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ABSTRACT

We report the discovery of N-terminal alanine-rich
sequences, which we term NTARs, that act in con-
cert with their native 5’-untranslated regions to pro-
mote selection of the proper start codon. NTARs
also facilitate efficient translation initiation while lim-
iting the production of non-functional polypeptides
through leaky scanning. We first identified NTARs in
the ERK1/2 kinases, which are among the most im-
portant signaling molecules in mammals. Analysis
of the human proteome reveals that hundreds of pro-
teins possess NTARs, with housekeeping proteins
showing a particularly high prevalence. Our data indi-
cate that several of these NTARs act in a manner sim-
ilar to those found in the ERKs and suggest a mech-
anism involving some or all of the following features:
alanine richness, codon rarity, a repeated amino acid
stretch and a nearby second AUG. These features
may help slow down the leading ribosome, causing
trailing pre-initiation complexes (PICs) to pause near
the native AUG, thereby facilitating accurate trans-
lation initiation. Amplification of erk genes is fre-
quently observed in cancer, and we show that NTAR-
dependent ERK protein levels are a rate-limiting step
for signal output. Thus, NTAR-mediated control of
translation may reflect a cellular need to precisely
control translation of key transcripts such as poten-
tial oncogenes. By preventing translation in alterna-

tive reading frames, NTAR sequences may be use-
ful in synthetic biology applications, e.g. translation
from RNA vaccines.
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INTRODUCTION

Activation of the ERK pathway is required for a variety
of cell processes, including proliferation and differentiation
(1,2), and plays a role in cell survival and death [reviewed
in (3)]. How this single signaling pathway confers different
effects in similar cell types remains a matter of debate (4).
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ERK kinase activity can be increased up to 1000-fold
upon double phosphorylation by MEK (5). Nearly all stud-
ies have focused on ERK activation as the primary mech-
anism through which its downstream effects are mani-
fested. However, decreased ERK quantity can also mod-
ulate downstream signaling, as has been shown with al-
tered wing development in Drosophila when deficient splic-
ing reduces dERK quantity (6). In mice, combinations of
ERK1 and/or ERK2 knockouts trigger increasingly dele-
terious phenotypes due to decreased total ERK quantity
[reviewed in (7)]. In humans, children lacking one erk2 al-
lele display minor neurological disorders (8). These studies
suggest that a threshold of ERK quantity may be neces-
sary for regulation of kinase activity by MEK and phos-
phatases. Increased ERK quantity resulting from erk2 gene
amplification, which can confer resistance to chemotherapy
(9), was demonstrated to occur frequently in lung cancers
(10); according to the datasets available in the Tissue Can-
cer Genome Atlas (TCGA), both erkl and erk2 are ampli-
fied in many cancers including bladder and non-small cell
lung cancer (NSCLC) (11). With the goal of further clari-
fying the role of ERK quantity in regulating downstream
signaling, we first assessed pathway activation using a clas-
sical reporter of ERK activity, the GAL4-ELK /gal4—luc
system (12). In addition, we studied the phosphorylation
pattern of an ELK chimera (13), because the progressive
multi-phosphorylation of transcription factors constitutes
a molecular switch for cell fate decisions driven by ERK
(14). Here, we show that the quantity of ERK, but not
the quantity of MEK, the kinase immediately upstream,
impacts signaling. This observation led us to explore the
mechanisms regulating ERK quantity. We focused our at-
tention on the N-terminus (Nt) of ERK1/2, which con-
tain an unusual alanine-rich tract. In the context of erk/ or
erk2 promoters/5-untranslated region (UTR), we discov-
ered that ERK Nts drive elevated protein synthesis of func-
tional ERKSs by allowing precise and efficient start codon
selection.

A short RNA sequence flanking the initiation codon,
termed the Kozak sequence (15), drives start codon selec-
tion in mammals. Some mRNAs harbor several AUGs in
their 5-UTRs, and switching start codon selection from the
native AUG [i.e. the one that sets the main open reading
frame (ORF)] to an upstream AUG (uAUG) is known to
regulate biological responses such as resistance to amino
acid starvation (16,17). Alternatively, the native AUG can
be skipped and downstream AUGs may be selected to
start translation, a process termed ‘leaky scanning’ (18). We
show that in the absence of its own Nt-coding sequence,
translation of ek mRNA led to production of shorter,
non-functional polypeptides via leaky scanning, starting at
downstream AUGs. The action of ERK Nts is restricted to
specific 5'-UTRs, suggesting that various rules govern start
codon selection.

Several hundreds to a few thousand human pro-
teins display N-terminal alanine-rich sequences (NTARs)
similar to those of ERKI1/2. We further demonstrated
that the NTARs of PABPNI1, TRIM28, MECP2 and
NIPA1 are required for the high expression of a func-
tional reporter protein in the context of their proxi-
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mal promoter/5 UTR, similar to what we found for
ERK1/2.

Studying the mechanism by which NTARs regulate
translation may provide tools to understand physio-
pathological conditions such as polyalanine expansion dis-
orders. In this family of diseases, protein synthesis is altered
by the presence of alanine repeats that are orders of mag-
nitude greater than those found in ERK1/2 (19). Hence,
studying the much shorter ERK Nts may help to decipher
the molecular processes at play in these diseases. The spe-
cific regulation of ERK quantity by NTAR sequences may
offer new perspectives to fight cancer because nearly 40% of
all human cancers display overactivation of the ERK path-
way, including ERK overexpression (10). It might also be
helpful in developing therapies against R ASopathies, a fam-
ily of diseases originating from germline mutations of pro-
teins that occupy different positions along the ERK signal-
ing pathway (20).

MATERIALS AND METHODS

Proximal promoters and Nt sequences were assembled by
Golden Gate cloning which requires entry plasmids with
kanamycin selection and assembly plasmids with ampicillin
selection (21).

Entry plasmids for Golden Gate cloning

The entry vector was derived from the pCRII-topo plas-
mid (Thermo Fisher, Invitrogen). The Bsal site in the ampi-
cillin gene of the pCRII-topo plasmid was inactivated by
point mutation (new sequence agcgtgggtcAcgeggt), then
it was cut by Xmnl and Scal restriction enzymes (REs)
and religated to remove ampR (the plasmid remained
Kana®). The following sequence was cloned between the
two BstXI sites: gaattcAggcctgatttaaatattccegggatatcacgtg-
gaattcaagctt, introducing a stretch of restriction sites for
blunt REs (Stul, Swal, Sspl, Smal, EcoRV and PmlI) be-
tween two EcoRI sites for diagnostic purposes. The result-
ing plasmid was named Empal-Blunt (manuscript in prepa-
ration).

Fragments of promoter regions were amplified by poly-
merase chain reaction (PCR) with primers containing Bsal
sites at their extremities, such that upon cutting by Bsal,
a cohesive fragment is released with non-palindromic ex-
tremities. High fidelity enzymes produced blunt-end PCR
products that were cloned directly into the plasmid Empal-
Bluntk®2R after mixing the purified PCR fragment with the
Empal-Blunt plasmid in the presence of a blunt-end RE that
does not cut the fragment. Incubation was done with cy-
cles of temperature, from the optimal temperature for lig-
ation to the optimal temperature for RE digestion (Sup-
plementary Table S2, tab5). Minipreps from white colonies
were sequenced to ensure the integrity of the expected frag-
ments bordered by Bsal sites. PCR was performed using
the KOD hot-start enzyme [Merck Millipore Toyobo ref
71086~ (4)], the Q5 hot-start enzyme (New England Biolabs,
MO0493S) or the Phusion hot-start enzyme (Finnzymes F-
540L). For high GC-rich sequences, 3% dimethylsulfoxide
(DMSO) was added. Typical reactions are listed in Supple-
mentary Table S2.
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Assembly plasmids for Golden Gate cloning

Assembly plasmids harboring either firefly luciferase
(ffLuc) with a vPEST sequence (luc2P) or the cat-
alytic domain of mouse ERK1 were derived from pGL4
from Promega bought from Switchgear (pSGG-Basic-
3’GAPDH).

pSGG-GG-luc2P and pSGG-GG-lucHA. pSGG-Basic-
3'GAPDH harbors the RPLP10 promoter upstream of
Luc2P (ffLuc with PEST sequences) with the 3’-UTR of hu-
man glyceraldehyde phosphate dehydrogenase (GAPDH)
downstream. Firstly, the Bsal site in 3’GAPDH was mu-
tated into the BsmBI site by overlap extension PCR with
external primers PL-09-58 and PL-09-59 and mutagenesis
primers PL-12-58 and PL-12-59 (sequences of primers
in Supplementary Table S2, tab2). The resulting plasmid
is called pSGG-Basic. Secondly, a fragment comprising
the RPLP10 promoter downstream from Kpnl, up to the
BsrGI inside luc2P, was replaced by a PCR fragment with
primers PL-09-57 and PL-12-39 encompassing the Nt
sequence of luc2P (into Kpnl and BsrGl); the resulting
plasmid has no promoter upstream of luc2P but instead
it has two Bsal sites (GGTCTC) in opposite orientation:
accgaGAGACCtgtacaGGTCTCggaag. This vector, named
PSGG-GG-Luc2P, allows cloning of fragments into the
non-palindromic sites accg and gaag upon cutting by Bsal
RE. On the 3’ cohesive end, gaa is the second codon of
luc2P (glutamic acid).

For immunoblotting, the PEST sequence of luc2P was
replaced by the hemagglutinin (HA) tag. A PCR fragment
from luc2P as template was obtained with primers PL-16-11
and PL-16-27 (harboring the sequence of the HA tag). This
fragment cut by Bsal was inserted into the Agel and Xbal
sites of plasmid pSGG-GG-luc2P to generate the plasmid
PSGG-GG-lucHA (the same Bsal RE sites upstream of
ffLuc for cloning).

pSGG-mERKI. A PCR product containing the mouse
ERK1 coding sequence (primers PL-16-28 and PL-16-29;
BsmBI external cloning sites) was inserted between the
Kpnl and Xbal sites of plasmid pSGG-Basic-3’GAPDH.
The sequences of promoter RPLP10 and luc2P were re-
placed by mERK 1 with two upstream Bsal sites in opposite
orientation: accgaGAGACCtgtacaGGTCTCggaag. On the
3’ cohesive end of this sequence, the gaa codon corresponds
to glutamic acid of mERK1 at sequence EVVKG. The glu-
tamic acid was chosen to be able to use the same cloning
strategy for pSGG-GG-luc2P and pSGG-GG-ERK.

Assembly strategy. Golden Gate assembly was performed
in a single tube; several fragment-bearing plasmids (in
Empal-Blunt, Kana®) were mixed with pSGG-GG-luc2P
(AmpR) in the presence of Bsal and T4 DNA ligase. When
needed, annealed oligonucleotides were added at a final
concentration of 40 ng each. In a thermocycler, incuba-
tion cycles switched from the best temperature for the RE
(37°C or 55°C) to the best temperature for T4 ligase (16°C)
overnight. A typical reaction is presented in Supplementary
Table S2, tab 5. This file also includes all the primers used to
clone the proximal promoters or the 5-UTRs and oligonu-
cleotides annealed to generate all constructs. Golden Gate

cloning allowed us to assemble up to four fragments at
once with high efficiency. Transformation was performed in
NEB-stable bacteria (cat. # C3040). Amp®R colonies were
screened and subsequently sequenced.

Existing plasmids and ERK1 truncations

For Figure 1, Chinese hamster HA-MEK1-WT and HA-
MEKI1-SSDD (S218D-S222-D) were described previously
(22). HA-ERK-WT plasmid harbors Chinese hamster wild-
type ERK1 in the same plasmid backbone (pECE) as HA-
MEKI1-WT (23). RAF1-WT and RAF1-CAAX were de-
scribed previously (24). For other figures, mouse ERK1
was used, derived from mouse HA-mERK1 (25). pGAL4-
ELK and 5x-gald-ffLuciferase were cited previously (26).
For immunoblotting, Myc-tag was added to GAL4(1-146)-
linker(PVEL)-hELK1-307-428) by PCR with primers PL-
19-56 and PL-19-57, and the fragment generated by Bsal
cutting was assembled with the cytomegalovirus (CMV)
promoter fragment (PCR primers PL-18-69 and PL-18-12)
into pSGG-GG-luc2P cut by Bsal/Xbal. The CMV pro-
moter was amplified from plasmid pCRHL. The final vec-
tor is called pPSGG-GAL4-ELK-myc (ELK-myc).

Plasmids expressing catalytic mouse ERK or truncations
of mouse ERK1 behind the CMV promoter were gener-
ated into a psgg vector, with an ACCG cohesive site in 5
(Bsal) and a CTAG cohesive site in 5" (Xbal). The CMV
promoter was amplified with primers PL-18-08 and PL-19-
69. The ERK fragments were generated by PL-16-29 in 3’,
producing a CTAG site by BsmBI cutting. In 5, the catalytic
mERK 1 was amplified with primer PL-19-69; the second in-
frame AUG with PL-19-70; the third AUG in-frame with
PL-19-71; and the fourth AUG in-frame with PL-19-72, all
producing an ACCG cohesive site by BsmBI cutting. Note
that catalytic mouse ERK1 starts here with the sequence
MGEVEVVK. Two fragments were assembled at once in
the vector cut by Xbal and Bsal.

Proximal promoters

The sequences of the promoters used in this study are pre-
sented in Supplementary Figure S9.

Mouse erk2 promoter. A genomic fragment encompass-
ing the mouse erk2 (m-erk2) promoter was amplified with
primers PL-09-47 and PL-09-48. The m-erk2 promoter has
three Bsal sites, hence the assembly was carried out by over-
lap PCR between the promoter and Iuc2P. For assembly
with the Nt moiety, a fragment of the erk2 promoter was
amplified by primers PL-09-62 and PL-09-63, and the luc2P
fragment was amplified by primers PL-09-64 and PL-09-57.
External primers were then used to generate an assembled
fragment that was cloned into the plasmid pSGG-Basic in
the Kpnl and BsrG1 RE sites. For assembly without the Nt,
a fragment of the erk2 promoter was amplified with primers
PL-09-62 and PL-09-65, the luc2P fragment was amplified
with primers PL-09-66 and PL-09-57, and the same strategy
was used with external primers.

Mouse erkl promoter. A genomic fragment encompassing
the m-erkl promoter was amplified with primers PL-09-49



and PL-09-50. The m-erk! proximal promoter was initially
assembled with ffLuc by overlap PCR; the external primer
on erkl is PL-09-54 and on luc2P it is PL-09-57. For as-
sembly in the presence of the ERKI1 Nt, the internal re-
verse primer was PL-09-55 on erkl and the internal sense
primer on luc2P was PL-09-56. For assembly in the absence
of the ERK1 Nt, the internal reverse primer of erk! was
PL-09-60 and the internal sense primer on luc2P was PL-
09-61. To compare the Kozak sequences in the presence or
absence of the Nt, refer to the alignment in Supplementary
Figure S8. The proximal promoter of mouse erk/ harbors
two Bsal sites that were subsequently mutated to facilitate
assembly of all the modified sequences: —-163 G to C and
—536 A to T. No difference was observed with promE1WT
versus promE1B%Im when comparing the presence or ab-
sence of the ERK 1 Nt sequence (not shown). Therefore, all
results presented here are with the m-erk! promoter with
the two point mutations on Bsal sites. For Figures 2B and
3A, the m-erkl promoter (fragment amplified with primers
PL-13-02 and PL-13-63) was assembled with fragment Nt-
ERKI (obtained with primers PL-12-40 and PL-12-41)
or with Nt-ERK?2 (annealed with primers PL-12-42 and
PL-12-43).

Human hstk promoter.  The hstk minimal promoter was re-
constituted from the pRL-TK plasmid sequence (Promega).
Upstream primer PL-13-27 on the thymidine kinase (TK)
promoter was combined with a long reverse primer PL-15-
69 for PCR. Primer PL-15-69 reconstitutes the human /Astk
minimal promoter as it is present in sequence JQ673480.1
of GenBank [human herpesvirus 1 (HSV) strain KOS, com-
plete genome]. For luciferase assays, this WT Astk pro-
moter fragment was amplified with PL-13-27 and PL-15-
69 primers to insert the promoter alone upstream of luc2P,
or with PL-13-27 and PL-15-70 to be assembled with Nt-
coding sequences, such as annealed primer PL-16-06/07 to
add the HSTK Nt or annealed primers PL-12-42/43 to add
the ERK2 Nt.

Human kras promoter. The plasmid containing the human
kras proximal promoter was cloned from genomic DNA
from human Beas-2b cells with primers PL-15-73 and PL-
15-74. To shunt exon0, kras promoter fragments upstream
of exon0 were amplified with primers that reconstitute the
native ATG after exon0: PL-16-00 and PL-16-01, PL-16-00
and PL-16-02, or PL-16-00 and primer PL-16-08. The frag-
ment PL-16-00/PL-16-01 contains the kras promoter alone
to be cloned into pPSGG-GG-luc2P. The fragment PL-16-
00/PL-16-02 allows cloning of the annealed primers PL-12-
42/43 to assemble the ERK2 Nt after the AUG. The frag-
ment PL-16-00/PL-16-08 includes the promoter kras with
its native Nt moiety (size of Nt-ERK?2).

Note: for final assembly, it was necessary to re-assemble
the promoter after the first Golden Gate cloning step into
the plasmid pSGG-GG-luc2P because the kras promoter
has three Bsal RE sites (649, —~794 and —891). As the cohe-
sive ends of these three Bsal sites are non-palindromic, they
can assemble in the right order. Therefore, after Golden
Gate assembly, Bsal was inactivated by 20 min at 80°C, then
T4 ligase and ATP (0.5 mM) were added for 10 min at 16°C
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and 30 min at 25°C to ligate promoter fragments. The full-
length h-kras minimal promoter was readily obtained.

Mouse trim28 promoter. The proximal promoter of trim28
was amplified from mouse genomic DNA with primers PL-
19-41 and PL-19-43 (size 1965 bp). Then the proximal pro-
moter was amplified with 5" primer PL-19-48 and with 3
primers PL-19-45 (proximal promoter alone 886 bp), PL-
19-46 (promoter with 180 nucleotides of coding sequence)
or PL-19-47 (promoter with 342 nucleotides of coding
sequence).

Human nipal promoter. The proximal promoter of nipal
was amplified from human genomic DNA from normal hu-
man foreskin fibroblasts with primers PL-22-98 and PL-
22-100 (size 1550 bp). Then the proximal promoter was
amplified with 5" primer PL-22-101 and 3’ primers PL-
22-103 (proximal promoter alone), PL-22-102 (promoter
with 81 nucleotides of coding sequence) or PL-22-104 (pro-
moter with ATGG cohesive site). With the fragments PL-
22-101/PL-22-104, a fragment lacking the first two amino
acids of the Nt was assembled (PL-22-105 and PL-22-102).
As an inadvertent Bsal site was present inside the promoter,
after inactivation of the Golden Gate enzymes, ATP and lig-
ase were added for 1 h to close back the plasmids prior to
transformation of bacteria.

Human mecp2 promoter. The proximal promoter of mecp2
was amplified from human genomic DNA from normal hu-
man foreskin fibroblasts with primers PL-22-07 and PL-22-
10 (size 2324 bp). Then the proximal promoter was am-
plified with 5 primer PL-22-13 and with 3’ primers PL-
22-15 (proximal promoter alone 969 bp), PL-22-21 (pro-
moter with 63 nucleotides of coding sequence) or PL-22-22
(promoter for adding annealed primers). To this last frag-
ment, primers PL-22-23 /PL-22-26 were annealed to change
codon sequences to GCG, or primers PL-22-24/PL-22-27
to change codon sequences to GCA-GCT.

Specific strategies for individual figures

Site-directed mutagenesis of the second AUG of mERKI and
ffLuc. The second AUGs were converted to GUG by the
method of Q5 Site-Directed Mutagenesis from NEB. The
primers were designed by the NEB-tool changer (primers
PL-22-68 and PL-22-69 for ffLuc and primers PL-22-70 and
PL-22-71 for mERK1; sequences in Supplementary Table
S2), For each protein, site-directed mutagenesis was per-
formed only on the GG vector (pSGG-mERK 1 and pSGG-
GG-lucHA); after sequence verification, in these vectors as-
sembly of the erkl promoter with its 5-UTR was gener-
ated by Golden Gate cloning with the fragments PL-13-
02/PL-13-59 and PL-13-58/PL-19-100, PL-13-58/PL-13-
74 or PL-13-58/PL-12-41 to generate proteins without their
first AUG, without or with the ERK1 Nt. The mutagenesis
was performed from 1 pl of the Q5 PCR performed accord-
ing to the manufacturer’s conditions, then 20 U of Dpnl,
400 U of T4 DNA ligase and 10 U of T4 polynucleotide ki-
nase were added in a final volume of 20 wl with T4 DNA
ligase buffer, and incubated at 10 min cycles from 37°C
to 25°C overnight prior to transformation into competent
bacteria.



7718 Nucleic Acids Research, 2023, Vol. 51, No. 15

Bicistronic vector to assemble erkl 5'-UTRs of various sizes.
To determine the size of the erk! 5-UTR that drives start
codon choice with the ERK1 Nt, a plasmid pSGG-renilla-
luciferase-GG-ffLuc was constructed. PCR was performed
from plasmid pCRHL (27) to obtain the CMV promoter
upstream of Renilla luciferase (R-Luc). To remove the Bsal
site at the end of this CMV promoter, a fragment of the
CMYV promoter was amplified by primers PL-17-36 and PL-
17-80 to be joined with the fragment of R-Luc which was
amplified with primers PL-17-81 and PL-17-88. These frag-
ments, cut by BsmBI, were inserted into the plasmid pSGG-
GG-luc2P between Kpnl and Bsal sites. The final plasmid
had two Bsal sites between R-Luc and the ffLuc, with the
Bsal cohesive extremities: ACCG and GAAG, with GAA
being the second codon of ffLuc. The control FGF-1A in-
ternal ribosome entry site (IRES) fragment (441 bp) with
only the erkl Kozak context was generated by PCR from
the vector pCRF-1AL with the primers Pl-17-42 and PL-
17-91. The FGF-1A IRES fragment to be assembled with
fragments of the erk/ 5'-UTR was generated by PCR from
the vector pCRF-1AL with the primers PI-17-42 and PL-
17-44. Fragments with erkl 5-UTRs of increasing size were
generated with 5" primers (sense): PL-17-89; PL-17-109; PL-
17-108; PL-13-85 and PL-13-58; the 3’ primer (reverse) was
either PL-13-16 to generate fragments without the Nt or
PL-12-41 to add the ERK1 Nt sequence.

Assembly of various Kozak sequences. To assemble the dif-
ferent Kozak sequences between the erk/ proximal pro-
moter and the luc2P coding sequence, in the presence or
absence of the ERK2 Nt moiety, the erk!/ promoter was
truncated in 3'. This fragment was generated by PCR with
primers PL-13-02 and PL-14-120. To evaluate Kozak con-
texts in the absence of the ERK2 Nt, the following annealed
primers were assembled with the promoter fragment: PL-
15-24/25; PL-14-118/119; PL-15-12/13; PL-15-14/15; and
PL-15-16/17 (order of Figure 4B). To evaluate Kozak con-
texts in the presence of the ERK2 Nt sequence, the follow-
ing annealed primers were assembled with the promoter’s
fragment: PL-15-26/27; PL-15-01/02; PL-15-06/07; PL-15-
08/09; and PL-15-10/11 (order of Figure 4B).

Experiments with two AUGs in a defined environment. In
Figure 4A and B, two AUGs, within defined contexts, are
separated by spacers. We chose to use the Nt of ffLuc as
a template for spacers. All four spacers were obtained by
PCR from the plasmid pSGG-GG-luc2P, then they were
cloned into the ACCG and GAAG sites of this vector cut
by Bsal. In 5, the four PCR products possess the Golden
Gate sites of the pPSGG-GG-luc2P vector. As a result of in-
serting the PCR products into the vector (cohesive ends gen-
erated by BsmBI cutting), the N-terminus of ffLuc is now
duplicated, the copy/spacer being placed between the Bsal
Golden Gate sites and a second AUG in the reading frame
of the full-length ffLuc protein. The four PCR spacers dif-
fer in the environment of this second AUG. All previous
cloning strategies can be performed in the ACCG/GAAG
sites by Bsal. In &', all spacers were amplified by the forward
primer PL-22-108. The spacer with a canonical Kozak se-
quence (GCCGCCACC-ATGQG) or a poor Kozak sequence
(CTTATATTA-ATG) upstream of the second AUG were

amplified in 3’ by the primers PL-22-111 and PL-22-112,
respectively. These two spacers introduce 69 nucleotides
between the two AUGs (in final constructions lacking th
eERK Nt). The 3’ primers PL-22-109 and PL-22-113 pro-
duced spacers with the second AUG in the second or third
reading frames, respectively. In those cases, there are 70 or
71 nucleotides between the two AUGs (in final construc-
tions lacking the ERK Nt). Please note that the Kozak con-
texts of these AUGS in alternative frames (with respect to
the first AUG) are nearly close to the canonical sequences
(only 1G at -9 is missing): CCGCCACC-ATG. All eight
AUGs have Kozak contexts with a G**.

Changing the nucleotide sequence of the ERK2 Nt moiety.
For Figure 6C, several PCR fragments of the mouse erk/
promoter were used for Golden Gate assembly as pre-
sented in Supplementary Table S2. Promoter erk! ampli-
fied from primers PL-13-02 and PL-14-120 was assembled
with annealed primers PL-15-57/58 or PL-15-59/60 to gen-
erate promoter erk/ with one or two alanines, respectively,
in the Nt fused to luc2P. Promoter erkl amplified from
primers PL-13-02 and PL-13-63 was assembled with an-
nealed primers PL-15-32/33 or PL-15-30/31 to generate
promoter erkl with three alanines in the Nt fused to luc2P,
or with the six alanine codons switched to GCC codons
in the Nt. Promoter erkl amplified from primers PL-13-02
and PL-13-11 was assembled with annealed primers PL-13-
42/43, PL-13-46/47, PL-13-64/65, PL-14-01/02 or PL-13-
19/20 to generate promoter erkl with an Nt with only six
alanines (absence of glycine—proline—glutamic acid after the
stretch of alanines), an Nt shifted by one nucleotide, by two
nucleotides or by three nucleotides, or with the codons of
the ERK2 Nt switched to codons GCA/T.

Adding a second AUG 3’ adjacent to the Nt sequence.
For Figure 4C, erkl promoter was amplified with primers
PL-13-02 and PL-13-63; this fragment was assembled
into pSGG-GG-lucHA with annealed primers PL-20-19/20
with a second ATG (after the ERK2 Nt sequence), or with
primers PL-20-21/22 or PL-20-23/24 with GTG or GTC
after the ERK2 Nt sequence instead of ATG.

Cell culture and transfection

NIH3T3 mouse fibroblasts, HeLa and HEK293 cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with GlutaMAX medium (GIBCO #31966-021)
supplemented with 7% fetal calf serum (FCS; Dutscher
#S005130003) and penicillin/streptomycin ~ (GIBCO
#15140-122) [100 IU (50 wg)/ml] in a humidified atmo-
sphere containing 5% CO, in air at 37°C. Cells were seeded
in 100, 60 or 30 ml diameter cell dishes for western blot
or RNA extraction experiments, and 24-well plates for
luciferase experiments.

Transfections were performed using the home-optimized
PEI method by using polyethylenimine ‘Max’ (Polysciences,
Inc., #24765) as the transfection agent in a 1 mg/ml solu-
tion (pH 7.0) in water. PEI was complexed to the different
plasmids with a ratio of 2.5 wl of PEI for 1 pg of plas-
mid DNA. Formation of PEI-DNA complexes occurred
by incubating PEI and plasmid DNA in 100 mM NacCl for



30 min at room temperature [the final volume constituting
1/10 (v/v) of the total cell medium with FCS]. The PEI-
DNA precipitate was deposited drop by drop onto the cell
culture medium. The medium was changed 16-24 h later.
For 24-well plates, the amount of plasmid DNA per well
was 0.5 pg. The DNA amount and volume of the transfec-
tion mix were adapted according to the surface of the cul-
ture dish.

Luciferase assays

For luciferase experiments, cells were seeded in 24-well
dishes and transfected the next day. A 0.5 pg aliquot of to-
tal plasmid DNA was transfected, including the ffLuc con-
struction and the plasmid pRL-TK (Promega) encoding the
R-Luc which was co-transfected in a ratio of a 1/10 of the
total DNA to control the variability of transfection effi-
ciency in the reporter assays. The medium with transfection
mix was changed to fresh medium 16-24 h after transfec-
tion. At 48 h after transfection, soluble extracts were har-
vested in 50 pl of Promega 1 x passive lysis buffer (# E1941);
lysis was carried out for 30 min under constant shaking. A
single volume of 20 .l was assayed for R-Luc and ffLuc ac-
cording to the published protocol (28). Transfections were
performed in triplicate, and different plasmid preparations
of the same construct were assayed. Luminescent counts
were read using opaque 96-well plates in the dual injector
luminometer Solaris from Robion (Germany).

Use of the GAL4-ELK1-myc/5 x-gal4-luc system to report
ERK activity

Transfection conditions for luciferase measurement. The
GAL4-ELK-myc/5x-gal4-luc system was used to quan-
tify ERK signaling. ffLuc activity was measured to re-
port increased transcriptional activity on the 5x-gal4 pro-
moter when the chimera GAL4-ELK was phosphory-
lated by ERK on its ELK moiety containing the ERK
phosphorylation sites. HeLa cells were seeded in 24-well
plates. Each triplicate of wells was transfected by a total
of 100 ng of pPSGG-GAL4-ELK-myc, 160 ng of plasmid-
5x-gald-luc, 30 ng of Renilla pRL-TK and 50 ng of the
Rafl-CAAX plasmid; finally pSGG-promE1-ERK 1! or
pSGG-promE1-ERK 1™ (with the ERK1 Nt) were trans-
fected in increasing quantities (0.3, 0.5, 0.7 and 1.1 pg),
compensated with empty psgg-vector. Transfection was
performed using PEI as described before with a 2.5 ra-
tio of PEI/plasmid (pl/png). At 48 h after transfection,
cells were lysed for simultaneous ffLuc and R-Luc activity
assays.

Transfection conditions for western blot analysis. To an-
alyze the GAL4-ELK phosphorylation profile by western
blot, HeLa cells seeded in 6 cm diameter plates were trans-
fected with 1 pg of Rafl1-CAAX and 10 pg of GAL4-ELK-
myc plasmids in the presence of increasing quantities of
pECE-HA-ERK or pECE-HA-MEK (from 0.15 pg to 4
g as indicated in Figure 1C). Transfection was performed
with PEI as described previously, At 16 h post-transfection,
medium was rinsed and replaced by fresh medium and 24
h later the cells were lysed in 1.5x Laemmli sample buffer
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and immunoblotting analysis was performed as described
below.

Immunoblotting

Cells were lysed in Laemmli sample buffer prior to boil-
ing. Proteins were separated by sodium dodecyl sulfate
(SDS)—polyacrylamide gel electrophoresis (PAGE) [10%
acrylamide-bis acrylamide (29:1) gels] loaded with 15-40
pg of protein per lane depending on gel size. Proteins
were transferred onto BioTrace Nt nitrocellulose mem-
branes from PALL (#66435). Membranes were blocked
by incubating with 2.5% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) containing 0.12% cold-
skin fish gelatin and 0.1% casein (all from Sigma). Antibod-
ies were incubated in PBS containing 0.1% cold-skin fish
gelatin and 0.08% casein. The HA constructs were visual-
ized by the monoclonal antibody HA11 1:1000 (Eurogentec
#16B12). Phosphorylated ERK1/2 was detected with the
mouse monoclonal anti-phospho-ERK 1/2 antibody 1:3000
(Sigma #MS8159); identical results were obtained with the
rabbit monoclonal anti-phospho ERK 1:1000 (Cell Signal-
ing Technologies #4370). Total ERK was detected with
the rabbit monoclonal anti-ERK 1:2000 (Cell Signaling
#4695) or the rabbit anti-rat ERK1 1:4000 (Fisher 1019-
9152). MEK was detected with a home-made antibody
(1:2000) described previously (29). The ffLuc protein was
detected using the rabbit polyclonal antibody anti-ffLuc
1:1000 (MBL #PMO016), the phospho-GAL4-ELK protein
was visualized with the rabbit polyclonal antibody 1:1000
(Cell Signaling Technologies #9181S), the total GAL4-
ELK protein was detected with the anti-myc antibody clone
4A6 1:3000 (Merck Millipore # 05-724) and the rabbit
anti-HSP90 antibody was from Cell Signaling Technologies
(#4877S). Secondary antibodies were IR dyes anti-rabbit
800CW (1:7000) and anti-mouse 680RD (1:7000) from LI-
COR. The imager used is LI-COR Odyssey for detecting
bands and quantification; all images are presented with
gamma = | during image processing.

Quantitative PCR

NIH3T3 fibroblasts plated in 60 mm plates were transfected
with plasmids and PEI mix as described previously. A 6
g aliquot of various pSGG-GG-luc2P-plasmids was trans-
fected as indicated in the legend of Supplementary Figure
S3A. RNAs were extracted using TRIzol reagent (Invitro-
gen) and the RNeasy mini kit from QIAGEN (ref #741006).
RNA (1.5 pg) was treated with the RNase-free DNase
I set from QIAGEN (ref #79254) for 15 min according
to the manufacturer’s instructions. This step removed any
trace of DNA, including plasmid DNA. Reverse transcrip-
tion was performed with the Omniscript kit from QIAGEN
(ref # 205111) according to the manufacturer’s instruc-
tions. Luciferase cDINA expression levels were quantified by
real-time PCR using SYBR-Green PCR Master Mix RT-
SN2X-03+ (with ROX) from Eurogentec (Belgium). The
oligonucleotides to amplify mouse luc2P firefly luciferase
transcript were luc2P-forward (CTGTTCATCGGTGTG-
GCTGT) and luc2P-reverse (GCGCTCGTTGTAGAT-
GTCGTT). Luc2P levels were normalized using the mouse
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erk2 cDNA expression level. Mouse-erk2 was ampli-
fied with mERK2-forward primer (GGAGCAGTATTAT-
GACCCAAGTGA) and mERK2-reverse primer (TCGTC-
CAACTCCATGTCAAACT). Results are represented as
the average of five independent experiments.

Statistical analysis

Statistical tests were conducted in Excel with the Anal-
ysis ToolPak. Welch’s 7-test was chosen to compare two
independent groups due to suspected differences in vari-
ances linked to sample size. Details on sample sizes and
significance can be found in the figure legends. All exper-
iments have been reproduced at least three times with simi-
lar results. Independent plasmid preparations confirmed lu-
ciferase measurements after transient transfection.

Gene classification and protein sorting

Human gene sequences were obtained from Biomart En-
sembl Release 104. The protein coding sequence and 12 nu-
cleotides upstream were exported and converted to single-
lane Fasta format. Each sequence was segmented into the
Kozak sequence (9 nucleotides) and the first 39 coding nu-
cleotides. Coding sequences were translated and the Swis-
sprot number was concatenated with its translated coding
sequence (13 amino acids). Duplicates were removed, drop-
ping entries from 99K to ~23K. This strategy allows entries
with the same accession number but different Nt-coding se-
quences to be scrutinized. The sum of alanine residues and
glycine residues among the sequence of 13 amino acids was
calculated. The frequency of each of the four alanine codons
was determined among the first six amino acid positions.
This size was chosen because it is the size of the ERK?2 ala-
nine stretch that was demonstrated to provide full effect.
Ranking of proteins was determined arbitrarily according
to the following rules: 30 points given if the second amino
acid is alanine; 25 points per alanine in the third or fourth
position; 3 points per alanine in the fifth to sixth position;
2 points per alanine in the seventh to ninth position; and 1
point per alanine in the 10th to 13th position. To this num-
ber, the total number of alanine residues among the first 13
amino acids is added. The first protein in the list has 11 ala-
nines out of 13; beyond the protein ranked in position 15
370, no alanine residues are present in the Nt (overall, 7923
proteins in the list have no alanine in their first 13 amino
acids). From this list, families of proteins were sorted, such
as the 85 proteins harboring a canonical Kozak sequence
(Supplementary Table S1), or proteins harboring at least a
stretch of six consecutive Nt alanines (Supplementary Fig-
ure S5B). For searching the presence of housekeeping genes
(HKGs) in groups of 500 proteins, the list of HKGs was
downloaded from the protein atlas web site in 2021:
https://www.proteinatlas.org/humanproteome/tissue/

housekeeping and searching was operated by the Excel
formula VLOOKUP. A similar procedure was done with
the list of HKGs in the supplementary materials of the
publication of Eisenberg and Levanon (30).
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Figure 1. ERK quantity shapes signal output. (A) Analysis of ERK ac-
tivity (expressed in relative luciferase units, RLU) in extracts of HelLa
cells transiently transfected with the GAL4-ELK /gal4-Luc system (ELK-
GAL4/Luc), along with increasing amounts of WT or constitutive active
forms of either RAF1 or MEK (RAF1-CAAX or MEK-SSDD) or WT-
ERK (n = 3). (B) RLU from extracts of HeLa cells transfected with ELK-
GAL4/Luc, RAF1-CAAX and increasing quantities of either WT-ERK
or WT-MEK as in (A) (n = 3). (C) Western blot experiment from extracts
of HeLa cells transiently transfected with myc-tagged GAL4-ELK in the
presence of RAF1-CAAX and increasing amounts of either HA-tagged-
ERK or HA-tagged-MEK. HA-tagged protein expression was visualized
with an anti-HA antibody (second panel). Phosphorylation of either ERK
or GAL4-ELK was assessed using specific anti-phospho antibodies (third
and fourth panels). Arrows on the fourth panel indicate the phosphory-
lated GAL4-ELK forms. HSP90 expression was used as a loading control
(first panel).

RESULTS

Both ERK activity and quantity play crucial roles in ERK
signaling

We studied the relevance of ERK quantity on the ERK cas-
cade signal output using the GAL4-ELK /gal4-luc system in
which the production of ffLuc increases when the chimeric
GAL4-ELK protein is phosphorylated by ERK. Then, we
evaluated the consequences of increasing the quantity of
WT or constitutively active kinases.

Using transfected HeLa cells, we confirmed that either
a constitutively active RAF1 mutant, i.e. RAF1-CAAX,
or a constitutively active MEK mutant, i.e. MEK-SSDD,
strongly increased ffLuc activity in a dose-dependent man-
ner compared with their respective WT forms or with WT-
ERK (Figure 1A).


https://www.proteinatlas.org/humanproteome/tissue/housekeeping

In cells with constitutively active RAF1-CAAX, increas-
ing amounts of WT-ERK further induced a dose-dependent
increase in ffLuc activity, which was not seen with increas-
ing quantities of WT-MEK (Figure 1B). This result strongly
suggests that under persistent activation of the ERK path-
way, only ERK quantity is rate limiting. To confirm this ob-
servation, phosphorylation of a chimera of ELK, a direct
ERK substrate, was measured by immunoblotting. Basal
myc-tagged ELK phosphorylation was fully inhibited in
the presence of the MEK inhibitor PD184352, whereas in
the presence of RAF1-CAAX the multi-phosphorylation
profile of ELK shifted to higher molecular weight bands
(Supplementary Figure S1). Under this basal activation by
RAF1-CAAX, increasing amounts of WT-ERK led to an
increase in phospho-ERK levels as well as the increase in
ELK phosphorylation (Figure 1C; Supplementary Figure
S1). The ELK expression pattern mostly mimics the ELK
multi-phosphorylation profile. Thus, in the context of con-
stitutive activation of the ERK pathway, increasing ERK
expression not only increases the intensity of ELK acti-
vation but also changes its multi-phosphorylation profile.
In contrast, increasing expression of MEK induced neither
ERK nor ELK phosphorylation (Figure 1C).

The ERK Nt impacts ERK signaling

ERKI1 and ERK2 are both ubiquitously expressed and
readily detected by immunoblotting in cell lines and tissues.
Furthermore, quantitative proteomic analysis indicates that
ERKs are among the most expressed kinases. For example,
in NIH3T3 cells, only CDK1 and a few metabolic kinases
are more highly expressed than ERK2, while ERK1 is ex-
pressed in the range of MEK1 or MEK2 (ERK2 being the
375th most expressed protein in this cell model) (31). In a
panel of 32 human tissues, the quantity of ERK quantity is
than that of MEK in 90% of multiple samples (32). To bet-
ter understand the basis of elevated ERK1/2 expression, we
studied erk promoters and the role of ERK Nt sequences
that are highly G/C rich similarly to both 5-UTRs. It is
easy to distinguish the ERK Nt moieties from the catalytic
domain because, after their first shared glutamic acid (E'?
of ERK2, E?° of ERK 1), human ERK 1 and ERK?2 are 83%
identical (33). Although the ERK1 Nt is twice as long as the
ERK?2 Nt (29 versus 12 amino acids), both include a stretch
of Ala®“S codons immediately downstream of the initiating
methionine (Met;) (Figure 2A).

To investigate a putative role for ERK Nts in regulat-
ing ERK signaling, the GAL4-ELK /gal4-luc reporter sys-
tem was transfected along with increasing quantities of
an ERK1-encoding construct, containing its proximal pro-
moter in the absence or presence of its Nt (Figure 2B).
In the presence of RAFI-CAAX alone, ffLuc activity was
stimulated 20-fold compared with the basal level, while in-
creasing quantities of ERK1 further induced ERK signal-
ing in a dose-dependent manner. However, in the absence
of the ERK1 Nt, signaling output was decreased (Figure
2B). We then investigated whether the absence of the Nt
could alter ERK1 kinase activity. Because there is a direct
correlation between ERK activity and the extent of ELK
multi-phosphorylation (Supplementary Figure S1; Figure
1C), we co-transfected HeLa cells with ELK and increas-
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ing quantities of ERK1 with or without its Nt. As shown
in Figure 2C, when similar amounts of full-ERK1 (with the
Nt) or catalytic-ERK 1 (without theNt) were expressed (lane
4 versus lane 7), the activation levels of ELK were simi-
lar, either when measured by an anti-phospho-ELK anti-
body or by observing the molecular weight shift of multi-
phosphorylated myc-ELK. Therefore, the ERK1 Nt do-
main does not play a role in ERK-specific kinase activity.

The ERK Nt increases ERK quantity and reduces the synthe-
sis of smaller polypeptides

Cells were transiently transfected to assess the ability of
the ERK Nt domains to regulate ERK quantity, catalytic-
ERKI1, under the control of the native erk! promoter and
fused or not to the ERK1 or ERK2 Nt (Figure 2D). As
shown by the phospho-ERK and ERK-HA profiles (Fig-
ure 2D, first four lanes), ERK-HA proteins displayed an in-
creased molecular weight when the Nt moieties were present
(+29 amino acids for ERK1 and +12 amino acids for
ERK2, red arrows of Figure 2D, upper panel, lanes 3 and 4
versus lane 2). Mutation of the native start codon to GUG
led to lack of ERKI1 expression (lane 1). Phosphorylated
(functional) HA-tagged ERK proteins with Nt extensions
from either ERK1 or ERK2 were ~4-fold more abundant
than those lacking the Nt (red arrows of Figure 2D, lower
panel, lanes 3 and 4 versus 2).

Initial detection of transfected ERK-HA by immunoblot
revealed bands of lower molecular weight expressed at vari-
able levels. Here, to maximize detection of these bands, cells
were treated overnight with the proteasome inhibitor borte-
zomib. A major low molecular weight band was expressed at
~43 kDa (Figure 2D, upper panel, #1). These lower molec-
ular weight bands (from #1 to #5) are unlikely to corre-
spond to degradation products, firstly because they are less
abundant under conditions of strong expression of full-size
HA-tagged ERK proteins (upper panel, lanes 3 and 4 versus
lanes 1 and 2), and secondly because they are more abun-
dant when catalytic-ERK1 is not expressed due to a mu-
tated AUG initiation codon (lane 1). The ERK1 Nt ap-
peared more efficient than the ERK2 Nt in reducing ex-
pression of the lower molecular weight bands (lane 3 versus
lane 4). We therefore hypothesized that they correspond to
products translated by leaky scanning from in-frame down-
stream AUGs. Therefore, we sought to compare the size of
these low molecular weight proteins with polypeptides pro-
duced from either the second, third or fourth downstream
in-frame AUG codons (sequences in Supplementary Fig-
ure S2A). The truncated forms of the catalytic ERK-HA
were expressed at higher levels using the CMV promoter
(lane 5 versus lane 2) because smaller quantities of plasmids
were transfected. The main bands produced from the sec-
ond, third or fourth AUG (Figure 2D, lanes 6, 7 and 8) cor-
responded to the sizes of the putative leaky scanning prod-
ucts (#1, #2 and #3 bands). Only proteins that included the
catalytic moiety of ERK1 were phosphorylated and thus ac-
tivated by MEK (lanes 2-5, lower panel).

To confirm that the smaller polypeptides observed in
the absence of the Nt moiety corresponded to leaky scan-
ning products, we deleted the second in-frame AUG codon
of ERK1 by mutating A'% to G (M66V). As shown in
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Figure 2. Effect of ERK NTARs on ERK signaling, activity and expression. (A) Nucleotide and amino acid composition of mouse and human ERK1
and ERK2 Nt domains upstream of the glutamic acid residue common to both ERKs (highlighted in yellow). Downstream of the initiating methionine
(in blue), alanine stretches occur and their corresponding GCG codons are highlighted in red (full nucleotide sequence in Supplementary Figure S10).
(B) Measurement of ERK activity using the GAL4-ELK /Luc system (RLU) in HeLa cells transfected with an empty plasmid or increasing quantities
of ERK1 under the control of its own proximal promoter, in the absence (white bars) or presence of its Nt moiety (gray bars). Except for the first empty
plasmid condition, cells were all co-transfected with 100 ng of constitutive active RAF1-CAAX construct (n = 3; *P < 0.05 or **P < 0.01 bilateral Welch’s
t-test, representative of three experiments). (C) Western blot analysis from extracts of HeLa cells transfected with active RAF1-CAAX and myc-tagged
Gal4-ELK (ELK-myc), together with HA-MEK plasmid (lane 1) or decreasing amounts of HA-tagged ERK1, either with its Nt (NtE1-ERK1-HA, lanes
6-8) or without (ERK1°#lYt_HA | the catalytic moiety of mouse ERK1 lacking the first 26 amino acids, lanes 2-5). The top panel shows expression of
HSPI0 as a loading control, the second panel shows expression of ERK1-HA and HA-MEK, the third panel reveals phosphorylated ERKs (ectopic and
endogenous), and the fourth and fifth panels show the profile of total myc-tagged GAL4-ELK and the multi-phosphorylated GAL4-ELK profile. (D)
Western blot analysis from extracts of HEK293 cells transfected with various HA-tagged ERK constructs depicted with their predicted molecular weights
above the blots. One day post-transfection, cells were treated overnight with 100 nM bortezomib to decrease proteasome-mediated protein degradation,
then cells were stimulated for 15 min with 0.1 M orthovanadate prior to lysis to increase detection of phosphorylated ERK. The first four constructs were
expressed under the erk! promoter (lanes 1-4). ERK1 was expressed from either a mutated AUG (GUG, lane 1) or a normal AUG initiation codon (lanes
2-4). Nt domains of ERK1 or ERK2 were fused to catalytic ERK1 (lanes 3 and 4). Truncated ERK1 forms were expressed under the CMV promoter
(lanes 5-8). Of note, lanes 5-8 were transfected with 18-fold less plasmid than lanes 1-4 (CMV versus ERK1 promoter). Lane 5 shows catalytic ERK1,
whereas lanes 6-8 show polypeptides starting at the second, third or fourth in-frame AUG codons. Red arrows indicate the full-length ERK1-HA proteins.
In lanes 1-4, smaller polypeptides expressed under the erk/ promoter are indicted by decreasing sizes (#1 to #5) on the left of the upper blot. Detection of
HA-tagged proteins was performed using an anti-HA antibody (upper panel), whereas phosphorylated ERK (ectopic and endogenous) was assessed using
a specific phospho-ERK antibody (lower panel). (E) Western blot analysis of HeLa cells transfected and processed as in (D). The first three lanes show
expression of ERK1-HA whose catalytic domain is WT while the last three lanes show expression of ERK1-HA whose catalytic domain has the second
in-frame AUG mutated to GUG. In lanes 1 and 4, ERK lacks its first AUG, while in lanes 3 and 6 ERK1 contains the Nt domain. Arrows indicate the
functional ERK1-HA proteins. The lower molecular weight polypeptides are indicated on the left (#1 to #3).



Figure 2E, in the absence of the first AUG or in the ab-
sence of the Nt moiety, a band of smaller molecular weight
was observed (Figure 2E, control lanes 1 and 2, band #1).
When the second AUG of ERK1 was mutated (Figure 2E,
lanes 4 and 5), this band disappeared, while expression of
lower molecular weight bands slightly increased (#2 and
#3). In the presence of the ERK1 Nt, only the full-length
protein was expressed, independently of the status of the
second in-frame AUG (WT or mutant, Figure 2E, lanes
3 and 6, respectively). Taken together, these data suggest
that the presence of Nt domains ensures the synthesis of
full-length functional ERK proteins while inhibiting the ex-
pression of shorter polypeptides from downstream AUGs
through leaky scanning.

Firefly luciferase reporter gene recapitulates the action of
ERK-Nts

We next tested whether the ERK Nt downstream of the
ERKI1 promoter and 5-UTR prevented leaky scanning to
additional proteins such as the reporter ffLuc. We trans-
fected NIH3T3 cells with constructs that fuse the ERK1 Nt
or the ERK2 Nt to ffLuc. Compared with the absence of
Nt, such constructs demonstrated increased luciferase ac-
tivity by ~10-fold (Figure 3A, upper panel). Even though
the mouse erk2 proximal promoter drove ffLuc basal ex-
pression >100-fold higher than the erk! promoter, fusion
of the ERK2 Nt moiety increased ffLuc activity by ~2.5-
fold (Figure 3A, lower panel). These observations were re-
produced in other mammalian cell lines, including mouse
neuro2a, B16 melanoma and C2C12 (data not shown), and
human cell lines HEK293 and HeLa. Fusions that included
ERK Nt domains did not alter ffLuc mRNA level as de-
termined by quantitative reverse transcription-PCR (RT-
qPCR) in NIH3T3 cells (Supplementary Figure S3A), sug-
gesting that the ERK Nt acts post-transcriptionally.

To assess whether the ERK Nt improves expression of
full-length ffLuc at the expense of smaller polypeptides, as
was observed with ERK1 protein expression itself, we an-
alyzed ffLuc expression by immunoblotting. To maximize
the signal, we replaced the C-terminal PEST sequence of
ffLuc with the HA-tag and transfected HelLa and HEK?293
cells (Figure 3B). In constructs containing the erk! pro-
moter, in the absence of the ERK Nt sequence, full-length
ffLuc was weakly expressed at the expected size of 61.8
kDa (lane 1, red arrow), while there was greater intensity
for two bands of ~58 and 55 kDa, sizes corresponding to
the expected sizes of polypeptides generated from the sec-
ond and third in-frame AUG codons of ffLuc (sequences in
Supplementary Figure S2B). When the ERK1 or ERK2 Nt
was present (lanes 2 and 3), intense bands appeared with
sizes consistent with full-length ffLuc, while expression of
lower molecular weight bands markedly decreased. Com-
pared with the ERK2 Nt, the ERK1 Nt more efficiently re-
duced expression of the low molecular weight forms (Figure
3B, lane 2 versus 3), as was also observed for ERK1 protein
(Figure 2D).

To confirm that the shorter polypeptides are due to leaky
scanning, we mutated the second in-frame AUG of ffLuc
(A% to G, corresponding to a ffLuc M30V protein muta-
tion). In the absence of the second AUG (Figure 3C, lanes 4
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Figure 3. Firefly luciferase (ffLuc) as a reporter to study ERK Nt action on
start codon selection. (A) Normalized ffLuc activity (RLU) from extracts
of NIH3T3 cells transfected with plasmids containing the erk/ promoter
and the 5’-UTR (prom E1), in the absence (lane 1) or presence of ERK1 or
ERK2 Nt moieties fused to ffLuc (lanes 2 and 3). Transfection of plasmids
with the erk2 promoter and 5'-UTR (prom E2) in the absence (lane 4) or
presence of ERK2 Nt fused to ffLuc (lane 5) (n = 3, representative of >3
experiments). (B) Western blot analysis of extracts from HeLa cells and
HEK?293 cells transfected with various constructs, all in the context of the
erkl promoter and 5'-UTR. The presence of Nt domains (red), the posi-
tion of the HA tag (green) and the predicted molecular weight of full-length
proteins are indicated. Detection of HA-tagged luciferase was performed
using an anti-HA antibody. The red arrow corresponds to ffLuc-HA at the
expected size (lane 1); asterisks (*) indicate leaky scanning bands. (C) West-
ern blot analysis from HEK?293 cells transfected and processed as in (B).
The first three lanes express WT-ffLuc-HA while the last three lanes ex-
press ffLuc-HA with its second in-frame AUG mutated to GUG. In lanes
1 and 4, ffLuc lacks the first AUG while in lanes 3 and 6 the ERK1 Nt do-
main was fused to ffLuc. Small molecular weight polypeptides expressing
the HA-tag are indicated on the left (#1 and #2). Arrows indicate func-
tional ffLuc-HA at the expected size.
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and 5), the 58 kDa band (#1) disappeared while the 55 kDa
band (#2) increased in intensity. This result demonstrates
that translation starts at an AUG further downstream when
the second in-frame AUG is mutated. When the ERK 1 Nt s
fused to ffLuc, mutation of the second in-frame AUG leads
to weak expression of the 55 kDa polypeptide (Figure 3C,
lane 6), while when the ERK1 Nt is fused to the WT-ffLuc
the bands at 58 and 55 kDa are not expressed significantly
(Figure 3C, lane 3). This suggests a potential interaction be-
tween the first two AUGs, leading to a preference for trans-
lation from the first one. These data support the idea that
the ERK Nts can optimize start codon selection, leading to
increased expression of full-length proteins, and thereby im-
prove translational fidelity through the prevention of leaky
scanning.

When tested in the settings of two nearby AUGs, the ERK Nt
reduces leaky scanning in all reading frames

To further support our hypothesis that start codon selection
in erkl is inefficient in the absence of the ERK Nt domain,
we tested whether a nearby downstream AUG in a favor-
able Kozak context would be recognized by the scanning
pre-initiation complex (PIC). We inserted a sequence of 69
nucleotides flanked by two AUGs upstream of the ffLuc
coding sequence, the first AUG being the native erk/ AUG
with its native Kozak context. When the second AUG was
in an unfavorable Kozak context (CUUAUAUUA-AUG-
G, termed ‘Kozak poor’), ffLuc activity appeared low in
the absence of the Nt (Figure 4A, lane 1) and ffLuc re-
mained low in the presence of the control HSTK Nt (lane
2). However, in the presence of the ERK1 Nt upstream
of the first AUG, ffLuc activity increased almost 5-fold
(lane 3). When the second AUG was in a favorable con-
text (GCCGCCGCC-AUG-G, termed ‘Kozak canonical’),
ffLuc activity increased even in the absence of the Nt (Fig-
ure 4A, compare lanes 4 and 1). Indeed, there was no sig-
nificant difference in ffLuc activity in the presence or the
absence of the ERK1 Nt on the first AUG (compare lanes
4 and 6). In the presence of the HSTK Nt downstream of
the first AUG, a second AUG in the good Kozak context
also increased ffLuc activity (compare lanes 2 and 5). Over-
all, the results in Figure 4A suggest that when the ERK Nt
is removed, the native mouse erk! AUG itself is not favored
for start codon selection and the PIC scans the mRNA until
a more favorable AUG is encountered.

In Figure 4A, both nearby AUGs were in the same read-
ing frame, whereas in Figure 4B we sought to test whether
the presence of the ERK Nt at the first AUG could also
influence AUG choice downstream, in alternative reading
frames. Here, the second AUG is either in the second read-
ing frame relative to erk! AUG (lanes 1-3), or in the third
reading frame (lanes 4-6). It is important to note that only
the use of this second AUG in alternative reading frames
will allow expression of the functional ffLuc. In the absence
of the Nt at the first AUG, ffLuc expression was elevated
when the second AUG was in the second reading frame
(Figure 4B, lane 1) or in the third reading frame (lane 4). In
the presence of the HSTK Nt, expression of ffLuc remained
elevated in alternative reading frames, although slightly less
than in the absence of the Nt, particularly in the third read-

ing frame (lane 5). However, in the presence of the ERK1
Nt, expression of ffLuc was maximally reduced in both al-
ternative reading frames (Figure 4B, lanes 3 and 6). These
results confirm that the presence of the ERK1 Nt enforces
start codon selection and dictates the reading frame, such
that expression from alternative reading frames is markedly
reduced, even when the downstream AUGS are in a very fa-
vorable context (canonical Kozak). Note that all AUGs ex-
amined here have a G** context. Thus, although the ERK 1
Kozak context has an optimal composition with a purine
at -3 and a G at +4 (15), leaky scanning occurs in the ab-
sence of the Nt in the same reading frame (Figure 4A) or in
alternative reading frames (Figure 4B).

Human ERKs have a second nearby AUG to further reduce
leaky scanning

A natural in-frame AUG codon exists at the end of mouse
ERK2, human ERK2 and human ERKI Nt sequences
(Figure 2A). We investigated whether this second AUG par-
ticipated in ERK start codon selection and as a conse-
quence further reduced leaky scanning. An AUG, or the
control codons GUG or GUC, was inserted between the
ERK2 Nt and ffLuc in the context of the erk! promoter,
because this promoter/Nt combination allows better visual-
ization of the leaky scanning products (Figures 2D and 3B).
In Figure 4C, immunoblot analysis indicates that all con-
structs produced the functional ffLuc protein (upper band)
along with some leaky scanning products at 58 and 55 kDa
(see quantification in Figure 4C, lower panel). Leaky scan-
ning was maximized in the absence of the ERK1 Nt (lane 1)
but diminished in the presence of the ERK1 Nt and ERK?2
Nt (lanes 2 and 3). In the ERK2 Nt constructs, insertion of
GUC or the near-cognate GUG codon after the Nt did not
affect luciferase production (lanes 5 and 6 versus 3), whereas
insertion of an AUG codon at the same position reduced
leaky scanning (different plasmid preparations of lanes 4
and 7 versus 3). Leaky scanning observed in the context of
the erkl promoter is also observed with the human KRAS
Nt with its native promoter (lane 8). Considering that ERK
polypeptides resulting from leaky scanning are not phos-
phorylated by MEK (Figure 2D), these results suggest that
the presence of two in-frame AUGS in close proximity in-
creases synthesis of fully functional ERKs.

Features of the erkl 5’-UTR that confer ERK Nt action

We studied the specificity of the ERK Nt by using proxi-
mal promoters from two other genes, HSV-TK and human
KRAS. For these promoters of strengths similar to that of
mouse erkl, fusion of their respective Nt moieties to ffLuc
had no impact on ffLuc activity (Figure 5SA). The ERK2
Nt induced a modest but significant increase of activity in
the context of both the HSV-TK promoter and the KRAS
promoter (Figure 5SA). These results demonstrate that the
maximal increase of ffLuc expression is specific to the com-
bination of erk promoters/5’-UTR and ERK Nits.

We explored whether specific domains within the erk 5'-
UTR were required for efficient translation of full-length
protein. Recognizing that deletions of the 5-UTR may re-
move promoter sequences, progressive shortening of the
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Figure 4. Leaky scanning in the presence of two AUGs, in a controlled or native context. (A) RLU measured from NIH3T3 cells transfected with ffLuc
constructs under control of the erk/ promoter and the 5-UTR (pEl) with its native AUG in a G™ context, separated from a second AUG in the same
reading frame by a 69 bp spacer. This second AUG is in the context of a poor Kozak sequence (boxed in red) or the canonical Kozak sequence (boxed
in blue), both Kozak sequences being in a G** context. In lanes 1 and 4, the spacer is located immediately downstream of the first AUG; in lanes 2 and
5, the first AUG is fused to the HSTK Nt; and in lanes 3 and 6, the first AUG is fused to the ERK1 Nt (n = 3, representative of three experiments). (B)
as in (A), except that for lanes 1-3 the spacer is 70 bp long, while in lanes 4-6 the spacer is 71 bp long. Changes in spacer length led ffLuc to be coded
in alternative reading frames relative to the first AUG (n = 3, representative of three experiments). (C) Western blot analysis from lysates of HeLa cells
transfected with HA-tagged ffLuc constructs under the erk/ promoter and 5'-UTR, and harboring or not a second potential start site downstream of the
ERK2 Nt. This site is an AUG in lanes 4 and 7 (native position in human ERK2) or its near-cognate codons GUG or GUC in lanes 5 and 6. Control
constructs were the kras promoter with the KRAS Nt fused to ffLuc in lane 8, prom E1 with the E1 Nt fused to ffLuc in lane 2, and prom E1 upstream of
ffLuc in lane 1. HA-MEK was co-transfected to normalize the transfection efficiency. Detection of HA-tagged proteins was performed using an anti-HA
antibody. Presence of low molecular weight proteins due to leaky scanning is indicated (upper panel). The graph represents the percentage of leaky scanning

products relative to full-length forms.
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Figure 5. Analysis of 5-UTR features that cooperate with the ERK Nt to
determine start codon selection. (A) RLU from extracts of NIH3T3 cells
transfected with plasmids bearing HSV-TK (orange) or KRAS (gray) pro-
moters and the 5-UTR. ffLuc was expressed directly behind promoters
(white bars) or fused to their homologous Nt domain (orange and gray) or
ERK2 Nt moiety (blue) (n = 6, ns = not significant, **P < 0.01 or ***P
< 0.001 bilateral Welch’s ¢-test, representative of three experiments). (B)
NIH3T3 cells transfected with bicistronic constructs depicted above the
graph. The CMV promoter expresses one mRNA, with R-Luc normaliz-
ing ffLuc (RLU). The second cistron, ffLuc, is fused (yellow bars) or not
(white bars) to the ERK1 Nt. Upstream of the erk! Kozak AUG sequence,
fragments of the mouse erk/ 5'-UTR are cloned with the indicated sizes (0
177 nucleotides, deletions from the 5’ side) (n = 3, ns = not significant, * P
< 0.05 or **P < 0.01 bilateral Welch'’s ¢-test, representative of three exper-
iments). (C) RLU from NIH3T3 cells transfected with plasmids harboring
distinct Kozak sequences in the context of promoter erk/ and its 5-UTR
(pE1). ffLuc is fused (yellow bars) or not (white bars) to the ERK1 Nt,
and fold induction is indicated on the graph near the yellow bars. Lines 1
and 2 contain erk! Kozak and lines 3 and 4 the canonical Kozak sequence.
From lines 5-10, nucleotides of Kozaks were swapped as indicated. Gua-
nine nucleotides shared by erk/ and the canonical Kozak context are in
black, nucleotides specific to the erk! Kozak context in blue and those spe-
cific to the canonical Kozak context in red (n = 3, representative of three
experiments).

erkl 5-UTR was analyzed between two cistrons, tran-
scribed as a single mRNA from an upstream CMV pro-
moter. Ribosome entry for the second cistron was provided
by FGF-1A IRES, a weak cellular IRES (34). This weak
cellular IRES avoids caveats of strong viral IRES, such as
driving AUG choice without scanning in some cases (35).
For these constructs, the AUG of the second cistron (ffLuc)
was in the context of the erk! Kozak sequence (Figure 5B).
When the ERK1 Nt was fused to ffLuc, increasing the
length of the erkl 5'-UTR progressively increased ffLuc ac-
tivity (Figure 5B), while in the absence of the Nt, increasing
the length of the erk/ 5-UTR had a progressively inhibitory
effect. With very short 5'-UTR sequences (9-20 nucleotides,
including the erk ! Kozak context), no significant differences
were observed in the presence or absence of the ERK1 Nt,
whereas maximal ffLuc activity was observed in the pres-
ence of the ERK1 Nt with the complete 5-UTR sequence
of mouse erkl (186 nucleotides, including the erkl Kozak
sequence 36). These results show that the entire 5-UTR is
needed for the full response.

To study the specificity of the erk! Kozak sequence for
ERKI1 Nt action, we swapped its nucleotides with those of
the canonical Kozak sequence, in the presence or absence
of the ERK1 Nt fused to ffLuc. Importantly, all constructs
were in a G™ context, from AUG-GCG (Met-Ala) with
the Nt or from AUG-GAA (Met-Glu) in the absence of the
Nt. In the absence of the ERK 1 Nt (Figure 5C, white bars),
when the erkl Kozak sequence was replaced by the canon-
ical Kozak sequence, ffLLuc activity was increased by 4-fold
(line 1 versus line 3). This indicates that, compared with the
erkl Kozak sequence, the canonical Kozak sequence more
efficiently drives start codon selection. However, when the
ERK1 Nt is fused upstream of the reporter gene (yellow
bars), the canonical Kozak sequence was associated with
reduced ffLuc activity (lane 2 versus lane 4). As the G nu-
cleotides at positions —3, —6 and -9 are conserved in the erk!
Kozak sequences and the canonical sequence, we swapped
other positions by pairs, creating hybrid Kozak sequences
(Figure 5C). In the absence of the ERK1 Nt (white bars),
any changes to the canonical Kozak sequence within the
six nucleotides closest to AUG reduced luciferase activity
(lanes 7 and 9); however, changes further upstream had
no effect. In the presence of the ERK1 Nt, the intact erk!
Kozak sequence was the most efficient for driving ffLLuc ac-
tivity (lane 2 versus lanes 4, 6, 8 and 10). These results sug-
gest that either the erk! Kozak context is required for full
action of the ERK1 Nt, or the canonical Kozak sequence is
incompatible with the ERK 1 Nt sequence.

Features of the ERK Nt that enhance start codon selection

To characterize the Nt domain requirements for this func-
tion, and particularly the role of the stretch of Ala®“Y, we
first modified the ERK2 Nt nucleotide sequence in order to
progressively decrease the number of alanine residues and
evaluated the impact on ffLuc activity. Figure 6A shows
that the presence of all six alanine residues induced the high-
est ffLuc output (16-fold), whereas all other combinations
were no more than half as efficient, the lowest effect be-
ing with two alanine residues. Moreover, removing the last
three amino acids of the ERK2 Nt (GPE) had no impact
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Figure 6. Analysis of ERK Nt features that contribute to start codon selec-
tion. (A) RLU from NIH3T3 cells transfected with ffLuc constructs con-
taining the erk/ promoter and 5'-UTR (pEl) without (line 1) or with Nt
sequences, either the full-length ERK2 Nt (line 5) or shorter Nt sequences
with only one, two or three alanine residues instead of six (lines 2-4) (n = 6,
ns = not significant, ***P < 0.001 bilateral Welch’s 7-test, representative
of three experiments). (B) RLU measurement as in (A) of constructs with
ffLuc fused or not to the ERK2 Nt (control conditions, lines 2 and 1), or
with an Nt frameshifted by one, two or three nucleotides (lines 3-5). The
reading frame was recovered downstream of the ERK2 Nt as indicated.
Corresponding protein coding sequences are shown on the right (n = 3,
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(Supplementary Figure S3B). Taken together, these results
demonstrate that the number of alanine residues in the Nt
is of high importance.

To test whether the Nt nucleotide sequence is required to
be located immediately downstream of the initiating AUG,
we frameshifted the position of the ERK2 Nt progressively
while maintaining the ffLuc coding frame downstream (Fig-
ure 6B). Frameshifting was carried out with G or C nu-
cleotides to adhere to the GC richness of the ERK2 Nt
(96%, Figure 6C upper sequence). When the start codon
and the ERK2 Nt were positioned in their native state, ffLuc
activity increased by 13-fold compared with ffLuc without
the ERK2 Nt (Figure 6B, lane 1 versus 2). The insertion of
one, two or three nucleotides between the start codon and
the Nt abolished this response (lanes 3-5), demonstrating
that the position of the Nt is essential to mediate full expres-
sion of functional ffLuc. Hence, replacing all the alanine
(GCQG) by glycine (GGC) in the Nt (lane 3), or inserting a
single glycine before the ERK Nt (lane 5), markedly reduced
luciferase activity, although these glycine codons are 100%
GC rich. These findings indicate that either the position of
the Nt, immediately downstream of the AUG, or the stretch
of alanine residues itself is required, particularly an alanine
residue next to Met;.

Alanine can be translated from four different codons, but
in both the ERK 1 and the ERK2 Nt, the rarest mammalian
alanine codon (GCGQG) is used. We therefore tested various
combinations of alternative alanine codons in the Nt to de-
termine if the nucleotide sequence rather than the amino
acid sequence was the root cause of the Nt effect. As shown
before, WT-ERK2-Nt, which contains only Ala®“C codons,
increased luciferase activity by 18-fold compared with con-
structs lacking the Nt (Figure 6C, lane 1 versus 2). Upon
switching to Ala®CC codons, the response was lower (10-
fold induction, lane 3 versus 1), and luciferase activity was
even further reduced when all the codons were maximally
A/U rich (4-fold induction, lane 4 versus 1), demonstrat-
ing that codon composition is crucial. Considering that the
amino acid sequences of these proteins are identical (Figure
6C, lower panel), our results also suggest that the marked
differences in response cannot be attributed to changes in
protein half-life. Hence, the optimal alanine codon compo-
sition of the ERK2 Nt to mediate its function on protein
expression is a stretch of six GCG codons.

Many human proteins possess ERK-like Nt moieties

ERKI1 and ERK2 are encoded by two separate genes that
both require closely related NTARs for precise and efficient
translation initiation. To identify other proteins with ERK-
like Nt domains, we screened for alanine-rich sequences
specifically located at the N-termini of human proteins. Ar-
bitrarily, we limited our quest to a 13 amino acid long se-
quence, corresponding to the size of the ERK2 NTARs up
to the second AUG. Out of 23 325 human proteins analyzed,
21% start with Met—Ala, alanine being by far the most fre-
quent amino acid in the second position (Supplementary
Figure S4A). To rank NTAR proteins, we gave increasing
weight to alanine residues near Met; because we showed
that a glycine after AUG is detrimental, and considered
the total number of alanine residues because an increased
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number correlates with increased effectiveness of the ERK2
Nt. We identified PABPNI1 as a leading candidate, with 10
consecutive alanine residues after Met; (Figure 7; full list in
Supplementary Table S1). Mutations within the PABPN1
gene that extend the alanine stretch are associated with ocu-
lopharyngeal muscular dystrophy (OPMD 37).

Each of the first 100 proteins on our list has at least
three alanine residues immediately after Met;, and an over-
all alanine content of 55% within the first 12 amino acids
downstream of Met; (versus 10% average among all hu-
man proteins). In addition to alanine, glycine residues are
over-represented in our top 100 NTAR proteins (Supple-
mentary Figure S4B). However, glycine is not observed
adjacent to Met; in the first 448 proteins of the NTAR
list, and only in 1% of the first 1000 NTAR proteins,
while it is observed adjacent to Met; in 7.6% of all human
proteins (Supplementary Figure S4A). Selected proteins
ranked lower on the list are presented in Figure 7 to demon-
strate the breadth of ERK-like NTAR proteins. Some lack
alanine immediately adjacent to Met; but have other fea-
tures consistent with NTARs, such as NIPAI, ranked in
529th position, with 10 alanine residues within the first
12 amino acids (MGTAAAAAAAAAA), and PRKACA,
ranked 1997th, that has four consecutive Ala®cC codons
(MGNAAAAKKGSEQ).

To confirm that the ERK Nt translational regulation
also applies to other NTAR proteins, we examined the Nt
sequence of several proteins. The proximal promoter/5'-
UTRs of PABPNI (1.5 kb, ranked 1 in the list), TRIM28
(886 bp, ranked 110), MECP2 (966 bp, ranked 20) and
NIPAI1 (1444 bp, ranked 529) were cloned in the absence
or presence of their Nt sequences upstream of the ffLLuc re-
porter. Like the ERK2 Nt, the PABPN1 Nt has six Ala®¢¢
codons located immediately downstream of Met;, and four
additional alanine codons follow (sequence shown in Sup-
plementary Figure S10). The PABPN1 Nt increased lu-
ciferase activity 3-fold (manuscript in preparation).

Unlike the Nt of ERKs, the TRIM28 Nt has only one
Ala®CS directly downstream of Met;, and it also does
not harbor stretches of repeated alanine codons. However,
TRIM28 protein has an alanine-rich Nt with 14 alanine
residues out of the first 19 residues (bottom of Figure 8A),
with overall 50% of alanine in the first 48 amino acids down-
stream of Met;. Fusion of the TRIM28 Nt to ffLuc in-
creased ffLuc expression by ~4-fold (Figure 8A). A simi-
lar boosting effect was obtained when fusing the entire se-
quence upstream of the second AUG to ffLuc (114 amino
acids named ‘long-Nt’).

Unlike the ERK2 Nt with its six AlaSCS, the Nt of
MECP2 displays a row of six AlaS““ (followed by one
Ala®CS | sequence at the bottom of Figure 8B and in Sup-
plementary Figure S10). The Nt of MECP2 increased ffLuc
expression S5-fold (Figure 8B, lanes 1 versus 2) which was
significantly reduced when codons were switched to Ala®cC
(lane 3), and induction was nearly abolished when codons
were switched to AlaG®/GCU (lane 4). Therefore, when
comparing the Nt of ERK2 (Figure 6C) with the Nt of
MECP2 (Figure 8B), alanine codons rich in G/C are fa-
vored in both cases, but the most effective codon (GCG
versus GCC) depends on the promoter/5’-UTR upstream
of AUG.

Unlike the Nt of ERKSs, the NIPA1 Nt has a very long
stretch of 13 alanine residues that is separated from Met;
by a glycine and threonine residues, and, unlike the Nt of
ERKs, the NIPA1 stretch of eight Ala®CC codons is located
seven residues downstream from Met; (sequence at the bot-
tom of Figure 8C). Despite these differences, the WT se-
quence of the NIPA1 Nt increased ffLuc expression 3-fold
(Figure 8C, lanes 1 versus 2). Because insertion of a sin-
gle glycine between Met; and the six alanines of the ERK2
Nt nearly abolished completely the action of the ERK2 Nt
(Figure 6B), we decided to test whether the two non-alanine
residues could hamper the strength of the alanine stretch of
NIPALI. Indeed, removal of glycine and threonine adjacent
to Met; increased ffLuc expression 10-fold (lane 3), i.e. >3-
fold higher than the WT NIPA1 sequence. This increased
effect is not due to the mere shortening of the NIPA1 Nt
because even with removal of two Ala®“Y codons ffLuc lev-
els were increased as efficiently as with the WT sequence
(lane 4). These observations confirm that NTARs seem to
function better when alanine residues are located adjacent
to Met;.

Hundreds of human proteins display alanine-rich se-
quences at their N-termini (Supplementary Table S1). For
ERK1, ERK2, PABPN1, TRIM28, MECP2 and NIPAI,
their respective NTARs increase expression of functional
ffLuc in the context of their own promoter/5’-UTR, which
is not the case for proteins without an alanine-rich Nt such
as KRAS (Figure 3D). Collectively, alanine richness seems
to be the common feature of NTAR proteins; however, for
each gene, specific NTAR features may additionally con-
tribute to proper start codon selection in the context of
their proximal promoters. In summary, our work shows that
NTAR sequences play a key role in translation initiation
by favoring the proper start codon, thereby increasing the
amounts of an important subset of human proteins.

DISCUSSION

Although the N-terminal domains of mammalian ERK1
and ERK2 differ in length and composition, the ki-
nase cores share 83% identical amino acids after human
ERK26M-12 /ERK 161429 (33). The nucleotide sequences en-
coding the ERK Nt are highly GC rich, and the protein
sequences include a stretch of 5-6 Ala®“C codons imme-
diately downstream from the initiating Met;, the NTARs
(Figure 2A). In this work, we demonstrated that the ERK1
NTAR has no role in kinase catalytic activity (Figure 2C),
which we assumed for two reasons: first, invertebrate ERK
proteins lack these Nt repeated amino acids, and second, the
crystal structures of the catalytic domains of mammalian
ERK proteins do not include the Nt amino acids (e.g. Pro-
tein Data Bank entries 2Z0Q or 4QTB).

We have also shown that ERK NTARs play no role
in transcription (Supplementary Figure S3A). However,
we found that in the context of their own proximal
promoter/5-UTR, ERK NTAR moieties are associated
with increased synthesis of the functional protein (Fig-
ure 2D, E). They ensure start codon selection and re-
duce leaky scanning through interactions involving the en-
tire 5-UTR (Figures 4 and 5). The nature of the smaller
polypeptides translated in the absence of ERK NTARs was



freq. of Ala codons  freq.

(first 6 amino-acids) | Ala

Rank Name / description of protein N-term seq|GCG GCC GCA GCT | +Gly
poly(A) binding protein nuclear 1 MAAAAAAAAAAGA G0N O 0 0 100
2 SCFD1  sec family domain containing 1 MAAAAAATAAAAA | 83 0o 17 0 92
3 EHMT2 ic histone lysine 2 MAAAAGAAAAAAA | 80 0 0o 20 100
4 KLHL1  kelch like family member 11 MAAAAVAAAAAAA | 60 0 20 20 92
5 SLC25A16 solute carrier family 25 member 16 MAAATAAAALAAA | 80 20 0 0 83
6 COPS6  COPS signalosome subunit 6 MAAAAAAAAATNG | 100| o© 0 0 83
7 CNNM1  cyclin and CBS domain divalent metal transp. ~ MAAAAAAAAAVGV | 83 17 0 0 83
8 CABLES1 Cdk5and Abl enzyme substrate 1 MAAAAAAATTAAC | 83 17 0 0 75
9 CCNL2  cyclinL2 MAAAAAAAGAAGS | 100 | 0 0 0 92
10 RASA2  RAS p21 protein activator 2 MAAAAPAAAAASS | 80 0 0 20 75
11 SGCB  sarcoglycan beta MAAAAAAAAEQQS | 83 0 17 0 67
12 1PO9 importin 9 MAAAAAAGAASGL 67 0 17 17 83
13 C11orf68  chromosome 11 open reading frame 68 MAAAAAAAVAGVG [11001| o0 0 0 83
14 MMS19 HMMS 19 cytosolic iron-sulfur ass. component MAAAAAVEAAAPM 20 40 0 40 67
15 ADPRS  ADP-ribosylserine hydrolase MAAAAMAAAAGGG 60 20 20 0 92
16 SIK3 SIK family kinase 3 MAAAAASGAGGAA 11001 o0 0 0 92
17 VPS52  VPS52 subunit of GARP complex MAAAATMAAAARE 25 50 0 25 67
18 EIF3J eukaryotic translation init. factor 3 sub. J MAAAAAAAGDSDS 0 0 0 67
mitogen-activated protein kinase 1 MAAAAAAGAGPEM 0 0 0 75
methyl-CpG binding protein 2 MAAAAAAAPSGGG 0 0 0 83
21 UBR3 ubiquitin prot. Lig. E3 gnin 3 MAAAA 8l 17 o 0 75
22 SLTM SAFB like transcription modulator MAAATGAVAASAA 25 25 0 50 75
23 SRRD SRR domain containing MAAAAAAALESWQ 33 17 17 33 58
24 QDPR  quinoid dihydropteridine reductase MAAAAAAGEARRV | 67 0 17 17 67
25 FOXK2  forkhead box K2 MAAAAAALSGAGT | 83 17 0 0 75
26 GET4 guided entry of tail-anchored proteins factor 4 MAAAAAMAEQESA | 100 0 0 0 58
27 CARM1 asso. arginine MAAAA 8 o0 17 0 83
28 LRCH3  DISP Complex Protein LRCH3 MAAAGLVAVAAAA | 67 33 0 0 75
29 CABLES2 Cdk5 and Abl enzyme substrate 2 MAAAAAGGAPGPA = 40 60 0 0 83
30 ZNF586  zinc finger protein 586 MAAAAALRAPAQS 20 20 40 20 58
31 AUH AU RNA bind. methylglutaconyl-CoA hydratase MAAAVAAAPGALG | 801 20 0 0 75
32 IRF2BP2 interferon regulatory factor 2 binding protein 2 MAAAVAVAAASRR | 75 25 0 0 58
33 SPPL2B  signal peptide peptidase like 2B MAAAVAAALARLL = 60 0 20 20 58
34 TOMM22 translocase of outer mitochondrial memb. 22 MAAAVAAAGAGEP 0 40 0 60 75
35 LRCH4  Leucine-Rich Neuronal Protein MAAAVAAPLAAGG | 60 20 0 20 75
36 MICU2 mitochondrial calcium uptake 2 MAAAAGSCARVAA | 75 0 0 25 67
37 XPA XPA, DNA damage recognition and repair factor MAAADGALPEAAA = 50 25 0 25 67
38 CCz1B  Vacuolar Fusion Protein CCZ1 Homolog B MAAAAAGAGSGPW =40 20 20 20 75
39 ccz1 Vacuolar Fusion Protein CCZ1 Homolog MAAAAAGAGSGPW = 40 20 20 20 75
40 UBXN6 UBX domain protein 6 MAAAAALARLEQK 0 60 20 20 50
41 POLE4 DNA epsilon 4, y subunit  MAAAAA TPR | 83 0 17 0 67
42 DDX20 DEAD-box helicase 20 MAAAFEASGALAA = 50 25 25 0 67
43 VPS51  VPS51 subunit of GARP complex MAAAAAAGPSPGS 33 33 17 17 67
44 LEMD3 LEM domain containing 3 MAAAAASAPQQLS = 40 0 40 20 50
45 SUGT1 MIS12 kinetochore comp. Ass. cochaperone ~ MAAAAAGTATSQR =~ 40 0 40 20 58
46 GSC2 goosecoid homeobox 2 MAAAAGGAASRRG 50 0 25 25 75
47 NDUFA2 NADH:ubiquinone oxidoreductase subunitA2 ~ MAAAAASRGVGAK ~ 40 20 40 0 67
48 PMPCB  peptidase, mi i ing sub. beta SsA | 60 0 0 40 50
49 F8A2 coagulation factor VIl associated 2 MAAAAAGLGGGGA = 40 0 40 20 92
50 TRIM32 tripartite motif containing 32 MAAAAASHLNLDA _ O 0 60 40 50
51 QSOX2  quiescin sulfhydryl oxidase 2 MAAAGAAVARSPG | 80 20 0 0 67
52 CNNM3  Metal Transporter CNNM3 MAAAVAAAGRLGW | 8070 0 0 20 67
53 SHKBP1 SH3KBP1 binding protein 1 MAAAATAAEGVPS 20 O [ 60 20 58
54 PIGS phosphatidylinositol glycan anch. Biosynt. c| S MAAAGAAATHLEV ~ 40 40 0 20 58
55 RABEP2 rabaptin, RAB GTPase binding effector prot. 2 MAAAAPVAADDDE = 50 0 25 50

Frequency of Alanine codons
among 6 first positions

Rank Name / description of protein
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freq. of Ala codons freq.
(first 6 amino-acids) | Ala
N-term seq | GCG GCC GCA GCT |+Gly

56 ATP13A1 ATPase 13A1 MAAAAAVGNAVPC I86W o 20 o 58
57 COQ9  coenzyme Q9 MAAAAVSGALGRA [0 o 0 0 67
58 H2BW2  H2B.W histone 2 MAAASAMAEASSE o 50 o | 50 50
59 DGKQ diacylglycerol kinase theta MAAAAEPGARAWL 17571 25 o0 0 58
60 ADHFE1 alcohol iron ining 1 MAA LL o [8 o 20 50
61 ARIDIB  AT-rich interaction domain 18 MAARAAAAAAAAA 40 20 40 0 92
62 PHF10  PHD finger protein 10 MAAAAGPGAALSP | 75 25 o0 0 67
63 SLC35E1  solute carrier family 35 member E1 MAAAAVGAGHGAG | 75 25 0 0 83
64 EHMT1 ic histone lysine 1 AA 0 0 0 58
65 TIMM22 translocase of inner mitochondrial memb. 22 MAAAAPNAGGSAP 50 50 0 0 67
66 PCCB  propionyl-CoA carboxylase subunit beta MAAALRVAAVGAR | 67 = 0 33 0 58
67 ACADS acyl-CoA dehydrogenase short chain MAAALLARASGPA 25 17611 o 0 58
68 TRPC4AP transient R. potential cation chan. Subf. C m4 APMAAAPVAAGSGAG 14007 o 0 0 7%
69 DNAJC7 DnaJ heat shock prot. Fam. (Hsp40) member C7MAAAAECDVVMAA ~ 50 25 0 25 50
70 HINT2  histidine triad nucleotide binding protein 2 MAAAWVLAAGLRA 33 33 33 0 58
71 IscU iron-sulfur cluster assembly enzyme MAAAGAFRLRRAA = 50 0 0 | 50 58
72 TMEM165 transmembrane protein 165 MAAAAPGNGRASA = 50 25 0 25 67
73 KLF13  Kruppel like factor 13 MAARAYVDHFAAE 0 |76 25 0 50
74 CLPTM1 CLPTM1 reg. of GABA type A recep. Forw. Traff. MAAAQEADGARSA [IG0N o 0 0 58
75 FDX1  ferredoxin 1 MAAAGGARLLRAA 0 | 50 0 | 50 67
76 DHX30  DExH-box helicase 30 MAAARRLMALAAG 33 33 0 33 58
77 RBM33  RNAbinding motif protein 33 MAAALGASGGAGA = 50 50 0 0 83
78 IPO5S importin 5 MAAAAAEQQQFYL | 80 | 20 0 0 42
79 CYC1 _ cytochrome c1 MAAAAASLRGVWWL 40 0 20 40 50

mitogen-activated protein kinase 3 MAAAAAQGGGGGE | 80 | 0 0o 20 83
81 CLCN2  chloride voltage-gated channel 2 MAAAAAEEGMEPR | 80 & 20 0 0 50
82 WDR74 WD repeat domain 74 MAAAAARWNHVWV 20 0 20 | 60 42
83 ULBP2  UL16 binding protein 2 MAAAAATKILLCL 0 40 40 20 42
84 ALKBH4  alkB homolog 4, lysine demethylase MAAAAAETPEVLR = 40 40 0 20 42
85 RAB21 RAB21, member RAS oncogene family MAAAGGGGGGAAA 33 33 0 33 100
86 TMEM238 transmembrane protein 238 MAAAPAVCASQGS [1400° o 0 0 50
87 NDUFS3 NADH:ubiquinone oxidoR core subunit S3 MAAAAVARLWWRG | 80 @ 20  © 0 50
88 FBXO21 F-box protein 21 MAAAAVDSAMEW 50 0 | 50 0 42
89 MTHFS MAA 7% 0 25 0 42
90 MRPS35  mitochondrial ribosomal protein S35 MAAAALPAWLSLQ 50 50 0 0 42
91 MAP3K1 mitogen-activated protein kin. Kin. kinase 1 MAAAAGNRASSSG [1100| o 0 0 58
92 DGKD diacylglycerol kinase delta MAAAAGAPPPGPP | 80| 20  © 0 58
93 SOWAHA sosondowah ankyrin R dom. Fam. member A MALAAAAAAAAAG 20 |80 o© 0 02
94 ZIK1 zinc finger protein interacting with K protein 1~ MAAAALRAPTQUT | 50 25 0 25 42
95 EMC10  ER membrane protein complex subunit 10 MAAASAGATRLLL 25 25 25 25 50
96 RAETIL retinoic acid early transcript 1L MAARAIPALLLCL O 50 50 0 42
97 RAETIG  retinoic acid early transcript 1G MAAAASPAFLLRL 25 50 25 0 42
98 ANKRDS54 ankyrin repeat domain 54 MAAAAGDADDEPR 0 [ 75 25 0 50
99 CLPSL2  colipase like 2 MAAALALVAGVLS 25 50 25 0 50
100 PRMT1  protein arginine methyltransferase 1 MAAAEAANCIMEN = 40 40 20 0 42

tripartite motif containing 28 MAASAAAASAAAA 60 20 20 0 83
200 TOGARAMTOG array reg. of axonemal microtubules 1~ MAAAPSALLLLPP 50 25 0 25 33
299 GGA2  golgi ass., gamma adaptin ear containing MAATAVAAAVAGT [1100°| o 0 0 67

NIPA magnesium transporter 1 MGTAAAAAAAAAA 25 0 | 50 25 92
754 RELCH  RAB11 bind. & LisH domain,coiled-coil & HEAT MAAMAPGGSGSGG 100N o 0 0 67

1002 MYH14  myosin heavy chain 14 MAAVTMSVPGRKA 0 50 50 0 33

1997 PRKACA prot kinase CAMP-activ. catal. sub. alpha MGNAAAAKKGSEQ 0 [1400°| o© 0 50

3000 GSAP  gamma-secretase activating protein MALRLVADFDLGK 0 50 0 | 50 25

5000 RPS14  ribosomal protein S14 MAPRKGKEKKEEQ 0 o [GeN o 17

of Ala and Gly residues
among 12 aa post-methionine

100% 17%

Figure 7. Hundreds of proteins display repeated alanine codons at their Nt sequences. A list of the first 100 NTAR-containing proteins ranked in Supple-
mentary Table S1. Each column indicates the protein rank, its name, the Nt sequence, the frequency of alanine codons among the first six amino acids as
well as the percentage of Ala plus Gly residues among the first 12 amino acids. Methionine residues are highlighted in red; the color code for the frequencies
of Ala codons is indicated below the list. The six proteins that have been demonstrated to possess functional NTARs in the context of their own promoters
are boxed in red: PABPNI1 #1; ERK2 (MAPKI1) #19; MECP2 #20; ERK1 (MAPK3) #80; TRIM28 #110; and NIPA1 #529. At the bottom of the list,
nine lower ranked proteins are presented to illustrate the extent of the NTAR selection list.

suspected to originate from leaky scanning because their
sizes matched those of artificial proteins starting at the suc-
cessive in-frame AUGs. Leaky scanning was confirmed by
site-directed mutagenesis of the second AUG, thereby rul-
ing out other mechanisms such as degradation. Synthetic
constructs revealed that the ERK1 NTAR also enforces
its reading frame, thereby avoiding synthesis of peptides
from alternative frames (Figure 4B). The co-evolution of
ERKI1 and ERK2 NTARs indicates that there is a strong
evolutionary pressure to select these peculiar sequences,
therefore they must play an important role. Indeed, NTAR
moieties could have arisen to decrease the production of
toxic proteins translated via alternative reading frames (Fig-
ure 4B), or to increase the quantity of functional proteins
(Figure 2D, E). Considering that protein synthesis requires
more energy than any other metabolic process (38), NTARs
should benefit the cell by tipping the balance in favor of
functional protein synthesis at the expense of leaky scan-
ning products. This could be particularly relevant when
considering that NTAR-containing proteins are highly

enriched among housekeeping proteins (Supplementary
Figure S7).

It is extremely puzzling that both erkl and erk2 require
NTARSs because the native AUGs of these two genes fulfill
the known criteria for efficient start codon choice. On one
hand, the Kozak sequences of both erk/ and erk2 are pur-
portedly ‘good’ contexts because they harbor a purine in -3
and a G in +4 (+1 being the A of AUG). On the other hand,
in mouse, the erk2 5-UTR has no uAUG while the erkl 5'-
UTR has only one uAUG which cannot be functional be-
cause it is adjacent to a stop codon [the sizes of mouse 5'-
UTRs were determined by primer extension to be 186 nu-
cleotides for erkl and 223 nucleotides for erk2 (36,39), and,
at these sizes, human sequences have no uAUGs]. Why then
does ERK translation not start at the first AUG, which is in
a ‘good’ context, in the absence of NTARs? By definition,
NTARs are downstream of the AUG because they code for
proteins, and so far the only downstream feature known to
increase AUG choice is a stem—loop placed exactly 14 nu-
cleotides downstream of the AUG according to M. Kozak
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Figure 8. The TRIM28, MECP2 and NIPA1 NTARs function in a manner similar to the ERK NTARs in the induction of reporter gene expression. (A)
RLU from cell extracts of NIH3T3 cells transfected with constructs harboring the TRIM28 promoter (pTRIM28) without or with its short or long Nt
domains fused to ffLuc (sequences are shown beneath the graph with AlaSC codons in red) (n = 3, representative of three experiments). (B) RLU from
cell extracts of NIH3T3 cells transfected with constructs harboring the MECP2 promoter (pMECP2) without or with its Nt domain fused to ffLuc (lanes
1 and 2). In lane 3, alanine codons were mutated to GCG, and in lane 4, alanine codons were mutated to GCA/GCU (sequence of the MECP2 Nt is shown
beneath the graph, with AlaSC codons in green) (1 = 3, representative of three experiments). (C) RLU from cell extracts of NTH3T3 cells transfected
with constructs harboring the NIPA1 promoter (pNIPA1) without or with its Nt domain fused to ffLuc (lanes 1 and 2). In lane 3, the first two amino acids
(G-T) are deleted and in lane 4, two AlaSCS of the stretch are deleted (sequence of the NIPA1 Nt is shown beneath the graph with AlaSCS codons in red)
(n = 3, representative of three experiments).



(40). Because a single mRNA molecule is scanned simul-
taneously by several ribosomes, it was proposed that slow-
ing down the elongating ribosome by the stem—loop makes
it collide with the trailing scanning PICs and pause them
close to the AUG codon to facilitate initiation. Hence, here
we have searched for features of ERK NTARs that could be
involved in slowing down the nascent elongating ribosome.

First, we have shown that the ERK2 NTAR sequence
harbors a second in-frame AUG that reduces leaky scan-
ning significantly (Figure 4C). Indeed, previous in silico
analyses have found that a second AUG is often present
in mRNAs with a suboptimal Kozak context at their na-
tive start codon (41). This fits with the observation that the
erkl Kozak sequence inefficiently flags the start codon in
the absence of NTARs (Figure 5C). Ribosome assembly on
AUG takes longer than the time required for a PIC to scan a
codon (42). In the case of erk2 mRNA, the distance between
the two AUGs is the same size as RNA fragments protected
from nuclease treatment by a single ribosome, the so-called
mRNA channel (43). Therefore, this second AUG is strate-
gically located downstream of the first AUG at the distance
of the RNA channel because a ribosome on this second
AUG would temporarily roadblock an incoming PIC ex-
actly on the first AUG. As with human ERK1 and ERK2,
many NTAR proteins (11% of those in Figure 7) have a sec-
ond nearby in-frame AUG.

Second, it was proposed that rare codons slow the pro-
gression of the elongating ribosome because it has been
shown that clusters of rare codons slow down translation
in order to allow time for proper folding of protein do-
mains (44). In addition, in silico analysis revealed that the
Nt of human proteins is enriched in rare codons, mainly for
AlaSCS, Pro“S and SerVCC (45,46), and among the first
100 proteins of Figure 7, we showed that 51% of all four
alanine codons are the rarest AlaS“C. Indeed, as shown in
Figure 6C, the strength of ERK2 NTARs decreased when
the six rare Ala®“C codons were replaced by six frequent
Ala®¢C codons. Therefore, codon rarity could very well par-
ticipate to slow the nascent elongating ribosome and, as
such, favor start codon choice for the trailing PICs. Alter-
natively, the codon specificity may reflect the requirement
for secondary structures, possibly by pairing NTARs with
5’-UTR sequences. In favor of a structural role for NTARs,
the ERK2 NTAR acts specifically in the context of erk pro-
moters because it is ineffective downstream of the Kras
proximal promoter (Figure 5A). However, when modifying
alanine codon composition, changing the third base of the
codon from G to C was less detrimental than changing from
Gto A/Uin ERK2 (Figure 6C). This argues against the for-
mation of secondary structures, because a change from G to
C disrupts secondary structures more than G to A, or even
more than G to U which can generate wobble pairings (47).
Due to the duality of codon/nucleotide sequence, it is dif-
ficult to unambiguously demonstrate that a stretch of rare
codons acts by forming a secondary structure rather than as
a consequence of the rare codons themselves. Therefore, we
cannot dismiss completely a role for secondary structures,
but we favor the idea that codon rarity in the ERK2 NTAR
slows down the leading ribosome. The balance was tipped
towards codon rarity by observing that there are twice as
many Ala®“S than Ala®“C codons in NTAR proteins (51%
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of all alanine codons versus 23% respectively, among the
first 100 NTARs, Supplementary Table S1). Therefore, al-
though both codons are 100% GC rich, which should allow
formation of secondary structures of similar strength, the
rarest codon is highly preferred (codon frequencies of 0.11
for Ala%CS versus 0.40 for Ala®CC, in mammals).

A third feature of the ERK NTARs that could slow down
the initiating ribosome is the repetition of 5-6 identical
codons, which is suggestive of tRNA channeling, a process
in which a limited set of tRNAs are constantly reloaded in
the vicinity of the ribosome upon association of aminoacyl-
tRNA synthetases with the ribosome (48,49). When studied
as doublets, or when ordered along the mRNA, correlated
codons were shown to drive faster translation (49). How-
ever, in NTAR sequences, the codons are often repeated
in rows, requiring constant reloading of the same tRNA,
which will be limited by local concentration effects. Impor-
tantly, the strength of action of the ERK2 NTARs markedly
increased with six alanines in a row instead of three (Figure
6A). Among other NTARs, codon repetition is observed
for other amino acids, bolstering a role for tRNA channel-
ing to contribute to start codon choice. For example, the
NTAR of human MECP?2 contains six consecutive Ala®“¢
codons, five consecutive Gly®SA codons and three consec-
utive Glu®AS codons.

The fourth and, so far, final feature is the alanine richness
3" adjacent to Met; for both the ERK1 and ERK2 NTARs.
This feature might also contribute to slowing the pace of
the elongating ribosome. Alanine richness can be highly el-
evated among NTAR proteins, as indicated in Figure 7 and
Supplementary Table S1. The Translation Initiator of Short
5’-UTR (TISU) that drives scanning-independent transla-
tion (50) also favors two consecutive alanine residues af-
ter Met; with the consensus sequence AUG-GCG-GCN,
coding for Met-Ala—Ala (51). Furthermore, among highly
expressed proteins, alanine has been shown to be the most
common amino acid immediately following the Met; across
a broad range of species (52). Considering that selection
of the start codon in bacteria is driven by a direct interac-
tion between rRNA and mRNA via the Shine-Dalgarno
sequence, alanine preference may suggest a biophysical ad-
vantage during translation. In our case, this advantage is ex-
perimentally confirmed with the replacement of alanine by
glycine residues, the two most common amino acids present
in NTARs (Figure 7; Supplementry Figure S4B). The re-
placement by seven glycines in a row, or just the insertion
of a single glycine between the Met; and the stretch of six
alanines, was sufficient to markedly reduce start codon se-
lection (Figure 6B). Similarly, in the case of NIPA1 pro-
tein, removal of a glycine and a threonine at the second and
third positions resulted in the alanine stretch being adja-
cent to Met;, which significantly increased the efficacy of the
NTARs (Figure 8C). The detrimental effect of a glycine at
the second position may be a general phenomenon among
NTAR proteins. For NIPA1, the first four alanine codons
that were juxtaposed with the initiating Met; via mutation
were neither rare nor repeated codons, suggesting a role for
alanine per se. Glycine is not observed adjacent to Met; in
the first 448 proteins of the list of NTARs, and Met-Gly
is observed in only 1% of the first 1000 NTAR proteins,
while it is observed adjacent to Met; in 7.6% of all human
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proteins (Supplementary Figure S4A), reinforcing this no-
tion. Of note, only seven human proteins start with Met—
Gly-Gly-Gly and 81 start with Met-Gly-Gly (for compar-
ison, 280 human proteins start with Met-Ala—Ala—Ala and
1080 start with Met—Ala—Ala; see Supplementary Table S1).
Moreover, inserting a glycine upstream of the NTARs did
not alter the GC-richness or the G™ rule of erk! Kozak,
suggesting a pivotal role for alanine residues during trans-
lation itself.

At this point, one wonders about the biophysical advan-
tage of alanine versus glycine. It has been shown that re-
peats of large and charged amino acids located at the Nt
of proteins block emergence of the nascent peptidyl chain
through the ribosomal exit tunnel (even destabilizing the ri-
bosome) (53). Therefore, because alanine and glycine are
the two smallest amino acids, their elevated presence in
NTARs (Figure 7; Supplementary Figure S4B) might help
to nudge the nascent amino acid chain through the ribo-
somal exit tunnel. With its methyl side chain, alanine is
slightly larger than glycine and neither is charged. Hydropa-
thy measurements have indicated that alanine is weakly hy-
drophobic whereas glycine is weakly hydrophilic (54,55). In-
terestingly, hydrophobic stretches of amino acids have been
estimated to cross the ribosomal exit tunnel more slowly
than hydrophilic ones (56). Therefore, by being hydropho-
bic, a stretch of alanine residues may slow the emergence
of the nascent peptide from the ribosomal exit tunnel. In
turn, this may retard departure of the ribosome, increasing
its probability of colliding with an incoming PIC, improv-
ing start codon selection by increasing its dwell time on the
AUG/Kozak sequence.

Overall, the ERK2 NTAR accumulates the four features
described above, which could converge to slow the depar-
ture of the initiating ribosome. First, the ERK2 NTAR dis-
plays a second AUG in phase; second, the ERK2 NTAR
is rich in rare codons; third, the ERK2 NTAR possesses
a stretch of six repeated codons; and fourth, the ERK2
NTAR is highly alanine rich. In humans and great apes,
ERKI1 also possesses these four features. This model pre-
dicts that ribosome density ought to be higher around an
AUG when the initiating ribosome is slowed down. Indeed,
this has been observed in the vicinity of AUGS in general
(43). However, it is unlikely that NTARs would increase ri-
bosome density at AUGs at unusually high levels for two
reasons. First, we observed that the ERK2 NTAR does not
form a ‘stand-alone structure’ because it is ineffective in the
context of the Kras promoter/5-UTR (Figure 5A). Sec-
ond, ribosome stalling by NTARs must be limited to avoid
triggering the ribosome quality control mechanism (RQC)
that leads to decay of the mRNA (57). NTARs may sim-
ply be required to establish normal ribosome dwell time at
an initiating AUG in the context of the 5'-UTRs of highly
expressed/peculiar HKGs (Supplementary Figure S7).

As indicated by their name, NTARs are N-terminal se-
quences rich in alanine residues, and therefore possess at
least one feature that seems to boost start codon selection.
NTAR proteins other than ERKs may possess only a sub-
set of the four features present in ERK NTARs that seem
to foster start codon selection. For example, the MECP2
mRNA does not possess rare Ala%“S codons, but has three
stretches of repeated codons as presented above (sequences

in Supplementary Figure S10). The sequence encoding the
TRIM28 NTARs does not include a long stretch of re-
peated codons, nor does it have groups of rare codons; how-
ever, 14 out of its 19 first amino acids are alanine, as are
24 out of its first 50 residues. The NIPA1 NTAR does not
have an alanine next to Met;, but it possesses a stretch of
13 alanines, 8 of which are tandemly repeated rare Ala®cS
codons.

Mirroring the NTARs, the Kozak sequence on the other
side of the AUG plays a major role in start codon selec-
tion. It is widely believed that the most effective context
to promote accurate start codon selection is the canonical
Kozak sequence (GCC)GCCG/ACC-AUG-G (15). In our
study, we were initially surprised to find that very few mR-
NAs with canonical Kozak sequences have alanine residues
in their Nt, and none of them has NTARs (Supplementary
Table S1). This is unexpected because both the canonical
and erkl Kozak sequences possess the specific nucleotides
that interact with the scanning PIC, notably a purine at the
-3 position that interacts with elF2-a and a G at +4 that
interacts with eIF1A (58). Therefore, we sought to evalu-
ate the relative strength of the canonical Kozak sequence
and its compatibility with NTARs, in the context of the
erkl proximal promoter. In the absence of an NTAR, the
canonical Kozak context is up to 4-fold more efficient than
the erkl Kozak context, which confirms the validity of pre-
vious claims (Figure 5C). However, in the presence of an
NTAR, the canonical Kozak context became inhibitory.
Swapping nucleotides between the erk/ and the canonical
Kozak sequence confirmed these conclusions by providing
intermediate results (Figure 5C). Replacing the erk/ Kozak
sequence with the canonical one could disrupt a secondary
structure formed between the NTAR sequence and the erk/
Kozak sequence. However, we do not favor this possibility
because NTAR proteins do not share a common Kozak se-
quence (Supplementary Figure S5A). Even proteins with
the same N-terminal stretch of six alanines do not share
a common Kozak sequence (Supplementary Figure S5B).
We favor the idea of an incompatibility of ERK NTARs
with a canonical Kozak sequence because they form a very
stable stem-loop, and similar stem—loops formed at AUGs
were shown to reduce translation initiation (59). Indeed,
with a minimal free energy (MFE) of —23.6 kcal/mol, this
stem—loop is much more stable than all other combinations
between Kozak sequences and the NTARs tested (Sup-
plementary Figure S6A). Furthermore, human 5-UTRs
with canonical Kozak sequences form stem—loops of much
lower strength in the context of their native Nt-coding se-
quences (average MFE of —7.14 kcal/mol; Supplementary
Figure S6B).

It has been shown that the canonical Kozak context
is seldom encountered in the vicinity of vertebrate AUGs
(60), while the boundaries of the NTAR protein family re-
main to be established. For example, among all members of
the RAS-MEK-ERK signaling cascade, only ERK1 and
ERK2 rely on NTAR moieties for efficient translation. In
parallel, we have shown that the quantity of ERK, but not
MEK, influences signaling output (Figure 1C). This is sur-
prising because ERKs are among the most abundant sig-
naling kinases and are more highly expressed than MEK
(31,32). The co-evolution of the ERK NTARS is stunning.



On the one hand, the second nearby methionine is present
in vertebrate ERK2s from amphibians to mammals but is
seldom found in teleost fish and is absent in cartilaginous
fishes. On the other hand, the second nearby methionine
is present in ERK1 of humans and great apes but not in
ERKI of other vertebrates, including tarsiers, a closely re-
lated primate. The convergent evolution leading to an in-
frame second methionine in both human ERK1 and ERK2,
and evolution towards stretches of the rarest alanine codons
for both proteins, suggest the importance of producing pre-
cisely full-length functional ERKs in humans, which may in
turn have implications for signaling.

Increasing evidence indicates that the proteome is greatly
shaped through translational regulation. For example, the
choice of start codon between AUGs of upstream ORFs
versus the AUG of the major ORF has been shown to
regulate the expression of many proteins. This mecha-
nism is at play for ATF4 expression during the inte-
grated stress response, for the balance of elF1/elF5 ex-
pression [reviewed in (18)] and for the regulation of Hox
gene expression (61). Having shown that the presence of
NTARs strongly increases expression of the main ORFs
of ERK1/2, we propose that the mechanism of NTARs
is not subject to short-term regulation. Furthermore, most
NTAR-containing proteins are encoded by HKGs (Supple-
mentary Figure S7), whose expression is usually not sub-
ject to rapid regulation because they are constitutively and
ubiquitously expressed to drive basic cellular functions. In
fact, harmful pathophysiological consequences arise when
Kozak sequences or NTAR-encoding sequences are altered.
For example, mutation of the BRCA1 Kozak sequence con-
tributes to cancer progression (62), while increasing the
number of alanines in the PABPN1 NTARs causes OPMD
(37).

For cell fate decisions, ERK proteins have attracted con-
siderable attention because the duration of their activa-
tion drives the progressive multi-phosphorylation of spe-
cific substrates, particularly of immediate early genes such
as FOS (63). Here, we reveal for the first time a direct link
between ERK quantity and the extent of substrate multi-
phosphorylation (Figure 1C). ERK expression might be el-
evated and tightly regulated because ERK interacts with all
its partners via the same docking sites, either the CDS (com-
mon docking site) or the FRS (F-site recruitment) [reviewed
in (7)]. Indeed, on the activator side, a balanced expression
of MEK has been shown to be required to establish nor-
mal cytoplasmic localization of micro-injected ERK (64).
On the substrate side, expression of short-lived partners was
shown to sustain ERK nuclear localization (65).

Unregulated activation of the ERK pathway occurs in
many cancers, and congenital disorders designated RA-
Sopathies are caused by mutations of ERK signaling cas-
cade members (20). Furthermore, amplification of erk genes
has been found in several cancers (10,11), and some cases
of resistance to EGFR tyrosine kinase inhibitors have been
linked to erk2 gene amplification (9). Understanding the
role of ERK Nt sequences may facilitate the development
of new strategies to improve the treatment outcomes for
these diseases. Because ERK1/2 are among the hundreds of
human NTAR proteins, we propose that the NTAR mech-
anism represents a general system controlling start codon
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choice, leading to enhanced translation initiation for a sub-
stantial fraction of human proteins, particularly those in-
volved in housekeeping functions. A better understanding
of NTARs could have implications for synthetic biology,
corrective gene therapy and even efficient antigen produc-
tion by mRNA vaccines.
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