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NaP-TRAP reveals the regulatory grammar in
5’UTR-mediated translation regulation
during zebrafish development

Ethan C. Strayer 1, Srikar Krishna 1, Haejeong Lee 1, Charles Vejnar 1,
Nils Neuenkirchen 2, Amit Gupta3, Jean-Denis Beaudoin 3,4 &
Antonio J. Giraldez 1,4,5

The cis-regulatory elements encoded in an mRNA determine its stability and
translational output. While there has been a considerable effort to understand
the factors driving mRNA stability, the regulatory frameworks governing
translational control remain more elusive. We have developed a novel mas-
sively parallel reporter assay (MPRA) to measure mRNA translation, named
Nascent Peptide Translating Ribosome Affinity Purification (NaP-TRAP). NaP-
TRAP measures translation in a frame-specific manner through the immuno-
capture of epitope tagged nascent peptides of reporter mRNAs. We bench-
mark NaP-TRAP to polysome profiling and use it to quantify Kozak strength
and the regulatory landscapes of 5’ UTRs in the developing zebrafish embryo
and in human cells. Through this approach we identified general and devel-
opmentally dynamic cis-regulatory elements, as well as potential trans-acting
proteins.We find that U-richmotifs are general enhancers, and upstreamORFs
and GC-rich motifs are global repressors of translation. We also observe a
translational switch during the maternal-to-zygotic transition, where C-rich
motifs shift from repressors to prominent activators of translation. Con-
versely, we show that microRNA sites in the 5’ UTR repress translation fol-
lowing the zygotic expression ofmiR-430. Together these results demonstrate
that NaP-TRAP is a versatile, accessible, and powerful method to decode the
regulatory functions of UTRs across different systems.

Life requires spatial and temporal control of protein expression. The
protein output of a given transcript reflects the integration of trans-
lation and mRNA stability. While there has been a considerable effort
to understand the factors driving mRNA synthesis1, maturation2, and
decay3–6, the regulatory frameworks governing translational control
remain elusive7,8.Cis-regulatory elements encoded in the sequence and
structure of mRNAs modulate these processes. Although these ele-
ments are distributed throughout the transcript, they are often

concentrated in the regions upstream and downstream of the main
coding sequence, the 5’ and 3’ untranslated regions (UTRs)
respectively9,10. Given that initiation is the rate-limiting step of trans-
lation, there has been a particular interest in understanding the reg-
ulatory elements found in 5’ UTRs11–14. These elements include internal
ribosome entry sites (IRESs)15, G-quadruplexes16, iron response ele-
ments (IREs)17, pyrimidine-rich elements (TOP18, PRTE19, CERT20), as
well as upstream Open Reading Frames (uORFs)21–23. Regulatory
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elements function by recruiting trans-factors to themRNA.Differences
in the pool of cellular RNA binding proteins (RBPs), translation initia-
tion factors and ribosome components have been shown to influence
the regulatory potential of these elements11.

To investigate translation control, several studies have utilized
ribosome profiling24,25. While this method accurately quantifies the
translation efficiency of individual genes, its capacity to characterize
the function of cis-regulatory elements is limited. The generation of
ribosome-protected fragments decouples the translation measure-
ment of a given mRNA from its cognate untranslated regions26. Thus,
measurements of translation efficiency often reflect the amalgamation
of several isoformsof a givengene, eachwith aunique set of regulatory
elements. This process is complicated further by the fact that endo-
genous transcripts contain multiple regulatory elements that exert
differential and often competing effects on translation.

Massively parallel reporter assays (MPRAs) are particularly suited
to address these challenges. MPRAs measure the abundance and/or
translation efficiency of thousands of reporters simultaneously. These
assays have improved our understanding of translation control and
mRNA stability. Previous studies have characterized Kozak strength27,
uORFs28–30, IRESs31,32, codon optimality33,34, RNA structure35, microRNA
binding sites36, cytoplasmic polyadenylation37, and the effects of var-
iation in human UTRs38–41. These assays have also identified novel
sequence motifs driving translation and decay4,42,43. Despite these
insights, conclusions based on MPRAs have been limited by the
methods used to measure translation: growth-selection44, fluorescent-
cell sorting (FACS)28,45, polysome profiling39,41, Translating Ribosome
Affinity Purification (TRAP-seq)46, and direct analysis of ribosome tar-
geting (DART)43 (Table 1). In MPRAs where reporters are encoded in
DNA, measurements of translation can be confounded by additional
layers of transcriptional regulation. Furthermore, in polysome frac-
tionation and TRAP-seq, which quantify the number of ribosomes on
each transcript through sucrose gradient fraction and immunocapture
of epitope-tagged ribosomes, respectively, inactive ribosomes, ribo-
somes translating out of frame, or ribosomes translating ORFs outside
of the coding sequence may skew translation measurements. Addi-
tionally, the methodological complexity of these assays has reduced
the use of translation-based MPRAs across diverse systems.

Here, we develop NaP-TRAP (Nascent Peptide Translating Ribo-
some Affinity Purification), a novel method to measure in-frame
translation through the immunocapture of nascent peptides. More
specifically, by including an N-terminal FLAG tag in the coding
sequences of reporter mRNAs, we enrich for reporters in a manner
proportional to the number of active ribosomes translating the main
ORF in frame. First, we benchmark NaP-TRAP to polysome profiling
and use reporter assays of increasing complexity to validate this
method. Second, using NaP-TRAP we quantify the Kozak strength in
zebrafish by measuring the translation of thousands of reporters
simultaneously. Third, we assess the regulatory potential of endo-
genous 5’ UTR sequences in the developing zebrafish embryo and
HEK293T cells. Lastly, through this approach, we identify common and

developmentally modulated motifs that regulate translation in verte-
brates as well as potential effector RBPs known to bind these
sequences. In doing sowedemonstrate that NaP-TRAP is an accessible,
versatile, and quantitative method, which has the capacity to measure
translation control across multiple systems and identify regulatory
sequences in vivo.

Results
NaP-TRAP measures translation via the immunocapture of
nascent chains
Cis-regulatory elements encoded in mRNAs modulate translation effi-
ciency. To measure the regulatory potential of these elements we
developed a novelmassively parallel reporter assay (MPRA), NaP-TRAP
(Nascent Peptide Translating Ribosome Affinity Purification). We rea-
soned that we could enrich for reporters in a manner proportional to
their translation efficiency through the immunocapture of FLAG-
tagged nascent chain complexes immobilized by cycloheximide
treatment (Fig. 1a). To this end, we measured translation as a ratio of
the amount of a reporter mRNA in the pulldown relative to its input.
This approach decouples translation measurements from differences
in mRNA abundance.

To evaluate the capacity of NaP-TRAP to measure translation we
performed three reporter assays. First, we measured the effect of a
translation-blocking morpholino. We co-injected 3xFLAG-GFP and
DsRed mRNAs into single-cell zebrafish embryos in the presence or
absence of a translation-blocking morpholino, targeting the start
codon of 3xFLAG-GFP and performed NaP-TRAP at 6 hpf. To measure
the amount of 3xFLAG-GFP reporter mRNA present in the input and
pulldown fractions of each anti-FLAG immunoprecipitation, we
employed reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Given that the DsRed reporter mRNA was neither
enriched by the anti-FLAG immunoprecipitation nor targeted by the
translation-blockingmorpholino,we utilized the relative abundanceof
the DsRed reporter mRNA in each fraction to normalize NaP-TRAP
derived translation values across experimental conditions. Using NaP-
TRAP we observed a significant decrease in translation in the presence
of the morpholino at 6 hours post fertilization (hpf) (Fig. 1b). These
results are consistent with the translational repression in morpholino-
injected embryos observed by the decrease in fluorescence (GFP/
DsRed) at 24 hpf (Fig. 1b).

Next, we tested the capacity of NaP-TRAP to capture dynamic
translation control. In the developing zebrafish embryo, themicroRNA
miR-430 is one of the first zygotically transcribed genes. At 4.3 hpf, the
expression of miR-430 results in the translation repression, dead-
enylation, and eventual decay of targeted mRNAs47,48. To quantify this
effect, we measured the translation of 3xFLAG-GFP reporters with
partial complementarity to two different microRNAs in their 3’ UTRs,
miR-430 (3xFLAG-GFP-3xmiR-430) and miR-204 (3xFLAG-GFP-3xmiR-
204). We selected miR-204 target sites as a control given that this
microRNA is not expressed in the early embryo. Using NaP-TRAP we
measured the translation of mRNA reporters at 2 and 4.3 hpf, before

Table 1 | Comparing NaP-TRAP to existing translation-based MPRA methods

Method System Input Specialized Equipment Multi-Frame Frame-specific Translation Read-out

Growth-selection Cell lines DNA None No Yes Steady-State

FACS Cell lines DNA / RNA Flow-cytometer No Yes Steady-State

DART Cell lysate RNA Ultracentrifuge No No Equilibrium

Polysome profiling Model organisms DNA / RNA Ultracentrifuge No No Instantaneous

TRAP-seq Model organisms DNA / RNA None No No Instantaneous

NaP-TRAP Model organisms DNA / RNA None Yes Yes Instantaneous

NaP-TRAP was developed to quantify the translation of thousands of reporters simultaneously in a frame-specific manner. In contrast to existing methods, NaP-TRAP can be adapted to dynamic
model systems (e.g. the developing zebrafish embryo) and does not require specialized equipment or a large amount of source material to measure translation.
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and after miR-430 expression. As described above we normalized
translation values across experimental conditions using a DsRed con-
trol mRNA. We observed that the translation of the miR-430 reporter
decreased ~4.3-fold after the expression of miR-430, while the control
miR-204 reporter increased ~2.5 fold (Fig. 1c), consistent with the role
of miR-430 in translational repression and the global increase in
translation observed during the early stages of development49.

Third, poly-A tail length has been shown to be correlated with
translation during early development48,50. To test whether NaP-TRAP
quantifies the level of translation, we compared the translation of
3xFLAG-GFP mRNA reporters with different poly-A tail lengths (0, 30,
60, and 90 adenosines respectively), using DsRed mRNA as an injec-
tion control. We observed that increasing the poly-A tail length
increases translation as measured by NaP-TRAP and western blot
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Fig. 1 | NaP-TRAP measures translation through immunocapture. a Schematic
detailing theNaP-TRAPmethod. FLAG-taggednascent chain complexes of reporter
mRNAs are enriched via an anti-FLAG immunoprecipitation. Translation is mea-
sured as a ratio of reporter reads in the pulldown relative to the input. bNaP-TRAP
derived translation at 6 hpf (left, N = 3 replicates; 25 embryos per replicate) and
fluorescence measurements at 24 hpf (right, - MO N = 14 embryos, +MO N = 9
embryos) in the presence (+MO) or absence (- MO) of a translation blocking
morpholino (two-sided unpaired t-test: ** p <0.005, **** p <0.0001; NaP-TRAP+ /−
MO, p =0.0036; Fluorescence +/− MO p < 10−4; error bars = SEM). c NaP-TRAP
derived translation values for 3xFLAG-GFP-3xmiR-430 (blue) and 3xFLAG-GFP-
3xmiR-204 (gray) at 2 hpf (N = 4 replicates; 25 embryos per replicate) and 4.3 hpf
(N = 4 replicates; 25 embryos per replicate) (two-sided unpaired t-test: ** p <0.01,
*** p <0.005; miR-204 2hpf vs 4 hpf, p =0.0071; miR-430 2hpf vs 4 hpf = 0.0001;

error bars = SD). Schematic representation of repression of translation exercised
bymiR-430, but notmiR-204 at 4.3 hpf. dNaP-TRAPderived translation values at 2
hpf (left, N = 3 replicates; 25 embryos per replicate) and quantification of band
intensity of western blot and example immunoblot (right, N = 3 replicates; 5
embryos per replicate) of GFP reporters with poly-A tails of 0, 30, 60 and 90 As in
the presence of a DsRED injection control. e In HEK293T cells, NaP-TRAP derived
translation values are strongly correlated with mean ribosome load (polysome
profiling) for a 5’ UTR mRNA reporter library (two-sided Pearson’s R = 0.92,
N = 7572 reporters). f A cumulative density plot of residuals (NaP-TRAP translation
– predicted translation) for reporters containing oORFs (N = 247 reporters), uORFs
(N = 3834 reporters), and no upstream start codons (N = 1993 reporters) (p-values
were calculated using a two-sided Mann-Whitney U-test; oORF vs noAUG p < 10−52;
oORF vs uORF p < 10−29; uORF vs noAUG p < 10−60).
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(Fig. 1d). Together these results demonstrate that: (1) NaP-TRAP mea-
sures the translation of individual reporters targeting general and
developmentally dynamic cis-regulatory elements and (2) NaP-TRAP
derived translation values are quantitative and correlate with protein
output. Further, these experiments highlight the versatility of the
method as they demonstrate the capacity of NaP-TRAP to quantify cis-
regulation mediated by the 5’ and 3’ UTRs, as well as the poly-A tail.

NaP-TRAP measures translation in a frame-specific manner
To evaluate NaP-TRAP’s performance as an MPRA, as well as bench-
mark the approach against an establishedmethod, we performedNaP-
TRAP and polysome profiling on a 5’ UTR mRNA reporter library in
HEK293T cells (11,088 reporters, Supplementary Table 3). To this end,
we transfected the in vitro transcribed mRNA library into
HEK293T cells and performed NaP-TRAP and polysome profiling at
12 hours post-transfection (hpt) (Supplementary Fig. 1a-b). To limit the
effect of out-of-frame translation, we incorporated stop codons in
frames +1 and +2 early in the coding sequence of 3xFLAG GFP. We
observed a strong correlation between Mean Ribosome Load (MRL)
and NaP-TRAP-derived translation values (R2 = 0.85), suggesting that
NaP-TRAP measures quantitatively the number of translating ribo-
somes on individual reporters (Fig. 1e).

To demonstrate the capacity of NaP-TRAP to measure frame-
specific translation we adopted three different approaches. First, we
performed a linear regression comparing MRL (polysome profiling) to
NaP-TRAP translation and measured the residual of reporters con-
taining upstreamopen reading frames (uORFs and oORFs, overlapping
upstreamopen reading frames). The residual is the differencebetween
the experimentally determined NaP-TRAP translation and the transla-
tion value calculated based on the linear regression (experimental—
predicted translation; Fig. 1f). We observed a negative shift in the

residuals of reporters containing oORFs and reporters containing
uORFs when compared to reporters containing no upstream start
codons (Fig. 1f, Mann-Whitney U test, p < 10−52 and p < 10−60 respec-
tively). This shift towards negative values suggests that polysome
profiling MRL values for reporters containing upstream start codons
are inflated relative toNaP-TRAP-derived translation values. This result
highlights the importance of measuring translation in a frame-specific
manner compared to the number of bound ribosomes. Second, to
evaluate the capacity of NaP-TRAP to measure frame-specific transla-
tion we selected 12 reporters containing upstream start codons for
which the two methods diverged and measured their protein output
using nano- and firefly luciferase in HEK293T cells at 12 hpt. NaP-TRAP-
derived translation values correlated more strongly with dual lucifer-
ase activity than MRL (R2 = 0.81 and R2 = 0.65, respectively, Supple-
mentary Fig. 1c-e). Finally, to measure translation in three frames
simultaneously, we encoded FLAG, HA, and MYC tags into frames 1, 2,
and 3, respectively of a GPF luciferase reporter. Using a degenerated
oligo reporter containing uORFs and oORFs in each frame, we were
able to detect translation in frames 2 and 3 in zebrafish in the absence
of frame 1 translation, indicating that NaP-TRAP can be designed to
detect frame-specific translation (Supplementary Fig. 2). Taken toge-
ther these results demonstrate that: (1) NaP-TRAP is a quantitative
MPRA method and (2) the frame specificity of NaP-TRAP derived
translation values results in a more accurate measurement of protein
output than MRL for reporters with out-of-frame translation.

UsingNaP-TRAP to investigateKozak strength in the developing
zebrafish embryo
Next, we designed a library to quantify the regulatory potential of the
Kozak sequence in the developing zebrafish embryo. We elected to
measure Kozak strength for two reasons: (1) the Kozak sequence is a
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strong determinant of translation initiation and (2) Kozak strength is
often inferred based on the frequency of these sequences in the
genome51,52. To generate a library of diverse Kozak sequences, we
incorporated six random nucleotides upstream and one random
nucleotide downstream of the AUG of the 3xFLAG-GFP reporter
(Fig. 2a)53. We injected the in vitro transcribed mRNA library into
single-cell zebrafish embryos and measured the translation using NaP-
TRAP at 6 hpf (Supplementary Fig. 3a). We identified active and
repressive Kozak sequences, and generated position weight matrices
for the top and bottom 10% of reporters based on their translation
(Fig. 2a). We observed that active Kozak sequences were enriched in
C’s and A’s, whereas repressive Kozak sequences were enriched in U’s
and G’s.

To examine the effect of nucleotide identity and position on
translation, we employed a random forest regression model (RFM).

Model features were generated based on nucleotide identities and
positions within the Kozak sequence (Fig. 2b). Prior to training the
model, we divided the data into a test and a training set, 30% and 70%
of reporters, respectively, and used a 5-fold cross-validation to opti-
mize model parameters. The predicted values of the model were cor-
related with the translation of the test set (R = 0.73, Fig. 2c); thus, we
used this model to predict the translation of all possible Kozak
sequences (Supplementary Fig. 3b, Supplementary Table 2). To iden-
tify the features informing the predictive power of the model, we
performed a permuted feature importance analysis. Briefly, we shuf-
fled the identities of the features of the model one at a time and
measured the effect of the change on the predictive power of the
model. At 6 hpf bases G, G, U, andG in positions −5, −4, −3, and −2were
themost repressive features, whereas C, A/C, and A in positions −4, −3,
+4 were the most activating features (Fig. 2d and Supplemen-
tary Fig. 3c).

Lastly, we compared NaP-TRAP translation values to an in silico-
derivedmetric, the Kozak score. In zebrafish, Kozak strength has been
previously inferred based on the frequency of a given Kozak sequence
within the transcriptome. This metric associates Kozak sequence
abundance with increased translation initiation52. Our experimentally
derived translation values challenge this hypothesis as we observed a
weak correlation between NaP-TRAP and Kozak score (R = 0.31,
Fig. 2e). To validate this conclusion, we identified sequences that had
similar Kozak scores (300 + /− 5) yet exhibited different NaP-TRAP
derived translation values and measured their translation using a dual
luciferase reporter assay (Fig. 2f). The luciferase translation values
correlated strongly with NaP-TRAP (Pearson’s R = 0.92; Fig. 2g). This
result not only highlights the importance ofmeasuring Kozak strength
experimentally, but also demonstrates that NaP-TRAP derived trans-
lation values correlate well with protein production. Taken together,
these results demonstrate that NaP-TRAP can be employed as aMPRA.
By measuring the translation of thousands of reporters simulta-
neously, we quantify andmodel Kozak strength in a vertebrate system.

Investigating the regulatory potential of endogenous 5’ UTRs
Next, we investigated the regulatory activity of endogenous 5’ UTRs
during the early stages of embryogenesis. Prior to zygotic genome
activation, the translation of maternally supplied mRNAs drives
development54,55. Given that initiation is the rate-limiting step of
translation, 5’ UTRs provide a mechanism for maternally supplied
mRNAs to modulate their protein output. To study the cis-regulatory
elements encoded in these mRNAs, we designed an 11,088-sequence
synthetic oligo library (124-nt long; Table S3) by tiling the 5’-UTRs of
1725 zebrafish genes every 25 nucleotides (Fig. 3a). To specifically
investigate the regulatory role of 5’ UTR elements in translation and
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identify novel regulators, we chose to maintain a constant 5’ UTR
length, Kozak sequence, and poly-A tail length in the reporter mRNAs,
as these factors are well-established modulators of translation initia-
tion indeveloping embryos.We injected the in vitro transcribed library
into single-cell zebrafish embryos and measured translation at 2 hpf
and 6 hpf using NaP-TRAP. We selected these timepoints as these
occur before and after zygotic genome activation. Through this
approach we sought to understand how the expression of zygotic
genes modulates translation via 5’ UTRs. To quantify relative changes
in translation, we added an internal spike-in at the RNA extraction step
(Fig. 3a). Translation values were strongly correlated across replicates
(Pearson’s R > =0.90; Supplementary Figs. 4a,b and 5a,b) and with
protein abundance at both timepoints (dual luciferase assay; 2 hpf
Pearson’s R 0.68, 6 hpf Pearson’s R 0.86, Supplementary Fig. 4c-d). We
observed amean increase in translation between 2 hpf and6 hpf of ~1.9
fold, consistent with the gradual de-repression of translation during
the first 24 hours of development (Fig. 3b and Supplementary
Fig 5c)49,56.

Next, we utilized a random forest regressionmodel (RFM) trained
on sequence elements and features characterizing upstream AUGs
(uAUGs) topredict translation (Fig. 3c and Supplementary Fig. 5d-i). To
prevent model over-fitting, we divided our data into test and training
sets (30% and 70% of reporters respectively) and used a 5-fold cross-
validation during model training. The predictions of the models cor-
relatedwith the test set at both timepoints (R = 0.74; Fig. 3d, e). Using a
permuted feature importance analysis, we identified the number of
upstream uORFs as well as the Kozak strength of uORFs and out-of-
frame oORFs (ooORFs) as the features contributing most significantly
to the predictive power of the model (Supplementary Fig. 4e-f). We
observed that U-repeats activated translation andG/GG sequences and
uORFs suppressed translation at both timepoints. Interestingly, we
also observed that Cs suppressed translation at 2 hpf, whereas at 6 hpf
C and CU sequences activated translation (Fig. 3f, g). Given that
G-richness is an important repressive feature in both RFMs (Fig. 3f, g),
we elected to investigate the role of structure, Minimum Free Energy
(MFE), in translation57. At both timepoints we observe a moderate
correlation between MFE and translation (2 hpf R =0.28; 6 hpf
R =0.25), suggesting a role for structure in translation repression
(Supplementary Fig. 6a,e). Lastly, given the role of upstream open
reading frames in the feature importance analysis, we repeated the
random forest analysis on reporters that contained no upstream start
codons (Supplementary Fig. 4g-l). In the absence of upstream start
codons, the importance and prominence of C- and CU-sequences
increased at 6 hpf (Supplementary Fig. 4i,l). Altogether these results
demonstrate the following: (1) uAUGs are the most prominent
repressive elements during early embryogenesis, and (2) 5’ UTR reg-
ulatory landscapes are dynamic during development.

Identifying sequences driving differential translation
To identify the sequence elements modulating differential translation
during development, we divided the 5’UTR reporters into four groups
based on their relative translation at 2 and 6 hpf: (1) repressed, (2)
active, (3) repressed post-ZGA, and (4) active post-ZGA (Fig. 4a and
Supplementary Fig. 5j) and performed a differential pentamer
enrichment analysis on each group. Repressed reporters were sig-
nificantly enriched in upstream ORFs and GC-rich pentamers and
depleted in U-rich tracks (p > 10−5 hypergeometric test, Fig. 4b and
Supplementary Fig 5k). Conversely, active reporters were enriched in
U-rich pentamers (UUUUU, CUUUU, UUUUA, GUUUU) and depleted in
upstream start codons (Fig. 4d and Supplementary Fig. 5l). Reporters
that were more highly translated after genome activation were enri-
ched in C-rich pentamers (CUCUC, CUCCC, CCAUC, CCUCC) and
depleted in U-repeats (Fig. 4f and Supplementary Fig. 5m). In contrast,
reporters that were repressed post-ZGA were enriched in AG/UG-rich
sequences (UAGUG, UAUUG, AAGAA, AGACU), as well as sequence

motifs complementary to the seed site of the microRNA miR-430
(GCACU and GCACUU; Table S3) and depleted in uORFs and pyr-
imidine repeats (Fig. 4h and Supplementary Fig. 5n). Conversely, we
observed that sequences enriched in those motifs (top 20%, red) were
differentially translated compared to a group of sequences depleted
in those motifs (bottom 20%, blue) (Fig. 4c, e, g, i). For example,
sequences enriched in GGCGGG were repressed at 2 and 6 hpf
(p value < 10−128 and p value < 10−103, Mann-Whitney U-test, Fig. 4c),
while sequences enriched in UUUUU were highly translated at 2
and 6 hpf (p value < 10−230 and p-value < 10−171, Mann-Whitney U-
test, Fig. 4e).

To independently validate the temporal regulation of these ele-
ments, we generated a library of 5’ UTR sequences containing all
possible tetramer repeats separated by dinucleotide spacers and
measured translation using NaP-TRAP at 2 and 6 hpf (Fig. 4j). The
distributions of reporters encoding repressed, repressed post-ZGA,
and active post-ZGA tetramers largely recapitulated the distributions
of their respective groups in the 5’UTR library (Fig. 4k, Supplementary
Fig. 7b-e Supplementary Table 3 and Supplementary Table 4). Con-
sistent with this, reporters enriched in “active motifs post-ZGA”
revealed a larger increase in translation compared to those enriched in
“repressed motifs post-ZGA” (Fig. 4m). For some motifs (e.g. U-rich
sequences in the active group), we observed a different behavior in the
tetramer library, an effect that may stem from the differences in the
motif length. Indeed, the motif analyses presented above identi-
fied that poly-U tracts of 6-8 Us are associated with highly translated
reporters (Fig. 4e, l, n). Altogether, these results identify sequence
motifs in 5’UTRs thatmodulate general anddynamic translationduring
embryonic development.

Finally, we compared motifs enriched in each group to the RNA
binding motifs preferentially bound by RBPs expressed in the early
zebrafish embryo5 and an RBP database58 using STREME and
Tomtom59,60. We found a significant enrichment for HuR binding sites
among the constitutively active motifs and PCPB2 among the active
post-ZGA motifs (Fig. 4n, l and Supplementary Fig. 7a). These results
reveal 5’ UTR elements with differential regulatory activity on trans-
lation during early embryogenesis and identify potential trans-factors
participating in this dynamic regulation.

miR-430 binding sites in the 5’ UTR suppress translation
miR-430 is one of the first zygotically transcribed genes in the devel-
oping zebrafish embryo47. The enrichment of miR-430 seeds in
reporters that were repressed after ZGA suggests that miR-430 can
target mRNAs through 5’ UTR binding to regulate their temporal
expression during the maternal-to-zygotic transition. To determine
whether this repressive effect is specific formiR-430, we compared the
translation between 2 hpf and 6 hpf for reporters containing seeds for
miR-430 ormiR-1, a microRNA that is not expressed in the early stages
of development. We observed a significant decrease in the translation
of miR-430 containing reporters (6 vs 2 hpf) relative to the translation
of reporters lacking either seed (miR-430: p < 10−27, miR-1: p <0.001,
Mann-Whitney U test). In contrast, miR-1 control reporters were not
significantly decreased (Fig. 5a).

To investigate the mechanism driving miR-430-mediated trans-
lation repression, we measured the degree of complementarity
between the microRNA and the targeted reporter. Translation of the
miR-430 reporters was negatively correlated to miRNA-5’ UTR com-
plementarity (Fig. 5b). Whereas translation of the miR-1 control
reporters or miR-430 reporters with a single mismatch (CAUUCC,
GCBCUU) were not significantly correlated with miRNA-5’ UTR com-
plementarity (Fig. 5c–e), suggesting that microRNA complementarity
is correlated with translation repression and that the seed is crucial for
this interaction.

To evaluate whether miR-430 expression drives the translation
repression of 5’ UTRs with seed sites, we constructed two
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nano-luciferase reporters: 4xmiR-430-nanoluc and 4xmiR-430-MUT-
nanoluc, where the miR-430 seed (GCACUU) has been mutated
(GCUCUA). We injected these reporter mRNAs together with a firefly
luciferase control mRNA into wild-type and miR-430−/− mutant
embryos andmeasured relative luciferase activity at 6 hpf (Fig. 5h).We
observed a ~2fold decrease in the relative luciferase activity of the
4xmiR-430 reporter in the wild-type condition when compared to the
mutant (two-tailed t-test; p-value < 10−5). In contrast, we observed no
significant difference in luciferase activity between the shuffled
reporters when comparing themutant and wild-type embryos (Fig. 5i).
Consistent with these results, this effect is also observed at the level of
individual endogenous 5’ UTRs containing a miR-430 seed, where
reporter fragments containing the seed are more repressed post-ZGA
compared toother fragments (Fig. 5f, g). Taken together thesefindings
demonstrate that the zygotic expression of miR-430 represses the
translation of mRNAs with 5’ UTR seed sites and suggest that miRNA
target sites in the 5’ UTR can provide significant translational repres-
sion in vivo.

The developmentally dynamic role of C-rich motifs
Our analyses also indicated that C-rich pentamers were significantly
enriched in reporters that increase translation after ZGA (Fig. 4f). To
explore this observation further, we measured the translation of
reporters enriched and depleted in each feature (k-mers ≤ 4) for
reporters lackingupstreamopen reading frames.Weobserved that the
k-mersC, CC, CCC, andUCCwere someof themost repressive features
at 2 hpf, yet activated translation at 6 hpf (Fig. 6a). To determine the
role of C-rich sequences in translation regulation, we compared the
translation of four wild-type (wt) and four mutant (mut) reporters
(C >U and U>C). For the wt reporters two were enriched in Us and
highly translated, while the other two were enriched in Cs and were
repressed pre-ZGA and active following ZGA (Fig. 4a). We observed
that mutating Cs to Us in the C-rich reporters enhanced translation at
2hpf (Fig. 6c), whereas mutating Us to Cs repressed translation
(Fig. 6d). In contrast, this effectwas largely reduced at 6 hpf (Fig. 6e, f).
These results support the findings of the differential enrichment ana-
lysis and indicate that there is a translational switch driven by C-rich
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of complementary bases tomiR-430 ((d),N = 792 reporters) andmiR-1 ((e),N = 425
reporters) on translation for reporters containing seedswith a singlemismatch at 6
hpf versus 2 hpf (two-sided Pearson’s R; (d) p <0.8, (e) p <0.8). f, g Plots showing
the delta translation (Translation 6 hpf / 2hpf) of reporter fragments that tile the
zebrafish 5’ UTR (ENSDART00000135384 / usp9 (f), ENSDART00000063359 /
ucp2 (g)). The seed sites of miR-430 (AGCAUUU) are labeled in green. h, i Sche-
matic detailing dual luciferase assay measuring the inhibitory effect of miR-430
binding sites in the 5’ UTR (h). 4xmiR-430-nanoluc and 4xmiR-430-shuffled-
nanoluc were injected in wild-type and miR-430 knockout embryos. Relative
Luciferase Activity (RLU) values were normalized to each reporter (N = 3 replicates;
5 embryos per replicate; two-sided unpaired t-test; (i) p <0.001; error bars = SD).
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sequences following ZGA (Fig. 6b). Altogether, these results validate
novel developmentally dynamic mechanisms of 5’ UTR-mediated
translation control, demonstrating the importance of quantifying cis-
regulation in non-steady state systems.

NaP-TRAP investigates 5’ UTRs mediated translation control in
human cells
Lastly, we were interested in understanding the regulatory landscape
of 5’ UTRs in human cell lines. To this end, we transfected the in vitro
transcribed mRNA 5’ UTR library into HEK293T cells and measured
translation at 12 hours post-transfection (hpt) using NaP-TRAP
(Fig. 7a, b). Replicates were strongly correlated (Pearson’s R ≥0.92,
Fig. Supplementary Fig. 8 a-c). In HEK293T cells, repressed reporters
were enriched in AUG-containing motifs and depleted in U-rich
motifs (Fig. 7c), whereas active reporters were enriched in C-rich
pentamers and depleted in AUG-containing motifs (Fig. 7d), con-
sistent with those observed in zebrafish at 6 hpf (Fig. 7e and Sup-
plementary Fig. 8d). To identify general and species-specific
regulatory elements, we performed a differential enrichment analy-
sis comparing the human and the zebrafish data (Fig. 7f and Sup-
plementary Fig. 8e-i, 2 hpf and 6 hpf, respectively). We divided the
reporters into four groups: (1) repressed, (2) active, (3) active in
zebrafish, and (4) active in HEK293T cells and identified pentamers
enriched and depleted in each group (Fig. 7 g, i, k, m respectively).
Using hierarchal clustering, we generated sequence motifs from the
enriched pentamers in each group. Sequences enriched in those
motifs (top 20%, red) are differentially translated compared to a
group of sequences depleted in those motifs (bottom 20%, blue)
(Fig. 7h, j, l,n). Our results reveal that uAUGs are general repressors of
translation (Fig. 7g,h and Supplementary Fig. 8f) and U-rich motifs

are general activators of translation (Fig. 7i, l and Supplementary
Fig. 8g,l). In contrast, reporters that are active only in HEK293T cells
are enriched in G-rich k-mers, whereas reporters active at 2 hpf or 6
hpf are depleted in these motifs (Fig. 7m and Supplementary Fig. 8i).
Finally, we employed a random forest model to predict translation
(R = 0.80; Supplementary Fig. 8j). Consistent with the results
observed in zebrafish, Kozak strength and number of upstream AUGs
were the most predictive features of translation in HEK293T cells,
exhibiting a strong negative correlation with translation (Supple-
mentary Fig. 8 k,l). All together these results demonstrate that (1)
NaP-TRAP is a robust method that can measure translation across
multiple model systems, (2) upstream AUGs are a dominant driver of
5’ UTR mediated translation control in HEK293T cells, and (3) U-rich
motifs are general activators of translation.

Discussion
Here, we develop a novel MPRAmethod, NaP-TRAP, and demonstrate
its capacity tomeasure translation quantitatively. We use NaP-TRAP to
characterize cis-regulatory elements in the 5’ and 3’UTRs, the effect of
poly-A tail length, the strength of the Kozak sequence, and the reg-
ulatory landscape of the 5’ UTRs of mRNAs in developing zebrafish
embryos and HEK293T cells. Using NaP-TRAP we have identified gen-
eral and developmentally dynamic cis-regulatory elements, as well as
characterized global changes to translation associated with early
embryogenesis.

NaP-TRAP is an accessible, versatile, and quantitative MPRA
method tomeasure translation. By enriching for reporters through the
immunocapture of epitope-tagged nascent chain complexes, NaP-
TRAP measures translation in a manner that is proportional to the
number of ribosomes actively translating the tagged ORF. This
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approach is particularly important in systems with a low basal level of
translation (e.g., the early stages of vertebrate embryogenesis49 and
neurons61) and results in translationmeasurements that reflect protein
output (Fig. 1d, Fig. 2g, and Supplementary Figs. 1d,e and 4c,d). In

contrast to existing approaches, NaP-TRAP does not require a large
amount of input material or specialized equipment, making the
method adaptable to a wide range of model systems, different cell
types, and physiological states (Table 1). Further, by injecting or
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Fig. 7 | Investigating translation control in HEK293T cells. a Schematic detailing
NaP-TRAP in HEK293T cells. Cells were transfected with the 5’ UTR library using
lipid nanoparticles. Translation was measured at 12 hpt. b–d The distribution of
translation values in HEK293T cells. The top and bottom 10% of reporters based on
their translation values are labeled in orange and blue (N= 7506 reporters) (b). A
differential enrichment analysis identified pentamers enriched and depleted in
repressed (c) and active (d) reporters, blue and orange, respectively (one-sided
hypergeometric test with a Bonferroni corrected p-value, p < 5 * 10−6). e Venn-
diagram comparing the pentamers enriched in active reporters in HEK293T cells
and zebrafish embryos at 2 and 6 hpf. f Translation values at 2 hpf in zebrafish
compared to translation values in HEK293T cells (two-sided Pearson’s R). Reporters
were divided into four groups based on their translation rank at each condition:
active (blue), repressed (orange), active in zebrafish at 2 hpf (pink) and active in
HEK293T cells (green) (N = 7506 reporters). g–n Fold-change enrichment and
depletion for all pentamers in each group from (f) relative to the reporter library

(one-sided hypergeometric test to calculate significance; Bonferroni corrected p-
value threshold, p < 5 * 10−6; repressed (g), active (i), active at 2hpf (k), and active in
HEK293T (m)). Using hierarchical clustering sequencemotifs were generated from
enriched pentamers. The cumulative distribution of translation for reporters
enriched (red, top 20%) and depleted (blue, bottom 20%) in representative motifs
were plotted (middle 80% gray). The significance in the difference of the dis-
tributions of translation was determined using a two-sided Mann-Whitney U-test
((h) p < 10−300, (j) p < 10−19, (l) p < 10−172, p < 10−219). o Using STREME motifs were
generated from the reporter groups described above (f). The information content
of representative motifs was plotted: repressed (g), active (i), active in the devel-
oping zebrafish embryo at 2 hpf (k), and active in HEK293T cells (m). Displayed
E-values reflected the output of STREME. Tomtom was utilized to compare motifs
to adatabase of humanRBPmotifs. RBPsweredisplayed above their corresponding
motif (E-value < 0.05).
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transfecting in vitro transcribed mRNA reporter libraries, NaP-TRAP
eliminates the confounding effects of transcriptional regulation asso-
ciated withMPRAs that introduce reporters as DNA. When quantifying
the regulatorypotential of the 5’UTR, transcriptional biasmaybemore
pronounced given the region’s proximity to the promoter sequence.

In this study, we have benchmarked NaP-TRAP to polysome pro-
filing. While we observe a strong correlation between NaP-TRAP-
derived translation values andMRL (Fig. 1e, f), for reporters containing
uORFs and oORFs, we demonstrate that NaP-TRAP-derived translation
values correlate more strongly with protein output than MRL (Sup-
plementary Fig. 1c-e). We attribute this difference to the fact that NaP-
TRAPmeasures frame-specific translation as only the nascent chains of
ribosomes translating the main ORF are epitope-tagged and thereby
immunocaptured, whereas in polysome profiling and other TRAP
methods, inactive ribosomes or ribosomes translating outside of the
main open reading framemay affect the measurements of translation.

Previous studies have assumed that the frequency of a given
Kozak sequence within the genome correlates strongly with its effect
on translation52. While this hypothesis has been challenged by MPRAs
performed in cell culture, to date we lack measurements of the effect
of Kozak strength on translation in zebrafish27. To demonstrate the
capacity of NaP-TRAP to quantify the translation of thousands of
mRNA reporters simultaneously, we measured the Kozak strength in
zebrafish embryos. In support of this approach, we observed a weak
correlation between Kozak strength and an in silico-derived Kozak
score (Fig. 2e). While our approach has identified conserved activators
and repressors (−3 A and −3/−2 U/G) of translation, we have also
characterized novel Kozak sequences that differ from the zebrafish or
vertebrate consensus Kozaks, including the activating effect of ade-
nosine in the +4 position. Further, we have utilized our random forest
regression model to predict the Kozak strength of all zebrafish Kozak
sequences (positions −6 to +4). (Table S2). Thispredictionwill improve
our annotation of Kozak strength in the zebrafish, as well as our
capacity to modulate protein output.

Development requires dynamic spatial and temporal control of
translation. Using NaP-TRAP we have identified 5’ UTR cis-regulatory
elements that differentially regulate translation in development. For
example, we show that the zygotically expressed microRNA miR-430
represses the translation of reporters containing miR-430 seeds in the
5’UTR.Our results are consistentwith the in vitro observations by Lytle
et al. in the 5’ UTR62, and support a physiological role for miRNA-
mediated regulation of 5’ UTRs during developmental transitions
in vivo. We have also identified a translation switch driven by C-rich
motifs63. At 2 hpf C-rich k-mers suppress translation, whereas at 6 hpf
these k-mers activate translation. Poly-C and poly-pyrimidine-rich
elements in the 5’ UTR (PRTE19 and CERT20) have been shown to
increase translation in a transcript-specific manner. While it is unclear
if similar mechanisms are at play during zebrafish development, we
propose two potential mechanisms to explain this novel 5’ UTR
mediated translation control (Fig. 6b). First, the expression or loss of a
trans-acting factor that binds C-rich tracts may drive differential
translation. Although we have identified poly-C-binding protein 2
(PCBP2) as a potential binder of C-rich pentamers enriched in repor-
ters that are active post-ZGA, futurework is needed to characterize the
role of PCBPs in development. It is important to recognize that
members of the poly-pyrimidine tract-binding protein family (PTBP)
and components of the EIF3 complex could also function as trans-
acting factors as these RBPs have been shown to activate translation by
bindingC-rich tracts in the 5’UTR64,65. Interestingly, components of the
EIF3 complex have been implicated in the realization of lineage-
specific translation programs in early embryogenesis66.

Second, competition between transcripts for a limited pool of
trans-acting factors can affect the potency of a given cis-regulatory
element. We observe that the relative importance of U-rich sequences
depends on the global rate of translation. When translation is low, the

prevalence of U-rich sequences is a prominent predictor of translation
(Supplementary Fig. 5 d-f). In contrast, as translation increases, the
relative importance of U-rich sequences declines, whereas the relative
importance of uORFs increases (Supplementary Fig. 5g-i). We propose
that this dynamic reflects a change in the availability of the translation
initiation machinery49. We speculate that when the supply of ribo-
somes is limited, the capacity of the 5’UTR to recruit ribosomes drives
translation. In contrast, as the ribosome pool increases, the effect of 5’
UTRs on ribosome recruitment diminishes (Fig. 6b). Consistent with
this model, difference in the composition of ribosomes may further
limit the pool of available ribosomes or alter the potency of different
regulatory sequences67. This competitionmodel can also be employed
to explain the differential effect of C-rich tracts on translation. In the
early embryo, reporters enriched in U-repeats may recruit the limited
supply of ribosomesmore efficiently than reporters enriched in C’s. As
the supply of translation machinery increases, the effect of competi-
tion diminishes, resulting in the efficient initiation of C-rich 5’ UTRs
(Fig. 6b). Repressive trans-acting factors may amplify the effect of
competition, as in the absence of scanning 40S ribosomes, these fac-
tors canbemore readily recruited to the 5’UTR. The strong correlation
between translation efficiency and poly-A tail length exemplifies this
model50. Prior to gastrulation the pool of PAPBC1 (poly(A) binding
protein cytoplasmic 1) is limited, driving competition between tran-
scripts for PAPBC1. This competition is eliminated following gastrula-
tion as the relative abundance of PAPBC1 and active ribosomes
increases following zygotic genome activation, resulting in the
decoupling of poly-A tail length and translation efficiency.

C-rich motifs are associated with translation activation in both
HEK293T cells and zebrafish post-ZGA, whereas these motifs are
repressive before genome activation. This observation adds to a
growing body of evidence, which suggests that the early embryo
employs a unique translation regulatory regime37,48,49,63,68. NaP-TRAP
also identifies conserved regulators of translation across both systems
whereby poly-U repeats activate translation and uORFs repress trans-
lation. Ourmotif enrichment analyses identified several U-rich binding
RBPs, including Tia1, Fubp, HNRNPC, and HuR, expressed in zebrafish
and human cell lines (Fig. 4l). Consistent with our results, recent stu-
dies from Reimão-Pinto et al. have also identified HuR binding motifs
in zebrafish 5’ UTRs that undergo dynamic translation63. In addition,
work from Zinshteyn et al has demonstrated in vitro that yeast EIF4G
binds U-repeats greater than five nucleotides, driving translation
activation69. While we do not know if EIF4G recruitment modulates
translation activation in our experiments, the fact that U repeats are
activators of translation across timepoints and experimental systems,
suggests that this observation may be driven by a component of the
canonical translation initiation machinery.

Despite these similarities, in HEK293T cells we observe twomajor
differences in 5’UTRmediated translation regulation: (1) G-rich motifs
are not associated with translation repression, and (2) that there is no
correlation between NaP-TRAP translation and structure (Minimum
Free Energy; Fig. 7n, o and Supplementary Fig. 6i). Previous studies
have demonstrated in human cell lines that G-rich elements and
structure in the 5’ UTR repress translation28. These observations cou-
pled with the fact that human 5’ UTRs are more GC-rich than
zebrafish70, suggest that the human translationmachinery is equipped
to overcome repressive G-rich and structural elements in zebrafish 5’
UTRs. Given the well-characterized effect of temperature on RNA
structure, it is an intriguing possibility that these differences in trans-
lation regulation of G-rich elements may be related to differences in
physiological body temperature between zebrafish and humans (28 C
and 37C, respectively). Future work could explore this phenomenon
by measuring the translation of 5’ UTRs of multiple species across
model systems and temperature ranges.

Lastly, it is important to quantify translation in a frame-specific
manner, given the dominant repressive effect and the prevalence of

Article https://doi.org/10.1038/s41467-024-55274-y

Nature Communications |        (2024) 15:10898 11

www.nature.com/naturecommunications


uORFs in vertebrates22. As a proof of principle, we have expandedNaP-
TRAP to measure translation in multiple frames simultaneously (Sup-
plementary Fig 2). Through this approach, we can capture the complex
interaction between multiple open reading frames within a single
transcript and examine how they affect each other’s expression. This
application of NaP-TRAP along with other multi-frame approaches
(Fig. 8a–f) will enable the field to identify the regulatory potential of
UTRs across numerous cell types and cellular states as well as deter-
mine how sequence variation in non-coding regions affects gene out-
put in human health and disease.

Methods
Resource availability
Lead contact. Further information and requests for resources and
reagents should bedirected to andwill be fulfilled by the LeadContact,
Antonio J. Giraldez (antonio.giraldez@yale.edu).

Materials availability. Plasmids generated in this study are available
from the Lead Contact on request.

Zebrafish maintenance and mating. Wild-type zebrafish embryos
were obtained through natural mating of TU-AB strain of mixed ages
(5-18 months). Mating pairs were randomly chosen from a pool of 60
males and 60 females allocated for each day of the month. Fish lines

were maintained following the International Association for Assess-
ment and Accreditation of Laboratory Animal Care research guidelines
and approved by the Yale University Institutional Animal Care and Use
Committee (IACUC).

HEK293T cells. HEK293T (ATCC®) cells were grown in a media con-
sisting of Dulbecco’s Modified Eagle Medium (DMEM) (ThermoFisher
Scientific #10569010), 10% heat-inactivated Fetal Bovine Serum (FBS)
(ThermoFisher Scientific #16140071), 20mM HEPES (ThermoFisher
Scientific #15630080), 2 mM L-Glutamine (ThermoFisher Scientific
#25030081), 1x Penicillin/Streptomycin (ThermoFisher Scientific
#15140122) at 37 °C with 5% CO2. mRNA transfections were performed
using Lipofectamine™ MessengerMAX™ Transfection Reagent (Ther-
moFisher Scientific #LMRNA008) in accordance with the manu-
facture’s protocol. See Supplementary Methods S1 for a detailed
protocol.

Method details
NaP-TRAP reporter controls. To enable nascent chain immuno-
capture, a 3xFLAG tagwas incorporated after the first 18 nucleotides of
GFP-3xAID* (auxin-inducible domain) using an In-Fusion® HD Cloning
kit (Takara #638946) (F: 3xFLAG_inf_fwd; R: AID_inf_rev). While AID*
domains were included in the initial NaP-TRAP vector to enable future
use of an auxin-inducible degron system, this system was not utilized
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Fig. 8 | The NaP-TRAP method can be adapted to study the translation of
multiple ORFs simultaneously in vivo. aNaP-TRAP is an accessible, versatile, and
quantitative method that measures the translation of thousands of reporters
simultaneously through the immunocapture of FLAG-tagged nascent peptides.
b Through the over-expression of an HA-tagged RBP. NaP-TRAP can be employed
in conjunction with an RNA immunoprecipitation experiment to measure the
effect of RBP recruitment on translation. c–f NaP-TRAP quantifies translation in a

frame-specific manner. Through the incorporation of additional epitope tags in
frames 2,3 or ORFs outside of themain open reading frame, the NaP-TRAPmethod
can be utilized to: (1) measure out-of-frame translation in the main ORF (c), (2)
detect IRES sequences in an unbiased manner through the use of a bicistronic
reporter (d), (3) identify frameshifting elements (e), and (4) quantify stop codon
readthrough (f).
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in this study. The vector also included an SP6 promoter sequence and
SV40 poly-adenylation signal. NaP-TRAP reporter and dsRED control
(plasmid pCS2 + - DsRED) mRNAs were generated using a mMESSAGE
mMACHINE™ SP6 transcription kit (Invitrogen™ #AM1340) from line-
arized reporter plasmids via NotI-HF® (NEB #R3189L) restriction
enzyme digest. In vitro transcribed mRNAs were purified using a
Monarch® RNA Cleanup Kit (NEB #T2040L) prior to injection.

To validateNaP-TRAP, two reporter experimentswereperformed.
First, to quantify morpholino-mediated translation repression using
NaP-TRAP, 100pg of 3xFLAG-GFP-3xAID mRNA and 75 pg of dsRED
mRNAwere injected into single-cell zebrafish embryos in the presence
or absence of a morpholino targeting the start codon of 3xFLAG-GFP
(250 μM, GFP-MO 5’- ACAGCTCCTCGCCCTTGCTCACCAT-3’, Gene
Tools LLC). Embryos were collected at 6 and 24 hpf (25 embryos per
NaP-TRAP replicate). Embryos collected for NaP-TRAP were flash-
frozen in liquid nitrogen prior to sample processing. NaP-TRAP was
performed at 6 hpf, whereas immunofluorescencewasmeasured at 24
hpf. Images were quantified using ImageJ71. Second, to assess the
capacity of NaP-TRAP to measure microRNA-mediated repression in
the 3’ UTR, two additional reporters were generated: (1) 3xFLAG-GFP-
3xmiR-430 and (2) 3xFLAG-GFP-3xmiR-204. Three binding sites of
either miR-430 or miR-204 were cloned into the 3’ UTR of 3x-FLAG-
GFP-3xAID*, using an In-Fusion® HD Cloning kit (Takara #638946) (F:
FGFP_inf_fwd; R: 3xmir430_inf_rev and 3xmir204_inf_rev, respectively).
Single-cell embryos were injected with 20pg of both the 3xFLAG-GFP-
3xmiR-430 and 3xFLAG-GFP-3xmiR-204 mRNAs, as well as 160pg of
DsRED mRNA. Twenty-five embryos per replicate were collected and
flash-frozen in liquid nitrogen at 2 and 4.3 hpf.

To test if NaP-TRAP is able to capture the translational regulatory
activity provided by poly(A) tail length in the early embryos, NaP-TRAP
experiments with reporters harboring differential poly(A) tail length
were performed. The 3xFLAG-GFP vector was amplified using a for-
ward primer against SP6 and reverse primer against the SV40 poly(A)
signal containing the differential number of untemplated Ts at the 5’-
end (0, 30, 60, or 90). The amplicons were generated by performing a
PCR (SP6_F and either 0A/30A/60A/90A_R primers) using KAPA HiFi
HotStart ReadyMix (Roche #7958935001) for 18 cycles at 98 °C, 62 °C,
and 72 °C for 15, 20, and 30 seconds, respectively. The amplicons were
gel purified using Zymo Gel DNA recovery (Zymo, D4008) and
recovered with DNA clean and concentrator kit (Zymo, D4014). PCR
products were used for in vitro mRNA synthesis using mMESSAGE
mMACHINE™ SP6 transcription kit (Invitrogen™ #AM1340) generating
NaP-TRAP reporters with various poly(A) tail length. Before injection,
the embryos were dechorinated using Pronase (Sigma, P8811-1G) and
1-cell stage embryos were injected with a mix of 40 pg of NaP-TRAP
reporter with a specific poly(A) tail length and 40pg of DsRed control.
Twenty-five embryos per replicate were collected and flash-frozen in
liquid nitrogen at 2 hpf for a total of three replicates per condition.
Translation was then measured by NaP-TRAP and qPCR as
mentioned below.

*For methods detailing NaP-TRAP and qPCR translation mea-
surements see sections: (1) NaP-TRAP (Nascent Peptide Translating
Ribosome Affinity Purification) and (2) NaP-TRAP qPCR analysis,
respectively.

Primer sequences:
(SP6_fwd: GCTTGATTTAGGTGACACTATA, 0A_rev: GTTGTTG

TTAACTTGTTTATTGC, 30A_rev: TTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTGTTGTTGTTAACTTGTTTATTGC, 60A_rev: TTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGTTG-
TTGTTAACTTGTTTATTGC, 90A_rev: TTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-
TTTTTTTTTTTTTTTTTGTTGTTGTTAACTTGTTTATTGC)

To validate the NaP-TRAP values of reporters with differential
poly(A) tail length, western blot experiments were performed. Speci-
fically, 1-cell embryos were injected with a mix of 40pg of NaP-TRAP

reporter with a specific poly(A) tail length and 40 pg of DsRed control
as for the NaP-TRAP experiment. At 2 hpf, 30 embryos were
mechanically deyolked using P20 tips (Rainin, 30389225) and cells
were collected in 1.5ml tube and kept on ice until all the embryos were
collected. Tubes were then spun at 1100 x g for 5min at 4 C and the
excess water removed carefully to not lose the embryonic cell pellets.
The cells pellets were lysed in 20 µL of 1X RIPA buffer with gentle
vortexing. After cells lysis, the tubes were spun at 16,000 x g for
15minutes at 4 C and the supernatant was transferred in a new 1.5mL
tube. While the deyolking of early-stage embryos is essential to elim-
inate yolk lipids and proteins for clean gel migration, achieving
reproducibility in this step can be challenging. As a result, standard
protein quantificationmethodsmay not accurately reflect the number
of proteins from the embryonic cells due to the variability in yolk
content. Hence, to load the same amount of embryonic cell lysate, a
first 5 µL protein samples were loaded on SDS-PAGE gel (BioRAD,
4561084) and ran at 120 volt until the 10 kDa band of the pre-stained
ladder (BioRAD, 1610374) reached the bottom. The proteins were
transferred from the gel to 0.45 um LF-PVDF membrane (Biorad,
1620260) using a Transblot Turbo (BioRAD, 1704150) and following
the manufacturer’s protocol. The membrane was then probed against
the DsRed loading control, using anti-DsRED (1:5000) antibody (SCBT,
sc-390909) with an overnight incubation at 4 C. In the next morning,
the membrane was washed with 20mL of 1x TBST for 10minutes for a
total of three washes. Next, the membrane was incubated with anti-
Mouse (Licor, 926-68070) antibodies for 1 hour at room temperature.
The membrane was developed and imaged using an Odyssey Classic
Imager (Licor, 9120). The band intensities were quantified using
ImageJ71 and used to adjust the sample loading volume for a second
SDS-PAGE gel. After adjusting the loading volume of each sample to
ensure equal amount of DsRed per sample, proteins were loaded onto
a second SDS-PAGE gel. The proteins were then resolved and trans-
ferred using the same protocol as for the first gel. The LF-PVDF
membrane was probed with anti-DsRed (1:5000) antibody (SCBT, sc-
390909) and anti-GFP (1:2000) antibody (Sigma Aldrich, SAB4701015)
overnight at 4 C. The membrane was processed and imaged using the
sameprotocol and instrument as thefirstmembrane. Thebanddensity
was measured using ImageJ71 and graph was plotted using Prism
GraphPad.

NaP-TRAP reporter library assembly
To eliminate excess cytoplasmicmature 3xFLAG-GFP protein that may
otherwise compete with nascent peptide for immunocapture, a
C-terminal PEST domainwas incorporated into the NaP-TRAP reporter
plasmid using an In-Fusion® HD Cloning Kit (Takara #638946). The
3xFLAG-GFP vector was amplified from the 3xFLAG-GFP-3xAID* plas-
mid (F: GFP_dd1_inf_fwd, R: GFP_dd1_inf_rev), whereas the PEST domain
insert was generated using PCR overlap extension (F: PEST_fwd, R:
PEST_rev). For the sake of brevity, 3x-FLAG-GFP-PEST is referred to as
3xFLAG-GFP in the text and figures of this manuscript unless stated
otherwise.

NaP-TRAP reporter libraries were constructed using three differ-
ent PCR reactions:

First, the common coding sequence and 3’ UTR of the reporters
were amplified from the 3xFLAG-GFP plasmid, using a forward primer
targeting the N-terminus of GFP and a reverse primer targeting the 3’
end of the 3’ UTR (F: 3xFLAG_GFP_fwd, pA-R: pcr_II_pA_rev, sv40-R:
sv40_rev). For the Kozak library, a forward primer targeting the
sequence immediately downstream of the variable Kozak sequence
was used (F: ntrapK_GPF_fwd). All PCR amplicons were gel purified
using a Monarch® DNA Gel Extraction Kit (NEB #T1020L).

Second, reporter libraries were amplified from 1 ng of single-
stranded DNA oligo pools using KAPA 2X HiFi HotStart ReadyMix
(Roche #7958935001) for 10-20 cycles of 98 °C, 60 °C, and 72 °C for 15,
20, and 30 seconds, respectively (F: SP6_II_adapt, R: GFP-aug_rev). For
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initial Kozak library generation see Random Kozak Library section.
Each product was PCR purified using a DNA Clean & Concentrator-5
(Zymo #D4014).

Third, to generate a template for in vitro transcription, a PCR
overlap extensionwas performed between the reporter library and the
purified 3xFLAG-GFP-PEST amplicon using KAPA HiFi HotStart
ReadyMix (Roche #7958935001) (0.1-1 ng of template DNA). After 10
cycles of 98 °C, 60 °C, and 72 °C for 15, 20, and 30 seconds respec-
tively, primers targeting the 5’ SP6 promoter sequence and the 3’ end
of the 3xFLAG-GFP-PEST amplicons were added (F: SP6_II_adapt, pA-R:
pCS2_3utr_60A, sv40-R: sv40_rev) followed by an additional 20 cycles
with the same conditions. Unless stated explicitly, reporter libraries
contained a 60A tail (pA-R: pCS2_3utr_60A). For libraries with an
SV40 polyadenylation signal, a reverse primer targeting the 3’ end
of the SV40 poly-adenylation signal was used for the amplification
of 3xFLAG-GFP-PEST and the assembly of reporter library (R:
SV40_rev).

Lastly, templates for in vitro transcription were gel purified using
a Monarch® DNA Gel Extraction Kit (NEB #T1020L). Reporter mRNAs
were generated using amMESSAGEmMACHINE™ SP6 transcription kit
(Invitrogen™ #AM1340). In vitro transcribed mRNAs were purified
using a Monarch® RNA Cleanup Kit (NEB #T2040L). All libraries were
injected into single-cell zebrafish embryos at 20 pg per embryo.

Random Kozak library
The random Kozak library consisted of an I5 Illumina adaptor (5’-
CCCTACACGACGCTCTTCCGATCT-3’) followed by the 5’ UTR of
Xenopus beta-globin, seven random nucleotides, six upstream and one
downstream of the start codon, and the N-terminus of 3xFLAG GFP.
The Kozak library was generated by performing a PCR overlap exten-
sion using KAPA HiFi HotStart ReadyMix (Roche #7958935001) for 10
cycles of 98 °C, 60 °C, and 72 °C for 15, 20, and 30 seconds respectively
(F: kozak_ntrap_fwd, R: kozak_7_nt_rev, 1 µL of each primer at 100 uM).

Zebrafish 5’UTR library
A custom single-stranded DNA oligo pool consisting of 11,088 oligos
was ordered from GenScript (12 K oligo pool). Each 170 nt oligo con-
tained an Illumina I5 (5’- CCCTACACGACGCTCTTCCGATCT-3’) adap-
tor sequence, a 124-nucleotide variable region, and 22 nt region with
homology to the Kozak sequence and N-terminus of 3xFLAG-GFP (5’-
GTAAACATGGTGAGCAAGGGCG-3’). The variable region of the 5’ UTR
library was generated using a custom script, tiling the 5’ UTRs of 1,775
maternally supplied genes and six IRES sequences (human AQP4,
human MYT2, human NRF, human XIAP, EMCV and crTMV) in 124
nucleotide segments every 25 nucleotides.

Validation library (Tetramer repeats)
A custom single-stranded DNA oligo pool consisting of 256 oligos was
ordered from Twist Bioscience as part of a 12 K oligo pool. The design
of the common regions of librarywere identical to that of the zebrafish
5’ UTR library. The variable region (124 nucleotides) consisted of
repeats of all possible tetramers. Each repeat occurred 21 times and
was separated by a dinucleotide spacer. The dinucleotide spacers were
repeated in a pattern across the variable region (TC, AC, AG, CG).
These dinucleotide spacers were selected to prevent the creation of
unintended upstream ORFs.

NaP-TRAP multi-frame library
The NaP-TRAP multi-frame library consisted of an I5 Illumina adaptor
(5’- CCCTACACGACGCTCTTCCGATCT-3’) followed by a 5’ UTR con-
taining three potential ORFs in frames 1, 2 and 3, respectively, and a
CDS consisting of 3xFLAG-HA-MYC-GFP-Nano-Luciferase. Using two
degenerate oligos, a 5’ UTR library, consisting of different combina-
tions of no ORFs, uORFs and oORFs, was assembled through PCR
overlap extension, using KAPA HiFi HotStart ReadyMix (Roche

#7958935001) for 10 cycles of 98 °C, 60 °C, and 72 °C for 15, 20, and
30 seconds respectively. Theoverlapproductwas purifiedusing aDNA
Clean & Concentrator-5 (Zymo #D4014).

MF_ORF_fwd – 5’- CCCTACACGACGCTCTTCCGATCTACAGCAC
GATSGGGGATCTTCAGCTTTMACTGTTCAAGACACTCGATCAT-3’

MF_ORF_rev – 5’-
CTCCTCGCCCTTGCTGACSATGGTGGCGGCGTKAAAGAGCAATA

CCCCCSATCGACTTTGGATKATGTACAGACTTCSATGATCGAGTGTCT
TGAACAGT-3’

3xFLAG-HA-MYC-GFP-Nano-Luciferase was synthesized as a gene
fragment from Twist Bioscience. To measure translation in all frames
simultaneously, stop codons were eliminated from frames 2 and 3 of
the CDS. Epitope tags were designed as three repeats of FLAG-HA and
MYC. Single nucleotide spacers were placed in between epitope each
tag tomodulate the frame each of the epitopes were expressed in. The
fragments were assembled using PCR overlap extension, using KAPA
HiFi HotStart ReadyMix (Roche #7958935001) for 10 cycles of 98 °C,
60 °C, and 72 °C for 15, 20, and 120 seconds respectively. After which
primers were added to amplify the assembled fragments
(F:mf_gfp_fwd, R: pcr_II_pA_rev) for an addition 10 cycles using the
same cycling parameters. The product was then gel purified with a
Monarch® DNA Gel Extraction Kit (NEB #T1020L).

Finally, the multi-frame 5’ UTR and 3xFLAG-HA-MYC-GFP-Nano-
Luciferase gene fragments were assembled through PCR overlap,
using KAPA HiFi HotStart ReadyMix (Roche #7958935001) for 10
cycles of 98 °C, 60 °C, and 72 °C for 15, 20, and 120. Forward and
reverse primers were added to amplify the assembled reporter library
for an additional 10 cycles to add an SP6 promoter sequence and a
hard encoded 60A tail respectively (F: SP6_II_adapt, R: pCS2_3u-
tr_60A). Following the PCR the library was gel extracted using a
Monarch® DNA Gel Extraction Kit (NEB #T1020L) and the reporter
mRNAswere in vitro transcribed using amMESSAGEmMACHINE™ SP6
transcription kit (Invitrogen™ #AM1340) following manufacturer’s
protocol. Reporter mRNAs were purified using a Monarch® RNA
Cleanup Kit (NEB #T2040L) and injected into single-cell zebrafish
embryos at 20 pg per embryo.

NaP-TRAP spike-ins
The design of the spike-in reporters was identical to that of the zeb-
rafish 5’ UTR and tetramer validation libraries. Each spike-in reporter
contained a 20-nucleotide identifier (see below). NaP-TRAP spike-ins
were generated by performing a PCR overlap extension using KAPA
HiFi HotStart ReadyMix (Roche #7958935001) (F: ntrap_sp1_fwd,
ntrap_sp2_fwd, ntrap_sp3_fwd, ntrap_sp4_fwd, ntrap_sp5_fwd; R:
ntrap_sp_rev) (1 µL of each primer at 100 µM) for 10 cycles of 98 °C,
60 °C, and 72 °C for 15, 20, and 30 seconds, respectively. Amplicons
were gel purified using a Monarch® DNA Gel Extraction Kit (NEB
#T1020L). Next, the purified amplicons were cloned into the 3xFLAG-
GFP-PEST vector using In-Fusion® HD Cloning (Takara #638946)
(vector F: ntrap_spike_inf_fwd, R: ntrap_spike_inf_rev). To generate
spike-in mRNAs, plasmids were amplified using KAPA HiFi HotStart
ReadyMix (Roche #7958935001) (F: Sp6-Il-adapt, R: pCS2_3utr_60A)
for 20 cycles at 98 °C, 60 °C, and 72 °C for 15, 20, and 30 seconds,
respectively. Products were then gel purifiedwith aMonarch®DNAGel
Extraction Kit (NEB #T1020L) and then in vitro transcribed with a
mMESSAGE mMACHINE™ SP6 transcription kit (Invitrogen™
#AM1340). mRNAs were purified with a Monarch® RNA Cleanup Kit
(NEB #T2040L) prior to use. Spike-ins were pooled and added at the
RNAextraction step at varying amounts of 1, 5, 25, 50, and 125 fg for the
5’ UTR library.

Spike-in #1 TGACGTGGAAGTCGGTCAAG
Spike-in #2 GTCCAGAGACAAAGTCCGGG
Spike-in #3 CACGAGGAGGAACCAGTGAC
Spike-in #4 CTGTTGTTGTGTGAAGGGCG
Spike-in #5 GCTCTCGGTCTCGGAAGAAG
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Zebrafish injection
Following zebrafish mating embryos were dechorionated using Pro-
nase (Sigma-Aldrich #10165921001). The embryos were then injected
with 20 pg of in vitro transcribed mRNA at the single-cell stage. Post
injections, embryos were incubated at 28 C for 2 to 6 hours post fer-
tilization. Stage matched embryos (64-cell and shield respectively)
were flash-frozen in liquid nitrogen. For the Kozak, zebrafish 5’ UTR,
and the validation libraries 50 embryos were collected per replicate.
For the multi-frame library, 75 embryos with collected per replicate.
Frozen embryos were lysed in 500 µL of lysis buffer (see below).

HEK293T RNA transfection
For NaP-TRAP HEK293T cells were plated on 6-well plates coated
with poly-d-lysine 24 hours prior to transfection, (200,000-300,000
cells per well). In accordance with the manufactures protocol, the
cells were transfected with 2 ug of reporter library per well the using
Lipofectamine™ MessengerMAX™ (ThermoFisher Scientific #
LMRNA008). For polysome profiling, HEK293T cells were grown on
10 cm2 cell culture plates coated with poly-d-lysine (1-2 million cells
per plate). Given the larger number of cells per replicate, cells were
transfected with 10 ug of reporter library per plate. After one hour at
37 C, the cells were washed with 1x DPBS and fed with fresh pre-
warmed media. Post twelve hours of transfection, HEK293T cells
were treated with cycloheximide at a final concentration of 100 ug/
mL for 10minutes at 37 C and washed on ice three times with 1mL of
ice-cold PBS (with 100 ug/mL cycloheximide) prior to lysis. Next, 500
uL of lysis buffer (see below) was added to each well/plate.
HEK293T cells were mechanically scrapped using a cell scraper, prior
to lysate collection.

Representation of reporter mRNAs
For each NaP-TRAP experiment, 20 pg of mRNA reporter library were
injected into each embryo. Given that the mRNA reporters are ~1.2 kb
long and the molecular weight of a single base is around 340 daltons,
the molecular weight of each reporter mRNA is estimated to be ~408
kilodaltons. Injecting 20pg of mRNA should result in roughly 29.5
million mRNAs or in the case of the zebrafish 5’ UTR library (11,088
reporters) 2662 mRNAs per reporter per embryo. Given that 50
embryos per replicate were collected, there is estimated to be roughly
133,118 copies of each reporter at the start of each experiment. In the
zebrafish 5’ UTR library experiments, at 6 hpf over 75% of reporters
passed the QC (100 unique reads in the input), suggesting that
injecting 20pg per embryo provided sufficient coverage.

NaP-TRAP (Nascent Peptide Translating Ribosome Affinity
Purification)
For a more detailed protocol, see Methods S1- A Detailed Protocol for
NaP-TRAP.

Prior to performing the NaP-TRAP, the following buffers were
prepared: 10x salt buffer (150mM Tris 7.4, 1M NaCl, 100mMMgCl2),
bead wash buffer (1x salt buffer, 2mM DTT, 1% triton-X 100), lysis
buffer (1x salt buffer, 1% triton-X 100, 2mM DTT, 100 µg/mL Cyclo-
heximide, 40U/mL RNaseOUT™ Recombinant Ribonuclease Inhibitor
(ThermoFisher Scientific #10777019), 1x cOmplete™ EDTA-free Pro-
tease Inhibitor (Roche #11873580001)), and NaP-TRAP wash buffer
(lysis buffer + 400mM NaCl).

Zebrafish embryo and HEK293T cell lysates were incubated for
10minutes at 4 °C. The lysatewaspassed through a 25-guage needle (5-
10 times). Next, the sample was centrifuged at 16,000 g for 5minutes
at 4 °C. The supernatant was transferred to a new Eppendorf tube and
2 µL of DNase I (NEB #M0303L) was added. After a 15minutes incu-
bation at 4 °C, the samples were diluted to 1mL using additional lysis
buffer and 75 µL of lysate was collected from each sample to serve as
an input.

To capture tagged nascent chains of reporter mRNAs, an immu-
noprecipitation using anti-FLAG magnetic beads was performed.
Magnetic beads were purchased from three suppliers during the
course of the study due to supply chain issues (ANTI-FLAG® M2 Mag-
netic Beads, Millipore® #M8823; Anti-Flag Magnetic Beads, BioTools
LLC #B26102; Pierce™ Anti-DYKDDDDK Magnetic Agarose, Thermo
Fisher Scientific #88836). For the zebrafish and human cell experi-
ments 10 µL and 20 µL of beads (binding capacity of >0.8mg of FLAG
peptide / mL) were utilized per replicate, respectively. The magnetic
beads were washed with 800 µL of bead wash buffer three times prior
to being added to the lysis solution. Upon addition of the lysate sample
to magnetic beads, tubes were placed on a rotator at 4 °C for 2 hrs.
Following incubation and bead capture, the beads were washed with
800 µL of NaP-TRAP wash buffer three times. The beads (pulldown)
and the inputs were then resuspended in 1mL of Trizol (Invitrogen
#15596-018). For the zebrafish 5’UTR and tetramer validation libraries,
spike in reporters were added. RNA extractions were performed in
accordance with the manufacture’s protocol. RNA pellets were resus-
pended in 11 µL of nuclease-free H2O.

Multi-frame NaP-TRAP
The protocol of multi-frame NaP-TRAP mirrors that of single-frame
NaP-TRAP with the exception of the pulldown step. More specifically,
following the collection of the input, the cell lysate was divided into
three equal parts for the immunoprecipitation of FLAG, HA, and MYC
respectively. Each fraction was diluted to 1mL with lysis buffer. Next,
for each replicate 10μl of Anti-FLAG (Pierce™ Anti-DYKDDDDK Mag-
netic Agarose, Thermo Fisher Scientific #88836), Anti-HA (Pierce™
Anti-HA Magnetic Beads # 88836), and Anti-MYC (Pierce™ Anti-c-Myc
Magnetic Beads #88842) beads were washed and then added to their
respective fractions. As described above the beads were incubated
with the lysate for 2 hours at 4 Cprior to beingwashed three timeswith
800μl of NaP-TRAP wash buffer. The beads (pulldown) and the inputs
were then resuspended in 1mL of Trizol (Invitrogen #15596-018) and
spike in reporters were added. RNA extractions were performed in
accordance with the manufacture’s protocol. RNA pellets were resus-
pended in 11 µL of nuclease-free H2O.

Polysome profiling
HEK293T cells were incubated with 100μg/ml cycloheximide for
10min at 37 °C to arrest translation. After washing with prechilled 1x
DPBS supplemented with 100μg/ml cycloheximide, cells were lysed in
NaP-TRAP lysis buffer by manual scrapping using a cell scraper. Cell
lysates for polysome profiling were prepared following the same
protocol as done for NaP-TRAP until the immunocapture stage. 1ml of
cell lysates were layered onto 10–60% sucrose gradients, prepared
with lysis buffer, in a thin-walled ultracentrifuge tube and centrifuged
in a Beckman SW‐40Ti rotor at 155,000 g. for 3 h. Gradients were
fractionated in a Teledyne ISCO fractionator using >60% sucrose
chase solution. Absorbance was monitored at 254 nm to obtain
the polysome profile and a total of twenty-seven 500μl fractions were
collected at a flow rate of 1ml/min. Fractions corresponding to the
single monosome or polysome peak were pooled postcollection prior
to RNA extraction.

RNA was extracted using TRIzol (Thermo Fisher Scientific)
reagent. Briefly, 500μl was added to each fraction and vortexed. 100 µl
of chloroform was added and the mixture was vortexed and then
incubated for 2-3min at room temperature. Fractions were spun at
12,000 g. for 30min and the aqueous phase was transferred to a fresh
Eppendorf tube. To the aqueous phase, 250μl of isopropanol and 1μl
of GlycoBlue was added and vortexed. After incubating at room tem-
perature for 10mins, the samples were centrifuged at 14,000g for
30mins. The RNA pellets were washed with 80% ethanol, dried and
resuspended in 11 ul of nuclease-free water.
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Library preparation for next-generation sequencing
For a detailed protocol see Methods S1- A Detailed Protocol for
NaP-TRAP.

Reverse transcription primers (4 µM total) targeting the
N-terminus of 3xFLAG GFP were added to purified input and pulldown
RNAs (5’-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-CTAC-10N
UMI-TAAC-6 nt sample barcode-GCGTCATGGTCTTTGTAGTCCTC-3’;
see NaP-TRAP barcode RT primers in Supplementary Table 1). These
primers contained a 6 nucleotide sample barcode and a 10 nucleotide
UniqueMolecular Identifier (UMI) to allow for demultiplexing and read
deduplication, as well as a 3’ I7 Illumina adaptor sequence. To increase
library complexity the primer pairs were staggered by 1 nt (e.g.,
ntrap_RT_b1.1, ntrap_RT_b1.2). Reverse transcription was performed
using the Superscript III kit (Invitrogen #18080044) in accordance
withmanufacturer’s instructions. Reverse transcription reactions were
performed at 55 °C. cDNA from replicates were pooled and purified by
adding AMPure XP Reagent (Beckman Coulter #A63881) at 1.8x of the
original sample volume. Illumina I5 and I7 forward and reverse primers
containing a 10-nucleotide index (see below) were utilized to amplify
cDNA libraries via PCR (Kappa PolymeraseMaster Mix). To reduce the
number of PCR duplicates 12-18 cycles were utilized. Amplicons were
purified by adding AMPure XP Reagent (Beckman Coulter #A63881) at
0.9x the volume of the PCR reaction. Libraries were sequenced on
Illumina NovaSeq 6000 platform.

Illumina I5 primer:
5’- AATGATACGGCGACCACCGAGATCTACAC-10 nt index-ACAC

TCTTTCCCTACACGACGCTCTTCCGATCT-3’
Illumina I7 primer:
5’- CAAGCAGAAGACGGCATACGAGAT-10 nt index-GTGACTG-

GAGTTCAGACGTGTGCTCTTCCGATCT-3’

NaP-TRAP-qPCR analysis
Following NaP-TRAP, cDNA was synthesized using random hexamers
(ThermoFisher Scientific #N8080127) and SuperScript™ III Reverse
Transcriptase (Invitrogen #18080044) following the manufacturer’s
protocol. Translation values were determined by qPCR using the
Power SYBR™ Green PCR Master Mix (Applied Biosystems #4367659).
Levels of reporters in the input and pulldown were normalized using
the 2−ΔΔCt method72, where the NaP-TRAP reporter was the target and
DsRed the control. Translation was calculated as a ratio of fold
enrichment in the pulldown relative to the input.
Primers utilized in qPCR:
- Translation blocking morpholino (GFP_qpcr_fwd, GFP_qpcr_rev)
- MicroRNA seeds in 3’ UTR (3xmir-430_qpcr_fwd, 3xmir-

204_qpcr_fwd, T7_qpcr_rev)
- U/C rich reporters (igf1ra_wt_qPCR_fwd, igf1ra_mut_qPCR_fwd,

asun_wt_qPCR_fwd, asun_mut_qPCR_fwd, sich211_wt_qPCR_fwd,
sich211_mut_qPCR_fwd, atp6v0_wt_qPCR_fwd, atp6v0_mut_qPCR_
fwd, GFP_qPCR_5p_rev)

- DsRed (dsRED_qpcr_fwd, dsRED_qpcr_rev)

Dual luciferase assays
To validate NaP-TRAP translation measurements, single-cell zebrafish
embryos were co-injected with mRNAs encoding nano and firefly
luciferase (0.5 pgof nano / 19.5 pgoffirefly). Embryoswerecollected at
either 2 hpf or 6 hpf and frozen in liquid nitrogen (5 embryos per
replicate). Nano and firefly luciferase activities were measured using
the Nano-Glo® Dual-Luciferase® Reporter Assay System (Promega
#N1610). Firefly luciferase activity was utilized to normalize nano
luciferase measurement across reporters.

NaP-TRAP NanoLuc reporter construction
Firefly luciferasewasamplified fromapCS2 + -FlucplasmidusingKAPA
HiFi HotStart ReadyMix (Roche #7958935001) for 20 cycles of 98 °C,
60 °C, and 72 °C for 15, 20, and 50 seconds (F: SP6_ext_fwd, R:

SV40_60A_rev), respectively. Products were gel purified with a Mon-
arch® DNA Gel Extraction Kit (NEB #T1020L) and then in vitro tran-
scribed with a mMESSAGE mMACHINE™ SP6 transcription kit
(Invitrogen™ #AM1340). mRNAs were purified with a Monarch® RNA
Cleanup Kit (NEB #T2040L) prior to injection.

We substituted NanoLuc luciferase (amplified from a gBlocks™
Gene Fragment, Integrated DNA Technologies IDT) for GFP in the
3xFLAG-GFP-PEST vector using In-Fusion® HD Cloning (Takara
#638946) (3xFLAG-PEST vector F: PEST_fwd, R: FLAG_rev_inf; NanoLuc
insert F: FLAG-Nluc_inf_fwd, R: Nluc_inf_rev). Note: The PEST domain
was included in NanoLuc constructs to reduce the half-life of the
NanoLuc protein and thereby improve the sensitivity of the assay. To
generate NanoLuc reporters 3xFLAG-NanoLuc-PEST was amplified
using KAPA HiFi HotStart ReadyMix (Roche #7958935001) (F:
3xFLAG_GFP_fwd R: pcr_II_pa_rev) and gel purified using a Monarch®
DNA Gel Extraction Kit (NEB #T1020L).

Kozak NanoLuc reporters
To construct Kozak NanoLuc reporters, 3xFLAG-NanoLuc (amplicon
from the previous section) was amplified with seven different forward
primers (ntrap_k1_fwd, ntrap_k2_fwd, ntrap_k3_fwd, ntrap_k4_fwd,
ntrap_k5_fwd, ntrap_k6_fwd, and ntrap_k7_fwd) and a common reverse
primer (pcr_II_pa_rev) using KAPA HiFi HotStart ReadyMix (Roche
#7958935001) for 20 cycles of 98 °C, 60 °C, and 72 °C for 15, 20, and
45 seconds, respectively. Products were gel purified using a Monarch®
DNA Gel Extraction Kit (NEB #T1020L). To add an SP6 promoter
sequence and a 60A hard-encoded tail, the purified product (1 ng) was
amplified using KAPA HiFi HotStart ReadyMix (Roche #7958935001)
for 20 cycles of 98 °C, 60 °C, and 72 °C for 15, 20, and 45 seconds,
respectively (F: Sp6-Il-adapt, R: pCS2_3utr_60A). Products were gel
purified with a Monarch® DNA Gel Extraction Kit (NEB #T1020L) and
then in vitro transcribed with a mMESSAGE mMACHINE™ SP6 tran-
scription kit (Invitrogen™ #AM1340). mRNAs were purified with a
Monarch® RNA Cleanup Kit (NEB #T2040L) prior to injection. Note,
the input of one of the replicates of the Kozak reporter K4 was below
the read filter cutoff in the NaP-TRAP Kozak Library experiment.

Generating NanoLuc reporters using PCR overlap
The 5’ UTRs of the Zebrafish 5’ UTR library validation reporters and
4xmiR-430NanoLuc Reporters were generated using PCR overlap (see
below for forward and reverse primers), using KAPA HiFi HotStart
ReadyMix (Roche #7958935001) for 10 cycles of 98 °C, 60 °C, and
72 °C for 15, 20, and 30 seconds, respectively (1 µL of each primer at
100 µM). The extension products were then gel purified using a Mon-
arch®DNAGel ExtractionKit (NEB#T1020L). In contrast, the 5’UTRsof
the NanoLuc reporters, which were used to benchmark NaP-TRAP to
polysomeprofiling (Supplementary Fig. S1d-e)were purchased as gene
fragments from Twist Biosciences.

Full-length reporters were constructed by performing a PCR
overlap extension of the 5’ UTR products with the NanoLuc amplicon
described in the Cloning NanoLuc section using KAPA HiFi HotStart
ReadyMix (Roche #7958935001). After 10 cycles of 98 °C, 60 °C, and
72 °C for 15, 20, and 40 seconds, respectively, primers targeting the
SP6promoter sequence (F: Sp6-Il-adapt), and the 3’ endof thenanoLuc
amplicon were added (R: pCS2_3utr_60A). The PCR reaction was con-
tinued for an additional 20 cycles at the same cycle conditions. Pro-
ducts were gel purified with a Monarch® DNA Gel Extraction Kit (NEB
#T1020L) and then in vitro transcribed with the mMESSAGE mMA-
CHINE™ SP6 transcription kit (Invitrogen™ #AM1340). mRNAs were
purified with a Monarch® RNA Cleanup Kit (NEB #T2040L) prior to
injection.

Polysome validation Supplementary Fig. 1 (R1 =
ENSDART00000104444_9, R2 = ENSDART00000054416_18, R3 =
ENSDART00000079144_6, R4 = ENSDART00000132526_5, R5 =
ENSDART00000147616_4, R6 = ENSDART00000156579_17, R7 =
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ENSDART00000091683_7, R8 = ENSDART00000146852_0, R9 =
ENSDART00000061736_2, R10 = ENSDART00000006419_2, R11 =
ENSDART00000035538_2, R12 = ENSDART00000067843_4).

Zebrafish 5’ UTR library validation reporters (R13: slc16a1_fwd /
slc16a1_rev, R14: spred1_fwd / spred1_rev, R15: eif4ebp2_fwd / eif4eb-
p2_rev, R16: fth1a_fwd / fth1a_rev, R17: atp6v0_wt_fwd / atp6v0_wt_rev,
R18: wdr41_fwd / wdr41_rev, R19: slc38a7_fwd / slc38a7_rev, R20:
igf1ra_fwd / igf1ra_rev, R21: atp2b4_fwd / atp2b4_rev).

4xmiR-430 NanoLuc- (WT-F: 4xmiR-430-fwd, WT-R: 4xmiR-430-
rev; MUT-F: 4xmiR-430-MUT-fwd, MUT-R: 4xmiR-430-MUT-rev).

C and U rich reporters
C- and U-rich wild-type and mutant reporters were generated through
PCR overlap extension (Primers used: igf1ra_wt_fwd, igf1ra_wt_rev;
igf1ra_mut_fwd, igf1ra_mut_rev; asun_wt_fwd, asun_wt_rev; asun_-
mut_fwd, asun_mut_rev; sich211_wt_fwd, sich211_wt_rev; sich211_-
mut_fwd, sich211_mut_R atp6v0_wt_fwd, atp6v0_wt_rev; atp6v0_mut_F
atp6v0_mut_R) using KAPA HiFi HotStart ReadyMix (Roche
#7958935001) for 10 cycles of 98 °C, 60 °C, and 72 °C for 15, 20, and
30 seconds, respectively (1 µLof eachprimer at 100 µM).The extension
products were then gel purified using a using Monarch® DNA Gel
Extraction Kit (NEB #T1020L).

Extension products were cloned into the 3xFLAG-GFP-3xAID*
vector using In-Fusion® HD Cloning (Takara #638946) (vector F:
3xFLAG_GFP_F R: I5_inf_rev). Plasmids were digested with NotI-HF®
(NEB #R3189L) and in vitro transcribed with a mMESSAGE mMA-
CHINE™ SP6 transcription kit (Invitrogen™ #AM1340). mRNAs were
purified with a Monarch® RNA Cleanup Kit (NEB #T2040L) prior to
injection.

Quantification and statistical analysis
Read trimming and reporter mapping. Reporter libraries were
sequenced on an Illumina NovaSeq 6000 platform. Sequencing data
were stored using LabxDB73. Paired-end reads were trimmed and
demultiplexed using ReadKnead (https://github.com/vejnar/
ReadKnead). Barcodes identifying replicates and UMIs were extrac-
ted from read two.

Kozak library. Using ReadKnead the 5’ common region of the Kozak
reporters were removed. Next, we extracted the Kozak sequence
(NNNNNNATGN) and discarded sequences that did not include ATG in
positions 7-10. We then utilized a custom script to eliminate PCR
duplicates. UMIs were considered identical if they had a Hamming
Distance less than 2. For the Kozak library, reporters were counted.
Reporters with indels in the Kozak sequence or reporters without an
AUG in the appropriate position were eliminated.

Zebrafish 5’ UTRs. For the zebrafish 5’ UTR and validation libraries,
reads were mapped to a library-specific index using Bowtie274. PCR
duplicates were eliminated using UMIs. UMIs were considered iden-
tical if they had a Hamming Distance less than 2.

Calculation of NaP-TRAP-derived translation values
Reads for each experiment were normalized by dividing the read
counts of each reporter by the sum of the total number of reads
mapped to the spike-ins. In the 5’UTR reporter library (pA and sv40 in
zebrafish) spike-in #3 was eliminated from the analysis, because in
some of the samples the read counts for spike-in #3 did not correlate
with amount of spike-in added. In the absenceof spike-ins, read counts
were normalized based on the total number of mapped reads per
replicate (reads per million, RPM). Translation values were calculated
as a ratio of reads in the pulldown relative to reads in the input.
Translation values were only included in the downstream analyses if
the input contained greater than or equal to 100 unique reads across
all replicates.

Translation values were calculated as a ratio of reads in the pull-
down relative to reads in the input. Translation values were only
included in the downstream analyses if the input contained greater
than or equal to 100 unique reads across all replicates.

Calculation of mean ribosome load for polysome profile
Read counts across all fractions sequenced were normalized to
account for differences in the number of reads sequenced across the
different fractions. Normalized reads were derived by dividing each
read count by the total number of mapped reads in that fraction. To
get a normalizedmeasure of distribution of reads across the polysome
fractions, normalized read counts for each reporter was divided by the
total normalized reads obtained for that reporter across all the frac-
tions collected. Finally, the mean ribosome load (MRL) for a reporter
was calculated as the sum of the product of polysome profile nor-
malized read counts with the corresponding ribosome count. (1 for
80S, 2 for disome, etc.).

Calculation of translation residual
To determine whether there were systemic differences between NaP-
TRAP-derived translation values and MRL, a linear regression was
performed (y =NaP-TRAP translation, x =MRL). To examine the bias of
different subsets of reporter mRNAs, the residual was calculated
(residual = NaP-TRAP derived translation – predicted translation).
Difference in the culminative distributions of translation residuals
were evaluated using aMann-WhitneyU-test for the following reporter
mRNAs; reporters containing: (1) oORFs, (2) uORFs, and (3) no
upstream ORFs.

Random forest regression models
Random forest regression models were employed to predict transla-
tion (scikit-learn 1.3; RandomForestRegressor)75. For the Kozak library,
features were generated by one-hot encoding positions -6 to -1 and
position +4 of each reporter sequence. In contrast, for the 5’ UTR
library, k-mer counts (1-6 nucleotides) and uORF features were gen-
erated using a custom python script. For the 5’ UTR library, features
were filtered by calculating the Spearman RankCorrelation Coefficient
(SPR) between each feature and translation prior to model training.
Features that had a correlation greater than 0.05 or less than -0.05
were included in the random forest model.

To prevent model overfitting, the data were divided randomly
into two groups: a test and training set, comprised of 30% and 70% of
the reporters, respectively. To optimize model parameters, the train-
ing data were divided into five different groups of equal size and a
5-fold cross-validation was performed. The following parameters were
optimized using an exhaustive grid search (n_estimators: 20, 100, 200;
max_features: 10, 20 and 30 percent of supplied features; max_depth:
3, 5, 7 and min_samples_split: 2, 4, 8). Bootstrapping was employed to
select samples used to train each tree. The predictive power of the
model was assessed using the test set. It should be noted that the
random forest cannot predict translation values higher than the
maximum value of the training set. Hence the sharp cut-offs in Fig. 3e
and Supplementary Fig. 8j. Lastly, a permuted feature importance
analysis was performed to identify the features with the greatest
predictive power.

Quantifying the effect of the structure of translation
The Minimum Free Energy (MFE, structure) of reporter mRNAs was
determined using the Vienna RNAFold program.57 Given that in
silico RNA structure predictions are more accurate for shorter RNAs
and the fact that the coding sequence and 3’ UTR of reporter mRNAs
are identical, the first 200 nucleotides of each reporter were utilized
to determine MFE. To investigate the effect of structure on transla-
tion the Pearson Correlation Coefficient was measured between
translation (2 hpf and 6 hpf) andMFE. Reporters were divided further
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into groups based on whether they contained: no upstream start
codons, uORFs, out-of-frame oORFs, and in frame oORFs. For each
group the correlation between structure and translation was
determined.

Differential motif enrichment analysis
Reporters were ranked based on their translation at 2 and 6 hpf. Using
the sum and difference of these rankings across timepoints, four
groups of reporters were generated: (1) repressed, (2) active, (3)
repressed post-ZGA (active in HEK293T cells), and (4) active post-ZGA
(active in zebrafish). Repressed and active reporters constituted the
top and bottom 10% of reporters based on the sum of their ranks at 2
and 6 hpf, respectively, whereas the repress post-ZGA and active post-
ZGA, were the top and bottom 10% of groups based on the difference
between their ranks at 2 and 6 hpf. A differential motif enrichment
analysis was performed on each group. Fold enrichment values were
determined by dividing the count of each k-mer in the reporter group
by the count of the k-mer in the library, whereas the significance of the
fold-change was determined using a hypergeometric test (Bonferroni
corrected p-value threshold).

To generate motifs from the kmers enriched in each of the
reporter groups defined above, we performed hierarchical clustering
(scipy 1.14.0 cluster.heirarchy.linkage) using the UPGMA (unweighted
pair group method with arithmetic mean) method76. Distances
between kmers were computed using a modified hamming distance
metric, whichminimized the hamming distance between two kmers by
sliding one kmer over the other. Kmers were clustered into motifs.
Clusters were combined if their average distance was less than 2.5.
Clusters were assembled into motifs based on the position which
minimized theirmodified hamming distance. The information content
of motifs was plotted using a custom script informed by the source
code of LogoMarker77.

To determine the regulatory potential of these motifs, reporters
in the zebrafish 5’ UTR library enriched and depleted in each motif
were identified (top and bottom 20%). Enrichment and depletion of
motifs were based on the sum of counts of kmers that were clustered
to form each motif. A Mann-Whitney U-test was utilized to determine
whether there was a significant difference in the distributions in the
translation at 2 hpf, 6 hpf, and in HEK293T cells, as well as the delta
translation (translation 6 hpf / translation 2 hpf, translation 2hpf /
HEK293T, and translation 6 hpf / HEK293T) for reporters enriched and
depleted in each motif.

Using Zebrafish eCLIP data to identify candidate RBPs
To identify candidate RBPs, hexamers significantly enriched in the
reporters groups described above were compared to the top 10
hexamers enriched in eCLIP experiments from a previous study
investigating the regulatory potential of RBPs highly expressed in the
early stages of zebrafish development5. To identify the top 10 motifs
enriched for each of the RBPs tested, the rank of hexamers across
each of the replicates were summed. The top 10 hexamers with the
lowest summed rank, which were not enriched in the control groups
of eCLIP experiments, were utilized for further analysis. A hyper-
geometric test was performed to determine whether the overlap
between hexamers enriched in reporter groups described above and
each of the RBPs was significant (Bonferroni corrected p-value
threshold).

Using STREME and Tomtom to identify motifs and candidate
RBPs modulating translation
STREME was also employed to identify motifs modulating differential
translation59. Reporter sequences (the insert sequence) for each of the
groups described above were utilized as the input, whereas all repor-
ters which passed QC served as the control. STREME generatedmotifs

with aminimumsizeof 5 and amaximumsizeof 12 nucleotides (meme-
streme --minw 5 --maxw 12 --thresh 0.05 --rna --align right).Motifs were
deemed significant if they had an E-value less than 0.05. Each of the
significant motifs identified by STREME were compared to a database
of human RBPs58 using Tomtom60. Candidate RBPs were assigned to
motifs if they had an E-value was less than 0.05.

miRNA complementarity analysis
miR-430 (GCACUU) and miR-1 (CAUUCC) seeds were identified in the
reporter library. The Vienna RNAcofold program57 was utilized to
measure the complementarity between the section of the reporter
mRNA (20 nt upstream and 7 nt downstream of the 5’ end of seed site)
and the microRNA. For miR-430 the miRNA species with the highest
complementary was selected for downstream analysis. Reporters with
multiple seed sequenceswere excluded from thedownstreamanalysis.
The relationship between complementarity and change in translation
(Translation 6 hpf / 2 hpf) was determined by calculating the Pearson’s
Correlation Coefficient. To assess the importance of the microRNA
seed. The complementarity analysis described above was repeated for
reporters containing a seedmismatch formiR-430 (GCBCUU) andmiR-
1 (CAVUCC).

miR-430a: 5’-UAAGUGCUAUUUGUUGGGGUAG-3’
miR-430b: 5’-AAAGUGCUAUCAAGUUGGGGUAG-3’
miR-430c: 5’-UAAGUGCUUCUCUUUGGGGUAG-3’
miR-1-1 / mir-1-2: 5’-UGGAAUGUAAAGAAGUAUGUAU-3’

Feature rank analysis
To generate the feature rank plot (Fig. 6a), features (k-mer counts of
four nucleotides or fewer) were ranked based on the mean difference
in translation between reporters enriched and depleted in the feature,
top and bottom 20% respectively, at 2 and 6 hpf. Given the prominent
effect of upstream open reading frames on translation, reporters with
uORFswere excluded from the analysis. Featureswereonly included in
the analysis if there was a significant mean difference in translation at
either timepoint (Mann-Whitney U test with Bonferroni corrected
p-value threshold).

Statistical analyses
The plots and statistical analyses in Figs. 1b–d, 5i and 6c–f were gen-
erated using GraphPad Prism. All other analyses unless otherwise sta-
ted were performed using custom scripts written in Python 3. Plots
were generated using the Matplotlib package78. Venn diagrams were
generated using Matplot-venn (https://github.com/konstantint/
matplotlib-venn). Statistical analyses were performed using the
SciPy76 andNumPy79 packages,whereas the random forest analysis was
performed using the scikit-learn package75. Feature and experimental
data were stored using an SQLite database (https://www.sqlite.org/).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available from the
corresponding authors upon request. The sequencing data generated
in this study have been deposited in the NCBI under the BioProject ID
PRJNA1188270. The processed count tables from the sequencing data
are available in SupplementaryData 2-4or on theGiraldez Labdatahub
(https://www.giraldezlab.org/data/).

Code availability
All scripts used to process and analyze NaP-TRAP data will be released
at the time of publication (https://github.com/ecstrayer/nap-
trap_paper).
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