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ABSTRACT

Post-transcriptional processes mediated by mRNA
binding proteins represent important control points
in gene expression. In eukaryotes, mRNAs contain-
ing specific AU-rich motifs are regulated by bind-
ing of tristetraprolin (TTP) family tandem zinc fin-
ger proteins, which promote mRNA deadenylation
and decay, partly through interaction of a con-
served C-terminal CNOT1 binding (CNB) domain with
CCR4–NOT protein complexes. The social ameba
Dictyostelium discoideum shared a common ances-
tor with humans more than a billion years ago, and
expresses only one TTP family protein, TtpA, in
contrast to three members expressed in humans.
Evaluation of ttpA null-mutants identified six tran-
scripts that were consistently upregulated compared
to WT during growth and early development. The
3′-untranslated regions (3′-UTRs) of all six ‘TtpA-
target’ mRNAs contained multiple TTP binding mo-
tifs (UUAUUUAUU), and one 3′-UTR conferred TtpA
post-transcriptional stability regulation to a heterol-
ogous mRNA that was abrogated by mutations in the
core TTP-binding motifs. All six target transcripts
were upregulated to similar extents in a C-terminal
truncation mutant, in contrast to less severe ef-
fects of analogous mutants in mice. All six target
transcripts encoded probable membrane proteins.
In Dictyostelium, TtpA may control an ‘RNA regu-
lon’, where a single RNA binding protein, TtpA, post-

transcriptionally co-regulates expression of several
functionally related proteins.

INTRODUCTION

Post-transcriptional regulation of gene expression is critical
for the maintenance of physiological levels of mRNAs and
their encoded proteins. An important component of post-
transcriptional control is exerted by mRNA binding pro-
teins, which can play diverse roles in regulation of splicing,
translation, mRNA decay, mRNA localization, and other
processes. A well-known group of mRNA binding proteins
is the tristetraprolin (TTP) family, found throughout eu-
karyotes (1,2). In general, members of this family act by
binding with high affinity (Kd ∼1 nM) to AU-rich motifs
with the optimum sequence UUAUUUAUU, typically in
the 3′-UTRs of mRNA, and then promoting mRNA dead-
enylation and decay, and ultimately inhibition of transla-
tion. The predominant mRNA binding element in these
proteins is the tandem zinc finger (TZF) domain, a 64 amino
acid domain composed of two CCCH zinc fingers with
highly conserved intra- and inter-finger spacings; this do-
main is the defining element for members of this protein
family (3). Previous studies demonstrated that mutating any
of the zinc coordinating residues within this TZF domain
resulted in complete loss of RNA binding and loss of func-
tion in assays of deadenylation and mRNA decay (4); in-
deed, high level expression of such mutants often exerted
an inhibitory effect on target transcript decay (4). Knocking
a similar point mutation into the endogenous Zfp36 locus
(the gene encoding TTP) in mice resulted in a complete loss
of function phenotype that was essentially indistinguishable
from the complete knockout phenotype (5). Similar effects
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of knocked-in TZF domain point mutations were found in
the fission yeast Schizosaccaromyces pombe (6).

A second highly conserved domain found in many TTP
family proteins, including those from mammals, primitive
plants and protists, is a short C-terminal domain (7). This
domain from human TTP was shown to interact with a cen-
tral domain of the human recombinant CNOT1 protein (8).
This finding provided a possible explanation for the ability
of TTP and related proteins to promote deadenylation of
their target transcripts, by bringing the entire CCR4–NOT
complex, with its associated deadenylases, into proximity of
the bound mRNA (7,8).

However, there are several pieces of evidence suggesting
that this may not be the entire story of how TTP family
proteins interact with CCR4–NOT complexes. For exam-
ple, several studies have suggested that other domains of
TTP can interact with CNOT1 (9,10), or with other mem-
bers of the CCR4–NOT complex (11). Studies with the
Schizosaccharomyces pombe Zfs1 protein, which lacks the
conserved C-terminal domain, demonstrated interactions
between other regions of Zfs1 and the S. pombe CCR4–
NOT complex (12). In addition, cell transfection studies
with human TTP (8) or the Drosophila TIS11 protein (13)
suggested that loss of the conserved C-terminal domain
only resulted in partial loss of mRNA decay-promoting
ability. Most importantly, a knock-in mutation in mice that
resulted in a C-terminal truncated TTP protein exhibited
only partial loss of activity, in terms of phenotype severity,
even when it was expressed in trans with a complete deletion
allele (14). The same study showed only partial loss of ac-
tivity when a recombinant C-terminal truncated version of
TTP was used to activate the S. pombe CCR4–NOT com-
plex (14), and when the C-terminal truncated mouse pro-
tein was used to complement the Zfs1 null phenotype in S.
pombe (14).

It is possible that the relatively mild phenotype seen in
mice expressing only the C-terminal truncated version of
TTP is due, at least in part, to the expression of three
other TTP family members in the same organism. To our
knowledge, the expression of multiple TTP family mem-
bers is characteristic of all vertebrates, with possible func-
tional redundancy complicating the analysis of individual
protein behavior. Several model organisms express only a
single TTP family member, such as Drosophila melanogaster
(13), and yeasts such as S. pombe and Candida albicans (15–
18). However, a drawback of common laboratory yeasts is
that their TTP family proteins lack the typical C-terminal
CNOT1 binding domain described above. It would be de-
sirable to have an experimentally tractable, complex model
organism with a single cell phase that expresses a single TTP
family member, for convenient studies of protein structure
and function, as well as possible ‘forward genetic’ studies of
interacting genes.

Although Dictyostelium discoideum is separated from
mammals by more than a billion years of evolution (19), it
has a number of unique characteristics that make it an ideal
model for such studies, including ease of genetic manipula-
tion (20,21). D. discoideum grows as individual cells in both
shaking liquid and adherent axenic cultures. However, upon
nutrient depletion, D. discoideum initiates a developmental
program leading to chemotaxis and multicell formation, cy-

todifferentiation, morphogenesis, and ultimately terminal
differentiation into the mature fruiting body, comprised of
stalk/cup cells and spores (22–25).

In this paper, we have begun to characterize the sin-
gle TTP family member expressed in D. discoideum. This
protein, which we refer to as TtpA, contains an appar-
ently conventional RNA-binding TZF domain and a typ-
ical probable C-terminal CNOT1 binding (CNB) domain.
When TtpA function was disrupted in D. discoideum, cells
growing in culture exhibited large-fold increases in the lev-
els of three, highly abundant transcripts, and smaller in-
creases in the levels of three less abundant mRNAs; all six of
these transcripts contained typical, often overlapping, mul-
timeric AU-rich ‘TTP family member binding sites’ in their
3′-UTRs. The 3′-UTR of one of these, sodC mRNA, was
able to confer TtpA regulation when fused with a heterolo-
gous mRNA, but mutations in the core TTP-binding motif
abrogated such control. All six of these upregulated tran-
scripts encode predicted membrane proteins, and might be
described as comprising a post-transcriptional ‘RNA reg-
ulon’ (26–28). We used these potential target transcripts
to begin to explore structure-function relationships for the
TtpA protein, including the effects of a point mutation in
the TZF domain, and a deletion of the C-terminal CNB do-
main.

MATERIALS AND METHODS

Cloning and sequencing of a full-length TtpA cDNA

Total cellular RNA was prepared from WT D. discoideum
amebae, strain AX3, grown under axenic conditions, by
seeding a liquid cell culture with 0.5 million cells/ml
and harvesting them at 2 million cells/ml. Cells were
pelleted, frozen, and RNA was purified using the Illus-
tra RNAspin Kit (GE Healthcare Life Sciences) follow-
ing the manufacturer’s protocol. The RNA was quanti-
tated with a Nanodrop 2000C, and 0.5 �g of total RNA
was reverse transcribed using the iScript cDNA synthe-
sis kit (Biorad), following the manufacturer’s protocol.
The resultant cDNA was diluted approximately 10-fold,
and 1 �l was used in PCR reactions containing Plat-
inum Taq DNA polymerase (Invitrogen) and the follow-
ing primers: ttpAFwd––5′-GATGACAGAAATTTCAAA
TTCAC-3′ and ttpARev––5′-GTTCAAATTCAACTTG
GTAAAC-3′. These correspond to nt3894502–3894524 and
3895887–3895908, respectively, from GenBank accession
number NC 007090.3 from the D. discoideum chromosome
4 sequence. The PCR product was subcloned using the Topo
TA cloning kit (Thermo Fisher) and sequenced by Sanger
Sequencing. The final sequence, which corresponded ex-
actly to the genomic sequence in NC 007090.3, has been
deposited in GenBank as accession number MT946549.

Alignment of D. discodeum TtpA with orthologues from other
dictyostelids, social amebae and human TTP

D. discoideum is considered to be a member of the group
4 dictyostelids (19), so we aligned the predicted protein
sequence of D. discoideum TtpA with apparent ortho-
logues from single representatives of groups 1–3, as well
as an orthologue from a more distant ameba, Physarum
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polycephalum. GenBank accession numbers for these pro-
teins are as follows: P. polycephalum, translation of ge-
nomic sequence ATCM03068633.1, bases 797–1600; D.
fasciculatum (group 1), XP 004358709.1, with a proba-
ble missing internal segment provided by genomic read
ADHC01000003.1; D. discoideum, MT946549 (this paper);
P. pallidum (group 2), EFA80829.1; Dendrocoelum lacteum
(group 3), KYR02613.1; Homo sapiens TTP (GenBank ac-
cession number NP 003398.3).

Solution structure modeling of the TtpA TZF domain and
comparison with that of human ZFP36L2 (TIS11D)

The coordinates from the NMR structure of the RNA-
bound TZF domain of ZFP36L2 (29) were appropriately
mutated in constructing the initial template for TtpA,
using the program Coot (30). After adding counterions,
the initial model structure was solvated with 15202 wa-
ter molecules. Following the protocol described previously
(31), the solvated structure was equilibrated for over 20 ns
with the standard Amber force field for amino acids and the
PARMBSC0 force field for RNA using the program Am-
ber.18 (32). Unconstrained molecular dynamics simulations
were continued for another 100 ns at constant temperature
(300K) under constant volume. The CPPTRAJ module of
Amber18 (32) was used to calculate root mean square devia-
tions. The final solution structure of the TtpA TZF domain
complexed with RNA was prepared for display using the
program VMD-1.9.3 (33).

Cloning, expression and purification of a recombinant TZF
domain peptide from TtpA, and its use in RNA gel shift as-
says.

Cloning of the TZF domain from TtpA. The DNA se-
quence encoding the TZF domain (amino acids 225–288 in
the full-length protein) of TtpA was codon-optimized for
expression in bacterial cells and synthesized by Genewiz
(Genewiz Genomics Laboratories). The DNA was cloned
into a modified pET28/30 vector, previously described (6),
encoding an N-terminal six residue histidine tag immedi-
ately followed by a maltose binding protein (MBP) tag and
a TEV protease cleavage site. The final construct was veri-
fied by DNA sequencing.

Expression and purification of the TZF domain of TtpA.
After transformation of the plasmid encoding the TZF do-
main of TtpA into Escherichia coli BL21 Star (DE3) cells
(Invitrogen), the cells were plated onto LNT agar contain-
ing 100 �g/ml ampicillin. Bacterial cultures were grown at
37◦C in LNT media in the presence of 100 �g/mL ampi-
cillin. When the OD600 reached 0.6, 1 mM isopropyl �-D-
1-thiogalactopyranoside (IPTG) was used to induce pro-
tein expression at 22◦C for 16 h. Cells were centrifuged at
3600 rpm at 4◦C for 15 min and pellets were stored at –
20◦C. Frozen cell pellets were resuspended in 50 ml of buffer
containing 20 mM sodium phosphate, pH 8.0, 100 mM
potassium chloride, 10 mM imidazole, 5% glycerol, and one
EDTA-free protease inhibitor tablet (Roche) and lysed by
sonication for 30 s intervals, for a total of four intervals, on
ice. Following centrifugation at 35 000 rpm at 4◦C for 30

min, supernatants were applied to a 5 ml HisTrap HP col-
umn (Cytiva Life Sciences), washed with 5 column volumes
of buffer and eluted in the same buffer containing 400 mM
imidazole. After incubation with tobacco etch viral (TEV)
protease overnight at 4◦C in the presence of 3 mM dithio-
threitol, proteins were diluted into buffer A containing 20
mM sodium phosphate, pH 7.6, 30 mM potassium chlo-
ride, 25 �M zinc sulfate, 2 mM 2-mercaptoethanol, and 5%
glycerol. Subsequently, protein was loaded onto a HiTrap
Heparin HP column (Cytiva Life Sciences) and eluted in a
linear gradient from 0% to 80% buffer NT (buffer A + 1 M
potassium chloride). After concentration utilizing a 3000
MWCO Vivaspin 20 centrifugal filtering device (Cytiva Life
Sciences), protein was applied to a Superdex 200 10/300 GL
size-exclusion column (Cytiva Life Sciences) equilibrated in
20 mM sodium phosphate, pH 7.6, 100 mM potassium chlo-
ride, 25 �M zinc sulfate, 2 mM 2-mercaptoethanol and 5%
glycerol. Fractions containing purified TZF domain were
pooled and concentrated using a 3000 MWCO Vivaspin 20
centrifugal filtering device (Cytiva Life Sciences). Purified
protein was buffer exchanged into 20 mM sodium phos-
phate, pH 7.6, 100 mM potassium chloride, 25 �M zinc
sulfate, 2 mM 2-mercaptoethanol and 5% glycerol. Concen-
trated proteins were stored at –80◦C after flash freezing in
liquid nitrogen.

RNA electrophoretic mobility shift assay (EMSA). RNA
electrophoretic mobility shift assays were carried out as de-
scribed previously (34). Briefly, the purified TZF domain (1
and 0.5 �g) of TtpA was incubated with 0.6 ng of single
stranded 5′-biotin-labeled probe (Horizon Discovery) based
on the 3′-UTR of mouse tumor necrosis factor alpha (TNF)
mRNA (bp 1309–1332 from GenBank accession number
X02611). All assays were carried out using either a multi-
site RNA probe with the sequence 5′-biotin-UUAUUUA
UUUAUUAUUUAUUUAUU-3′, or a single site probe,
5′-biotin-UUAUUUAUU-3′, as indicated. Reactions were
incubated for 20 min at room temperature, and then run
on a 5% nondenaturing Criterion TBE polyacrylamide gel
(Bio-Rad) for 1 h at 150 V at 4◦C. After transfer to a Bio-
dyne B nylon membrane (Thermo Fisher Scientific), ARE
probe and protein-ARE complexes were detected using a
streptavidin-HRP conjugated antibody within the Chemilu-
minescent Nucleic Acid Detection Module (Thermo Fisher
Scientific), according to the manufacturer’s protocol, after
exposing to film.

Cloning of mammalian expression vectors for an amino-
terminal truncated version of TtpA and its mutants, and
transfection into HEK 293 cells

DNA fragments of H. sapiens-biased codons encoding the
WT TtpA protein, the TZF domain mutant C246T, and
the CNOT1 binding domain mutant (RTANTKTTC at the
TtpA C-terminus, in which the underlined polar residues
indicate substitutions for the hydrophobic amino acids L,
I, F and I, respectively), were synthesized by Genewiz (Ge-
newiz Genomics Laboratories). These DNA fragments, in-
cluding an initiator methionine at M103 in the WT TtpA
sequence), were inserted between sequences encoding GFP
and the bovine growth hormone 3′-UTR at the Asp718 and
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XhoI sites in vector CMV.EGFP.BGH3′. The last residue of
GFP was followed by the Asp718 site, which was followed
by TtpA M103 in frame.

Co-transfection assays were performed (35) using human
HEK 293 cells to assess the ability of these TtpA expression
constructs (5 ng DNA per 100 mm dish) to influence the sta-
bility of a reporter mRNA, expressed by Mlp-TNF3′ (3 �g
DNA together with 2 �g of vector DNA BS + per dish) as
described (14). Expression and subcellular localization of
these GFP-TtpA fusion proteins, and GFP alone, were vi-
sualized using an EVOS fluorescence inverted microscope
(Advanced Microscopy Group) 48 h after the transfection.
At about the same time the cells were treated without or
with actinomycin D (Sigma, ActD, 5 �g/ml) for 1 h. After
rinsing in ice-cold PBS, the cells were lysed in lysis buffer
(Illustra RNAspin mini, GE Healthcare). The lysates from
cells transfected with the same constructs and the same
treatment (3 dishes) were pooled, and cellular RNA was ex-
tracted according to the manufacturer′s protocol.

Northern blotting with a Marcksl1 cDNA probe (36)
was visualized by autoradiography and quantitated using a
PhosphoImager and mRNA-probe bound volume (Image-
Quant, Molecular Dynamics). The probe-bound volume of
the Marcksl1-Tnf3′ fusion mRNA was first normalized by
the bound volume of endogenous Marcksl1 mRNA, and the
results were presented as either steady state levels, or levels
after 1 h of treatment with ActD, as described (13,14).

Mutagenesis of ttpA

WT cells (Ax3) were used to generate four different puta-
tive null mutations in the endogenous ttpA gene, as well
as a ‘reversion of null’ mutant and a C-terminal trunca-
tion mutant. For predicted null mutations within the TZF
domain, the 20 nt sequence 5′-GAGACTGGTGTTTGT
AGATA-3′ was cloned into the CRISPR vector pTM1285
(37). To create ttpAC240ins, a mutant in which an inser-
tion containing the blasticidin resistance sequence was in-
serted into the TZF domain, this plasmid (pTM1285-Ttp
A) and a plasmid comprised of TtpA sequences includ-
ing 674 nt upstream of the proposed CRISPR site, and
518 nt of downstream sequence (3894503–3895176 and
3895391–3895908, respectively, from GenBank accession
number NC 007090.3), surrounding a basticidin S deam-
inase sequence from the CRISPR vector (37), were co-
transfected into WT cells. Individual clones resistant to
blasticidin (10 �M) were selected and sequenced. Two addi-
tional putative null strains, ttpAE236fsx and ttpAY242fsx, were
made by creating frame shift mutations near the begin-
ning of the TZF domain. These strains were created by
transfecting WT cells with pTM1285-TtpA, and identify-
ing and sequencing frame shift mutants. One strain selected
for further use, ttpAE236fsx, was missing two bases at the
site of E236 in the TtpA protein sequence, but retained
a protospacer adjacent motif (TGG). To restore this pre-
sumed null strain back to WT, we cloned this mutant tar-
get sequence into pTM1285, and co-transfected the cells
with a 200 nt single-stranded DNA oligonucleotide from
the ttpA sequence, representing nt 3895125–3895322 from
GenBank accession number NC 007090.3. The resultant
strain, ttpE236fsx-rev, was confirmed to consist of the WT

sequence. To create a fourth presumed null mutant, we
mutated one of the key cysteine residues within the TZF
domain to serine (ttpAC231S). In this case, WT cells were
co-transfected with the CRISPR plasmid pTM1285-TtpA,
along with a 200 nt single-stranded DNA oligonucleotide
from ttpA that contained the mutant sequence 5′-ACTGA
ATTGTcTAGgTCTTTT-3′. Sequencing of one of the re-
sulting clones confirmed that cysteine 231 within the TZF
domain was changed to serine.

To create the C-terminal truncation strain ttpAD450trx,
the target sequence from near the 3′-end of the ttpA open
reading frame, CAATTTGTTCAAATTCAACT, was
cloned into pTM1285. This was transfected into WT cells
with a 200 nt single-stranded DNA oligonucleotide that
also encoded a myc epitope tag: 5′-TTCTTGGTCAA
GTGATGAGGCCTCATCAACTGCACCAAACTCT
TCTTTTAATCAATTAAAATCTTCTGCTCCTCCAA
TTTTAAAGAAAGAAGATaTCTCTGAACAAAAA
CTCATCTCAGAAGAGGATCTGTGGTAAACAAA
AATAAAAATAAAAAAATAAAAAATAAAAAATA
AAAAAACAAAAAAAAAAAAAAAAAAAA-3′. The
correct placement of the C-terminal deletion, and the
presence of the epitope tag sequence, were confirmed by
genomic DNA sequencing.

RNA-Seq experiments

Total RNA was isolated from the indicated cultures using
the Illustra RNAspin Kit (GE Healthcare Life Sciences) fol-
lowing the manufacturer’s protocol. Total RNA was quan-
titated with a Qubit fluorometer, and 250 ng of each sample
was transcribed to generate cDNA libraries using the Illu-
mina TruSeq RNA Kit (Illumina Inc, San Diego, CA) fol-
lowing the manufacturer’s Low Sample (LS) protocol with
the following modifications: 2 min of centrifugation were
used during the bead drying steps and 12 cycles were used
to enrich DNA fragments. The resulting libraries were se-
quenced following the manufacturer’s protocol using the
NextSeq 500 High Output Kit (150 cycles) on the Illumina
NextSeq 500 System or using the NovaSeq 6000 SP Reagent
Kit (200 cycles) on the Illumina NovaSeq 6000 System (Il-
lumina Inc., San Diego, CA). Alternatively, total RNA was
quantitated with a Qubit fluorometer, and 1 �g of each sam-
ple was transcribed to generate cDNA libraries using the
TruSeq Stranded mRNA Sample Prep Kit (Illumina Inc,
San Diego, CA) following the manufacturer’s protocol with
the following modifications: 10 cycles were used to enrich
DNA fragments to minimize the risk of over-amplification,
and dual-indexed barcode adapters were applied to each li-
brary. Libraries were pooled in an equimolar ratio for se-
quencing on the Illumina HiSeq 4000 System (Illumina Inc.,
San Diego, CA).

Reads were filtered to remove pairs in which either
mate’s mean base quality fell below 20, and were aligned
to the D. discoideum reference assembly downloaded from
dictyBase.org in January, 2018. Alignments were per-
formed as data became available using either STAR 2.5.2b
or 2.6.0c. Other than the following, default parameters
were utilized in all cases: –outMultimapperOrder Ran-
dom, –outSAMattrIHstart 0, –outFilterType BySJout, –
outSAMstrandField intronMotif, –outFilterIntronMotifs



11924 Nucleic Acids Research, 2021, Vol. 49, No. 20

RemoveNoncanonical. Per-gene fragment counts were de-
termined in a strand-independent manner using feature-
Counts 1.5.1, excluding chimeric pairs and reads with
mapping quality less than 10 (-Q 10, -C, -p, -s 0).
Gene annotations utilized for this purpose were down-
loaded from dictybase.org in March, 2018. Read counts
were normalized using DESeq2 1.18.1, running under R
3.4.0. Differential expression analyses were performed us-
ing DESeq2′s standard workflow with default parame-
ters (DESeqDataSetFromMatrix, estimateSizeFactors, es-
timateDispersions, nbinomWaldTest, results).

NanoString experiments

The NanoString nCounter technique allows for mRNA
quantitation without amplification over a large dynamic
range (38,39). For purposes of these and future experi-
ments, we constructed a custom codeset using the mRNA
sequences for the putative TtpA targets sodC, DD3-3, and
DDB G0281067, for GFP, and for ttpA mRNA itself. An
important component of these analyses is the use of a col-
lection of housekeeping transcripts for internal normaliza-
tion. For this purpose, we analyzed all of the samples from
the surface growth RNA-Seq experiments comparing null
mutants and WT cells, and chose transcripts whose average
abundances were in a range around that of sodC mRNA
in WT cells from the RNA-Seq data; whose average lev-
els differed less than 4% between null mutant and WT; and
whose variability among individual samples was very low.
We ultimately chose 14 transcripts for this analysis, includ-
ing the following genes: DDB G0275459, DDB G0276821,
cmfB, copG, dscE, nhp2l1, sdhD, snpA, tom70, trxC, ubqA,
vatA, vatB, and vatE. Cells from the indicated experimen-
tal conditions were frozen and used for RNA purification
as described above, and then analyzed by NanoString Tech-
nologies, Seattle, WA. The copy number calculation for ttpA
mRNA from WT cells under surface growth conditions
in normal medium was based on the assumptions found
in https://www.nanostring.com/wp-content/uploads/2020/
12/Gene Expression Data Analysis Guidelines.pdf, using
the estimated RNA amounts per cell in Dictyostelium from
(40).

3′-UTR analyses

For the three most highly up-regulated transcripts, sodC,
DD3-3 and DDB G0281067 mRNAs, we predicted 3′-UTR
sequences based on a combination of genomic sequences,
ESTs, SRA reads and UCSC browser tracks from the RNA-
Seq data. We then searched the available dictyostelids in
GenBank for proteins encoded by orthologues of the three
‘top tier’ targets listed above, and identified predicted 3′-
UTRs for each of these transcripts from the species de-
picted on the tree, based on 243 nt of genomic 3′ sequences
following the stop codon. Each 3′-UTR was searched for
potential TTP family member binding sites, with the mini-
mal sequence of UAUUUAU. Similar techniques were used
to predict 3′UTRs for the ‘second tier’ cybA, noxA and
DDB G0278313 mRNAs.

Generation and analysis of cells expressing GFP-sodC 3′-
UTR fusion plasmids

The plasmid vector and WT cells were obtained from the
Dicty Stock Center, Northwestern University, Chicago, IL,
USA, and the NBRP Resource Center, Nenkin, Japan.
Approximately 950 nt of the genomic region containing
the sodC mRNA 3′-UTR (estimated as 117 b) was am-
plified from WT cell genomic DNA, and cloned into the
pTX-GFP vector at the C-terminal end, resulting in plas-
mid pTX-GFP-3’-sodC-UTR-Wt. This plasmid was mu-
tated using PCR mutagenesis, changing the original 3’-
UTR TtpA binding site region from TTATTTATTTAT
TTATTTATTT to TTtTTTtTTTATTTtTTTATTT. Both
plasmids were used to transfect WT and ttpA mutant
cells under selection of G418. GFP expression was con-
firmed by fluorescence microscopy and western blotting
with anti-GFP antibodies (abcam, catalog number E385),
with an antibody directed at �-actin (Santa Cruz Biotech-
nology, catalogue number Sc-47778) serving as an internal
control.

Northern blotting of TtpA target transcripts from WT and
mutant cells

Total RNA was isolated from the WT and mutant cells
(ttpAE236fsx) in surface culture using the Illustra RNAspin
Kit (GE Healthcare Life Sciences), following the manufac-
turer’s protocol. Each gel lane was loaded with 5 �g of total
RNA for northern blotting. As a negative control, 5 �g of
HEK 293 cell total RNA was also loaded to an adjacent
lane. DNA fragments of native sequence encoding portions
of the DD3-3 protein (985 bp), the entire DDB G0281067
protein (904 bp), the entire SodC protein (1225 bp), or the
entire UbaA protein (1146 bp) were synthesized by Genewiz
as templates to make alpha-[32P]-labeled probes for north-
ern hybridization. We also repeated the northern blots after
cleaving each of these three transcripts near the 3′-ends, with
sequence-specific primers and RNAse H, and probed these
with labeled 3′-specific probes as described (14). For DD3-
3, the following numbering positions were based on the ge-
nomic sequence starting from the initiator ATG, from Gen-
Bank accession number NC 007090.3:c212062. From that
point, the locations of the complimentary oligonucleotides
of 16–17 nt each were at positions 1390, 1454, 1521, and
1672. The northern probe was approximately 298 nt start-
ing at position 1760. For SodC, the following positions were
based on the same organization, from GenBank accession
number NC 007090.3:c111541. From that starting point,
the locations of the complimentary oligonucleotides of 17–
19 nt each were at positions 933, 1058 and 1119 of this se-
quence. The northern probe was based on nt 1136 to 1458 of
this sequence. For DDB G0281067, the following positions
were based on the same organization, from GenBank ac-
cession number NC 007089.4:c4003396. From that starting
point, the oligonucleotides of 15–17 nt were complementary
to sequences starting at positions 690,762, 783 and 834. The
cDNA probe was designed to hybridize to nt 852–1123 of
this sequence. Double-stranded DNA templates for mak-
ing labeled probes were synthesized by Genewiz, Inc., and
DNA oligonucleotides complimentary to the target mRNA

https://www.nanostring.com/wp-content/uploads/2020/12/Gene_Expression_Data_Analysis_Guidelines.pdf
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sequencies were synthesized by Invitrogen Life Technolo-
gies.

Western blotting of DD3-3 in ttpA WT and mutant cells

Whole cell extracts were prepared by lysing cells in a buffer
consisting of 20 mM Tris–HCl (pH 7.2), 1% SDS, 1 mM
EDTA and 1 protease inhibitor cocktail tablet/25 ml buffer
(Roche). Protein concentrations were determined by using
a Nanodrop 2000C. Total protein (2 �g) was mixed with
1/5 volume of 5 X SDS sample buffer (0.25 M Tris–HCl
(pH 6.8), 10% SDS, 50% glycerol, 0.25% bromophenol blue,
and 5% 2-mercaptoethanol) and boiled for 5 min. Lysates
were separated on Any kD Criterion Tris-HCl precast gels
(Bio-Rad Laboratories) and transferred onto nitrocellulose
membranes. Membranes were blocked in 5% milk in TBST
(Tris-buffered saline with 0.1% Tween-20) and incubated
at 4˚C overnight with two different rabbit antisera (1:2000
dilution) raised against a synthetic peptide from D. dis-
coideum DD3-3 (GenBank accession number BAD93186.1,
amino acids 404–419, conjugated with KLH (Covance)), or
their respective pre-immune sera. This was followed by incu-
bation at room temperature with goat-anti rabbit-HRP an-
tibody for 1 h (Biorad) (1:20 000). Proteins were visualized
with Advansta WesternBright ECL substrate (Advansta).

Membrane topology predictions

Predicted protein sequences for the six target transcripts de-
scribed in this paper were entered into the program Phobius
(http://phobius.sbc.su.se/), and the default parameters were
used to calculate the predicted membrane topology for each
of the proteins.

RESULTS

D. discoideum TtpA

We previously identified a single predicted protein of the
TTP family in D. discoideum (7). Here, we functionally
characterize the D. discoideum protein and, in accord with
the TTP family designation and common D. discoideum
nomenclature, we term this protein TtpA, and the gene
as ttpA (annotated as DDB G0285973 (20,21)). This pro-
tein contains a typical TZF domain with correct internal
spacing and conserved residues, and a predicted C-terminal
CNOT1 binding (CNB) domain (Figure 1A) (7). We con-
firmed the absence of introns in this gene by cloning and
sequencing a cDNA from D. discoideum cells (GenBank ac-
cession number MT946549). Based on the RNA-Seq data
described below and these sequences, the full-length mRNA
for this gene corresponds to GenBank accession numbers
NC 007090.3:3893864–3896145.

The dictyostelids can be placed into four evolutionary
groups based on sequence relationships to amebozoa out-
groups (19,41). Group 4 is thought to have evolved most
recently, with D. discoideum its best-studied member (19).
We compared the TtpA sequence to representative proteins
from groups 1–3 (Figure 1A). There was strong conserva-
tion within the 64 amino acid TZF domain (red box in
Figure 1A), and a similarly conserved C-terminal putative
CNB domain (green box in Figure 1A). Another region of

conservation was the pink shaded region in Figure 1A, rem-
iniscent of the tryptophan clusters in TTP that may inter-
act with CNOT9 (11). The shortest family member found
to date among social amebae is from the acellular ameba
Physarum polycephalum (42) (GenBank accession number
ATCM03068633.1, bases 797–1600), with a predicted pro-
tein of 268 amino acids (Figure 1A).

Alignment of TtpA with human TTP (GenBank acces-
sion number NP 003398.3) shows a high level of sequence
conservation in the TZF and CNB domains (Figure 1B),
with the latter domains being located at the extreme C-
termini of the proteins from both species.

Figure 1B also illustrates the locations of the mutations
we made in the endogenous ttpA locus, using CRISPR-
Cas9 technology, including: A loss of function mutation
caused by the insertion of a blasticidin-resistance element
after the second cysteine in the TZF domain (ttpAC240ins);
a point mutant changing cysteine 231, a critical coordi-
nating residue for zinc ions, to serine (ttpAC231S); a loss
of function frame shift mutation within the TZF domain,
at E236 (ttpAE236fsx); a reversion mutation that converted
this frame shift back to the normal open reading frame
(ttpAE236fsx-rev); and another loss of function frame shift
mutation within the TZF domain, at Y242 (ttpAY242fsx). We
also made a C-terminal truncation mutant, in which the pu-
tative CNB domain was removed, leaving an otherwise in-
tact protein (ttpAD450trx).

RNA binding and solution structure modeling

We expressed a recombinant TtpA TZF domain peptide
in fusion with maltose binding protein in E. coli, and pu-
rified it through His-tag affinity binding, proteolytic cleav-
age of the fusion partner, and gel filtration (Figure 2A). As
shown by electrophoretic mobility shift assays, and similar
to human TTP, the recombinant peptide bound to a biotin-
labeled RNA probe corresponding to the core binding do-
main of the known TTP target transcript, Tnf (5′-biotin-U
UAUUUAUUUAUUAUUUAUUUAUU-3′) (Figure 2B).
The TtpA peptide also bound to a biotinylated RNA probe
containing a single TTP family binding site (5′-biotin-UUA
UUUAUU-3′) (Figure 2C). Using fluorescence anisotropy,
we estimated a Kd for this single site interaction of ∼1.8
nM at 24◦C (data not shown), similar to those found us-
ing TZF domain peptides from other species (13,17,18).
Solution structure modeling of the TtpA TZF domain, in
complex with the optimal single TTP binding sequence of
UUAUUUAUU, was based on the original structure of the
human TIS11D (ZFP36L2) TZF domain in complex with
the same oligonucleotide (29). The predicted structure of
the D. discoideum TZF domain in complex with RNA (Fig-
ure 2D) was very similar to the structure of the human
ZFP36L2 TZF domain complexed to the same oligonu-
cleotide (Figure 2E), with a root mean squared deviation
of 2.1 Å for the backbone atoms. Taken together, these data
suggest that the D. discoideum TtpA TZF domain behaves
like those of other eukaryotes that have been studied to date
in terms of high-affinity binding to the preferred binding se-
quence in single-stranded, unstructured RNA.

We previously performed similar solution structure mod-
eling of the predicted TtpA C-terminal CNB domain and its

http://phobius.sbc.su.se/


11926 Nucleic Acids Research, 2021, Vol. 49, No. 20

Figure 1. Sequence and domain structure of TtpA from D. discoideum. (A) shows the complete predicted amino acid sequences of TtpA from D. dis-
coideum, a representative of the group 4 dictyostelids, and representatives of groups 1–3; group numbers for each are shown in parentheses after each
species name. These are compared with a more distantly related acellular social ameba, P. polycephalum, chosen because it has the shortest TtpA protein
length we have identified to date among the social amebae. The alignments used the ClustalW conventions of asterisks for amino acid identity; colons
for chemical similarity; and single dots for less chemical similarity. The conserved 64 amino acid TZF domains are outlined in red, and the conserved
C-terminal CNOT1 binding (CNB) domains are boxed in green. Another moderately conserved domain of unknown function is highlighted in pink.
GenBank accession numbers for these proteins are as follows: P. polycephalum, translation of genomic sequence ATCM03068633.1, bases 797–1600; D.
fasciculatum, XP 004358709.1, with a probable missing internal segment provided by genomic read ADHC01000003.1; D. discoideum, MT946549 (this
paper); P. pallidum, EFA80829.1; D. lacteum, KYR02613.1. (B) shows alignments of the TZF (red brackets) and CNB domains (green brackets) from D.
discoideum TtpA and H. sapiens TTP (GenBank accession number NP 003398.3), with the zinc coordinating cysteines and histidines highlighted in red.
The locations of the six ttpA mutants described in this paper are indicated by the red arrows, with abbreviations as follows: C231S, replacement of cysteine
231 with serine in GenBank accession number MT946549; E236fsx, a frame shift mutation after glutamate 236; E236fsx-rev, a correction of that frame
shift mutation and reversion to the normal sequence; C240ins, insertion of a foreign sequence after cysteine 240; Y242fsx, a frame shift mutation after
tyrosine 242; and D450trx, a truncation of the protein after aspartate 450. See the text for further details.

predicted interaction with a central ‘hydrophobic pocket’ of
D. discoideum CNOT1 (7). This resembled the crystal struc-
ture of the human TTP C-terminal peptide interacting with
three central helices of the human CNOT1 protein (8).

Protein expression and activity in human HEK 293 cells

When expressed in human HEK 293 cells, full-length TtpA
with an N-terminal GFP fusion was cleaved at a site quite
close to the C-terminus of the GFP. We therefore made new
expression constructs, in which the methionine at position
103 in the WT TtpA protein was fused downstream of GFP.
We also made two mutant versions of this fusion, including
a C246T mutation in the TZF domain that should disrupt
RNA-binding, and a C-terminal mutation (mut CNBD)
that should prevent binding to the hydrophobic pocket of
the CNOT1 protein (7). In this case, the D. discoideum WT
C-terminal sequence, RLAIFKTICSNSTW, was replaced
by RTANTKTTCSNSTW, with the four key hydrophobic
amino acids in bold type replaced as indicated.

GFP alone was expressed in both nuclear and cytoso-
lic compartments of HEK 293 cells (Figure 3A, GFP),
whereas the WT and mutant GFP-TtpA fusion proteins

were localized predominantly in the cytosol (Figure 3A,
WT, C246T and mut CNBD). In a separate experiment,
the WT protein was localized to the nucleus after treat-
ment of the cells with leptomycin B, an inhibitor of CRM1-
dependent nuclear export (43) (data not shown). It thus ap-
pears that, like many members of this protein family, TtpA
contains a nuclear export sequence that promotes cytoso-
lic localization (44). All three constructs expressed relatively
similar levels of the fusion proteins, as determined by west-
ern blotting, although the TZF domain point mutant was
expressed at slightly lower levels; there was also evidence of
proteolytic fragments in all cases (Figure 3B).

We then tested the ability of the WT and mutant TtpA
proteins to promote mRNA decay in mammalian cells, us-
ing as a ‘target’ a fusion mRNA based on the protein coding
region of the mouse MARCKS-like 1 (Marcksl1) gene fused
with a mouse Tnf mRNA 3′-UTR that contains multiple
potential TTP binding sites (14). Northern blotting allows
for the normalization of expression based on endogenous
Marcksl1 mRNA, which migrates at a slightly larger size in
this gel system. GFP was used as a negative control. The
Marcksl1 promoter is susceptible to actinomycin D (ActD)
inhibition, allowing mRNA decay assessment in addition
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Figure 2. RNA binding of a recombinant TtpA TZF domain and its solution structure model complexed to RNA. (A) shows the purified TtpA TZF
domain peptide after gel filtration, with the Coomassie blue stained gel showing five consecutive fractions off the column. Molecular size markers to the
right represent Mr X 1000. (B) shows an RNA gel shift experiment using a biotinylated single-stranded RNA probe derived from mouse Tnf mRNA that
contains two potential TTP family member binding sites (67). The first lane (Buffer) represents the probe alone (Probe) incubated in buffer. The second lane
(hTTP) contains 3 �g of a human HEK 293 cell cytosolic extract from cells expressing full-length human TTP. The TTP-probe complex is labeled; multiple
bands are thought to reflect multisite TTP phosphorylation. The third lane (293) contains an equivalent amount of a human HEK 293 cell cytosolic
extract alone. The fourth and fifth lanes contain the purified TtpA TZF domain peptide at 1 and 0.5 �g, respectively. The free probe and the TZF domain
peptide––probe complex are indicated. (C) shows a similar gel shift experiment with a single binding site biotinylated probe, 5′biotin-UUAUUUAUU-3′.
Note the complete shift of probe into the gel in the lanes containing the TtpA TZF domain peptide in both B and C. (D) shows a solution structure model
of the 64 amino acid TZF domain from TtpA, in complex with the presumed optimal RNA sequence UUAUUUAUU, and (E) is the analogous structure
from the human ZFP36L2 (TIS11D) protein as described in (29). The single-stranded RNA chain is in light green, with the 3′-end at the top, except that
the two A residues are in orange. Color code for atoms in proteins: Red – oxygen; blue – nitrogen; cyan – carbon; gray (or off-white)––hydrogen. Generally,
oxygens are slightly negatively charged, and most of the nitrogens shown are from lysines or arginines and they are slightly positively charged. Yellow
represents the sulfur in methionine and cysteine. The two zinc ions in each structure are shown in purple.

to steady state analyses. In a single illustrative experiment
(Figure 3C) and in average data taken from three identi-
cal experiments (Figure 3D), the WT GFP-TtpA protein
caused decreases in steady state levels of the target tran-
script by more than 30% compared to GFP alone (com-
pare lanes 1 and 3 of Figure 3C; see also Figure 3D). Fur-
ther, after 1 h of ActD treatment to suppress new transcrip-
tion, GFP alone caused average decreases of target tran-
script mRNA of only a few percent, whereas the WT TtpA
fusion protein caused a significant decrease of more than
50% relative to the GFP control (P = 0.002; compare lanes
2 and 4 of Figure 3C; see also Figure 3D). The TZF domain
point mutant caused little change in either steady state tar-
get transcript levels, or levels after 1 h of Act D treatment,
compared to GFP alone (Figure 3C, compare lanes 5 and 6
to lanes 1 and 2; see also Figure 3D). These findings paral-
lel those seen with mammalian and insect TTP family pro-
teins, indicating that the Dictyostelium TtpA protein exhib-
ited typical TTP-like activity in this human cell expression
system, with the TZF domain point mutant being inactive.

Although highly conserved across evolution (7,8), the
precise function of the C-terminal CNB domain has been
less clear. C-terminal CNB domain mutants in mammalian
TTP and Drosophila Tis11 showed substantial residual ac-

tivity in this assay system compared to TZF domain point
mutants (8,13,14). In contrast, the C-terminal CNB domain
mutant of TtpA showed minimal effects on steady state tar-
get transcript levels, and although levels after 1 h of Act D
treatment were slightly decreased compared to GFP alone,
these differences were limited compared with WT TtpA
(Figure 3C, lanes 7 and 8, and Figure 3D). The data sug-
gest a more significant contribution of the C-terminal CNB
domain to TtpA activity in this species than in mammals
or flies. Nonetheless, despite apparent sequence conserva-
tion between only the TZF and CNB domains of the Dic-
tyostelium and mammalian proteins, TtpA is able to confer
TTP-like stability regulation when ectopically expressed in
mammalian cells.

Loss-of-function mutants in D. discoideum TtpA

When the various Dictyostelium null mutants were grown
in shaking liquid culture, we observed decreased cell pro-
liferation at several temperatures, and enlarged nuclei with
increased numbers of DAPI-staining nuclear foci (Supple-
mental Figure S1). These phenotypes were also seen with
the TZF domain point mutant ttpAC231S. The same changes
were prominent in the frame shift null mutant ttpAE236fsx,
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Figure 3. Expression of N-terminal truncated TtpA in HEK 293 cells. (A) shows the expression patterns of enhanced GFP alone (GFP), and three different
GFP fusions with: the N-terminal truncated version of WT TtpA (WT), a zinc finger mutant of the same truncated TtpA (C246T), and a C-terminal
mutation of the same truncated version of TtpA (mut CNBD). Note the nuclear and cytoplasmic expression of GFP alone (GFP), and the predominantly
cytoplasmic expression of TtpA and its two mutants. The white bar in each panel indicates the magnification scale (200 �m). In (B), the upper panel is a
western blot of HEK 293 cell extracts showing the expression of immunoreactive GFP fusions with GFP alone (lane 1), the N-terminal truncated version
of WT TtpA (lane 2), zinc finger (C246T) mutated TtpA (lane 3), and the C-terminal mutated (mut CNBD) TtpA (lane 4). The full-length fusion proteins
are the uppermost bands in lanes 2–4. The lower panel in B. shows the same blot probed with an antibody to beta actin. (C) is an autoradiogram of a
northern blot showing the effect of expression of GFP alone, or the indicated GFP fusions with WT and mutant TtpA, on the expression of a co-transfected
target mRNA (Mlp-TNF3′) in HEK 293 cells, either in the presence or absence of actinomycin D (ActD) for 1 h, as indicated. ‘endo’ refers to endogenous
mRNA, used as an internal control. (D) shows PhosphorImager quantitation of three identical experiments to that shown in C., in which all values were
normalized to the average value of GFP alone without ActD. Shown are the mean values ±SD of these three experiments. *P = 0.002 when comparing
the average WT value to the average GFP value after 1 h of ActD, using a one-tailed Student’s t test with Bonferroni correction; the same comparisons of
the two mutant proteins to GFP after 1 h of ActD were not significant. No statistical tests were applied to the steady state values because the GFP values
were normalized to 1.

but were not seen in the revertant of the same mutant
ttpAE236fsx-rev (Supplemental Figure S1). However, when the
null cells were grown on plastic surfaces (‘surface culture’),
the nuclear staining and slow growth phenotypes were not
observed in the null mutants (Supplemental Figure S1).
Therefore, unless otherwise specified, the RNA-Seq and
NanoString data described below were from cells grown to
approximately 80% confluence on plastic dishes under ax-
enic conditions.

We performed five independent RNA-Seq experiments
on polyA+-selected RNA from cultures containing the null
mutations ttpAC240ins, ttpAE236fsxand ttpAY242fsx, as well as
on the TZF domain point mutant, ttpAC231S (Figure 1A),
and compared these to WT cells grown and processed in
parallel. For the initial RNA-Seq analyses, our initial cut-
offs for inclusion were: minimum average normalized reads
per kb in the WT cells of 21, equivalent to approximately 1
FPKM; raw fold ratios of 2 or more when comparing aver-
ages of the data from null mutant cells with those from WT
cells; and adjusted P values of < 0.05. We later expanded
the fold-change criterion to include transcripts whose raw
fold ratios were 1.4 or greater, leaving the other criteria the
same.

When data from all five experiments were compared (see
Figure 4 and Supplemental Figure S2), only three upregu-
lated and no downregulated transcripts met all the criteria
in all datasets, including the raw fold ratio of greater than
2. These three transcripts were highly abundant. For exam-
ple, in WT cells in surface culture, DD3-3 mRNA was the
92nd most abundant transcript, sodC was the 104th, and

DDB G0281067 was the 117th, of the more than 12,000
transcripts detected. For comparison, average TtpA mRNA
levels in the same WT samples ranked 1176th in abundance.
In one of the null mutants under the same conditions, levels
of the target transcripts increased markedly, so that DD3-3
mRNA was the third most abundant transcript, sodC was
the 12th, and DDB G0281067 was the 67th. As in this ex-
ample, all three were upregulated in the mutant strains by
more than several-fold, with adjusted P values of less than
the software’s reportable minimum of 1e–325 in most cases.
These three transcripts will be referred to here as the ‘top
tier’ targets of TtpA. These RNA-Seq data are shown in
the four panels of Figure 4, each panel labeled with one of
the three top tier TtpA target transcripts, sodC, DD3-3 and
DDB G0281067 mRNAs, as well as an unrelated house-
keeping gene, snpA, as one of many control examples. Each
panel shows the effects of genetic manipulations and culture
changes on the mRNA levels of that one transcript. Within
each panel, group A shows the effect of three of the pro-
posed null mutants on the accumulation of the target tran-
scripts in cells grown in surface culture. In each case, there
was a large fold increase in all three transcripts in all three
mutants, whereas the expression of snpA mRNA was largely
unchanged. The groups labeled B in each panel showed the
effect of the C-terminal truncation, ttpAD450trx, on accumu-
lation of the same three transcripts; remarkably, these ex-
pression levels were also upregulated similarly to those of
the transcripts in the three null mutants.

In the groups labeled C, the behavior of the three po-
tential top tier target transcripts was compared between
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Figure 4. RNA-Seq data showing expression of the three top tier target transcripts in the various loss of function mutants. Each of the four panels shows
RNA-Seq results for an individual mRNA, including the three top tier TtpA target transcripts (sodC, DD3-3 and DDB G0281067 mRNAs, as labeled), and
a housekeeping control, snpA. Groups A in each panel show mRNA expression data from surface cultures of vegetative amebae from three different null
mutants, as indicated, with average mutant expression values shown as fold changes over the average WT value for that experiment, +/- SD. Groups B show
the effect of the C-terminal truncation mutant, normalized to the WT average, in the same experiment. Groups C show similar expression data for another
of the null mutants in both surface and liquid culture; in each case, normalization was to the respective WT mean. Groups D show the effect of several
hours of nutrient starvation-induced differentiation in surface culture, using the time 0 WT average as the normalizing factor for the entire experiment.
Groups E show the effect of the reversion mutant on the expression of the frame shift mutant ttpAE236fsx––in this case, the average of the reversion values
is set at 1, and the mutant values are normalized to that average. The data from groups E were generated using NanoString nCounter technology; all the
other data are from RNA-Seq experiments. In groups A–D, adjusted P values from the DESeq2 analysis, comparing mutant and WT averages from the
original data, were usually less than the software’s reportable minimum of 1e-325 for all transcripts except for snpA. In the E groups, the P value from a
Bonferroni-corrected Student’s two-tailed unpaired t test was < 1e-08 in each case, except in the case of snpA, when it was not significant.

surface growth and liquid growth in the WT and null mu-
tant ttpAC240ins cells; there was very little difference in their
behavior in the two growth conditions. If anything, the ex-
pression differences were even greater between the mutant
and WT cells in liquid culture.

We also compared expression during the first six hours of
development, initiated upon nutrient removal (45) (groups
D within Figure 4). In the WT cells, levels of ttpA mRNA
increased by 40% at 2 h (from 6707 ± 789 normalized
reads per kb (± SD; n = 3) to 9419 ± 449) and by 75%
(11,773 ± 1515) after 6 h of early development. The three
top tier TtpA target mRNAs showed highly (>>2×) el-
evated levels of expression in the ttpA mutant compared
to WT, at all developmental time points (groups D within
Figure 4).

To assess possible off-target effects, we mutated one of
the original TZF domain frameshift mutants, ttpAE236fsx,
to revert the sequence to WT (ttpAE236fsx-rev), and measured
expression levels using NanoString nCounter analyses (see
below). The reversion mutant (Figure 4, groups E), had ex-

pression levels of all three potential target transcripts that
were indistinguishable from WT levels, suggesting that the
gene expression phenotypes were solely due to ttpA disrup-
tion.

To confirm and more precisely quantitate expression
changes in the mutants, we measured target transcript levels
by NanoString in a new set of experiments. This technique
measures transcript levels without amplification (38,39),
and normalizes them to spiked-in controls as well as the
geometric means of 14 housekeeping transcripts chosen as
described in Methods and Materials. The three presumed
null mutants tested exhibited consistent, steady-state in-
creases in levels of the three top tier TtpA target tran-
scripts; on average, DD3-3 mRNA was increased 9.6-fold,
DDB G0281067 mRNA by 4.4-fold, and sodC mRNA by
7.7-fold (Figure 5). For all three transcripts, levels were in
the WT range in the reversion mutant (Figure 5). The C-
terminal mutant was also associated with large increases in
the levels of all three top tier target mRNAs compared to
WT (Figure 5), with the increases being similar to those seen
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Figure 5. NanoString data on expression of the three top tier target transcripts in the various loss of function mutants. In a separate series of experiments
from those shown in Figure 4, amebae in surface culture were analyzed for the expression levels of the same top tier target transcripts in cells expressing
some of the same mutants in TtpA shown in Figure 4. In this case, four separate cultures from each strain were used for each mean, ±SD, and all RNA
samples were analyzed by NanoString as described in Materials and Methods. In this case, levels of TtpA mRNA were also analyzed, using a probe that
was based on a sequence 5′ of the encoded TZF domain. See the text for further details.

in the various null mutants. The housekeeping control tran-
scripts, as exemplified by snpA (Figure 5), exhibited little
difference in expression among all strains.

Interestingly, ttpA mRNA levels increased modestly but
significantly compared to WT in both the TZF point mu-
tant and C-terminal deletion mutants (increases of 29%
and 21%; P = 0.002 and 0.012, respectively, based on
Bonferroni-corrected, unpaired two-tailed t tests), using
a NanoString assay that employed probes directed at se-
quences 5′ of the TZF domain region (Figure 5). The two
null mutants, ttpAC240ins and ttpAE236fsx, both expressing ab-
normal open reading frames for ttpA mRNA, may not be
directly comparable. The predicted ttpA mRNA 3′-UTR is
∼250 nt long, and contains two potential TtpA binding se-
quences (see below). Thus, TtpA may have a slight but mea-
surable effect on the stability of its own mRNA, as observed
in the mouse, where TTP slightly but significantly promotes
decay of its own mRNA (5).

In terms of its overall abundance, we estimated that ttpA
mRNA would be present in ∼70 copies per cell, in WT cells
in surface culture in normal medium. This corresponds to
approximately 319 FPKM, and represents the 1176th most
abundant mRNA in these conditions from the more than
12,000 transcripts evaluated.

Northern blots of total cellular RNA showed the ex-
pected increase in mRNA levels for the top tier targets
in the null cells compared to WT, but there was no evi-
dence of smaller-sized mRNAs resulting from a shortened
poly(A) tail length in the WT cells (Figure 6A), as seen with
certain mammalian transcripts (5,46). It should be noted
that poly(A) tails in D. discoideum tend to be much shorter
(∼100 nt) than in mammalian cells (16), making poten-
tial size differences based on poly(A) tail length less easy
to resolve. We attempted to increase size-difference reso-
lution by cutting the full-length transcripts into shorter 3′
fragments, using RNAse H and sequence-specific oligonu-
cleotides, and hybridizing them with specific 3′-probes. Un-
fortunately, even this considerable shortening of the DD3-
3, sodC and DDB G0281067 transcripts did not allow us
to detect metastable, deadenylated intermediates in the WT
cells (data not shown). We should note that if these dead-
enylated transcripts were highly unstable, as expected, they
would represent only a very minor component of the total
mRNA population, and thus might not be detectable with
such experimental designs.

Two different DD3-3-specific antisera detected increased
expression of DD3-3 protein in total cellular homogenates
from the null cells (Figure 6B). Attempts at raising peptide
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Figure 6. Northern blotting of the three top tier target transcripts, and western blotting of DD3-3, in WT and null cells. In (A) are shown three northern
blots of the three to tier TtpA target transcripts described in Figures 4 and 5, demonstrating increases in mRNA levels in each case in the mutant compared
to the WT cells. Equal amounts of total cellular RNA from human HEK 293 cells were run in the first lane of each blot. Locations of the ribosomal
RNAs are indicated to the left of the blots. ubqA mRNA was used as an internal normalization control. 28S indicates the migration position of a HEK
293 cell ribosomal RNA, the unlabeled bar indicates the position of the D. discoideum 27S ribosomal RNA, and 18S denotes the migration positions of
a smaller ribosomal RNA in both HEK 293 cells and D. discoideum. In (B) is shown a western blot of DD3-3 in WT and ttpA null mutant cells, showing
immunoreactivity with two different anti-peptide antisera (Imm 1 and Imm 2), along with their respective pre-immune sera (Pre 1 and Pre 2). A parallel
blot probed for actin is shown on the right. The positions of Mr standards in thousands are shown to the left of the blots, and the positions of DD3-3 and
actin are indicated to the right of the blots.

antisera against the other two top tier targets were not suc-
cessful.

We also broadened our selection criteria to include tran-
scripts whose raw fold-change ratios were reduced, so that
mRNAs were identified that had only 1.4-fold increases in
the loss of function mutants in all datasets. We identified
three other transcripts whose levels were persistently and
significantly up-regulated within these criteria (see volcano
plots in Supplemental Figure S2, and RNA-Seq data in
Supplemental Figure S3). No down-regulated transcripts
met these new criteria. The three new transcripts, which we
will refer to as ‘second tier’ targets, were noxA, cybA and
DDB G0278313 mRNAs. All exhibited elevated expression
in the multiple mutants compared to WT, but these fold-
change increases were generally much lower than those of
the top tier transcripts DD3-3, sodC and DDB G0281067
(see Supplementary Figure S2).

Potential TTP family member binding sites in all TtpA target
transcripts

We identified likely full-length 3′-UTRs for the DD3-3,
sodC and DDB G0281067 transcripts, and examined them
for possible TTP family member binding sites, exempli-
fied by the optimum single binding site UUAUUUAUU
in other organisms. Although this is generally thought to
represent an optimum single binding sequence, nucleotide
changes in the 1 and 9 position can be tolerated (29),
and oligonucleotides with varying numbers of internal U
residues can still bind to TZF domain peptides with rea-
sonably high affinity (47). The AU-rich, TTP-binding re-
gion is often expanded to include clustered, overlapping in-
ternal multimeric motifs, as UU(AUUU)nAUU. Genomic
sequences including these proposed 3′-UTRs are shown in
Figure 7A, with the stop codons shown in bold type; the
proposed TTP family member binding site domains in red;
the putative polyadenylation signals (AATAAA) in under-
lined bold type; and the approximate site of polyadenyla-

tion indicated by a caret. Although the 3′-UTRs are rela-
tively short in each case, each transcript contained a series
of consecutive potential binding sites, capable of binding at
least two TTP family proteins. Interestingly, the clustered
TTP-binding sites in two of the transcripts occurred 3′ of
the polyadenylation signals, a pattern that is not generally
found in targets in animals.

We also performed a similar analysis of the 3′UTRs for
the three second tier transcripts, and each of them also con-
tained potential clustered, multimeric TTP family member
binding sites (Supplemental Figure S3D).

To test whether one of these sequences would confer
TtpA susceptibility to a heterologous transcript, we con-
structed expression vectors consisting of an actin promoter,
a GFP coding sequence, and ∼950 nt of genomic sequence
containing the proposed 3′-UTR of sodC mRNA, which
we estimate to be ∼117 nt (Figure 7A, B). This construct
was transfected into WT and ttpAC2405ins cells, and levels
of GFP and the three TtpA target mRNAs were analyzed
by NanoString. Levels of the three proposed TtpA target
transcripts were increased in the mutant cells; likewise, the
GFP-sodC fusion mRNA levels were also increased in the
mutant cells (Figure 7C). To confirm the effect of the pu-
tative TtpA binding sites on transcript levels, and on lev-
els of the expressed protein, we compared GFP expression
from the vector containing the WT 3′UTR of sodC mRNA
to one with mutations in several key adenosine residues in
the proposed TtpA binding sites (Figure 7D), under regula-
tion by the same promoter. As expected, GFP fused with the
WT 3′-UTR of sodC mRNA (Figure 7D) was expressed to
greater levels in ttpAC240ins nulls than in the WT cells (Fig-
ure 7E). Even greater amounts of GFP were expressed in
WT cells when GFP was fused to the mutant sodC 3′-UTR
sequence. GFP expression did not increase further when
GFP fused to the mutant sodC sequence was expressed in
the mutant ttpAC240ins cells (Figure 7E). These experiments
confirmed that the proposed TtpA binding sites in the sodC
mRNA represent an instability motif, and that there was
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Figure 7. 3′-UTR sequences from the three tier TtpA target transcripts, and effect on expression. Shown in (A) are D. discoideum genomic sequences 3′
of the stop codon (TAA in bold type) for each of the three top tier TtpA target transcripts discussed in this study. Potential polyadenylation signals are in
bold type and underlined, and the approximate positions for post-transcriptional polyadenylation of the transcripts are indicated by a caret symbol. These
were based on the UCSC browser tracks from the RNA-Seq data in this study, and were supported in most cases by ESTs or SRA reads. Potential TTP
family member core binding sequences (TATTTAT) are indicated in red type. (B) shows a schematic representation of an expression construct containing
a D. discoideum actin promoter, GFP protein coding sequences, and 3′ genomic sequence from sodC containing ∼117 nt coding the 3′-UTR and ∼830 b of
downstream genomic sequence. (C) shows NanoString quantitation (means ± SD of duplicate experiments) of the three top tier TtpA target transcripts as
well as of GFP mRNA in WT and null mutant ttpAC240ins (null) cells. (D) shows the sequences for the WT and mutant (Mut) TtpA binding sites contained
in the WT and mutant expression plasmids, and E. shows GFP protein expression in either WT and null mutant (KO) cells expressing either the WT or
mutant GFP plasmids described in (D). Actin immunoreactivity is shown as a loading control. See the text for further details.

increased expression of both the WT mRNA and GFP pro-
tein in the mutant ttpAC240ins cells, consistent with increased
GFP mRNA stability in those cells.

We also examined the occurrence of potential TTP bind-
ing sites in our three top tier target mRNAs in other dic-
tyostelids by first searching for the encoded proteins in Gen-
Bank, and then identifying proximal 3′-UTRs within 243 nt
of the stop codons. All three target transcripts fit the same
general pattern. Probable orthologues for each of the three
TtpA target mRNAs were identified in all of the genomes
of group 4 dictyostelid species shown in Figure 8, using a
well-established distance tree for dictyostelids (41), and all
contained multiple, often consecutive UAUUUAU poten-
tial binding sites in their 3′-UTRs. While likely orthologues
for each of the TtpA target transcripts were identified in the
genomes of the group 3 species, apart from D. polycephalum
none of their mRNAs contained UU(AUUU)nAUU mul-
timeric binding sites in their 3′-UTRs. While probable or-
thologues for each of the TtpA targets were identified in the
genomes of groups 1 and 2 species, none of their mRNAs
possessed tandem or multiple UAUUUAU binding sites in
their 3′-UTRs.

The absence of TTP target sequences in evolutionarily
distanced mRNA is similar to that seen in other organisms
(13,17,18), in which the proteins encoded by the target tran-
scripts may be conserved among distantly related species,
but potential TTP binding sites within their 3′-UTRs, and
hence possible regulation by TTP family proteins, are not.

Membrane topology and differentiation expression similari-
ties among the putative TtpA targets

The three top tier TtpA target transcripts encode proteins
with different predicted biochemical functions. DD3-3 was
initially identified in differential display experiments de-
signed to identify transcripts differing in expression be-
tween WT cells and cells defective in O-glycosylation (48).
Cells deficient in DD3-3 developed and aggregated some-
what earlier than WT cells, consistent with the exhib-
ited downregulation of Reg A, an intracellular cAMP-
phosphodiesterase, during early development. DD3-3 has
an apparent orthologue in many metazoa, including the as-
cidian Halocynthia roretzi, or ‘sea pineapple’, in which it ap-
pears to serve as a self-marker protein that can play a role
in contact regulation (49).

SodC was originally identified as one of three extracel-
lular Cu/Zn superoxide dismutases in D. discoideum (50).
Cells deficient in SodC developed a multi-nuclear pheno-
type in shaking cell culture. SodC is glycosylphosphatidyli-
nositol (GPI)-anchored, and its knockout led to increases
in RasG activity, and defects in chemoattractant sensing,
cell polarization and motility (51). These authors suggested
that ‘SodC and RasG proteins are essential part of a novel
inhibitory mechanism that discourages oxidatively stressed
cells from chemotaxis’, and thus suppresses their develop-
ment (52).

Less is known about DDB G0281067, which is listed
in dictyBase as a ‘putative transmembrane protein’. It is
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Figure 8. Phylogenetic distribution of the 3′-UTR sequences from the three top tier TtpA target transcripts. Shown is a redrawn phylogenetic tree of
dictyostelids that includes the species shown in Figure 1A in (41); full species names are listed in that paper. Unless otherwise noted, we found orthologues
for the three proteins encoded by the probable top tier TtpA targets, and then identified likely 3′-UTRs from their respective genomic sequences, using 243
nt 3′ from and including the stop codons. In general, all species in group 4 contained multiple contiguous potential TtpA binding sites in all three target
transcripts, and species from the other groups did not. Exceptions are noted in the figure. Two of the three target proteins were not found in Speleostelium
caveatum. However, DD3-3 was found in that species, and contained a single distal potential binding site.

encoded on chromosome 3, whereas the two others are en-
coded on chromosome 4.

Of the second tier targets identified that were less highly
upregulated in the ttpA loss of function mutants, noxA
mRNA encodes a superoxide-generating NADPH oxi-
dase flavocytochrome A that is involved in generating su-
peroxides for cell defense (53). CybA is a light subunit
of another superoxide-generating NADPH oxidase (53).
DDB G0278313 is predicted to encode a pectin lyase-like
family protein (20,21).

We next evaluated the predicted membrane topology
of all six proteins, using Phobius (http://phobius.sbc.su.
se/). All three proteins encoded by the three top tier tar-
get transcripts exhibited the same predicted membrane
topology (Figure 9A–C), with N-terminal signal peptides,
large predicted extracellular segments, single C-terminal
transmembrane domains, and short C-terminal cytoplas-
mic tails. The three second tier target transcripts also en-
coded predicted membrane proteins, but with different
structural organization motifs than those of SodC, DD3-
3 and DDB G0281067 (see Figure 9). The fact that all six
target transcripts encode membrane proteins suggested the
possibility of a TtpA-dependent post-transcriptional ‘RNA
regulon’, as proposed by Keene and colleagues (26–28). Al-
though absolute levels of the various transcripts will ulti-
mately be influenced by individual promoter strength and
regulation, all six transcripts may be subject to similar sup-
pression by TtpA-regulation, and exhibit similar expression
patterns during growth and early development (see Figure
4 and Supplemental Figure S3). The data suggest common
regulatory dependence during these life cycle stages. The
three top tier TtpA target transcripts are highly expressed
during growth and very early development (Figures 4 and
9), but are very poorly expressed in stalks, cup cells and
spore cells in mature fruiting bodies (54). In contrast, the
pattern of TtpA mRNA expression was completely differ-

ent, with the highest expression observed in the stalks of the
mature fruiting body (Figure 9D).

DISCUSSION

Evaluation of the RNA-binding TZF domain from D. dis-
coideum TtpA showed that it meets the criteria for inclu-
sion into the greater TTP family of proteins (3). Expression
in mammalian cells suggested that the TtpA protein could
promote the decay of transcripts containing typical AU-rich
binding motifs in their 3′UTRs, and that this effect was ab-
rogated by a point mutant in one of the zinc-coordinating
cysteines in the TZF domain. These experiments also sug-
gested the presence of a nuclear export sequence in TtpA,
which functions to promote the cytosolic localization of re-
lated proteins in other organisms (44,55,56). The TtpA pro-
tein also appeared to contain a typical C-terminal CNOT1
binding (CNB) domain, but mutation of this domain in
the mammalian cell transfection experiments resulted in
complete loss of function, in marked contrast to previous
findings with analogous mutants of Drosophila TIS11 and
mammalian TTP, which both of which retained consider-
able activity in cell transfection studies (8,13).

To examine the function of TtpA in the intact organ-
ism, we engineered three different null mutants in endoge-
nous ttpA using CRISPR-Cas technology, as well as a pre-
dicted null mutant in the form of a cysteine to serine mu-
tation of one of the critical TZF domain zinc-coordinating
residues. All of these mutations led to an interesting cellu-
lar phenotype, in which cells grown with shaking in liquid
culture exhibited slow growth and multiple DAPI-staining
nuclear foci, whereas the same mutant cells grown on plas-
tic surfaces did not exhibit this phenotype. Similar mult-
inuclear, slow growth phenotypes were initially observed
with either knockout of or antisense RNA to myosin heavy
chain (57,58), and were described as ‘cytokinesis defects’.

http://phobius.sbc.su.se/
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Figure 9. Membrane topology of proteins encoded by the three top tier TtpA target mRNAs, and expression of the transcripts during differentiation into
fruiting bodies. For (A–C), Phobius (http://phobius.sbc.su.se/) was used to calculate membrane topology for the proteins encoded by each of the TtpA
target transcripts, as indicated. In the lower right panel (D), RNA-Seq data are shown from the dataset deposited by Schaap and colleagues (54), and show
the expression of the three top tier TtpA target transcripts, and TtpA mRNA itself, in growing cells and after purification of specific structures from the
fully differentiated fruiting bodies. Data are expressed in TPM (transcripts per million), and can be used to compare the expression levels of the TtpA
targets, and TtpA mRNA itself, in the different cells and structures. N = 3 in each group except ‘veg’ (vegetative amebae), in which n = 2.

This phenotype was later shown to occur when the cells
were grown in liquid medium with shaking, and largely
disappeared when cultured on plastic surfaces (59). Since
then, many other mutants have been shown to exhibit sim-
ilar phenotypes (reviewed in (60)). These have been divided
into type I and II cytokinesis defects, with type I exhibiting
multinucleation during surface growth, and type II exhibit-
ing multinucleation and loss of cell division only in liquid
culture (60). This unusual phenotype has formed the ba-
sis for the genome wide screens that have identified several
new genes involved in cytokinesis (61–63), although to our
knowledge ttpA has not been identified by this means. It is
possible that the overexpression of one or more of the pro-
teins encoded by TtpA target transcripts leads to this inter-
esting phenotype, but this remains to be determined.

We therefore performed most of our RNA-Seq analyses
on cells growing in axenic surface culture. From the com-
bined RNA-Seq studies, only three ‘top tier’ transcripts ac-
cumulated significantly by more than two-fold in all of the

mutants, and three additional ‘second tier’ transcripts were
up-regulated with a more minimal 1.4-fold increase in all
of the mutants. These changes were supported by separate
experiments using NanoString and northern blotting, and,
in the case of DD3-3 mRNA, were reflected in increased
protein expression. The three top tier TtpA target tran-
scripts were all very abundant, and all exhibited large fold
changes in the null mutants; they also contained multiple,
contiguous copies of the proposed optimal TtpA binding
site UUAUUUAUU within their rather short 3′-UTRs. One
of the null mutants was converted to a WT sequence by fur-
ther rounds of CRISPR-Cas mutagenesis, and, reassuringly,
the expression levels of the three top tier TtpA target tran-
scripts reverted to normal, as did the DAPI staining pattern
in liquid culture (Supplmental Figure S1). D. discoideum
has a 34 Mb haploid genome, with > 12,000 protein coding
genes, and an overall GC content of only 22.4% (64). This
extreme AT-richness, combined with the generally short
3′UTRs and relatively poor delineation of these UTRs in

http://phobius.sbc.su.se/
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the databases, make it difficult to estimate the number of
potential TTP family protein binding sites transcriptome-
wide. However, when we searched 100 nt downstream of
the stop codons from all 12,940 available transcripts, 2988
transcripts contained one or more UAUUUAU core bind-
ing sequences (23.1%), whereas 1098 transcripts (8.5%) con-
tained two or more potential binding sites. These numbers
increased with increasing 3′-UTR length, but would de-
crease significantly if searches demanded at least three se-
quence motif repeats, as observed with all six of the defined
target transcripts. Although a UUAUUUAUU motif or one
of its variants is essential for TTP binding and regulation,
its presence is not sufficient for TtpA regulation, and addi-
tional structural context within the entire 3′-UTR is likely
to be highly influential (29).

We also showed that a transcript containing GFP cod-
ing sequences fused to a sodC 3′-UTR was stabilized in a
ttpA-null mutant, compared to its expression in WT cells;
likewise, mutation of the UUAUUUAUUUAUUUAUUU
AUU element to UUUUUUUUUUAUUUUUUUAUU
in the sodC 3′-UTR markedly increased GFP mRNA ex-
pression levels in WT cells. These results do not definitively
establish this and the other transcripts as direct TtpA desta-
bilizing targets, although the evidence to date is powerful.
Other types of data to support this conclusion could in-
clude: Direct evidence of different polyA tail lengths in mu-
tants compared to WT cells, as has been found in some
systems (5,46); co-immunoprecipitation of target mRNA
with TtpA; demonstration of deadenylation- and decay-
promoting activities in cell-free experiments; and direct
demonstration of decreased decay rates of the endogenous
transcripts in null mutants.

Based on previous studies in other organisms and in vitro,
we predicted that mutation of any one of the TZF domain
cysteines and histidines would result in complete loss of
function (see (5) and references therein). This appeared to
be the case, in that all six proposed TtpA target transcripts
accumulated to the same extent in the TZF domain point
mutant as in the three null mutants, and the point mutant
also exhibited the multinuclear, slow-growth phenotype in
liquid culture. Similarly, we expected that deletion of the C-
terminal CNB domain would lead to only a modest loss of
activity, as seen in previous cell transfection studies (8,13)
and in knock-in mice (14). However, in sharp contrast, the
C-terminal truncation in D. discoideum led to increases in
target transcript expression in all six cases that were very
similar to those seen in the null mutants, as well as a typical
cytokinesis defect phenotype in liquid culture. These find-
ings suggest the intriguing possibility that, in D. discoideum,
most or all TtpA activity is dependent on the presence of the
C-terminal CNB domain. This difference from mammals
raises the possibility that there may be evolutionary differ-
ences in how TTP family proteins interact with the cellular
deadenylation machinery.

Another important finding was that six closely related
(group 4) dictyostelid species expressed transcripts that con-
tained multiple, contiguous, likely 3′-UTR binding sites in
orthologues of all three top tier targets, but orthologous
transcripts from species that were more distantly related ei-
ther lacked or had fewer binding sites. This is similar to what

was found previously in other organisms (13,17,18), and
suggests that the more distantly related dictyostelids might
have evolved target transcripts that differ from the ones de-
scribed here. It will be interesting to test this possibility in
one or more of these distantly related species.

Although the three proteins described here as encoded by
the top tier TtpA target transcripts may have different bio-
chemical activities, they exhibited striking and essentially
identical membrane topologies, with N-terminal signal se-
quences, long extracellular domains, single transmembrane
domains near the C-terminus, and very short cytoplasmic
tails. In the case of sodC, the protein is known to be a
glycosylphosphatidylinositol-anchored plasma membrane
protein (51), but nothing is known about the glycosylation
patterns or membrane localizations of the of the others. The
three second tier target transcripts also encoded predicted
membrane proteins. In addition to the membrane localiza-
tion of the proteins, the up-regulated transcripts were co-
regulated in several different life cycle stages, with high-level
expression in growing cells and early development. Five of
the genes showed drastically decreased expression during
late development (54). There were major increases in ttpA
mRNA expression in the cup cells and stalks of fruiting
bodies during late development and it will be of great inter-
est to determine whether new TtpA target transcripts will
emerge in comparisons of differentiated tissues from WT
and ttpA KO strains.

The membrane localization of the proteins encoded by
the target transcripts, and their mostly parallel behavior
during differentiation, suggest the possibility that these
transcripts are behaving as a post-transcriptional ‘RNA
regulon’, defined by Keene as ‘. . . a model in which mR-
NAs that encode functionally related proteins are coor-
dinately regulated during cell growth and differentiation
as post-transcriptional RNA operons or regulons, through
a ribonucleoprotein-driven mechanism’ (65). In this case,
we define ‘functionally related proteins’ to include proteins
with membrane localization and similar transcript expres-
sion behavior during differentiation. Such a concept might
be extended to include a previous study on chemotaxis
in Dictyostelium, where the mRNA 3′UTR binding pro-
tein Puf118 could localize the mRNAs encoding proteins
from several different chemotaxis pathways to the chemo-
tactic front (66). The primary activity of TtpA is to pro-
mote mRNA deadenylation and decay in a specific mRNA
subclass. Nonetheless, future studies will determine whether
TtpA has separate effects on target transcript and protein
localization.
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