbEIF4A1 protein in particular is interest-
ing, since it is a known homolog of the standard eIF4F trans-
lation initiation complex; however, the absence of this protein
from the TbES purification essentially eliminates it from both
the TbG1- and TbG2-containing complexes. Yeast two-hy-
brid analyses detected no interactions between Tb17.9 and
either TbE5 or TbG2 (data not shown), and if this result re-
flects the behavior of the protein in T.

brucei, at least two possibilities may re-

main: Tb17.9 (1) binds to the 14-3-3 1

shown). The 14-3-3 II protein was absent
from the 117.5-kDa protein-based purifi-
cation, thus 117.5-kDa protein binding
may be modulated by 14-3-3 II interac-
tion with TbG1 (Fig. 3C). Switching be-
tween a bound 14-3-3 II dimer and the
117.5-kDa protein could reflect a key dy-
namic within the TbE5-TbG1 complex.
Alternatively, the PTP tag on the 117.5-kDa protein may
impair 14-3-3 II binding to the complex. The aggregate
molecular weights of these two alternatives are 309 kDa
for the 117.5 kDa—protein complex and 249.7 kDa for the
14-3-3 complex, including the dimer form of 14-3-3 I
Examination of 14-3-3 II was considered; however, since the
protein is known to interact in numerous cellular pathways

TABLE 3. Proteins co-purifying with TbEIF4G2-PTP in multiple purifications

protein, or (2) interacts with an RNA rec-

ognized by the complex. Alternatively, # E5-
this could be a case of the fusion proteins Gene GeneDB ID* GeneDB ID?  NSAFe5¢ kDa Peptides  PTPY
interfering with the assay. The presence 3 5, Th927.11.6870  Tb11.02.4700  6534.474 29.1 24 yes
of the PTP tag may interfere with bind-  pypothetical ~ Th927.11.6010  Th11.02.3830  5268.922 17.9 15 yes
ing of a particular protein, but in this “17.9"
to interact directly with the TbEIF4G TbEIF4E5 Th927.10.5020  Tb10.70.2180 3762.424 21.9 24 yes
. 14-3-3 1 Th927.11.9530  Tb11.01.1290 3609.246 30.3 4 yes
SCé.lffolf.l; because the PTP const.ructlon ALBA 3 TH927 4.2040 429048 208 6
exists in the absence of the wild-type  ThEIF4AT Th927.9.4680  Th09.160.3270  322.848 45.4 8
(WT) allele, PTP tag interference should Hypothetical Tb927.10.8940 277.681 45.4 6
have resulted in nonviable or impaired  TEF-18 Th927.4.3590 249.867 24.3 3
CCHS, and these lines behaved as WT. Hypothetical Th927.11.13180 Th11.01.4740 160.941 61.2 2
. Hypothetical Th927.11.7780  Tb11.02.5660 155.645 46.2 4
These results validate the unusual asso- [E TH927.10.4880 14557 26.0 )

ciation of two distinct TbEIF4G proteins
with a single TbEIF4E cap-binding pro-
tein. While the reciprocal scenario of
multiple eIF4E proteins binding a single

elF4G scaffold has been documented
(Prévot et al. 2003; Clarkson et al.

“NSAF, normalized spectral abundance factor.
dProtein present in MudPIT of PTP-tagged ThES5.

www.rnajournal.org

Three different preparations were analyzed by MudPIT. Peptide recovery shown for extracts
treated with 150 mM KCl.
“GeneDB identifier, www.genedb.org and www.tritrypdb.org.
PTemporary GeneDB identifier retrieved from peptide analysis.
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TABLE 4. Proteins co-purifying with PTP-tagged 117.5-kDa
protein also present with TbEIF4E5-PTP and TbEIFAG1-PTP

#
Gene GeneDB ID*  NSAFe5”  kDa  Peptides
Hypothetical Tb927.11.6720 2107.168 117.5 53
“117.5”
Hypothetical Tb927.11.350 963.474  47.5 13
“47.5"
ThEIF4G1 Th927.5.1490 728.330 122.1 11
TbEIF4E5 Th927.10.5020  368.449 219 3

One preparation was analyzed by MudPIT. The extract was
treated with 300 mM KCl.

“GeneDB identifier, www.genedb.org and www.tritrypdb.org.
PNSAF, normalized spectral abundance factor.

and would thus not guarantee a definitive result, we will pur-
sue other experimental avenues to validate this interaction
model. Yeast two-hybrid analysis was consistent with direct
interaction between TbG1 and the 117.5-kDa protein, with
one orientation substantially stronger than the other; results
were negative for TbE5-Tb117.5 interaction (Fig. 3D).

The dynamic interactions within the TbE5/TbG1 complex
led to the definition of three TbE5-containing complexes,
each of which may have different roles in post-transcriptional
gene regulation. Association of the phosphoprotein-binding
14-3-3 components may serve to inactivate the action of
the Tb117.5 proteins (see below).

TbEIF4E5 is a cytosolic protein resistant to gene
knockout

The four published kinetoplastid EIFAE protein family mem-
bers are either cytosolic or present in both the nucleus and cy-
tosol (Kramer et al. 2008; Freire et al. 2011). The family
member involved in the lion’s share of mRNA translation
should be critical for cell survival. To assess function, the
TbES5 protein was localized and assayed for its importance
in cell viability under normal procyclic culture conditions.
The absence of strong antibodies for our target proteins and
the availability of excellent epitope tagging systems prompted
us to generate a cell line designated ThE5 """, with one WT
allele replaced by a PHLEO-resistance marker and the other
allele tagged in situ by insertion of PTP epitope sequences
(Schimanski et al. 2005). The robust behavior of the
TbE5 """ line indicated that the PTP tag was not interfering
with TbE5 protein function.

Immunolocalization of the TbE5 fusion protein in the
TbE5 ™" line via the PTP tag revealed a diffuse cytosolic
distribution with numerous foci of greater intensity, and ap-
parent exclusion from the nucleus (Fig. 4), similar to what
was seen for homologs TbEIF4E3 and TbEIF4E4 (Kramer
et al. 2008; Freire et al. 2011).

In our hands, inducible double-stranded RNA interference
(RNAI) directed against the TbE5 transcript in both TbE5™*

1278 RNA, Vol. 20, No. 8

and TbE5""'" RNAi procyclic cells showed no catastrophic
effect on cell growth in standard growth medium (Fig. 5A).
The level of epitope-tagged TbE5 was reduced to <12.5%
of uninduced levels by day 2 (Fig. 5B). To provide the cells
with ample time to display any effects, we extended our
RNAI analysis to 15 d, well beyond our usual 7-d limit, at
which point RNAI cell lines are prone to escape the RNAi
constraints. The induced TbE5™"™" RNAI cell lines contin-
ued to divide under TbE5 knockdown, albeit at a slightly re-
duced rate relative to the uninduced culture (data not
shown). To quantitate the effect of protein knockdown on
general translation, RNAi cells at day 4 and day 7 post-induc-
tion were labeled metabolically with **S-methionine (Fig.
5C). The level of isotope incorporation was similar for both
uninduced and induced cultures on day 4. By day 7, isotope
incorporation in induced TbES5 cells was reduced by 16%.

As a general rule, when an RNAi line shows no significant
growth defect, the next experimental step is to create a knock-
out cell line so that the absence of the protein of interest can
be assessed in a clean background. No third allele was detect-
ed in the construction of the TbE5FTF line, thus the diploid
nature of these genes was confirmed. Double allele knockout
of the TbE5 gene was attempted three times, and all attempts
failed in the elimination of the second targeted allele. In both
cases a WT allele persisted, despite integration of the second
selective marker (data not shown). We interpret this to sig-
nify that the TbE5 protein is essential, and the lowered pro-
tein levels achieved by our RNAi inductions allowed
evaluation at reduced levels of TbE5 function. Discordant re-
sults for individual genes and the Alsford study (Alsford et al.
2011) are not unknown (Badjatia et al. 2013). The inability to
obtain a knockout TbE5 line may be technical rather than
linked to the function of the gene, and alternative approaches
(Kim et al. 2013; Merritt and Stuart 2013; Park et al. 2014) are
in progress.

Knockdown of the TbEIF4E5 protein affects motility

During the course of the RNAI experiments, the culture phe-
notype of TbE5 RNAi-induced cells was altered. Initially, after
48 h of stationary incubation, we observed that cells accumu-
lated on the bottom of the culture flasks while noninduced

TbES5-PTP

FIGURE 4. TbEIF4E5 is cytosolic in T. brucei procyclic cells.
Subcellular localization was determined by indirect immunofluores-
cence using antibody against the protein A component of the PTP tag
on the TbE5 fusion protein. Nontransfected control YTAT cells served
as the negative control. Nuclear and kinetoplast DNA was visualized
by counterstaining with DAPI.
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FIGURE 5. TbEIF4E5 does not have a primary role in translation. (A)
Growth of TbE5 RNAI tetracycline (Tet) induced and uninduced cells
measured over 7 d. (B) Assessment of protein knockdown by RNAi us-
ing the TbES"™/* background cell line. SDS-PAGE analysis of protein
levels at days 2, 3, and 4 post-induction. TbE5-PTP was detected by
anti-Protein A antibody (a-ProtA). Serial twofold dilutions of unin-
duced samples at day 2 are shown for comparison. Levels of
TbEIF4A1 are included as protein loading controls. (C) Metabolic label-
ing of cultures induced for TbE5 RNAi knockdown as measured by *°S-
methionine incorporation at 4 and 7 d post-induction.

cells remained in suspension. This “settling” phenotype was
reproducible, and was measured by ODgqo changes over 24 h.

For each tetracycline (Tet) treatment, six equivalent cul-
tures were established. At each time point, three cultures
were shaken to resuspend the cells, accommodating for the ef-
fect of cell growth during the experimental period. The ODgq
relative sedimentation measurements for each time period
were determined by dividing the experimental unshaken cu-
vette reading by the shaken cuvette reading for the same cul-
ture condition. The sedimentation assays showed a significant
reduction in ODgq at 8 h and 24 h for the TbE5 RNAi-in-
duced culture relative to the uninduced culture (Fig. 6A). At
the beginning of the experiment, all cultures showed a 1:1 ra-
tio of suspended cells. After 8 h, WT and the uninduced TbE5
RNAI cultures were not different, but both showed signs of
cell settling in the 20%-25% range. In contrast, the induced
TbE5 RNAI line displayed a markedly higher level of settling,

with about half of the cells settled. This trend continued in the
24-h sample, with the induced sample at ~50% the level of
suspension relative to the WT and uninduced cultures. The
settling phenotype is slower than observed for mutants with
defects in proteins directly related to motility, e.g., flagellar
proteins (Ralston and Hill 2006; Ralston et al. 2006).

The settling phenotype of TbE5 RNAi-induced cells
prompted us to examine whether there was a comparable ef-
fect on Social Motility (SoMo) on semisolid agar plates
(Oberholzer et al. 2010). SoMo is visualized by the formation
of massed cell projections from a single inoculum point after
5 d. Under conditions of RNAi knockdown the TbE5 cell line
showed a significant defect in SoMo as measured by counting
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FIGURE 6. Reduction of TbEIF4E5 results in motility defects. (A)
Culture turbidity was measured to assess cell settling in nonshaken cul-
tures. Cells induced for RNAi against TbE5 (white column) were com-
pared with noninduced culture (gray column) and WT cells (black
column). Standard error was determined for experiments performed
in triplicate. (B) Representative soft agarose plate Social Motility assays
for TbE5 RNAi-uninduced (—Tet) or RNAi-induced cells (+Tet) 5 d
post-plating. The — plate was scored as showing 10 radial projections,
a typical manifestation of social motility in T. brucei. (C) Graphical sum-
mary of two sets of SoMo assays indicating means and standard errors.
Symbols represent the number of radial projections from the site of in-
oculation: Open squares represent uninduced (—Tet); the single filled
triangle represents all 14 induced samples (+Tet).
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radial projections (Fig. 6B). RNAi induction targeting TbE5
resulted in no SoMo activity on any +Tet plates, while the
uninduced TbE5 cultures showed SoMo projections on 12/
14 plates (85.7%), with a mean of 7+ 1 projections (Fig.
6C). Thus the reduction of TbE5 levels resulted in defects
in cell motility in both liquid and semisolid media.

Direct light microscopy of cells induced for RNAi against
TbE5 revealed no morphological defects that might explain
the sedimentation and SoMo phenotypes (data not shown);
however, the motility in liquid medium appeared nondirec-
tional and “lethargic.” Motility defects due to knockdown
of an mRNA-cap-binding protein were an unexpected find-
ing that may represent downstream or secondary effects.

RNA-binding and cap 0 maturation domains identified
in TbEIF4E5 complex components

Phyre” analysis (Kelley and Sternberg 2009) identified a gua-
nylyltransferase domain (99.4% confidence; positions 409—
701), two zinc fingers (positions 711-780), and a m’G meth-
yltransferase domain (100% confidence; positions 774-1039)
in the 117.5-kDa protein, while the 47.5-kDa protein carries
two RNA-binding motifs (Fig. 7). The 47.5-kDa protein mo-
tifs are distinct, with the first containing a ferredoxin-like fold
RNA-binding domain (97.7% confidence) and the second a
yth domain RNA-binding motif (98.1% confidence) found
in splicing factor yt521. The 117.5-kDa protein showed a
superficial resemblance to the SL RNA cap 0 formation en-
zyme TbCGM1 (Ruan et al. 2007; Takagi et al. 2007) in the
N7-methyltransferase domain (P-value = 0.54), as well as a
bioinformatic kinship with the guanylyltransferase domain
(P-value = 0.018) of a 142.1-kDa nucleoside triphosphate hy-
drolase/guanylyltransferase/zinc finger protein associated
with the induction of stumpy bloodstream forms (Fig. 7;
Mony et al. 2014). No clues regarding the function of the
17.9-kDa protein were revealed by Phyre” or BLAST analyses.

Other consistently purifying proteins with strong NSAF
scores included a TEF1-A isoform and dynein light chain
LC8, while the mitochondrial carrier protein and the 137.9-
kDa hypothetical protein showed lower scores. With the
exception of the 47.5-kDa protein, all the co-purifying pro-
teins are essential in one or more life stages of the try-
panosome (Table 1) based on high-throughput RNAi
analysis (Alsford et al. 2011). The 17.9-kDa hypothetical pro-
tein has a predicted mitochondrial location (Zhang et al.
2010), however it was associated consistently with TbE5 and
TbG2 in reciprocal purifications.

The association of TbE5 in a complex with a protein pre-
dicted to have enzymatic activities involved in two of the
three steps of mRNA cap formation is a compelling argument
for the involvement of TbE5 in mRNA metabolism, and
hence the regulation of translation, opening a multitude of
new questions. Coupled with the motility phenotype detected
upon the depletion of the TbES5 protein, an intriguing path-
way for nuanced control of gene expression appears to have
been identified.

DISCUSSION

Regulation of translation can be implemented at multiple
levels including mRNA degradation, covalent, and noncova-
lent modification of proteins involved in initiation (Raught
and Gingras 1999; Richter and Sonenberg 2005), and
mRNA sequestration (Parker and Sheth 2007) and selection
(Culjkovic et al. 2007; Keene 2007). The concept of RNA
regulons, multiple mRNAs with a shared functional relation-
ship, has been implicated in kinetoplastids (Zick et al. 2005;
Estévez 2008; Ouellette and Papadopoulou 2009; Queiroz
etal. 2009; Fernandez-Moya et al. 2012). Notably, mammali-
an e[F4E is a central protein in an RNA regulon related to
mRNA export and cell proliferation (Culjkovic et al. 2005;
Culjkovic et al. 2006). In this manuscript we characterize a

new cytosolic EIF4E family member in

T. brucei, TbE5. While not involved pri-

marily in translation, TbE5 can bind cap

Tb47.5 kDa [FD] [ vth ] ] ¢ . ) . A
4352a ST 330352 4 in vitro and.1s found in distinct com-
Tb117.5 kDa plexes with different e[F4G homologs,
1057 aa :
TbG1 and TbG2 (Figs. 1B, 3B). Other
( GTase MTase |} teins classified & il (Alsford
b a0 T proteins classified as essentia sfor
TbCGM1 et al. 2011) are found in the complexes,
1050 aa . . . .
including the 117.5-kDa protein, which
- GTase s L8 FI€ - 2 protel
71541 742-1019 contains domains consistent with a role
Th927.9.4080 in RNA cap formation. Guanylyltrans-
131438 ferase and N7-methyltransferase func-
[ [ NTPase | 22 ) tions are required for the last two steps
301-472 499-877 1115-1144 q p

FIGURE 7. Identified domains in two hypothetical TbEIF4E5/TbEIF4G1 complex members.
Schematic locations of the conserved structural domains in the TbE5-associated 47.5-kDa and
117.5-kDa proteins as predicted by Phyre” analysis, along with two proteins sharing domains
with the 117.5-kDa protein. FD, ferredoxin-like fold RNA-binding domain; yth, yth domain
RNA-binding motif; GTase, guanylyltransferase; Z, zinc finger; MTase, m’G methyltransferase;

NTPase, nucleoside triphosphate hydrolase.
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of eukaryotic mRNA cap formation
(Ghosh and Lima 2010), however the en-
zyme identified here is distinct from that
performing the nuclear co-transcription-
al capping of the SL RNA, TbCGM1
(Ruan et al. 2007; Takagi et al. 2007;
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Sturm et al. 2012). The further impact on distinct aspects of
cell motility following knockdown of the TbE5 suggests un-
identified roles for the complexes in the regulation of protein
expression and function in these parasites.

The Alsford genome-wide RNAI study indicates that TbE5
is an essential protein in the cultured insect stage; however,
TbES5 is not required for viability in bloodstream forms and
differentiating bloodform cells (Alsford et al. 2011). In our
hands, procyclic RNAI lines targeting the TbE5 transcript
are viable, with protein levels reduced but detectable.
Several phenotypic oddities were noted in our TbE5 RNAi
knockdowns. TbE5 cells did not remain in suspension in lig-
uid culture and showed “lethargic” activity, and social motil-
ity behavior was abolished. The role of an RNA-cap-binding
protein in eliciting downstream effects on motility could be
direct or indirect depending on whether mRNAs are recog-
nized with specificity or nonspecifically. The absence of a dra-
matic cell-death or growth-arrest phenotype in the TbE5
knockdown coupled with the lack of a catastrophic effect on
*>S-methionine incorporation indicates that TbE5 is not the
primary EIF4E responsible for general translation in T. brucei.
Thelack of effect on translation for TbE5 knockdown on day 4
contrasts the 64% and 72% reduction in translation observed
on day 4 RNAi knockdown of TbEIF4E3 and TbEIF4E4, re-
spectively (Freire et al. 2011), the best candidates for a main
role in translation initiation. The third component of the
e]F4F complex, TbEIF4A, did not co-purify with PTP-tagged
TbES5 or the PTP-tagged 117.5-kDa protein, however it was
relatively abundant in the TbG1-PTP preparation and of
low abundance in the TbG2 preparation. RNAi knockdown
of flagellum components often are detrimental to the cell cy-
cle and cell division (Branche et al. 2006; Broadhead et al.
2006; Ralston et al. 2006); no such defects were observed dur-
ing TbE5 knockdown. The small decrease in translation hints
at a minor role in translation or an indirect role in regulation,
nevertheless an insufficient level of knockdown or secondary
effects cannot be discounted.

TbES5 interacts with proteins associated with the TbEIF4F
complex, specifically members of the anticipated TbEIF4G
family. As with the TbEIF4E proteins, in kinetoplastids the
TbEIF4G family is expanded relative to other eukaryotes,
containing five identified members (Dhalia et al. 2006).
The direct interaction between the TbE5 and the TbG1 and
TbG2 homologs predicted by the initial yeast two-hybrid as-
say was confirmed in vivo. TbES5 was purified from T. brucei
extracts in association with either TbG1 or TbG2 in distinct
complexes. In mouse, the elFAG interaction domain of
elF4E is defined as a pocket that contains three conserved
acidic amino acids and four conserved nonpolar residues
(Marcotrigiano et al. 1997), thus given the conservation of
predicted tertiary structure for TbE5 the same region is ex-
pected to determine the specificity of a specific TbEIFAE
and specific TbEIF4Gs.

A TbES5 complex containing TbGl is associated with a pre-
dicted 117.5-kDa bifunctional capping enzyme, which

contains guanylyltransferase and N7-methyltransferase do-
mains, and is essential in multiple life stages of the parasite
(Alsford et al. 2011). The associated 47.5-kDa protein likely
possesses RNA-binding activity that may confer transcript se-
lection specificity to the protein aggregate. An alternative
complex that swaps the 117.5-kDa protein for a 14-3-3 II
protein suggests that association of the 117.5-kDa protein
may be modulated by phosphorylations recognized by a 14-
3-3 II homodimer, most likely of the scaffold provided by
TbG1. The third complex contains TbG2 along with three
other proteins that are all essential in the Alsford RNAi
analysis (Alsford et al. 2011). The additional members of
the third TbE5 complex include a “hypothetical” protein
and two related phosphoserine/phosphothreonine-binding
proteins, Tb14-3-3 I and Tb14-3-3 II. Tb14-3-3 I/II likely
function as homo- or heterodimeric regulators of activity
(Mackintosh 2004) and may interact with one of the other
protein components to block or facilitate complex formation
or RNA binding.

The kinetoplastid 14-3-3 proteins can interact with mul-
tiple partners via different motifs (Inoue et al. 2010) so
pleiotropic effects are expected in RNAi experiments.
Indeed, defects in surface glycoprotein recycling (Benz
et al. 2010), motility, cell cycle, and cytokinesis (Inoue
et al. 2005) have been observed. The settling phenotype ob-
served for TbE5 in our motility assay is similar to that seen
for 14-3-3 knockdowns in procyclic cells (Inoue et al. 2005),
suggesting that the phenotype may be the result of a com-
mon defect in the protein complex described here.
Differential phosphorylation of TbE5 cannot be ruled out
as the determinant; TbES5 is predicted to contain four phos-
phorylation sites (Palmeri et al. 2011), however no phos-
phorylation was detected in vivo on TDbE5 in either
procyclic or bloodstream stage (Urbaniak et al. 2013). In
TbGl1 five phosphorylated serines and one tyrosine have
been detected (Urbaniak et al. 2013). TbG2, which has a hu-
man elF4G counterpart with a scaffold function (Prévot
et al. 2003), has three phosphorylated serines and two phos-
phorylated threonines (Urbaniak et al. 2013), making it the
best candidate for 14-3-3 binding.

The presence of a potential 5'-capping enzyme in a TbE5-
containing complex raises a paradox, as the TbE5 recognizes
m’G-capped RNA 5 ends, yet the guanylyltransferase acts on
5 diphosphates, and the N7-methyltransferase requires an
unmodified inverted guanosine. What therefore is the sub-
strate for the capping enzyme? The TbE5 component is likely
to form a stable interaction with the RNA, while proteins
with cap-forming and cap-modifying activities may have a
transient association with their substrate. The interplay of
the two proteins, with their distinct activities and affinities,
will dictate which is the driving force for complex functions.
The potential roles of the TbE5 complexes in the manipula-
tion and remodeling of RNA 5" end structure could have ma-
jor repercussions for the captured transcripts in terms of
stability and translation, providing a vital junction of control
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for translation initiation in a genetic system believed to be
subject to constitutive transcription.

Our working model is that capped mRNAs are recognized
and bound by TbE5, which serves a role of recruiting mRNAs,
but does not perform any direct catalysis on the transcript.
TbE5 is bound by a distinct EIF4G, either TbG1 or TbG2,
which provides a scaffold for additional protein interactions.
Candidate interactors include the 117.5-kDa protein, which
has the potential to modify transcripts released from TbES5.
TbE5 complex formation, or action upon a bound RNA,
may be regulated by interaction of the Tb14-3-3 II proteins
with any of the other associated components, the most direct
possibility being the modulation of the 117.5-kDa protein ac-
tivity upon mRNAs bound to the complex. The presence of a
TbCGM1-like protein in an elF4F-like structure opens a
broad range of possibilities for the fate of mRNAs that we
can assess. For example, mammalian elF4E has been impli-
cated in targeting mRNAs to P-bodies (Andrei et al. 2005;
Ferraiuolo et al. 2005). The provocative possibility of cytosolic
mRNA capping activities highlights the elusive identity of the
kinetoplastid mRNA 5'-decapping enzyme (Clayton and
Shapira 2007; Banerjee et al. 2009), a lynchpin in the control
of translation initiation. Cytosolic 5" decapping of mRNA is
one of two major pathways for eukaryotic mRNA degradation
(Coller and Parker 2004 ), however it is not necessarily the end
of life for the mRNA (Topisirovic et al. 2011). Candidate ac-
tivities, such as a cytosolic complex isolated from human cells,
can add a cap structure onto RNA molecules with a 5 mono-
phosphate (Otsuka et al. 2009). A goal in future studies will be
to identify the mRNAs or other capped RNA species associat-
ed with each TbE5 complex, and to determine if they change
during the lifecycle or in response to select stresses. Other
members of the kinetoplastid EIFAE family, TbEIF4El
through TbEIF4E4, respond to stress by forming cytosolic
granules (Kramer etal. 2008, 2012), and comparable behavior
has been noted for TbE5 (data not shown). In a group of or-
ganisms that predominantly lack regulation of gene/protein
expression at the level of transcription initiation (Martinez-
Calvillo et al. 2010; Alsford et al. 2012; Kramer 2012), the
presence of a putative cytosolic capping enzyme suggests
a specific role for RNA processing and/or regulation by
the TbE5 complexes. The link between cytosolic mRNA
metabolism and the motility-defect phenotypes could lie in
TbEIF4E-mediated control of RNA regulons associated with
motility.

MATERIALS AND METHODS

Bioinformatics

The two newest T. brucei EIFAE homologs were identified in BLAST
searches of the GeneDB database (Hertz-Fowler et al. 2004).
TbEIF4ES5 was identified using the yeast e[F4E (GenBank number
P07260) as a query. Multiple sequence alignment and phylogenetic
analysis was performed with Clustal W (http://www.ebi.ac.uk/Tools/
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msa/clustalw/). Secondary structure predictions were performed us-
ing Phyre” (Kelley and Sternberg 2009).

Plasmid construction

Recombinant TbE5 was expressed from the p2171 plasmid (Dhalia
et al. 2006). For interaction assays, the TbE5 and TbEIF4G homolog
ORFs were amplified by PCR, and cloned into the yeast two-hybrid
vectors pGAD and pGBK. For conditional knockdown by RNAj,
gene-internal fragments were PCR-amplified and cloned into the
p2T7-177 vector (Wickstead et al. 2002). Gene-specific allele knock-
out constructions were made by insertion of the respective 5" and 3’
flanking regions into the pKO vector (Lamb et al. 2001). The 3’ ter-
minal gene fragments required for carboxy-terminal epitope tagging
were amplified and the resulting fragments cloned into the pC-PTP-
Neo plasmid (Schimanski et al. 2005).

In vitro cap-binding assay

Hiss-tagged recombinant TbES5 protein was expressed in Escherichia
coli Rosetta 2 (DE3) cells. Expression was induced with 0.5 mM
IPTG for 3 h at 37°C. Cells were harvested, disrupted by sonication,
and centrifuged. The pellet was washed two times in 20 mM HEPES/
KOH (pH 7.2) 1 M guanidine hydrochloride, 2 mM DTT, 10% glyc-
erol. Inclusion bodies were dissolved in 50 mM HEPES/KOH (pH
7.2), 6 M guanidine hydrochloride, 10% glycerol, 2 mM DTT.
Cell debris was removed by centrifugation (43,000¢ for 30 min).
The protein was diluted to <0.1 mg/mL and refolded by one-step
dialysis against 50 mM HEPES/KOH (pH 7.2), 100 mM KCl, 0,5
mM EDTA, 2 mM DTT, and purified by ion exchange chromatog-
raphy through a HiTrap SP column.

Time-synchronized fluorescence titrations were carried out on a
PerkinElmer LS 55 Fluorescence Spectrometer at 20+ 0.3°C
(Niedzwiecka et al. 2002) in 50 mM HEPES/KOH (pH 7.2), 100
mM KCl, 0.5 mM EDTA, 2 mM DTT. During the time-course titra-
tion, aliquots of 1 uL cap analog solution (Yoffe et al. 2006) were
added to 1400 pL protein solution (0.1 pM, 0.2 uM, or 0.3 uM pro-
tein concentration). Changes in fluorescence intensities were mea-
sured at 325 nm or 340 nm with excitation at 280 nm and
corrected for sample dilution and inner-filter effects. Equilibrium
association constants (K,;) were determined by fitting the theoreti-
cal curve of fluorescence intensity for total cap analog concentration
to the experimental data points (Niedzwiecka et al. 2002). The final
K,s was calculated as a weighted average of three to five independent
titrations. The fitting procedure utilized nonlinear, least-squared re-
gression analysis and was performed using ORIGIN 6.0 (Microcal
Software). The Gibbs free energy of binding was calculated from
the K, value according to the standard equation AG® = —RTInK.

T. brucei cell culture and RNAI

YTAT procyclic T. brucei was grown at 27°C in SM medium
(Cunningham 1977) supplemented with 10% fetal bovine serum,
and was used for PTP-targeted integrations for MudPIT analyses.
Procyclic forms of T. brucei Lister 427 strain 29-13 were used for
RNAI. Transfection was performed as described (Hill et al. 1999).
Selection was performed with G418 (15 pug/mL), puromycin (10
pg/mL), or phleomycin (2.5 pg/mL), and clonal lines of selected
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cultures were obtained by limiting dilution in 96-well plates. To in-
duce RNAI, 1 pg/mL tetracycline (Tet) was added to mid-log phase
cultures and the growth measured daily. Single knockout/PTP-
tagged lines in YTAT were constructed as described (Schimanski
et al. 2005). The 29-13 cell line was transfected with the plasmid
cPTP-puro-TbES5, selected with puromycin and checked for PTP-
tagged protein expression, then transfected with the RNAi plasmid
p2T7-177-TbE5 and selected with phleomycin, generating the
TbE5"P"™"RNAI cell line. PTP tagging of TbE5 to monitor knock-
down in the 29-13 RNAI cell line affected one allele, leaving the sec-
ond as WT.

Fluorescence microscopy

T. brucei cultures in mid-log phase (5 X 10°=107 cells/mL) were
used for immunofluorescence imaging as described (Oberholzer
et al. 2011). Aliquots of 1 mL were washed twice in 1 mL PBS, re-
suspended in 1 mL PBS/0.01% paraformaldehyde, and incubated
on ice for 5 min. The cells were centrifuged and resuspended in
0.5 mL PBS. Approximately 20 pL of the cell suspension was spread
on a microscope slide and dried at room temperature (RT), fol-
lowed by fixation at —20°C in acetone for 5 min and —20°C in
methanol for 5 min. The slides were dried at RT, the cells were re-
hydrated with 1 mL PBS for 15 min and blocked for 1.5 h at RT
with blocking solution (PBS/5% Normal Goat Serum/5% BSA).
Blocked cells were incubated for 1.5 h in a 1:3000 Anti-Protein A
antibody produced in rabbit (Sigma) in blocking solution, washed
three times with PBS-T (PBS/0.05% Tween 20), incubated in
1:3000 anti-rabbit IgG Alexa 488 (Invitrogen), washed three times
with PBS-T, once with PBS and mounted on slides with Vectashield
(Vector Laboratories) containing DAPI, and viewed by fluorescence
microscopy.

Metabolic labeling assay

[*>S]-methionine incorporation was determined as described (Freire
etal. 2011). RNAi-induced and uninduced TbE5""*T"PRNAi mid-log
phase cultures were centrifuged at 3000 RPM at RT, washed once in
methionine-free SM medium, and resuspended to a concentration
of 1 x 107 cells/mL in the methionine-free SM medium supplement-
ed with 50 pCi/mL [**S]-methionine. After 1-h incubation at 28°C,
50 pL aliquots were lysed (5 uL 10% SDS, 2.5 uL. 1 M NaOH), 10 uL
of these lysates were spotted in triplicate to Whatman filter papers,
and dried at RT. The filters were then incubated on ice in 10%
TCA for 15 min followed by boiling in 5% TCA for 10 min. After
one methanol wash and one acetone wash the filters were dried at
RT. The radiolabel incorporated into proteins was measured with
a Beckman LS 6500 Scintillation Counter. Experiments were per-
formed three times in triplicate. Standard error was calculated and
plotted in Microsoft Excel.

Sedimentation assay

Motility in a liquid environment was quantified by spectrophotom-
etry (Bastin et al. 1999). Cells with integrated RNAi constructions
were incubated +/-Tet for 72 h, then resuspended at 5 x 10° cells/
mL in fresh medium with or without drug. Six replicates (1 mL)
were transferred to cuvettes and incubated without shaking under

standard conditions. The optical density at 600 nm (ODgoo) was
measured in triplicate every 8 h, with three cuvettes left undisturbed
to measure sedimentation and three cuvettes mixed prior to mea-
surement. The AODgq, for each sample was calculated by dividing
the ODggq of the resuspended samples by those of the undisturbed
samples.

Motility assay

Social motility assays on semi-solid 0.4% agarose plates were per-
formed as described (Oberholzer et al. 2010). Plates contained either
methanol (diluent) or Tet (final 1 pg/mL) for “~Tet” and “+Tet”
conditions. The plates were inoculated using 5.5 uL cells from sus-
pension cultures at ~1.0 X 107 cells/mL. The +Tet cells were induced
for 72 h prior to plating. Following inoculation, the plates were
closed, left to sit for 20 min, then sealed with Parafilm and incubated
at 27°C with 5% CO,. Plates were photographed at 120 h using a
white light box and a velvet cloth to provide background contrast.
Images were acquired using a Pentax Optio M30 camera, and
cropped in Adobe Photoshop.

Yeast two-hybrid assays

Yeast strain PJ69-4A was cultivated overnight at 30°C in YPD medi-
um (Ammerman et al. 2012). Each transformation used 1 mL cell
suspension washed and resuspended in 100 uL TE/100 mM lithium
acetate buffer and incubated at RT for 15 min. The cells were centri-
fuged and resuspended in 360 pL transformation buffer (1 x TE/1
mM LiOAc; 50% PEG 8000 and 2 mg/mL boiled salmon sperm
DNA), simultaneously transformed with GBK (tryp+) and GAD
(leu+) plasmids expressing TbE5 and individual T. brucei 4G homo-
logs, and incubated for 30 min at RT. Subsequently, the cells were in-
cubated at 42°C for 20 min, and then spun down. The pellet was
resuspended in 2 mL dropout medium (minimal medium minus
tryptophan and leucine) and incubated overnight at 30°C. After
dropout incubation the ODgqy was checked and all cultures centri-
fuged, diluted to ODgq 0.5 in dropout medium (minimal medium
minus tryptophan, leucine, and histidine), applied on to 2% agar
dropout medium plates containing 3-amino-1,2,4-triazole (3AT)
in serial dilutions, and incubated at 30°C for 5 d. The positive control
plates used plasmids pGADT7-T and pGBKT7-53 (CLONTECH
Laboratories Inc.) for transformation.

Native gel electrophoresis for protein complex
detection and sizing

Blue Native gel analysis was performed according to manufacturer
instructions (Novex). Samples were prepared as follows: Mid-Log
phase culture cells were washed twice in PBS, resuspended in 24
uL extraction buffer (25 mM HEPES, 150 mM sucrose, 20 mM po-
tassium glutamate, 3 mM MgCl,, 0.5% NP40, 150 mM KCI, 0.5 mM
DTT, and SIGMAFAST Protease Inhibitor Cocktail, EDTA-free
[Sigma-Aldrich]), incubated on ice for 20 min, and centrifuged at
full speed for 10 min/4°C. Eighteen microliters of the supernatant
was added to 6.25 pL of 4x Native PAGE buffer and 1 pL of G-
250 Coomassie sample buffer. The samples were electrophoresed
through precast 4%-16% NativePAGE Novex Bis-Tris gels fol-
lowing the manufacturer specifications (Life Technologies). The
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NativeMark Unstained Protein standard (Life Technologies) was
used to estimate complex sizes. Proteins were transferred to
Immun-Blot PVDF 0.2 pm membranes (BioRad). Membranes
were fixed in 8% acetic acid for 15 min, rinsed with water, and in-
cubated with primary or secondary antibody. The size marker lane
was removed prior to antibody incubation, air-dried, equilibrated
with methanol, and stained with Coomassie dye for visualization.

Tandem-affinity purification

Purification was performed from 500 mL of culture (5 x 10° cell/
mL). For tandem-affinity purification, the PTP tag was utilized
and purification performed as described (Schimanski et al. 2005).
Total elution from the protein C column was resolved either by
SDS-PAGE and visualized by silver staining (BioRad Silver
Staining plus), or TCA precipitation and subjected to tandem
mass spectrometry (MudPIT).

MudPIT

The TCA precipitated proteins were digested by trypsin and subject-
ed to mass spectrometry as described (Zamudio et al. 2009). The pro-
teomic data were analyzed using the SEQUEST and DTASelect2
algorithms against the T. brucei genome database (Berriman et al.
2005), filtering by a peptide-level false-positive rate of 5%, and a
minimum of two peptides per protein (Peng et al. 2002).
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