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ABSTRACT

Functions of eukaryotic mRNAs are characterized by intramolecular interactions between their ends. We have addressed
the question whether 5′′′′′ and 3′′′′′ ends meet by diffusion-controlled encounter “through solution” or by a mechanism involv-
ing the RNA backbone. For this purpose, we used a translation system derived fromDrosophila embryos that displays two
types of 5′′′′′–3′′′′′ interactions: Cap-dependent translation initiation is stimulated by the poly(A) tail and inhibited by Smaug
recognition elements (SREs) in the 3′′′′′ UTR. Chimeric RNAs weremade consisting of one RNAmolecule carrying a luciferase
coding sequence and a second molecule containing SREs and a poly(A) tail; the two were connected via a protein linker.
The poly(A) tail stimulated translation of such chimeras even when disruption of the RNA backbone was combined with an
inversion of the 5′′′′′–3′′′′′ polarity between the open reading frame and poly(A) segment. Stimulation by the poly(A) tail also
decreasedwith increasing RNA length. Both observations suggest that contacts between the poly(A) tail and the 5′′′′′ end are
established through solution, independently of the RNA backbone. In the same chimeric constructs, SRE-dependent inhi-
bition of translation was also insensitive to disruption of the RNA backbone. Thus, tracking of the backbone is not involved
in the repression of cap-dependent initiation. However, SRE-dependent repression was insensitive to mRNA length, sug-
gesting that the contact between the SREs in the 3′′′′′ UTR and the 5′′′′′ end of the RNA might be established in a manner that
differs from the contact between the poly(A) tail and the cap.
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INTRODUCTION

Eukaryotic mRNAs are linear polymers. They invariably
have a 7-methyl guanosine cap structure at their 5′ end,
which is followed by a typically short 5′ UTR, the open
reading frame, a 3′-UTR of highly variable length, and,
with few exceptions, a poly(A) tail at the 3′ end. The linear
form of mRNAs is used in translation in a correspondingly
linear fashion: Translation preinitiation complexes contain-
ing the small ribosomal subunit assemble at the 5′ cap and
then locate the initiation codon by scanning in a 3′ direc-
tion. At the initiation codon, the large ribosomal subunit
joins the complex, and the assembled ribosome continues
to move toward the 3′ end, translating the open reading
frame until it reaches a stop codon. Surprisingly in view
of the linear structure of mRNAs and their linear decoding
by ribosomes, communication between the 5′ and 3′ ends
is integral to mRNA function and its regulation. Such com-

munication almost certainly involves direct or indirect
physical interaction; a specific form in which the mRNA
ends are thought to interact has been dubbed the
“closed-loop” model (Jacobson 1996; Thompson and
Gilbert 2017; Vicens et al. 2018).
Three types of 5′–3′ interactions have been described:

First, the 3′ poly(A) tail strongly stimulates the initiation of
translation (Gallie 1991; Iizuka et al. 1994; Tarun and
Sachs 1995; Wickens et al. 2000) through a protein-medi-
ated association with the 5′ end: The cytoplasmic poly(A)
binding protein (PABPC), which covers the poly(A) tails of
cytoplasmic mRNAs, also associates with the translation
initiation factor eIF4G, which in turn binds the cap-binding
protein eIF4E. This chain of interactions forms the “closed-
loop.” As a result, the complex of cap-bound initiation fac-
tors is stabilized, and recruitment of the small ribosomal
subunit at the 5′ end of the mRNA is facilitated (Tarun
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and Sachs 1996; Imataka et al. 1998; Wells et al. 1998; Park
et al. 2011). Poly(A) tail or PABPC can also promote trans-
lation initiation through additional mechanisms (Gray et al.
2000; Kahvejian et al. 2005). Interestingly, histone mRNAs
and some viral RNAs lacking poly(A) tails and/or the cap
have evolved alternative mechanisms of 5′–3′ interactions
that favor translation (Piron et al. 1998; Kühn and Wahle
2004). A second 5′–3′ interaction occurs in mRNA decay:
The initial step in mRNA decay is deadenylation, that is,
the loss of the poly(A) tail by 3′ exonuclease activity. As first
shown in S. cerevisiae and later confirmed in mammalian
and Drosophila cells, deadenylation is a prerequisite for
the second step, hydrolytic removal of the 5′ cap structure
(Decker and Parker 1993; Couttet et al. 1997; Bönisch
et al. 2007). Several mechanisms have been proposed.
For example, eIF4E protects the cap against hydrolysis
(Schwartz and Parker 2000). Thus, stabilization of eIF4E
binding via eIF4G and PABPCmay contribute to inhibition
of cap hydrolysis by the poly(A) tail, that is, to some extent
the dependence of cap hydrolysis on deadenylation may
be just another functional consequence of the same 5′–3′

interaction that is important in translation (but see Coller
et al. 1998). As an alternative or additional set of interac-
tions linking deadenylation with cap hydrolysis, the
3′ ends of deadenylated mRNAs are decorated with the
Lsm1-7 complex. The Lsm complex associates with Pat1,
which in turn binds the decapping enzyme Dcp2; as a con-
sequence, recruitment of the decapping enzyme is fa-
vored by mRNA deadenylation (Ling et al. 2011; Sharif
and Conti 2013; Charenton et al. 2017). A third type of
5′–3′ interaction in mRNA is the repression of translation
by RNA binding proteins or miRNAs associating with spe-
cific sites in the 3′-UTR. Both types of regulators can inhibit
translation indirectly, by accelerating loss of the poly(A)
tail. However, a direct inhibition of translation initiation oc-
curs either as an additional or, in the case of some RNA
binding proteins, the only mechanism. In many of the bet-
ter understood cases, 3′-UTR-bound regulators interfere
with initiation by blocking events at the 5′ cap structure,
that is, at the very beginning of the translation cycle
(Colegrove-Otero et al. 2005; Jonas and Izaurralde 2015).

All three types of 5′–3′ interactions entail two related
problems: First, the two ends have to meet. This is not triv-
ial in view of the great length of somemRNAs. Second, the
interactions only make biological sense if they occur in cis,
that is, if the poly(A) tail or regulatory molecule bound to
the 3′-UTR affects events at the 5′ end of its own mRNA
as opposed to the large excess of other 5′ ends present
in the cell. It is unknown how 5′–3′ interactions are estab-
lished in cis. We can envision the following possibilities:
In the first, the two ends meet by three-dimensional diffu-
sion (i.e., “through solution”) (Fig. 1A). Because the two
ends are tethered to each other by the mRNA body, one
can imagine that the effective concentration of the cis
5′ end in the vicinity of the 3′ end (or regulatory site in

the 3′-UTR) is sufficiently high to permit an association
and to outcompete trans 5′ ends. A second, fundamentally
different mechanism would be the establishment of a 5′–3′

interaction along the RNA backbone. One could imagine,
for example, that a processive helicase, bound to the
3′-UTR as part of a regulatory complex, threads the
mRNA through itself until it reaches the 5′ end (Fig. 1B).
A protein complex polymerizing along the RNA would
serve the same purpose (Fig. 1C; Jeske et al. 2011;
Götze et al. 2017). Such mechanisms would eliminate
any concentration dependence and establish a cis interac-
tion in a fool-proof manner. Finally, an intermediate mech-
anism seems possible, in which several copies of a
regulatory protein bound, directly or indirectly, to the 3′-
UTR can grab additional internal segments of the mRNA
and incorporate them into the RNP (Fig. 1D).

In our attempts to experimentally test aspects of these
speculations, we have made use of an in vitro system

Cap

AAAAAAA

Cap AAAAAAA

Cap AAAAAAA

AAAAAAACap eIF4F
PABPCA

B

C

D

helicase

FIGURE 1. Four hypothetical ways to establish end-to-end interac-
tions in an mRNA molecule. (A) Interaction “through solution”: The
two ends are tethered to each other through themRNAbody, but oth-
erwise move independently in solution. EIF4F is the complex contain-
ing the cap-binding protein eIF4E and the PABPC-interacting protein
eIF4G. (B) Interaction by threading: A protein complex stably associ-
ated with the 3′-UTR contains a helicase that threads the RNA through
itself until the 5′ end is reached. Arrows indicate the direction of RNA
threading (blue) and helicase movement (brown). (C ) Interaction by
polymerization: A protein complex stably associated with the 3′-UTR
nucleates the assembly of a protein coat along the mRNA. The arrow
indicates the direction of polymerization. (D) Interaction by noncontin-
uous binding: A protein complex primarily associated with the 3′-UTR
can grab neighboring segments of the same RNA without moving
strictly along the backbone. Incorporation of additional subunits
into the protein complex permits the engagement of additional
RNA segments.
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that reproduces key aspects of the translational regulation
of the Drosophila nanos (nos) mRNA (Jeske et al. 2006,
2011; Götze et al. 2017). In Drosophila eggs, a small frac-
tion of the nosRNA is localized in thepole plasmat the pos-
terior pole, whereas the larger fraction is uniformly
distributed throughout the egg (Wang and Lehmann
1991; Bergsten and Gavis 1999). Exclusive translation of
the localized nos RNA fraction (Ephrussi and Lehmann
1992; Smith et al. 1992; Gavis and Lehmann 1994;
Zaessinger et al. 2006) is essential for the formation of
the anterior–posterior axis of the embryo (Wang and
Lehmann 1991; Gavis and Lehmann 1992). Translation of
the nonlocalized fraction is repressed, and the RNA is de-
graded during the first 2–3 h of embryonic development
(Gavis and Lehmann 1994; Dahanukar and Wharton
1996; Bashirullah et al. 1999). Among the sequences inhib-
iting translation of nonlocalized nos RNA are two Smaug
recognition elements (SREs), which serve as binding sites
for the repressor protein Smaug (Dahanukar and Wharton
1996; Smibert et al. 1996, 1999; Dahanukar et al. 1999).
Smaug induces deadenylation as the first step in the degra-
dation of nos RNA (Semotok et al. 2005; Zaessinger et al.
2006), and this is reproduced in an extract of Drosophila
embryos of the appropriate stage (Jeske et al. 2006). In
the same extracts, translation of reporter RNAs containing
two SREs in their 3′-UTRs is strongly repressed at the
initiation step, independently of deadenylation. A point
mutation in both SREs prevents bothdeadenylation and re-
pression (Jeske et al. 2006). Importantly in the context of
the present paper, translation of unregulated reporter
RNAs in the embryo extract is significantly stimulated by
a 5′ cap and a 3′ poly(A) tail (Jeske et al. 2006, 2011).
Thus, two types of 5′–3′ interactions—repression of transla-
tion initiation from the 3′-UTR and stimulation of translation
initiation by the poly(A) tail—can be examined in the same
experimental system.
SRE-dependent translational repression is effected by a

protein complex that contains, in addition to Smaug, the
proteins Cup, Me31B, Trailer hitch, Belle, PABPC, and
eIF4E (Jeske et al. 2011; Götze et al. 2017). Complex for-
mation is slow and sensitive to ATP depletion; once
formed, the repressor complex is kinetically very stable
(Jeske et al. 2011). Within the complex, Cup associates
with Smaug and also binds eIF4E, thereby displacing
eIF4G. This variation of the closed-loop structure contrib-
utes to the inhibition of translation (Nelson et al. 2004;
Jeske et al. 2011). However, experimental observations in-
dicate that the SRE-dependent complex also inhibits trans-
lation by an additional mechanism (Jeske et al. 2011). As
the repressor complex appears to be ATP-dependent
and contains two DEAD-box proteins, Me31B and Belle,
one might envision that tracking of the RNA backbone is
involved in the establishment of a contact between the
3′-UTR-bound repressor complex and the mRNA 5′ end
to inhibit translation initiation. An alternative suggestion

is based on the observation that the complex containsmul-
tiple copies of Me31B and its partner Tral, in proportion to
the total length of the SRE-containing RNA. Thus, these
two interacting proteins may form a protective “coat” on
the RNA, preventing ribosome access. Such a mechanism
would also guarantee that translation inhibition occurs in
cis (Götze et al. 2017).
Here we have generated chimeric mRNA constructs in

which an RNA fragment containing a 5′ cap and a reporter
ORF was connected to a second, regulatory fragment
through a protein bridge. The regulatory fragment carried
two SREs and a poly(A) tail. In one version of these con-
structs, the 5′–3′ polarity of the regulatory fragment was
also inverted with respect to the ORF fragment. Even
though there was no continuous RNA backbone connect-
ing the regulatory sites and the poly(A) tail with the 5′ end,
poly(A)-dependent stimulation of translation initiation was
efficient, suggesting that the poly(A) tail contacts the
mRNA 5′ end through solution. This interpretation was
supported by the observation that lengthening of the
RNA substantially weakened the poly(A) effect, both in
chimeric and in regular, nonchimeric RNAs. SRE-depen-
dent inhibition of translation was also insensitive to disrup-
tion of the RNA backbone; thus, tracking of the RNA
backbone plays no role in repression. However, in contrast
to poly(A)-dependent stimulation of translation, SRE-de-
pendent inhibition was largely insensitive to RNA length,
suggesting that the SRE-bound repressor complex might
contact the 5′ end by a different route compared to the
poly(A) tail.

RESULTS

Construction of chimeric mRNAs

The hypothesis that 5′–3′ interactionsmight be established
through solution (Fig. 1A) predicts that the manner in
which the two ends are tethered to each other should be
irrelevant for the interaction and its functional conse-
quences. An example is provided by experiments in which
polyadenylation of an RNAwas promoted by the polyade-
nylation signal AAUAAA contributed by a second RNA
molecule that was attached to the first via base-pairing,
that is, in trans and in an inverted 5′–3′ orientation
(Bienroth et al. 1991; Sheets et al. 1995). Accordingly,
we designed chimeric RNAs composed of two molecules:
The first was a capped nanoluciferase (nLuc) translation re-
porter, the second carried a poly(A) sequence with or with-
out SREs. The second type of RNA will be referred to as
“regulatory” independently of the absence or presence
of SREs and their functionality (wild-type versus mutant
control). The two RNA molecules were stably connected
with each other by a biotin-streptavidin-biotin bridge as
shown schematically in Figures 2A and 3A. If a 5′-3′ inter-
action can still function in such chimeras, a movement or
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polymerization of proteins along the entire RNA backbone
is unlikely to be essential for the establishment of the
interaction.

Inmoredetail, building blocks for chimeric RNAswere as
follows (Figs. 2A, 3A): The translation reporter (nLuc RNA;
536 nt) had an m7GpppG cap at its 5′ end and contained
the nLuc open reading frame (ORF) followed by a 30 nt
3′-UTR of irrelevant sequence. The RNA was derivatized
at its 3′ end with a single biotin by ligation to biotin-pCp.

Luciferase yields obtained from the nLuc RNA upon trans-
lation in either reticulocyte lysate orDrosophila embryo ex-
tract were not affected by biotinylation in the presence or
absence of streptavidin (data not shown). All versions of
the regulatory RNA contained a template-encoded poly(A)
stretch of 60 nt, which was followed by 40 nt of mixed se-
quence. In regular, uninterrupted mRNAs, such an internal
poly(A) “tail” functions normally in the stimulation of trans-
lation but is protected from SRE-dependent degradation

(Jeske et al. 2011). One version of
the regulatory RNA (140 nt) contained
only this internal poly(A) tail but no
SRE. A second version (305 nt) con-
tained, in addition, the “translation
control element” (TCE) of the Droso-
phila nos mRNA (Dahanukar and
Wharton 1996), which harbors two
SREs. A control RNA (SRE−) had a sin-
gle point mutation in each SRE. These
mutations completely abolish SRE
function, but do not affect a minor ex-
tent of translation repression depen-
dent on the Glorund binding site
(Jeske et al. 2006; Kalifa et al. 2006;
Tamayo et al. 2017). All regulatory
RNAs were biotinylated by either of
two different methods: In the first,
priming of transcription with a biotin-
ApG primer introduced a single biotin
at the 5′ end. When this regulatory
RNA was appended to the nLuc RNA
via a streptavidin bridge, the normal
5′–3′ polaritywasmaintained through-
out the construct (“forward” con-
structs; Fig. 3A). In a more radical
approach, the regulatory RNA was
synthesized with an ApppG cap, and
a single biotin was appended to the
3′ end by ligation to biotin-pCp. Fu-
sion of this regulatory RNA to the
nLuc RNA via streptavidin not only in-
terrupted the RNA backbone, but
also inverted the 5′–3′ polarity of the
regulatory RNA in relationship to the
nLuc RNA (“flipped” constructs; Fig.
3A). Incubation of any of the biotiny-
lated RNAs with streptavidin followed
by native gel electrophoresis resulted
in one and sometimes two retarded
bands, presumably reflecting the
binding of one or two RNAs to one
streptavidin molecule (Fig. 2B; com-
pare lanes 1–3 and 4–6). The absence
of nonbound regulatory RNA showed
that the efficiency of 5′ biotinylation

A

B

FIGURE 2. (Legend on next page)
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approached 100%, whereas remaining nonbound nLuc
RNA suggested that efficiencies of 3′ biotinylation were
50%–70%.
Wild-type streptavidin is a homotetramer and thus pro-

vides four biotin binding sites. This would complicate the
preparation of defined pairs of one nLuc RNA and one reg-
ulatory RNA. Therefore, divalent streptavidin, prepared as
previously described (Howarth et al. 2006; Materials and
Methods), was used for all experiments.
The steps leading to the assembly of chimeric RNAs

(Fig. 2A) were routinely controlled by native gel electro-
phoresis (Fig. 2B). Regulatory RNAs were first bound to
oligo(dT) beads through the internal poly(A) tracts of the
RNAs; the absence of RNA in the flow-through demon-
strated complete binding (Fig. 2B, lanes 7,8). The beads
were then incubated with excess divalent streptavidin
and subsequently with the nLuc RNA. Unbound nLuc
RNAwas removed by washing (Fig. 2B, lanes 9,10) and chi-
meric RNA eluted with low-salt buffer. A prominent new
band in the eluted fraction was indicative of the desired
construct (Fig. 2B, lanes 11,12). Denaturation restored
the two starting RNAs, providing clear evidence of the hy-
brid nature of the eluted RNAs (Fig. 2B, lanes 13,14).
Comparison to the starting material revealed that the

preparations of chimeric RNA still contained some regula-
tory fragments not fused to nLuc RNA (bands labeled 1
and 3 in Fig. 2B, lanes 11 and 12). These were less abun-
dant than the chimeric RNA (<40% of the total regulatory
RNA present in the eluate) and were not expected to affect
translation as they contained no open reading frame and,

at the sub-nanomolar concentrations present during trans-
lation assays, would not act as competitors for Smaug
binding (Jeske et al. 2011). The preparation also contained
some nLuc RNA not fused to a regulatory fragment (band
labeled 2 in Fig. 2B, lanes 11 and 12; 10%–20% for the for-
ward and 10%–35% for the flipped constructs of the total
nLuc RNA present in the eluate). Results of the translation
assays (see below) suggested that these RNAs had no sig-
nificant effects either. Note that the amounts of nonfused
RNAs are upper estimates assuming complete stability of
the RNA-streptavidin complexes in formamide-containing
gel loading buffer in the absence of boiling.
Altogether the data demonstrate an efficient prepara-

tion of intact hybrid RNAs composed of a constant 5′ half
with the nLuc reporter ORF separated by a biotin-strepta-
vidin bridge from regulatory RNAs containing poly(A) with
or without SREs.

Both poly(A)-dependent stimulation and SRE-
dependent repression of translation function with
chimeric mRNAs

The various chimeric RNAs used for translation experi-
ments are displayed in Figure 3A. For comparison, we
used a 3′ biotinylated nLuc RNA lacking any regulatory
fragment, that is, containing no poly(A): As assembly of
the chimeric RNAs depended on the poly(A) stretch, no
poly(A)− chimeric RNA could be constructed, and the ex-
tent of poly(A) stimulation had to be measured by compar-
ison to nonchimeric, “bare” nLuc RNA.

All RNAs were preincubated at 0.2
nM in reaction mixtures with Droso-
phila embryo extract under conditions
that promote assembly of the SRE-de-
pendent repressor complex but do
not permit translation. Translation
was then started by the addition of
an ATP-regenerating system (Jeske
et al. 2011), and luciferase activity
was measured 30 min later. Figure
3B,C shows luciferase yields in repre-
sentative experiments. To check to
which extent observed differences in
translation yields were caused by var-
iations in RNA quality, all RNA prepa-
rations were controlled by translation
in RRL, which is not affected by SREs
(Jeske et al. 2006) and weakly or not
at all by poly(A) (Fig. 3D,E; Gallie
1991). Thus, different luciferase yields
of the chimeric RNAs in RRL reflected
batch-dependent differences in RNA
quality, and translation yields in
embryo extract were corrected ac-
cording to yields in RRL. The resulting

FIGURE 2. Assembly of chimeric RNA constructs. (A) Outline of the procedure. Regulatory
RNAs contained a 5′ biotin, two SREs (SRE+=WT or SRE−, that is, with an inactivating point
mutation in each SRE) and a poly(A) sequence, which was protected against deadenylation
by an N40 sequence at the 3′ end. Alternatively, regulatory RNA was used that carried a
poly(A) sequence but no SREs (not shown). The regulatory RNAwas hybridized to immobilized
oligo(dT), then divalent streptavidin and the capped and 3′-biotinylated nLuc reporter RNA
were added in a stepwise manner. The chimeric construct was eluted in low-salt buffer. The
scheme shows the assembly of forward constructs. Flipped constructs were assembled in
the same manner, but 3′-biotinylated regulatory RNAs were used. For a full description of
the procedure, see Materials and Methods. (B) Assembly of chimeric RNAs assayed by native
gel electrophoresis. Chimeras [forward-SRE±p(A)] were assembled as described in panelA and
Materials and Methods. The figure shows the analysis of input and product RNAs by electro-
phoresis through a 5% nondenaturing polyacrylamide gel. Lanes 1–3 display the input RNAs
as indicated. Lanes 4–6 demonstrate the retardation of input RNAs upon mixing with divalent
streptavidin (STV). Two retarded bands in one lane are presumably due to binding of one or
two RNAs to one molecule of streptavidin. Lanes 7, 8 show the flow-through of the oligo
(dT) matrix after loading with regulatory RNAs; binding was essentially complete. Lanes 9
and 10 show the flow-through of excess nLuc RNA in the last assembly step. “nLuc+”′ and
“nLuc−” refer to the nLuc RNAs from the assembly reactions with SRE+ and SRE− regulatory
RNAs, respectively. Lanes 11 and 12 show the eluate in formamide-containing loading buffer
without heat denaturation. The main band (arrowhead) is a novel species that we interpret as
the desired chimeric RNA. Upon heat denaturation (lanes 13, 14), the input RNAs are restored.
Residual amounts of input RNAs can be detected: Based on a comparison to other lanes in this
gel, numbered bands are (1) a complex between one regulatory RNA and streptavidin, (2) bare
nLuc RNA, and (3) a complex between two regulatory RNAs and streptavidin. The broken line
indicates the upper end of the gel.
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correction factors were small com-
pared to the poly(A)- and SRE-
dependent effects observed in em-
bryo extract (Figs. 3, 4), that is, the
qualities of RNA preparations were
reasonably consistent. Consequently,
the results described below were
also reproducible with independent
RNA preparations (Fig. 3A).
Data frommultiple experiments are

summarized in Figure 4. Both cor-
rected and uncorrected results are
presented to demonstrate that correc-
tion on the basis of RRL translation did
not affect our conclusions. The extent
of poly(A)-dependent stimulation of
translation was determined from a
comparison of the bare nLuc RNA to
several types of chimeric RNA con-
structs carrying poly(A) in their regula-
tory fragments as indicated in Figure
3B,C. The results consistently re-
vealed a strong stimulation that was
independent of the relative 5′–3′ ori-
entations of the fused RNA segments:
Regulatory fragments containing only
poly(A) but no SREs effected an 11-
to 15-fold stimulation in forward
and flipped orientation, respectively
(Figs. 3B, 4A). Similar data were ob-
tained when the regulatory fragments
combined a poly(A) sequence with a
nonfunctional SRE (SRE−): In numer-
ous experiments, the average stimula-
tion factors for the forward and flipped
constructs, respectively, were 8.4 and
7.5 (Figs. 3C, 4A). The corresponding
SRE+ constructs were not considered
for the poly(A) effect, as their compar-
ison to nLuc RNAwould have involved
an uninterpretable mixture of repres-
sion and stimulation. The forward-
long-SRE±p(A) constructs will be dis-
cussed below.
A comparison of equivalent chime-

ras containing either SRE+ or SRE−

regulatory fragments revealed a
strong SRE-dependent repression of
translation. On average, repression
was 94.5% in the forward and 82% in
the flipped orientation (Figs. 3C, 4B),
that is, residual translation of the
SRE+ constructs was 5.5% and 18%,
respectively, of the corresponding
SRE− constructs. Thus, both poly(A)-

E

B

A

C

D

FIGURE 3. Translation of chimeric RNAs is stimulated by poly(A) tails and repressed by SREs.
(A) Scheme of chimeric constructs. All nLuc RNAs (blue) had a 5′ m7G cap and a 3′ biotin.
Regulatory RNAs had either a 5′ biotin combined with an unmodified 3′ end (forward con-
structs) or a 5′ A cap combined with a 3′ biotin (flipped constructs). The green RNA section
in the forward-long-SRE±p(A) construct represents the firefly luciferase stuffer fragment (see
text). Regulatory RNAs attached to the right of the central divalent streptavidin were as de-
scribed in Figure 2 and the text. All SRE-containing RNAs were synthesized as SRE+ and
SRE− variants as indicated. “N” indicates the number of independent chimeric RNA prepara-
tions tested in translation. The number of independent translation experiments (each carried
out as three technical replicates) is represented by “n.” Each type of RNAwas tested in at least
three batches of embryo extract except the flipped-p(A) construct, which was tested in two
batches. (B) Translation assays of nLuc and chimeric RNAs containing poly(A) segments in for-
ward and flipped orientations. RNAs were assayed in parallel for translation in Drosophila em-
bryo extract as described in Materials and Methods. The pairwise comparisons used to
calculate poly(A)-dependent stimulation are indicated at the top. (C ) Assays as in B were car-
ried out with the chimeric constructs containing poly(A) segments plus SREs. The pairwise
comparisons used to calculate poly(A)-dependent stimulation or SRE-dependent repression,
respectively, are indicated at the top. (D,E) The same RNA preparations as in B and C were
translated in parallel in rabbit reticulocyte lysate (RRL). It was assumed that differences in lucif-
erase activities represented variable qualities of the RNA preparations rather than SRE- or poly
(A)-effects. Numbers from such assays were therefore used to correct luciferase yields obtained
in embryo extract in Figures 4, 7, and 8. Panels B through E show the results of single repre-
sentative experiments with error bars representing the standard deviations of three technical
replicates.
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dependent stimulation and SRE-dependent repression of
translation initiation were functional with the chimeric con-
structs, independently of the orientation of the regulatory
sequences.
Results were reproducible with independent batches of

embryo extract, although the magnitude of the effects was
batch-dependent, as reflected in the relatively large error
bars in Figure 4 and also in Figures 7 and 8 (see below).
Both with respect to poly(A)-dependent stimulation and
SRE-dependent repression, the conclusions drawn from
the single time-point experiments were supported by
translation kinetics (Supplemental Fig. 1). The magnitudes
of stimulation by poly(A) and repression by SREs observed
for the chimeric RNAs were similar to what had previously
been reported for continuous mRNAs (Jeske et al. 2006,
2011). The strong effects show that contamination of the
chimeric RNAs by bare nLuc RNA had no significant effect
on the results: As luciferase yields from the bare nLuc RNA
are poor in embryo extract, contamination by this RNA is
expected to make a quantitatively significant contribution
only in the case of the SRE+ constructs, which are also
poorly translated; thus, the extent of SRE-dependent re-
pression might be somewhat underestimated. This would
not affect our conclusions.
Stimulation by poly(A) and inhibition by the SREs were

not due to stability effects: Recoveries of the reference
RNA, biotinylated nLuc RNA, at the end of incubation in
three different batches of embryo extract were between
66% and 88%, slightly higher than the recoveries of chime-
ric RNAs (see below). Thus, low luciferase yields from the

nLuc RNA were not a consequence
of instability, that is, the stimulatory ef-
fect of poly(A) was not due to RNA sta-
bilization. Stabilities of the chimeric
constructs were tested by adsorption
to oligo(dT) beads at the beginning
and the end of the incubation, fol-
lowed by RNA purification under
conditions that inactivate streptavidin
and analysis by denaturing gel elec-
trophoresis. Recovery of both the
regulatory RNA and the nLuc RNA
confirmed stability of the streptavidin
bridge under experimental conditions
(Fig. 5). In agreement with earlier ob-
servations (Jeske et al. 2006, 2011;
Götze et al. 2017), slightly higher
stability of the SRE+ RNA constructs
ruled out SRE-dependent mRNA de-
cay as an explanation for lower lucifer-
ase yields.

Poly(A)-dependent stimulation
and SRE-dependent inhibition of

BA

FIGURE 4. Summary of the results of translation assays with chimeric RNAs. (A) Poly(A)-depen-
dent stimulation. Stimulation factors were calculated from pairwise comparisons to the bare
nLuc RNA as indicated in Figure 3B,C (P=0.04 for forward-long-SRE− RNA and P≤ 1.6×
10−4 for all others). SRE+ RNAs were not considered, as explained in the text. (B) SRE-depen-
dent repression. Numbers were calculated from pairwise comparisons of SRE+ and SRE− var-
iants as shown in Figure 3C (P≤ 1.3×10−4 for all RNAs). All data in A and B are presented both
corrected for translation efficiency in RRL (red bars) and without correction (blue bars).
Correction factors in individual experiments were at most 2 and typically lower. Error bars in-
dicate the standard deviation based on the numbers of independent experiments reported in
Figure 3A. The statistical significance of the pairwise comparisons indicated by brackets is in-
dicated by (∗∗∗) (P<0.001) and ns (nonsignificant).

FIGURE 5. Recoveries of chimeric RNAs after incubation in
Drosophila embryo extract. Forward or flipped constructs containing
the SRE+ or SRE− regulatory RNAs depicted in Figure 3 were in-
cubated in embryo extract for 30 min at 25°C. One sample was
oligo(dT)-purified immediately (0 min), a second sample at the end
of the incubation. RNAs were analyzed by denaturing gel electropho-
resis (see Materials and Methods). The first lane contains a mixture of
nLuc and a regulatory RNA as markers. Recoveries of the nLuc and
regulatory RNAs are given at the bottom. RNA recovered at the
0 min time point was set to 100%. As recovery on oligo(dT) beads
was based on the poly(A) stretch in the regulatory RNA, copurification
of the nLuc RNA demonstrated the stability of chimeras. Furthermore,
SRE+-containing constructs were more stable than SRE− constructs;
thus, the lower translation yield of SRE+ RNAs was not due to RNA
destabilization. Recoveries of regulatory RNAs were generally higher,
presumably due to their small size (compare the small regulatory
RNAs in the first two sets to the long fLuc-containing regulatory
RNA in the third set). Recall that not all regulatory RNAs were bound
to nLuc RNA (compare Fig. 2B).
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translation of the chimeric RNAs demonstrates that 5′–3′ in-
teractions in these RNAs can be established independently
of a continuous RNA backbone.

An authentic SRE-dependent
repressor complex assembles
on chimeric RNA constructs

The repressed chimeric RNAs shared
several previously described charac-
teristics of uninterrupted repressed
RNAs: First, SRE-dependent repres-
sion of the chimeras was amplified
by a preincubation before the start
of translation (Jeske et al. 2011) (data
not shown). Second, formation of the
repressor complex on chimeric RNAs
caused them to sediment more rapid-
ly in sucrose gradient centrifugation
than their nonrepressed counterparts,
as observed for non chimeric RNAs
(Fig. 6A; Götze et al. 2017). Third,
both RNA components of the re-
pressed chimeras were relatively re-
sistant against RNase degradation
compared to their nonrepressed
counterparts (Fig. 6B; Götze et al.
2017). SRE-dependent stabilization
was more pronounced for the regula-
tory RNA than for the nLuc RNA, but
stabilization of the nLuc RNA was
seen in both flipped and forward con-
structs. The nLuc RNA was also stabi-
lized against endogenous RNases of
the embryo extract by fusion with an
SRE+ regulatory RNA (Fig. 5), as point-
ed out above. If one assumes that rap-
id sedimentation and resistance to
RNase attack reflect the formation of
a protein complex sequestering the
RNA from translation (Götze et al.
2017), the results indicate that SRE-
dependent formation of this complex
can circumvent the streptavidin road-
block and extend into the nLuc RNA.

Poly(A)-dependent stimulation of
translation is sensitive to RNA
length, but SRE-dependent
repression is not

The simplest interpretation of the re-
sults presented so far is that sequenc-
es in the regulatory RNA fragments
contact the 5′ ends of the nLuc report-

er RNAs through solution (Fig. 1A). Such end-to-end inter-
actions should be less efficient for longer molecules (see
Discussion). In order to test this prediction, we first

B

A

FIGURE 6. Analysis of the SRE-dependent repressor complex assembled on chimeric RNAs.
(A) Rapid sedimentation of repressed RNAs. Radiolabeled chimeric RNAs were incubated for
30 min inDrosophila embryo extract under preincubation conditions. Radiolabeled regulatory
RNAs not fused to the nLuc reporter (top left) were used as positive controls. At the end of the
incubation, 200 µL aliquots were analyzed by sucrose gradient centrifugation as previously de-
scribed (Götzeet al. 2017). Radioactivity in each fractionwasmeasuredby scintillation counting.
Formation of the repressor complex resulted in accelerated sedimentation, as reported before
(Götze et al. 2017). (B) Partial RNase resistance of repressed RNAs. Regulatory RNA by itself as
well as flipped and forward chimeric constructs, all in the SRE+ and SRE− versions, were incubat-
ed in Drosophila embryo extract under preincubation conditions, then a time-course of RNase
digestion was performed as described in Materials and Methods. Time points were taken at
5 min intervals. A radiolabeled synthetic RNA oligonucleotide was added before RNA purifica-
tion and served as a recovery control (bottom part of the gel). White and black arrowheads in-
dicate the nLuc and the regulatory RNA, respectively. Stabilization factors were calculated by
comparison of the SRE+ RNA and SRE− RNA half-lives and are listed at the bottom.
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generated an additional pair of SRE+ and SRE− chimeric
RNAs in which the firefly luciferase ORF as a stuffer frag-
ment was attached to the 5′ end of the regulatory RNA, ex-
tending the total construct to a length of 2522 nt [forward-
long-SRE±p(A) constructs; Fig. 3A]. In these constructs, the
firefly luciferase ORF is not expected to be translated due
to its downstream position in the chimera and the lack of a
cap structure. The absence of firefly luciferase activity was
confirmed experimentally (data not shown). As predicted
from less efficient end-to-end interaction in longer poly-
mers, translation of the nonrepressed, SRE− version of
this RNA was less than twofold higher than that of the ref-
erence nLuc RNA (Figs. 3, 4). Thus, poly(A)-dependent
stimulation of translation was no longer very effective.
Although the extended regulatory RNA fragment was
less stable than the shorter ones (Fig. 5), the slight
decrease in stability was unable to
quantitatively explain the almost com-
plete absence of poly(A) stimulation.
Unexpectedly, SRE-dependent re-
pression of translation proved largely
resistant against extension of the
RNA (Figs. 3, 4). This also confirms
that reduced stability of the regulatory
fragment is not an issue in the inter-
pretation of the results.
The expectation that end-to-end in-

teractions are length-sensitive is not
limited to chimeric RNAs. Therefore,
we generated two additional series
of regular, uninterrupted RNAs to
determine how RNA length affects
poly(A) stimulation and SRE-depen-
dent repression. All RNAs contained
the regulatory sequences close to
their 3′ ends. In the first series (Fig.
7A), the 3′-UTR of the nLuc RNA was
extended by the insertion of the malt-
ose binding protein (MBP) coding se-
quence downstream from the nLuc
stop codon. In the second series
(Fig. 8A), the 3′-UTRs of RNAs con-
taining the fLuc ORF were extended
by either one or two copies of the
MBP sequence inserted downstream
from the fLuc stop codon. All RNAs
were created as SRE+ and SRE− ver-
sions. Importantly, these RNAs were
also made with or without poly(A) tails
(Figs. 7A, 8A), so that poly(A)-depen-
dent stimulation could be assessed
from the comparison of nearly identi-
cal RNAs and did not have to rely on
a comparison to the short nLuc RNA.
[Recall that poly(A)− versions of the

chimeric constructs could not be made, as poly(A) was re-
quired for their assembly.] As above, poly(A)-dependent
stimulation and SRE-dependent inhibition of translation
were measured in Drosophila embryo extract, and RNA
qualities were controlled by translation in RRL.
Each RNA was tested at 2 nM in all four combinations of

SRE+ and SRE−, poly(A)+ and poly(A)−. As for the chimeric
RNAs, poly(A)-dependent stimulation was assessed in
the unrepressed (SRE–) RNAs, that is, in the absence of
the confounding effects of simultaneous repression.
Conversely, the full extent of SRE-dependent repression
is attained only with polyadenylated RNAs (Jeske et al.
2006, 2011). Therefore, SRE-dependent repression was as-
sessed with poly(A)+ RNAs. Figures 7 and 8 present the rel-
evant pairwise comparisons, both with and without
correction on the basis of RRL translation.

B

A

FIGURE 7. Length-dependence of poly(A)- and SRE-effects assayed in a series of RNAs based
on nanoluciferase. (A) Scheme of the RNAs used. All contained anm7G cap and the nLucORF.
They had poly(A) tails and/or SREs at their 3′ end as shown. All SRE-containing RNAs were syn-
thesized in an SRE+ and an SRE− version as indicated. The two RNAs at the bottom were ex-
tended by the ORF encoding MBP (orange line) inserted between the nLuc stop codon and
the SREs. “N” indicates the number of independent RNA preparations assayed. Each of the
three preparations of each RNA was tested in two to four independent batches of
Drosophila embryo extract, resulting in nine independent experiments per RNA (“n”).
(B) Summary of translation experiments carried out with the RNAs depicted above. Poly(A)
stimulation, shown on the left, was calculated from the comparison of equivalent SRE−

RNAs carrying a poly(A) stretch or not (P≤ 3.8×10−5). SRE-dependent repression, shown on
the right, was calculated from the comparison of SRE+ and SRE− RNAs that also carried a
poly(A) tail (P≤ 5.8×10−4). Both stimulation and repression are shown with a correction for
translational efficiency in RRL (red bars) and without correction (blue bars). Correction factors
in individual experiments were typically between 1 and 1.5 and up to 3 in a few cases. Error
bars indicate the standard deviation based on the numbers of independent experiments re-
ported in A. The statistical significance of the pairwise comparisons indicated by brackets is
indicated by (∗) (P<0.05), (∗∗) (P<0.01), and ns (nonsignificant).
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Within each series, lengthening of the RNA led to a sig-
nificant drop in the stimulation of translation by poly(A).
This is the result expected for an end-to-end interaction
through solution (see Discussion). In striking contrast to
poly(A)-dependent stimulation, SRE-dependent repres-
sion was almost completely insensitive to RNA length.
This segregation of poly(A)-dependent stimulation from
SRE-dependent repression of translation was observed in
both series of nonchimeric RNAs and in the chimeric
constructs.

Because of potential structure formation in 3′-UTRs, it is
difficult to predict to which extent the end-to-end distance
of the RNA is in fact increased by lengthening of the

3′-UTR. In contrast, coding sequences
are straightened out by ribosome
passage (see Discussion). Therefore,
we mutagenized the stop codon in
the fLuc-MBP-SRE± and fLuc-MBP-
SRE±-poly(A) constructs, generating
translational fusions of fLuc with
MPB. Limited tests of these RNAs
(two independent batches of extract)
showed that they behaved very similar
to the parental RNA constructs:
Stimulation of translation by poly(A)
was 6.2-fold for the translational fu-
sion and 6.6-fold for the parental con-
struct tested in parallel. Repression by
the SREs was 85% for the translational
fusion and 75% for the parental con-
struct tested in parallel. The results
for the parental RNAs were similar to
those in Figure 8. Thus, the effects of
poly(A) tail and SREs are independent
of the distribution of total sequence
between ORF and 3′-UTR, at least in
this set of constructs.
RNA stability was a particular con-

cern in the experiments involving
long RNAs: Since a longer RNA is a
larger target for ribonucleases,
weaker effects of the poly(A) tail or
the SREs might be caused by a larger
fraction of RNAs that have retained an
intact ORF but lost their regulatory el-
ements due to nuclease activity.
However, two arguments suggest
that this does not explain the results:
First, since poly(A) tail and SREs were
always in close neighborhood, nucle-
ase activity should have led mostly
to the simultaneous loss of both, that
is, should have affected poly(A)- and
SRE-dependent effects in a similar
manner and would not explain the

segregation observed. Second, direct assays suggested
that stability differences were not responsible for the
different translation yields observed: In three independent
experiments, average recoveries of all nonchimeric
RNAs after incubation in embryo extract were between
∼65 and ∼80%, that is, differences were small compared
to differences in translation yields. No systematic effect
of internal poly(A) stretches on RNA recoveries was ob-
served. As noted above, SRE+ RNAs were typically slightly
more stable than SRE− RNAs (data not shown).

Our interpretation of all experiments is based on the
assumption that the effects of SRE and poly(A) tail reflect
5′–3′, that is, intramolecular interactions. However, poly

B
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FIGURE 8. Length-dependence of poly(A)- and SRE-effects assayed in a series of RNAs based
on firefly luciferase. (A) Scheme of the RNAs used: All contained anm7G cap and the fLuc ORF
(green lines). They had poly(A) tails and/or SREs at their 3′ ends as shown. All SRE-containing
RNAs were synthesized in an SRE+ and an SRE− version as indicated. The fLuc-MBP RNAs were
extended by the ORF encodingMBP (orange lines) inserted between the fLuc stop codon and
the SREs. For the fLuc-2xMBP RNAs, a secondMPB ORF was inserted in the middle of the first
MBP ORF (blue lines). “N” indicates the number of independent RNA preparations assayed.
Each of the two preparations of each RNA was tested in three independent batches of
Drosophila embryo extract, resulting in six independent experiments per RNA (“n”). (B)
Summary of translation experiments carried out with the RNAs depicted above. Poly(A) stim-
ulation, shown on the left, was calculated from the comparison of equivalent SRE− RNAs car-
rying a poly(A) tail or not (P≤1.3×10−5). SRE-dependent repression, shown on the right, was
calculated from the comparison of SRE+ and SRE− RNAs that also carried a poly(A) tail (P≤ 1.1×
10−5). Both stimulation and repression are shown with a correction for translational efficiency in
RRL (red bars) and without correction (blue bars). Correction factors were similar as in Figure 7.
Error bars and indications of statistical significance of the comparisons indicated by brackets
are as in Figure 7.
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(A) is known to exert some stimulatory effects in trans
(Munroe and Jacobson 1990). While the assumption of
an intramolecular effect is more plausible due to the very
low RNA concentrations used, we also tested whether ei-
ther an SRE-containing short RNA or poly(A), added at 2
or 4 nM, would affect the translation of 2 nM fLuc RNA
(Fig. 8) lacking either. No such effect was observed (data
not shown). Therefore, the effects of SREs and poly(A)
tail on translation observed with the cis constructs indeed
reflect intramolecular 5′–3′ interactions.
In summary, an increase in mRNA length weakens stim-

ulation of translation by a poly(A) tail. Together with the re-
sistance of the poly(A) effect to a streptavidin linkage and
to an inversion of 5′–3′ polarity in the mRNA, these results
support an end-to-end interaction through solution. SRE-
dependent repression of translation is also insensitive to
a streptavidin roadblock. This makes any repression mech-
anism involving tracking of the RNA backbone unlikely.
However, repression is largely insensitive to RNA length.
This suggests the possibility that stimulation of translation
by the poly(A) tail and repression of translation by the SRE-
dependent repressor complex rely on different mecha-
nisms to achieve an end-to-end interaction.

DISCUSSION

We have examined the mechanism by which regulatory el-
ements close to the 3′ end of an mRNA establish contact
with the 5′ end to affect the efficiency of translation.
Stimulation of translation by the poly(A) tail was fully func-
tional in chimeric RNAs in which the poly(A) tail was sepa-
rated from the cap and the ORF by a protein bridge, even
when this disruption of the RNA backbone was combined
with an inversion of the 5′–3′ polarity of the poly(A)-con-
taining 3′ RNA fragment in relationship to the ORF. The re-
sult is inconsistent with any mechanism of 5′–3′

communication that would involve tracking the RNA back-
bone from the 3′ end to the cis cap (Fig. 1B,C), but is con-
sistent with an establishment of the 5′–3′ interaction
through solution.
In principle, end-to-end interaction through solution

should be sensitive to RNA length because the local con-
centration of one end of a linear polymer in the neighbor-
hood of the other end decreases with increasing polymer
length. For a structurally uniform polymer like DNA, this ef-
fect can be quantitatively predicted bymathematical mod-
eling, and such predictions have been experimentally
verified (Wang and Davidson 1966; Dugaiczyk et al.
1975). For RNA, lack of a uniform structure makes quanti-
tative prediction more difficult. Computational and exper-
imental investigations of “naked” long RNAs have led to
the surprising conclusion that, due to secondary structure
formation, the two ends are always close to each other,
within a few nanometers, independently of the length of
the RNA (Yoffe et al. 2011; Leija-Martínez et al. 2014; Lai

et al. 2018). However, RNA conformation will be modified
in vivo by protein binding, helicase activity (Guo and Bartel
2016) and, most importantly, ribosome transit (Lingelbach
and Dobberstein 1988; Takyar et al. 2005), and the result-
ing removal of secondary structure will increase end-to-
end distance (Lai et al. 2018). In agreement with this ex-
pectation, in situ imaging of translated mRNAs by simulta-
neous visualization of fluorescent probes hybridized to the
two ends revealed relatively extended structures; treat-
ments that induced ribosome release induced compaction
(Adivarahan et al. 2018; Khong and Parker 2018). Thus,
one can qualitatively predict that end-to-end interaction
during translation should be sensitive to RNA length. In
our experiments, poly(A)-dependent stimulation of transla-
tion did in fact become weaker with increasing RNA
length. This is consistent with earlier data showing sensitiv-
ity of closed-loop formation to RNA length in yeast extract
(Amrani et al. 2008). Thus, both the resistance of poly(A)
stimulation to disruption of the RNA backbone and sensi-
tivity of stimulation to RNA length support the idea that the
poly(A) tail promotes translation via a contact with the
5′ cap that is established through solution (Fig. 1A).
Transcriptome-wide studies have shown that short
mRNAs are also translated more efficiently in vivo (Arava
et al. 2005; Lackner et al. 2007; Shah et al. 2013; Wang
et al. 2013; Thompson and Gilbert 2017), and modeling
has suggested that this is due to higher frequencies of ini-
tiation (Arava et al. 2005; Shah et al. 2013). Importantly, the
association of the proteins forming the closed loop with
mRNAs is not uniform across the transcriptome (Costello
et al. 2015). The RNAs most strongly associated with the
“closed-loop factors” are short (Thompson et al. 2016).
Our results are consistent with these in vivo data and sup-
port the interpretation (Thompson and Gilbert 2017) that
more efficient translation of shorter mRNAs reflects a
more facile interaction between cap and poly(A) tail.
That the RNA backbone is not involved in poly(A)-de-

pendent stimulation of translation is not surprising from a
theoretical point of view: Any molecule tracking the RNA
backbone would obviously collide with advancing ribo-
somes. If the closed loop were a stable structure, estab-
lished once and for all before the RNA is first translated,
the first round of translation would somehow have to be
postponed until the closed loop is established. However,
imaging of cellular polysomes by cryo-electron tomogra-
phy (Brandt et al. 2010) or light microscopy (Adivarahan
et al. 2018; Khong and Parker 2018) revealed mostly non-
circular structures. (Note that the shortest RNA examined
in the latter experiments was 5.5 kb long, and most
RNAs were longer than 10 kb. Based on the discussion
above, such RNAs would be less prone to forming end-
to-end interactions.) Thus, the closed loop likely exists
transiently as part of an association—dissociation equilibri-
um, that is, the interaction has to be reestablished multiple
times throughout the lifetime of an mRNA. This would be
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hard to reconcile with any end-to-end interaction mecha-
nism making use of the RNA backbone. In summary, theo-
retical arguments and several types of experimental results
suggest that the contact between the poly(A) tail and the
5′ end that facilitates translation initiation is established
through solution.

As compared to poly(A)-dependent stimulation of trans-
lation, establishment of a repressed state due to factors
bound to the 3′-UTR would be more easily compatible
with a mechanism making use of the RNA backbone.
However, repression of translation by SREs in the 3′-UTR
also functioned in the face of a protein roadblock interrupt-
ing the RNA, even when this was coupled with an inverted
5′–3′ polarity of the regulatory sequences with respect to
the ORF. The repressor complex formed on such chimeric
RNAs was, by several criteria, equivalent to the one that
forms on noninterrupted RNAs. As for poly(A)-dependent
stimulation of translation, resistance of repression to a pro-
tein roadblock and to the inversion of 5′–3′ polarity rules
out an establishment of the end-to-end interaction by
mechanisms tracking the RNA backbone either by a heli-
case activity or by polymerization of a protein coat
(Götze et al. 2017). However, with the same sets of
mRNA molecules that uncovered the length-sensitivity of
poly(A)-dependent stimulation, SRE-dependent repres-
sion worked equally well independently of RNA length.
This unexpected discrepancy between length-sensitivity
of poly(A)-dependent stimulation and insensitivity of
SRE-dependent repression can be explained in two
ways: The first explanation assumes that the 5′–3′ interac-
tions responsible for translation repression are also estab-
lished through solution but are more stable than the
interactions responsible for translation stimulation.
Increased RNA length decreases the effective concentra-
tion of the 5′ end with respect to the 3′ end. The extent
to which such a decrease of the effective concentrations
of the ends reduces the population of the end-to-end-as-
sociated state depends on the equilibrium dissociation
constant of the end-to-end association; the associated
state will be significantly populated if its dissociation cons-
tant is near or below the effective concentrations. Thus, the
same increase in RNA length that reduces the 5′–3′ interac-
tion responsible for poly(A)-dependent stimulation might
have little effect on SRE-dependent repression if the re-
pressive end-to-end interaction has a lower KD. The ab-
sence of ribosome transit on the repressed RNAs likely
also favors a more compact state (Adivarahan et al. 2018;
Khong and Parker 2018), that is, a higher concentration
of one end in the neighborhood of the other. The second
explanation assumes that the mechanisms establishing
5′–3′ interactions responsible for SRE-dependent repres-
sion of translation are different from those responsible
for poly(A)-dependent stimulation of translation. A hypo-
thetical mechanism that reconciles the insensitivity of re-
pression to both a protein roadblock and RNA length is

depicted in Figure 1D: According to this hypothesis, com-
ponents of the repressor complex can get hold of neigh-
boring segments of the RNA without having to move
along the backbone. This is likely to induce compaction
of the RNA and may lead to inhibition of translation by
sequestration of either the 5′ end or even the entire
RNA. Such a model is attractive for several reasons: First,
compaction of the RNA would be consistent with its ob-
served rapid sedimentation (Fig. 6; Götze et al. 2017),
which has also been observed for other repressed RNAs
(Chekulaeva et al. 2006; Thermann and Hentze 2007).
Second, the model would explain the observation that
two components of the repressor complex, the DEAD-
box helicase Me31B and its partner Trailer Hitch, bind
the repressed RNA in multiple copies, roughly proportion-
al to the length of the RNA (Ernoult-Lange et al. 2012;
Götze et al. 2017). Third, a model for this hypothetical
behavior of a component of the repressor complex is pro-
vided by the DEAD-box helicase Ded1. This enzyme can
transfer from its initial binding site in ssDNA or RNA to a
neighboring double-stranded nucleic acid with a link be-
tween the two provided by a streptavidin bridge, similar
to the constructs used here (Yang and Jankowsky 2006).
Fourth, the repression of nanos by Smaug binding to
SREs is tight and kinetically stable, that is, apparently not
part of a rapidly reversible association-dissociation equilib-
rium (Nelson et al. 2004; Jeske et al. 2011). In the context
of embryo development, it seems desirable to reliably re-
strict the SRE effect to an intramolecular repression and
prevent competing interactions with other mRNAs (Jeske
et al. 2011). If the repressor complex did not immediately
interact with the distant cap but engaged the entire RNA
by contacting nearby RNA segments, SRE-dependent re-
pression would presumably be relatively insensitive to
competition by other mRNA molecules.

MATERIALS AND METHODS

Production and analysis of divalent streptavidin

His-tagged wild-type streptavidin and an untagged triple mutant
inactive in biotin binding were separately expressed in E. coli as
previously described (Howarth et al. 2006) (plasmids pET21a-
Streptavidin-Alive; Addgene #20860; and pET21a-Streptavidin-
Dead; Addgene #20859). Inclusion body pellets were dissolved
in 6 M guanidinium hydrochloride (pH 1.5), and potentially con-
taminating biotin was removed by overnight dialysis against the
same solvent. Concentrations of WT and mutant streptavidin
were estimated by UV absorption and 20 mg of each subunit
mixed in a 1:1 ratio. Protein was refolded and concentrated as
in Schmidt and Skerra (1994). Soluble protein was loaded on a
15 ml Ni-NTA column (Qiagen) and eluted with a 60 ml gradient
of 10 to 250 mM imidazole in 50 mM Tris-HCl, pH 7.8, 300 mM
NaCl. The species containing two untagged subunits and, there-
fore, two biotin binding sites was identified from its relative elu-
tion position and its characteristic migration when loaded onto
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an 8% SDS–polyacrylamide gel without boiling (Howarth et al.
2006). The concentration was determined by UV absorption.

The identity of divalent streptavidin was confirmed by native
mass spectrometry: The buffer of divalent streptavidin and of
commercial wild-type streptavidin (Promega) was exchanged to
200 mM ammonium acetate (7.5 M solution from Sigma-Aldrich
[A2706]) with Amicon ultracentrifugal filters (30 kDa cut-off). The
proteins were adjusted to 10 µM with 200 mM ammonium ace-
tate. Aliquots were incubated for 30 min with a 10-fold excess
of biotin, and samples with or without biotin were analyzed in a
QToF II instrument (Waters). MassLynx software (Waters
Micromass) was used for data evaluation. The observed mass of
divalent streptavidin without biotin corresponded to the expecta-
tion (54,669 Da) (Howarth et al. 2006). Divalent streptavidin with
two bound biotins has an expected mass of 55,157.6 Da; a
mass of 55,158.7 Da was observed.

Transcription templates

Transcription templates for reporter RNAs were based on those
described in Jeske et al. (2006). For the nLuc plasmids, the firefly
luciferase (fLuc) ORF was removed by digestion with SacI and
BglII and replaced by a PCR fragment with the NanoLuc ORF
(nLuc; Promega). For the nLuc and fLuc RNAs, transcription tem-
plates were cut at a Pst1 site introduced, by mutagenesis, 30 nt
downstream from the luciferase stop codon. This resulted in
RNAs lacking both poly(A) and SREs. For the nLuc-p(A)N40 and
fLuc-p(A)N40 RNAs, nanos sequences including the SREs were
deleted by cutting with BglII and BamHI and religation. The se-
quence coding for MBP was amplified with flanking BamHI sites
and cloned directly behind the stop codon of nLuc or fLuc in
the BglII site of the plasmids. The second MBP sequence was
cloned into the existing BglII site of the first MBP sequence.
Variants of the fLuc-MBP-SRE± and fLuc-MBP-SRE±-poly(A) con-
structs were made by site-specific mutagenesis converting the
fLuc stop codon to a glutamate codon. As a result, the fLuc
ORF was joined to that of MBP with an arginine-serin linker.
Upon digestion of the DNA templates described with BamHI or
KpnI, transcription resulted in RNAs lacking poly(A) or carrying
an internal A60 sequence followed by 40 residues of mixed
sequence.

Templates for regulatory RNAs containing both SREs and a
poly(A) stretch were generated by amplification, from the nLuc-
SRE-p(A)N40 plasmid, of the sequences starting after the nLuc
stop codon and ending at the end of the N40 sequence. The
PCR product was cloned into a pBlueskript SK vector digested
with SacI and KpnI. For the synthesis of regulatory RNAs lacking
SREs, the corresponding template sequences were removed by
digestion, with Eco53kI and BamHI, of the vector for the complete
regulatory RNA. The BamHI overhang was filled in by Klenow
DNA polymerase, and the vector was religated. The fLuc reporter
RNA of Jeske et al. (2006) was used as the long regulatory RNA
depicted in Figure 3A. All newly created transcription templates
were checked by DNA sequencing.

Synthesis and biotinylation of RNA

For the synthesis of 5′-biotinylated regulatory RNAs, a 5′ biotin-
ApG initiator nucleotide was incorporated cotranscriptionally

(Pitulle et al. 1992). A 25 µL transcription reaction contained
1x transcription buffer (Ambion), 30 mM DTT, 10 mM MgCl2,
0.01 U pyrophosphatase (Thermo Fisher), 20 U RNasin
(Promega), 1 µg linearized plasmid, 1.5 mM 5′ biotin-ApG (Jena
Bioscience), 1.5 mM ATP and CTP, 1 mM UTP, 20 µCi α-32P UTP,
and 100 U T3 RNA polymerase (NEB). Reactions were started by
addition of 0.15 mM GTP. After 1 h at 37°C, 0.15 mM GTP was
again added, and the reactions were further incubated for 3 h.
For the synthesis of 3′-biotinylated regulatory RNAs, transcrip-

tion reactions were as above except that 5′ biotin-ApG was re-
placed by 7 mM A-cap (Jena Bioscience), and GTP, ATP, and
CTP were all used at 3 mM. After transcription, samples were di-
gested with 10 U DNase I (Roche), followed by a Sephadex-G50
spin column purification, phenol–chloroform-extraction and etha-
nol precipitation. The purified RNAs were heated to 95°C for
5 min and chilled on ice. A 25 µL biotinylation reaction contained
1× T4 RNA ligase buffer (NEB), 1 µM RNA, 2 µM biotin-pCp (Jena
Bioscience), 10% DMSO, 16% (w/v) PEG-8000, 1 mMATP, 32.5 U
RNasin (Promega), and 50 U T4-RNA ligase I (NEB) and was incu-
bated for 16 h at 6°C.
For 3′-biotinylated nLuc RNAs, 7 mM anti-reverse cap analog

(NEB) was used during transcription. Biotinylation was carried
out by ligation as above.
With the exception of the long fLuc-SRE-p(A) regulatory RNA,

all RNAs used to generate chimeras were gel-purified. They
were quantified from the amount of radioactivity incorporated
and the known specific activity of UTP.
Uninterrupted mRNAs were synthesized like the nLuc RNAs to

be used for 3′ biotinylation except that the UTP concentration was
3 mM and no radioactive nucleotide was added. RNAs were pu-
rified by Sephadex G50 spin columns and ethanol-precipitated
from 2.5 M ammonium acetate. Their concentrations were deter-
mined from their UV absorbance.

Assembly of chimeric reporter constructs

Chimeric constructs were assembled at room temperature: 50 µL
oligo-(dT)25 magnetic beads (NEB) were equilibrated in a protein
LoBind tube (Eppendorf) with binding buffer (20mM Tris-HCl, pH
7.5, 500mMLiCl, 0.5% lithiumdodecylsulfate, 1mMEDTA, 5mM
DTT, 0.1 g/L methylated BSA [Means and Feeney 1968], 0.1 g/L
E. coli rRNA [Roche]) for 30 min. After removal of the buffer, 2.5
pmol regulatory RNA in 100 µL binding buffer was incubated
with the beads for 5 min. Thirty picomoles divalent streptavidin
in 100 µL of a 1:1 mixture of binding buffer and low-salt buffer
(20mMTris-HCl, pH 7.5, 200mM LiCl, 1 mMEDTA, 0.1 g/Lmeth-
ylated BSA, 0.1 g/L E. coli rRNA) was added and incubated for
45 min. The beads were washed once with 200 µL wash buffer
(as binding buffer, but lacking lithium dodecylsulfate and DTT),
transferred to a DNA LoBind tube (Eppendorf) and washed twice
with 200 µL low-salt buffer. Three picomoles of nLuc RNA in
100 µL low-salt buffer was added and incubated for 60 min. The
beads were washed once with 200 µL wash buffer and twice
with 200 µL low-salt buffer. Chimeric constructs were eluted at
50°C for 2 min in 50 µL 10 mM Tris-HCl, pH 7.5. The assembly
of chimeric RNAs was checked by electrophoresis in 5%polyacryl-
amide gels in 1× TBE buffer at 4°C. Aliquots of the chimeric RNAs
were loaded in formamide loading buffer with or without boiling.
ImageQuant 5.2 was used for quantification.
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Embryo extract, in vitro translation, and related
assays

Drosophila embryo extract was prepared and in vitro translation
of luciferase reporter RNAs performed as previously described
(Götze et al. 2017). As controls, RNAs were translated in untreated
rabbit reticulocyte lysate (RRL; Promega). Each reaction contained
0.2 nM chimeric or 2 nM uninterrupted mRNA, 30% RRL, 79 mM
potassium acetate, 0.5 mM magnesium acetate, 20 mM creatine
phosphate, 0.08 g/L rabbit muscle creatine kinase (Sigma), 20 µM
amino acid mix, 0.05 g/L yeast tRNA, 0.2 g/L short RNA (Götze
et al. 2017). The reactions were incubated at 30°C for 30 min.
Nano-Glo and One-Glo reagents (Promega) were used for nLuc
and fLuc activity assays, respectively. Each translation experiment
in embryo extract was carried out three times in parallel; that is, n
=3 reflects nine reactions. Experiments in RRL were carried out
twice in parallel. Statistical significance of poly(A)-dependent
stimulation and SRE-dependent repression of translation was
evaluated by the two-tailed t-test. The calculation was performed
for each independent experiment on the basis of three technical
replicates, and all P-values obtained for one type of RNA were
averaged.

RNase protection assays were performed as previously de-
scribed (Götze et al. 2017), except that 0.2 nM RNA and 0.17
U/µL RNase If were used. Sucrose density gradient centrifugation
was performed with 0.2 nM RNA as previously described (Götze
et al. 2017).

RNA stability assays

Fifteen femtomoles of chimeric constructs was incubated with
Drosophila embryo extract under translation conditions in a vol-
ume of 15 µL. Either immediately or after 30 min at 25°C, 20 µL
oligo-(dT)25 magnetic beads (NEB) were added, and the volume
was increased to 100 µL with binding buffer (as described for as-
sembly of chimeras). After 5 min at 25°C, the supernatant was re-
moved, and the beads were washed once with binding buffer.
The constructs were eluted with 100 µL water for 2 min at 50°C
and treated with 20 µg proteinase K in 1× PK buffer (100 mM
Tris-HCl pH 7.9, 150 mM NaCl, 12.5 mM EDTA, 1% SDS) for 30
min at 37°C. RNAs were ethanol-precipitated, dissolved in load-
ing buffer containing 80% formamide, boiled, and loaded onto
a 5% denaturing polyacrylamide gel.

One picomole uninterrupted RNA was incubated in a 25 µL re-
action under preincubation conditions in Drosophila embryo ex-
tract. After 0 or 30 min, 10 µL aliquots of the reaction were
mixed with 10 µL 2× PK buffer containing 20 µg proteinase K
and incubated for 30 min at 37°C. RNAs were ethanol-precipitat-
ed, dissolved in RNA-loading-buffer (Thermo Scientific), and re-
solved on denaturing agarose gels containing 1× MOPS buffer
and 2.2 M formaldehyde (Sambrook and Russell 2001). RNAs
were detected by northern blotting with 5′-labeled synthetic
DNA oligonucleotide probes. Image Quant 5.2 was used for
quantification.
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