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Background: Although AUG is the traditional eukaryotic initiation codon, near-cognate codons may serve this function.
Results: In N. crassa, some near-cognate codons are used as initiation codons at reasonable efficiency.

Conclusion: The hierarchy of near-cognate codon usage in N. crassa is similar to that in human cells.

Significance: Near-cognate initiation codons could provide additional coding capacity or have regulatory functions.

In eukaryotic cells initiation may occur from near-cognate
codons that differ from AUG by a single nucleotide. The strin-
gency of start codon selection impacts the efficiency of initiation
at near-cognate codons and the efficiency of initiation at AUG
codons in different contexts. We used a codon-optimized firefly
luciferase reporter initiated with AUG or each of the nine near-
cognate codons in preferred context to examine the stringency
of start codon selection in the model filamentous fungus Neuro-
spora crassa. In vivo results indicated that the hierarchy of ini-
tiation at start codons in N. crassa (AUG >> CUG > GUG >
ACG > AUA ~ UUG > AUU > AUQ) is similar to that in human
cells. Similar results were obtained by translating mRNAs in a
homologous N. crassa in vitro translation system or in rabbit
reticulocyte lysate. We next examined the efficiency of initiation
at AUG, CUG, and UUG codons in different contexts in vitro.
The preferred context was more important for efficient initia-
tion from near-cognate codons than from AUG. These studies
demonstrated that near-cognate codons are used for initiation
in N. crassa. Such events could provide additional coding capac-
ity or have regulatory functions. Analyses of the 5'-leader
regions in the N. crassa transcriptome revealed examples of
highly conserved near-cognate codons in preferred contexts
that could extend the N termini of the predicted polypeptides.

In standard eukaryotic translation initiation, the preinitia-
tion complex that is formed by the small ribosomal subunit,
initiator tRNA, and multiple initiation factors binds at the
mRNA 5’-cap and scans downstream for an initiation codon
(1). The AUG codon that is closest to the mRNA 5'-cap and that
isin a preferred context is typically selected as the initiation site
(2). Start codon selection is aided through biases in the nucleo-
tides surrounding the start codon and through the actions of
initiation factors (3). In certain cases, initiation occurs at non-
AUG codons, especially near-cognate codons that differ from
AUG by a single nucleotide (4-8). In most cases, initiation
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from near-cognate codons uses Met-tRNAM®* (5). There are
specific cases where viral internal ribosome entry sites use a
different mechanism for non-AUG initiation (9), and recently it
was established that leucyl-tRNA can be used for translation
initiation at a CUG codon of a mammalian mRNA (10). Initiat-
ing translation from near-cognate codons may increase coding
capacity of transcripts or contribute regulatory functions.

The initiation context surrounding the start codon, which is
generally defined by nucleotides from —6 to +4 (the A of AUG
is +1), has strong influence on initiation efficiency (11, 12). The
Kozak consensus (GCC(A/G)CCXXXQ) is optimal for initia-
tion in mammalian cells (12, 13). A purine at position —3 and a
G at position +4 are most important for efficient initiation (3,
12). Substitutions at positions —1 and —2 have less impact on
translation efficiency, but the effects of changes at these posi-
tions are intensified when the —3 nucleotide is also suboptimal.

Codons other than AUG are generally less efficient initiation
codons in vivo; however, codons differing from AUG in a single
position, collectively referred to as near-cognate initiation
codons, are known to support translation initiation in
eukaryotes (5, 14). The presence of a good Kozak context is
crucial for efficient use of near-cognate initiation codons in
mammals, plants, and yeast (14 —16). In these studies, the mea-
sured efficiencies of initiation from functional near-cognate
codons vary, and values between ~1 and 20% of initiation from
AUG are reported. AAG and AGG do not serve as initiation
codons: a purine at +2 evidently eliminates function as an ini-
tiation codon (4—6). A recent study in human cells reveals a
hierarchy in initiation efficiencies at near-cognate codons (8).
The most efficient near-cognate codons are CUG and GUG
(19.5and 9.2% of AUG-initiated translation). ACG (6.6%), AUA
(3.3%), AUU (3.2%), UUG (1.9%), and AUC (1.7%) are used as
initiation codons at lower efficiencies (8). A recent analysis in
Saccharomyces cerevisiae demonstrated the hierarchy CUG >
GUG =~ UUG > ACG =~ AUA > AUU > AUC (4), with effi-
ciencies comparable with those observed in human cells. In
plant protoplasts, CUG is the most active (30%) followed by
GUG and ACG (each 15%), whereas AUA, AUU, UUG, and
AUC are less active (2-5%) (7).

Initiation from near-cognate codons increases the capacity
to generate protein isoforms with different regulatory functions
(17). In some cases initiation from an upstream in-frame near-

JOURNAL OF BIOLOGICAL CHEMISTRY 9549



N. crassa Start Codon Selection

cognate codon produces an alternative N-terminal-extended
isoform of protein in addition to that produced by initiation at
the downstream AUG (2). Protein isoforms with different
N-terminal sequences can serve different functions and/or be
targeted to different locations (18 —21). The synthesis of some
proteins is thought to start exclusively at non-AUG codons.
These include: mammalian eIlF4G2, which uses GUG (22);
Podospora anserina IDI-4, which uses CUG (23); yeast glycyl-
tRNA synthetase, which uses UUG (24); Arabidopsis
AGAMOUS, which uses ACG (25); Arabidopsis FCA, which
uses CUG (26); some RpoT genes in Nicotiana spp., which use
CUG (27, 28). In yeast, genome-wide analysis reveals that near-
cognate codon-initiated upstream open reading frames
(uORFs)? can be translated at levels comparable with AUG-
initiated uORFs (29). Data indicate that in response to amino
acid starvation, levels of translation of these non-AUG yeast
uORFs generally increase relative to levels of translation of the
downstream coding sequences. Studies in mouse embryonic
stem cells identified many unannotated initiation sites started
by AUG or near-cognate codons that direct the translation of
uORFs with regulatory potential (30).

The stringency of start codon selection can affect both the
efficiency of initiation at AUG codons in different contexts and
the efficiency of initiation at near-cognate codons. Stringency
can be modulated by different physiological conditions, such as
amino acid starvation (29). eIF1 and elF5 play important roles
in regulating the stringency of start codon selection (1, 8, 31,
32). The auto- and cross- regulatory functions of eIF1 and elF5
that themselves utilize stringency of start codon selection dem-
onstrates that varying the stringency of start codon selection
can be used for gene regulation in eukaryotes.

The stringency of start codon selection can also be regulated
by other parameters. Two structurally related molecules,
isoquinoline-1-carboxylic and 7-amino-5-iodo-8-quinolinol,
were identified in a high throughput screen to decrease the
stringency of start codon selection in yeast (33). These com-
pounds can also increase initiation at natural uORFs initiated
by near-cognate codons. Their mechanism of action is cur-
rently not known. The concentration of Mg® " can influence the
fidelity of translation initiation; a high concentration of Mg?>"
increases initiation at non-AUG codons in vitro (14).

Here, we used a firefly luciferase reporter that was codon-
optimized for expression in Neurospora crassa to determine the
efficiency of translation initiation at near-cognate codons. We
stably integrated luciferase reporter genes that initiated with
AUG or each of the nine near-cognate codons in preferred con-
text at the N. crassa his-3locus and determined luciferase levels
in vivo. CUG and GUG were the most efficient near-cognate
codons, with 11 and 7% of the efficiency of AUG. AUA, AUU,
UUG, and AUC were less active (1-5%), whereas AAG and
AGG did not function. The hierarchy of initiation efficiency at
near-cognate codons was similar to that in human cells. Cell-
free translation extracts of N. crassa were also used to analyze

3 The abbreviations used are: UORF, upstream open reading frame; LUC, lucif-
erase; VM, Vogel's minimal medium; qPCR, quantitative PCR; CYH, cyclo-
heximide; PIC, preinitiation complex; RACE, rapid amplification of cDNA
ends; contig, group of overlapping clones.
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translation initiation at near-cognate codons. The hierarchy of
utilization of near-cognate codons was similar to that observed
in vivo, but overall efficiency was strongly dependent on the
concentration of Mg2+. Our studies, which are one of a handful
of analyses that systematically examine near-cognate codon ini-
tiation in eukaryotes and are the first for filamentous fungi,
demonstrate that such initiation could substantially increase
the coding capacity of mRNAs.

EXPERIMENTAL PROCEDURES

Logogram Generation—The frequencies for nucleotide
occurrence at each position of the N. crassa initiation context,
which were used to generate the logogram in Fig. 1, were
obtained from the Transterm database (34).

Strains and Culture Conditions—Strains his-3 (Y234M723)
mat A strain FGSC 6103 and the mat A wild-type (WT) refer-
ence sequenced strain FGSC 2489 (74-OR23-1V A) were
obtained from the Fungal Genetics Stock Center (FGSC) (35).

Firefly luciferase reporters were targeted to the N. crassa
his-3 locus using his-3 left flank and right flank integration
sequences by transformation of Fungal Genetics Stock Center
6103 with Pcil-linearized plasmid DNA (pJI1301-pJI311). Each
plasmid contained the luciferase (luc) reporter with an
N. crassa cox-5 promoter and 3'-region (plasmid construction
is described below and in supplemental Fig. S1). Transformants
were obtained by electroporation (36) followed by selection for
histidine prototrophy using plates containing Vogel’s minimal
medium (VM), 0.05% fructose, 0.05% glucose, 2% sorbose, 2%
agar at 30 °C. Homokaryons were obtained by microconidia-
tion essentially as described previously (37) except that micro-
conidia obtained by filtration were pelleted in an Eppendorf
5415D centrifuge at 12,000 X g for 2 min and, after resuspen-
sion, germinated on VM, 0.05% fructose, 0.05% glucose, 2%
sorbose, 2% agar at 30 °C.

Conidia were obtained from cultures in 125-ml flasks con-
taining 25 ml of VM, 2% sucrose, and 2% agar (38). Cultures
were grown at 25 °C with 12:12-h light:dark cycle for 7 days in a
Percival Environmental Chamber (Model I36VL). Conidia were
harvested by suspension in VM, 2% sucrose and filtration
through two layers of cheesecloth. The concentration of
conidia was determined using a hemacytometer.

For RNA isolation and preparation of cell extracts to mea-
sure luciferase (LUC) activity produced in vivo, conidia were
inoculated into 25 ml of VM, 2% sucrose in a 125-ml flask at a
concentration of 107 conidia/ml. Conidia were germinated
under constant light at 30 °C for 6 h with 125 rpm shaking.
Germlings were harvested by vacuum filtration onto Whatman
541 filter paper (42.5-mm circle); the pad of cells was washed
with 4 °C sterile water, cut into ~0.1-g pieces with a single-
edged razor, transferred to 2-ml screw-cap Eppendorf tubes,
quick-frozen in liquid nitrogen, and stored at —80 °C.

Measurements of LUC Activity in Vivo—For measurements
of LUC activity in vivo using real-time detection of photon
emission, conidia were inoculated into 0.15 ml VM, 2% sucrose
containing 25 nM luciferin (NanoLight Technology, catalog
#306) in a 96-well microtiter plate (PerkinElmer Life Sciences
OptiPlate-96F) and incubated as stationary cultures at 25 °C in
constant darkness. Light emission was measured with a micro-
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plate scintillation and luminescence counter (Topcount NXT,
Packard Instrument Co.).

For measurements of LUC activity in soluble extracts,
N. crassa extracts were prepared as described (39), quick-fro-
zen in aliquots, and stored at —80 °C. Protein concentration
was determined using the Coomassie Plus (Bradford) Assay
Reagent (Thermo Scientific) with BSA as the standard (Albu-
min Standard, Thermo Scientific) using the microplate proce-
dures (300 ul of the Coomassie Plus Reagent was added to 10 ul
of sample). The absorbance at 595 nm was measured by a Victor
3 Multitask plate reader. The typical yield of this method was 10
pg of total protein/ul (approximately a yield of 0.1 mg of pro-
tein/mg of cells). 10 ul of cell extract (diluted to 0.5-1 ug of
total protein/ul in breaking buffer (39)) were further diluted by
adding 10 ul of 2X passive lysis buffer (Promega), and luciferase
activity was measured using a Victor 3 Multitask plate reader
(PerkinElmer Life Sciences). Firefly luciferase assay reagents
were prepared as described (40).

Plasmids—A flowchart and full description for plasmid con-
struction is given in supplemental Fig. S1. The N. crassa opti-
mized firefly luc coding sequence in plasmid pPRMP57 was a gift
from Dr. Deborah Bell-Pedersen.* Plasmids pJI301-pJI311
(described in supplemental Fig. S1 and Tables S1 and S3) were
used in in vivo experiments. Plasmids pJI201-pJI211 and
pJ1601-pJI606 (described in supplemental Fig. S1 and Tables S1,
S2, and S4) were used in in vitro assays.

RNA Isolation—Cells were kept at —80 °C until immediately
before breakage; cells were not thawed on ice before breaking.
Total RNA from cells was isolated by modification of the pro-
cedure previously described (39) using 1 g of Zirconia/Silica
Beads (Biospec Products, baked at 180 °C overnight before use)
and a Mini-BeadBeater 8 (Biospec Products) with ice-cold
0.5-ml freshly prepared extraction buffer (100 mm Tris-HCI,
pH 7.5, 100 mm LiCl, 20 mm DTT in diethylpyrocarbonate-
treated water), 0.36 ml of phenol, 0.36 ml of chloroform, and
0.072 ml of 10% SDS. Cells (~0.1 g) were extracted by 1-min
breakage using the bead-beater at full speed. Tubes were
rotated end-over-end for 4 min (New Brunswick TC-6) and
then centrifuged (Eppendorf 5415D) at 12,000 X gat 4 °C for 1
min to separate phases. The aqueous phase was removed and
extracted once with 0.69 ml of phenol/chloroform and once
with 0.69 ml of chloroform, precipitated with 0.875 ml of etha-
nol and 0.057 ml of 3 M sodium acetate, washed with 80% eth-
anol twice, and dissolved in sterile and filtered diethylpyrocar-
bonate-treated water. RNA concentration was determined
using a Nanodrop spectrophotometer. The typical yield of total
RNA was 500-1000 pg/0.1 g cells. DNA contamination was
removed by DNase I treatment using the Turbo DNA-free kit
(Ambion). Poly(A) RNAs were purified from 150 ug of total
RNA using Poly(A) Purist MAG Kit (Ambion) and stored at
—80 °C. The yield of poly(A) mRNA was determined using
RiboGreen (Invitrogen).

Northern Blots—Northern blots were performed as
described (41) except that dextran sulfate was omitted from the
hybridization buffer. **P-Labeled probes were obtained from

“R. de Paula and D. Bell-Pedersen, unpublished information.
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the cox-5 and luc templates by random priming and then puri-
fied with Mini Quick Spin Columns (Roche Applied Science).

c¢DNA Synthesis—1.5 ng of DNA-free total RNA was used as
the template to synthesize first-strand cDNA using SuperScript
III reverse transcriptase (Invitrogen). First, 1.5 ug of total RNA,
5 nmol of ANTP mix, 125 ng of oligo(dT),s, and 50 ng of ran-
dom hexamer were mixed together in water to a total volume of
6.3 ul. These components were incubated at 65 °C for 5 min and
transferred to ice for 2 min. Then the reaction mixture was
adjusted to a final volume of 10 ul containing 1X First Strand
buffer (Invitrogen), 5 mm DTT, and 40 units of SuperScript III
reverse transcriptase and then incubated at 25 °C for 5 min and
then 50 °C for 50 min. The reverse transcriptase was inactivated
at 70 °C for 15 min, and the cDNA was stored at —80 °C.

Quantitative PCR (qPCR)—Aliquots of cDNA representing 8
and 16 ng of total RNA were used as qPCR templates in tripli-
cate 10-ul reactions containing 1X Platinum TaqPCR buffer
(200 mm Tris-HCI, pH 8.4, 500 mm KCl), 2.5 mm MgCl,, 0.2 mm
dNTPs, 1 X ROX Reference Dye (Invitrogen), 1 unit of Platinum
TaqDNA Polymerase (Invitrogen), 1X SYBR Green I (Invitro-
gen), and 500 nM concentrations of each primer (chosen using
Primer Express software). Thermal cycling was performed
using an ABI 7300 real-time PCR machine (Applied Biosys-
tems) as follows: 50 °C for 2 min and 95 °C for 10 min followed
by 40 cycles at 95 °C for 15 s and 60 °C for 1 min.

3'-Rapid Amplification of ¢cDNA Ends (3'-RACE)—First
stand cDNA was first synthesized from poly(A) RNA using the
Clontech SMART RACE kit protocol. A 5-ul mixture contain-
ing 50 ng of poly(A) RNA and 1.2 um 3'-RACE CDS Primer A
(0YZ291, 5'-AAGCAGTGGTATCAACGCAGAGTAC(T),,-
VN-3',N=A,C,G,orT; V= A, G, or C) in water was dena-
tured at 65 °C for 5 min. The mixture was cooled on ice for 2
min and combined with 2 ul of 5X First Strand buffer (250 mm
Tris-HCI pH 8.3, 375 mm KCI, 30 mm MgCl,), 0.5 ul 0.1 M DTT,
1 pl 10 mm dNTPs, and 0.5 ul of 200 units/ul SuperScript 111
reverse transcriptase (Invitrogen) in a final volume of 10 pul.
First-strand cDNA was synthesized at 55 °C for 1 h. The reverse
transcriptase was inactivated at 70 °C for 15 min, and the reac-
tion mixture was diluted with 90 ul of 10 mm Tris-HCI, pH 7.5.
RACE was performed with 1 ul of first strand cDNA as tem-
plate in a 20-ul reaction containing 1 X TaKaRa PCR buffer (10
mM Tris-HCI, pH 8.3, 50 mm KCl, 1.5 mm MgCl,), 0.2 mm dNTP
mix, 0.25 units of rTaq DNA polymerase (TaKaRa), 0.5 um luc
mRNA-specific primer_1 (MSP_1, 0YZ365 5 -CGTCTTCGT-
CGACGAGGTCC-3’"), and 0.5 um nested universal primer
(NUP, 0YZ294 5'-AAGCAGTGGTATCAACGCAGAGT-3’).
First-round PCR was accomplished by (i) denaturing at 94 °C
for 30 s then (ii) 25 cycles of 94 °C for 30 s, 55 °C for 30 s, and
72 °C for 60 s and (iii) a final extension step at 72 °C for 10 min.
Then 1 ul of this reaction mixture containing the PCR products
was mixed with 99 ul of water, and 1 ul of this 100-fold diluted
first round PCR product was used as the template for a second
round of PCR with different primers using the same reaction
components and PCR conditions as the first round. The prim-
ers used in the second round were 0YZ294 and luc
mRNA-specific primer_2 (MSP_2,0YZ287 5'-GGCCAAGAA-
GGGCGGCAAGATCGCCGTC-3’), which is complementary
to the luc mRNA 3’ distal to the region complementary to
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0YZ365. After the second round of PCR, 5 ul of the reaction
mixture was examined by electrophoresis in a 2% TAE (40 mm
Tris-acetate pH 8, 1 mMm EDTA) agarose gel. For sequencing,
bands of interest were excised from a 2% TAE-agarose gel con-
taining 1 mM guanosine to protect DNA from UV damage (42).
The PCR product representing the equivalent of 30 ul of the
reaction mixture was purified from the gel using the QIAquick
Gel Extraction kit (Qiagen), the concentration of recovered
DNA determined by A,¢,/A,5, measurement (Nanodrop), and
sequenced with primer 0YZ287 to determine the mRNA 3’
sequence including the poly(A) site.

Cell-free Translation Analysis—Capped and polyadenylated
RNAs were transcribed in vitro by T7 RNA polymerase from
plasmid DNA templates (pJ1201-pJI211) that were linearized
with HindIII (43). The relative amount of RNA was determined
as described (44). Equal amounts (60 ng) of each /uc mRNA
were used to program N.crassa extracts as described (44)
except that Mg?* and K" concentrations were varied as speci-
fied under “Results.”

For in vitro translation using rabbit reticulocyte lysate (Invit-
rogen), translation reaction mixtures (10 ul) were incubated at
30 °C for 30 min, and translation was halted by adding 50 ul of
1.2X passive lysis buffer (Promega). Equal amounts of each luc
mRNA (6 ng) were used to program extracts.

For cell-free translation in N. crassa and in rabbit reticulo-
cyte lysate, 15-ul samples containing 2.5 ul of translation reac-
tion and 12.5 ul of 1.2X passive lysis buffer were used to mea-
sure luciferase activity with a Victor 3 Multitask plate reader.
Firefly luciferase assay reagents were prepared as described
(40).

Primer extension inhibition (toeprint) assays to map ribo-
somes at initiation codons were accomplished using **P-la-
beled primer 0J1105 as described (45, 46), except that 0.5 mg/ml
cycloheximide or 2 ug/ml harringtonine (Santa Cruz Biotech-
nology) were added to the reactions as indicated under
“Results.”

Bioinformatics Analysis of Near-cognate Initiated N-terminal
Extensions in N. crassa—The starting point of the analysis was a
FASTA file of the N. crassa mRNA transcriptome.® Genes rep-
resented by multiple transcripts were eliminated from the anal-
ysis because a pilot indicated they generating a large number of
false positives. As a result, only the 6,804 genes represented by
unique transcripts were subjected to systematic analysis. In the
first step the sequence starting with the annotated AUG start
codon of each mRNA and extending 5’ to the nearest in-frame
stop codon (UAA, UAG, or UGA) was extracted. In the next
step the coordinates of all in-frame functional near-cognate
start codons (i.e. CUG, GUG, UUG, ACG, AUA, AUC, and
AUU) in these sequences were determined. Finally, the coordi-
nates of those in-frame near-cognate sequences that have A at
position —3 or G at position —3 in combination with G at posi-
tion +4 were extracted. For identifying conserved N-terminal
near-cognate initiated extensions to existing N. crassa ORFs, an
approach similar to one previously used to identify such
sequences in humans (47) was employed. Briefly, all 5'-UTRs,

> M. Sachs, unpublished information.
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which in the previous step were shown to have an in-frame
near-cognate start codon in good context at least 25 codons 5’
of the annotated AUG start, were extracted (representing a
total of 1,185 mRNAs). These 5'-UTRs were subjected to con-
ceptual translation starting with the annotated AUG start site
and extending 5’ to the nearest in-frame stop codon. The con-
ceptually translated peptides were then used as query in a
BLAST search (48) against the genomic sequence of the fila-
mentous fungus Chaetomium globosum. It was empirically
determined that C. globosum was suitably close evolutionarily
to allow sufficient sensitivity and at the same time was ade-
quately distant to allow desired selectivity. BLAST hits with
expected values of 0.001 or lower were then subjected to man-
ual inspection. In this step all available orthologous sequences
from other filamentous fungi (ie. Pezizomycotina) were
obtained and analyzed both for the presence of a homologous
N-terminal extension and also for the conservation of the puta-
tive near-cognate start codon in good context. For alignment of
conserved extensions from Sordariomycetidae species, the
N. crassa sequence (the extension plus 50-100 amino acids of
the main ORF) were used as queries in a BLAST (tblastn) search
in the “whole-genome shotgun contigs” (wgs) data bank
restricted to Sordariomycetidae. The nucleotide sequences of
the positive hits were extracted and then conceptually trans-
lated into amino acid sequences. These back-translated
sequences were then aligned with ClustalX2 and subjected to
minor manual realignment.

RESULTS

In Vivo luc Reporters Containing AUG or Near-cognate Initi-
ation Codons Produce Similar Levels of mRNA—To examine
the stringency of start codon selection in N. crassa in vivo, plas-
mids containing N. crassa codon-optimized luciferase (luc)
coding sequences were constructed to enable site-specific inte-
gration of luc reporter genes at the N. crassa his-3 locus (Fig.
1A). In these constructs, either an AUG codon, one of nine
near-cognate codons, or an AAA codon was placed at the start
of the luc coding sequence (Fig. 14). The AAA codon serves as
a negative control, as it differs by two nucleotides from AUG
and is not normally used as an initiation codon. All 11 codons
were placed in the most-preferred consensus sequence
GCCACCXXXG determined from census of N.crassa
sequences surrounding the genic start codon (Fig. 1A4); this pre-
ferred sequence is nearly identical to the most-preferred con-
sensus sequence for human genes (13, 49). All in vivo data
reported here represent the results of analyses from three inde-
pendent transformants of each construct.

The luc transcripts from N. crassa strains containing luc
genes initiated with different codons were examined by North-
ern blot and RT-qPCR (Fig. 1B). Northern analysis using cox-5
mRNA as internal control indicated that /uc mRNA was of the
predicted size (1850 nucleotides) and the ratios of /uc mRNA to
cox-5 mRNA were similar in all 11 strains. The WT strain,
which does not contain a /uc gene, expressed cox-5 mRNA but
not luc mRNA as expected (Fig. 1B, lane 12). The similarities in
relative luc mRNA levels among strains expressing different
genes were confirmed by RT-qPCR using either cox-5 mRNA or
25 S rRNA for normalizing RNA levels.
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FIGURE 1. Site-specific integration and expression of LUC constructs. A, shown is the strategy for placing LUC constructs at the N. crassa his-3 locus. The luc
coding sequence is codon-optimized for N. crassa. It initiates with an ATG codon, one of the nine near-cognate codons, or an AAA codon. All codons tested
were in the same surrounding consensus context as indicated. The LUC coding sequence is preceded by 5’ region of the N. crassa cox-5 gene that has promoter
activity and followed by cox-5 3’ region, which provides the polyadenylation site to produce reporter transcripts with a cox-5 3’UTR. The plasmids used for
integration contain a unique Pcil site for linearization. The Integration left flank on the plasmid contains the distal region of the functional wild-type his-3 coding
sequence and additional downstream genomic sequence; the Integration right flank contains additional sequence from the chromosomal region downstream
of his-3. The positions of the corresponding segments on the N. crassa chromosome (Linkage Group | (LGl)) containing a non-functional his-3 allele are
indicated. LUC coding sequence is orange; cox-5 sequences are green; Linkage Group | sequences are black; additional plasmid sequences are blue. Left lower
panel, frequency logograms of the conservation of the initiation contexts, from —6 to +4, of all predicted ATG-initiated N. crassa genes. Letter heights are
proportional to the frequency of occurrence of each nucleotide at each position. B, Northern analysis of luc and cox-5 mRNAs (450 ng of poly(A) mRNA/lane)
shows luc mRNAs containing the indicated /ucinitiation codons are similarly expressed. The primary data for one set of three independent sets of transformants
analyzed is shown. Lane 12 was loaded with mRNA from wild-type cells lacking luc. For quantification, signals representing luc mRNA was normalized to signals
representing cox-5 mRNA for all three sets of transformants. Then this ratio for each initiation codon was normalized to the ratio obtained for the AUG initiation
codon. For RT-qPCR quantification, cDNA prepared from total RNA from all transformants was analyzed; luc mRNA was normalized to cox-5 or 25 S rRNA. Then
these ratios for each initiation codon were normalized to the ratios obtained for the AUG initiation codon. C, all luc-containing mRNAs were similarly polyade-
nylated. 3'-RACE analysis shows proper polyadenylation at the cox-5 poly(A) site for the luc MRNA. 3’-RACE was performed as described under “Experimental
Procedures” with 50 ng poly(A) mRNA template. The major bands of all samples migrate at the position expected from proper polyadenylation (285 bp) (arrow);
this was further confirmed by sequencing. The primary data is shown for one set of three independent sets of transformants analyzed.

To determine that all /uc transcripts were similarly processed
at their 3" ends, poly(A) mRNA was isolated, and 3’ RACE was
performed for all 11 strains containing /uc mRNAs and for WT.
The major 3’-RACE product for all /uc-containing strains, but
not the WT strain lacking /uc, migrated with the size expected
(285 bp) for proper polyadenylation in the reporter gene cox-5

BsEpEN
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3’-UTR; this was confirmed directly by sequencing selected
3'-RACE products.

The Stringency of Selection of Near-cognate Codons Deter-
mined by Real-time Measurements of LUC Enzyme Activity in
N. crassa Cultures—LUC production in vivo was measured
using real-time detection of photon emission by growing cells

JOURNAL OF BIOLOGICAL CHEMISTRY 9553



N. crassa Start Codon Selection

A 160007 160007 160007
140004 /\ 140004 /\ 140009 /\
120004 120004 12000-'
1800 3
1600 - AUG
= 1400 — AUG = —— AGG
& 1200 — cuG 204 —_— AAA
1000 — GUG | o
800 151 AAG
600 104 " PR A \
:gg 5 V\) W VAV «‘W
0 0
0 10 20 30 50 0 10 20 30 40 50
Time (h) Time (h)
B
160001 1400+
AUG 107 10° 10°10*
140007 12004
120001 10004
100004
o 800+
© 0004
600+
60001
40004 4001
20001 2007
04 - 0 ¥ ¥ T T 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (h) Time (h)
¢ " VT
1
161 m LUC/protein
14 m (LUC/protein)/(luc mRNA/25S rRNA)
1 o (LUC/protein)/(luc mRNA/cox-5 mRNA)
12 ] | O Real-time LUC
c
il
S 104
[
= i
5 84
<
N
6 4
4
2
AUG CUG GUG ACG AUA UUG AUU AUC AAG AGG AAA

Initiation codons

FIGURE 2. Translation initiation efficiency in vivo at different initiation codons. A and B, measurements of LUC levels in vivo using real-time detection of
photon emission is shown. The lines represent triplicate measurements of one set of three independent sets of transformants. A, conidia (107 conidia/ml) from
strains expressing /uc with initiation codons as indicated were incubated into 0.15 ml of luciferin-containing media in microtiter dish wells and incubated as
stationary cultures at 25 °C in constant darkness. Light emission was measured with a microplate scintillation and luminescence counter. Relative light units
(RLU) are plotted versus hours of incubation time. Left panel, CUG and GUG compared with AUG. Middle panel, ACG, UUG, AUA, AUU, and AUC compared with
AUG. Right panel, AGG, AAA, and AAG compared with AUG. Cultures representing all codons were grown in parallel. B, different amounts of conidia (10*-10”
conidia/ml) from strains expressing LUC were inoculated. Left panel, cultures expressing AUG-initiated luc. Right panel, cultures expressing CUG-initiated /uc.
C, translation initiation efficiencies of non-AUG codons are calculated relative to the efficiency of the AUG codon using N. crassa strains with Juc reporter genes
containing AUG or the indicated codons at the initiation site. White bars, relative real time LUC activities measured in vivo using CCD imaging. The mean peak
value from triplicate cultures of a given strain inoculated at 107 conidia/ml was used for calculation. Black, dark gray, and light gray bars, LUC activities were
measured from cell extracts normalized in different ways: Black bar, normalized to total extracted protein (determined by Bradford assay); dark gray bar,
normalized first to total protein and then calculated relative to the luc mRNA/25 S rRNA level (determined by qPCR, Fig. 1B); light gray bar, normalized first to
total protein and then calculated relative to Juc mRNA/cox-5 mRNA level (determined by qPCR, Fig. 7B). Mean values and S.D. for all measurements are derived
from three independent experiments, each using one set of independent transformants.

in microtiter plates with luciferin included in the growth
medium and imaging with a CCD camera. Different concentra-
tions of conidia (107 conidia/ml in Fig. 24; 10*~10” conidia/ml
in Fig. 2B) from strains containing AUG-initiated or near-cog-
nate codon-initiated /uc were inoculated into wells containing
0.15 ml of medium. During growth at 25 °C in constant dark-
ness, LUC activity accumulated, reached a peak value, and then
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fell-off (Fig. 2, A and B). The magnitude of the peak values
depended on the initiation codon of luc coding sequence, with
an ~10-fold higher value for AUG than for CUG. The LUC
activity value peaked earlier when more conidia were used for
inoculation, but the maximum value for each construct did not
differ markedly with different amounts of conidia inoculated
(Fig. 2B). We presume that the falloff in LUC activity arises
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from depletion of luciferin reagent as a consequence of cell
growth, but this was not tested.

The real-time assay was used to compare all 11 /uc-contain-
ing strains in parallel inoculated at 107 conidia/ml (Fig. 24).
Eight strains showed the accumulation of LUC enzyme activity
and reached peak values between 20 and 24 h of incubation (Fig.
2A). The three strains whose /uc coding sequences initiated
with AAG, AGG, and AAA did not show detectable LUC pro-
duction, indicating that these three codons were not used as
initiation codons to translate luc. Peak values from the eight
strains expressing LUC were used to calculate the efficiency of
near-cognate codon initiation (Fig. 2C, white bars) by normal-
izing levels of LUC produced from near-cognate codons to that
from the AUG codon. Mean values and S.D. were derived from
three independent experiments, each using one set of inde-
pendent transformants and performed in triplicate. The real-
time detection of LUC activity revealed the following hierarchy:
AUG > CUG (11.6%) > GUG (8.9%) > ACG (5.9%) > AUA
(2.9%) ~ UUG (2.7%) > AUU (1.9%) > AUC (0.7%).

The Stringency of Selection of Near-cognate Codons in Vivo
Was Determined by Measurements of LUC Enzyme Activity in
N. crassa Extracts—The stringency of start codon selection in
N. crassa was also analyzed by a measurement of LUC activity
in soluble cell extracts prepared from all 11 luc-containing
strains (Fig. 2C). N. crassa cells were harvested after 6 h of ger-
mination, and a portion of cells was used to make extracts for
measuring LUC activity and protein concentration, and a por-
tion of cells was used for RNA isolation. LUC enzyme activity
was normalized to protein concentration for each extract
(LUC/mg of protein). The expression of LUC produced from
genes containing non-AUG codons was then calculated relative
to that from the AUG codon (Fig. 2C, black bars). To account
for (the rather small) differences in luc mRNA levels found in
these cells (Fig. 1B), we also calculated differences in the syn-
thesis of luciferase after normalization of the values of LUC/mg
of protein to relative cellular /uc mRNA levels (using either 25 S
rRNA or cox-5 mRNA as internal RNA controls) (Fig. 2C, dark
gray and light gray bars). All of these measurements of relative
expression of LUC using soluble extracts (Fig. 2C, black, dark
gray, and light gray bars) corresponded closely to those
obtained by direct measurement of LUC activity in living cells
(Fig. 2C, white bars).

The Stringency of Selection of Near-cognate Codons in
N. crassa Cell-free Translation Extracts—Plasmids were con-
structed to produce mRNA to test initiation from near-cognate
codons in N. crassa cell-free translation extracts. The 11 plas-
mid templates used for in vitro studies contain the same luc
coding and initiation contexts used for in vivo assays. Synthetic
capped and polyadenylated mRNAs produced from linearized
templates were used to program translation extracts. Mg>* and
K™ concentrations can potentially affect the efficiency of trans-
lation and/or the stringency of start codon selection (14, 50). All
combinations of five different Mg>* concentrations and four
different K" concentrations were tested in parallel in triplicate
in the N. crassa cell-free translation system using AUG-initi-
ated Juc mRNA (Fig. 3A). The overall production of LUC was
highest when 110 mm K* and 2.7 mm Mg>* were added. Next,
the same amounts of CUG-initiated /uc mRNA and AUG-ini-
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FIGURE 3. Analyses of initiation efficiency using cell-free translation sys-
tems. Mean values and S.D. from three independent experiments, each per-
formed in triplicate, are given. A, effects of Mg?* and K* concentrations on
LUC synthesis from the AUG codon are shown. Capped and polyadenylated
luc mRNA (60 ng) was used to program N. crassa translation reactions (10 wl)
with all combinations of five different Mg®" and four different K* concentra-
tions. Mg?* and K* concentrations representing high, intermediate, and low
stringency start-codon selection conditions in subsequent experiments are
indicated. LUC activity obtained after 30 min of incubation at 26 °Cis given in
relative light units (RLU). Low stringency conditions are similar to previously
established standard conditions (43, 73). B, effects of Mg?>* and K™ concen-
trations on the stringency of start codon selection are shown. Translation
reactions were programmed and incubated as described in A using either
CUG or AUG as the LUC initiation codon. The CUG/AUG ratio was plotted as a
function of Mg?* and K™ concentrations.

tiated /uc mRNA were directly compared with the same com-
binations of Mg>" and K" concentrations to determine the
effects of these cations on the stringency of start codon selec-
tion (Fig. 3B). The CUG/AUG ratio was plotted for each condi-
tion used. When reaction mixtures contained 110 mm K™ and
1.5 mm Mg>", the efficiency of CUG-initiated translation was
12% that of AUG-initiated translation. However, when the con-
centration of Mg”>" increased to 3.1 mm and K" was not
changed, the efficiency of CUG-initiated translation increased
to 80% that of AUG-initiated translation. Three different Mg>"
concentrations and a fixed K* concentration (110 mm) were
chosen to represent high stringency (1.5 mm Mg>"), interme-
diate stringency (2.7 mm Mg>"), and low stringency (3.1 mm
Mg>") conditions for subsequent analyses of start codon selec-
tion in vitro.
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FIGURE 4. Analyses of initiation efficiency and stringency of start codon selection using cell-free translation systems. A, shown is relative initiation
efficiency of non-AUG start codons at different Mg?* concentrations (high, intermediate, and low stringency conditions). On the right, the black, gray, and white
bars represent relative initiation at high, intermediate, and low stringency based on LUC activity assays. LUC synthesis from non-AUG codons was calculated
relative to synthesis from the AUG codon. On the left, gray and white bars represent the ratios of LUC synthesis between intermediate and high stringency
conditions and between low and high stringency conditions, respectively. The ratios for AAG, AGG, and AAA are not given because these codons at the luc
initiation site did not yield detectable LUC. B, shown is toeprint analysis to assess initiation at AUG, CUG, and AAG. N. crassa extract was programmed with equal
amounts (60 ng) of the indicated luc mRNAs. Cycloheximide or harringtonine were omitted (—) or added (+) before incubation of translation reactions for 5
min at 26 °C. Radiolabeled primer 0JI1105 was used for primer extension analysis and for sequencing the AUG template (lanes -4 and 13-16). The nucleotide
complementary to the dideoxynucleotide added to each sequencing reaction is indicated above the corresponding lane. Arrowheads, toeprint products
corresponding to ribosomes at the Jucinitiation codon. Signals from CUG were normalized to signals from AUG, and the results are shown in parentheses. Values
were calculated from two independent experiments (cycloheximide 0.24 * 0.06 and harringtonine 0.24 = 0.02). Asterisks, toeprint products corresponding to
ribosomes at the first downstream AUG codon within the /uc coding region. Boxes (top to bottom), luc initiation codon and the first downstream AUG codon.
EXT, extract alone; RNA, RNA alone (n.d., not determined). C, translation initiation efficiency in rabbit reticulocyte lysate is shown. Equal amounts of each luc
mRNA (6 ng) were translated in rabbit reticulocyte lysate (10 ul translation reaction incubated for 30 min at 30 °C). LUC synthesis from non-AUG codons was
calculated relative to synthesis from the AUG codon. D, relative initiation efficiency of AUG, CUG, and UUG in preferred context versus poor contexts in N. crassa
under high (black bars) and intermediate (gray bars) stringency conditions is shown. E, relative initiation efficiency of AUG, CUG, and UUG in preferred context
versus poor contexts in rabbit reticulocyte lysate is shown. LUC synthesis from non-AUG codons and AUG codon in poor contexts was calculated relative to
synthesis from the AUG codon in the preferred context. For A-E, mean values and S.D. from three independent experiments, each performed in triplicate, are
given.

Equal amounts of all 11 mRNAs were tested in parallel in
N. crassa translation extracts at salt concentrations conferring
high, intermediate, and low stringency conditions for start
codon selection (Fig. 44). Similar to the results obtained in vivo,
the use of AAG, AGG, and AAA as start codons was not
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detected under any condition. Although changing Mg®" con-
centration changed the extent of translation from functional
near-cognate codons relative to AUG, the relative hierarchy of
start codon utilization was not changed. The most efficient
near-cognate codon was CUG followed by GUG; codons ACG,
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AUA, UUG, AUU, and AUC were less efficient as start codons.
Under high stringency conditions, the efficiency of utilization
of near-cognate codons was generally comparable with those
observed in vivo.

When conditions changed from high to intermediate strin-
gency and from high to low stringency, translation from the
AUU codon increased 11- and 17.1-fold, respectively; in com-
parison, ACG initiated /uc increased 3.8- and 6.8-fold, respec-
tively (Fig. 4A). This result suggested that different near-cog-
nate codons responded differently to conditions that altered
stringency, a phenomenon also observed in human cells (8).
The biological bases for this differential response are unknown.

We next directly examined the capacity of AUG, CUG, and
AAG to initiate translation in N. crassa extracts under high
stringency conditions using the toeprinting assay, which shows
the positions of ribosomes engaged in the translation of mRNA
(Fig. 4B). Cycloheximide (CYH), which blocks translation elon-
gation, was added before the translation reaction started to
increase the signals from ribosomes at translation initiation
sites (51). When CYH was added, mRNA encoding AUG-initi-
ated luc showed a strong toeprinting signal corresponding to
that start codon (Fig. 4B, lane 6). A weaker signal (24% of the
signal from AUG) was observed for the CUG codon at the cor-
responding position (Fig. 4B, lane 8). For AAG-initiated luc, a
signal corresponding to ribosomes at the corresponding posi-
tion was not detected (Fig. 4B, lane 10), consistent with AAG
not serving as an initiation codon. For CUG- and AAG-initiated
luc, another signal corresponding to ribosomes at the first
downstream AUG codon (which is in the 0 frame) within the
luc coding region was observed (Fig. 4B, lanes 8 and 10), con-
sistent with ribosomes scanning pass the CUG and AAG
codons and initiating at the first downstream AUG codon. As
expected, none of these signals was observed with extract alone
(Fig. 4B, lane 11) or RNA alone (Fig. 4B, lane 12). Thus, with
respect to the stringency of start codon selection, toeprinting
data were similar to the luciferase reporter data both in vivo and
in vitro (Figs. 2C and 4A).

Harringtonine blocks initiation by inhibiting elongation dur-
ing the first rounds of peptide bond formation after subunit
joining, causing ribosomes to accumulate at sites of translation
initiation (52, 53). We examined AUG, CUG, and AAG codons
as initiators using harringtonine in the toeprinting assay in par-
allel with CYH (Fig. 4B, lanes 17-22). The results were similar
to the results obtained for CYH, except that the signals corre-
sponding to ribosomes at initiation codons were weaker than
when CYH was used.

The Stringency of Selection of Near-cognate Codons in Reticu-
locyte Lysate—To examine the stringency of selection of near-
cognate codons in a mammalian system, we used rabbit reticu-
locyte lysate (Invitrogen), which the manufacturer reports to be
a high fidelity system with respect to initiation. Similar to the
results obtained with N. crassa, CUG was the most efficient
near-cognate codon followed by GUG. ACG, AUA, UUG,
AUU, and AUC conferred intermediate translation efficiency,
and AAG, AGG, and AAA yielded no detectable LUC activity

(Fig. 40).
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The Effect of Altering the Initiation Context on Stringency of
Start Codon Selection—To examine the effect of poor initiation
context on selection of AUG, CUG, and UUG start codons, the
nucleotide A at the —3 position, which is the most important
upstream position for a preferred context, was mutated to C or
U. These poor initiation contexts were compared in parallel to
the preferred initiation context in N. crassa translation extract
under high stringency conditions (Fig. 4D). As expected, mutat-
ing the —3 A to C or U decreased the efficiency of translation
initiation from AUG, CUG, and UUG codons. The efficiency of
LUC synthesis from CUG and UUG decreased more compared
with AUG in these poor contexts. Under intermediate strin-
gency conditions, the efficiency of translation initiation
increased for AUG in poor contexts and for CUG and UUG in
the preferred context. However, translation from CUG and
UUG in poor contexts barely improved. In rabbit reticulocyte
lysate, similar results were observed (Fig. 4E). Mutating the —3
A to C or U decreased the efficiency of translation initiation for
CUG and UUG more than for AUG. These results indicated
that a preferred context is crucial for efficient translation initi-
ation from near-cognate codons.

Prevalence and Relevance of Potential Initiation at Near-cog-
nate Codons in N. crassa—Experimentally verified or bioinfor-
matically predicted cases of translation initiation at near-cog-
nate codons have been described in animals, plants, and fungi,
including filamentous fungi (23, 54, 55). However, the preva-
lence of initiation at near-cognate codons in N. crassa has not
been previously investigated. This is important to consider
given the results presented here. When examined systemati-
cally, for example by taking advantage of ribosome profiling to
identify initiation codons (30, 56, 57), initiation at near-cognate
codons is seen mostly 5" of the previously annotated AUG start
codons. These near-cognate codons either initiate a uORF or an
N-terminal extension to the main ORF. Individual examples of
conserved non-AUG-initiated uORFs are known (58); however,
a systematic bioinformatics search for such uORFs is complex.
Identifying N-terminal-extended conserved ORFs initiated
with near-cognate codons is a more tractable problem (47).

RNA-Seq has been used to determine the N. crassa mRNA
transcriptome.® This data set includes sequences of 10,785 dif-
ferent N. crassa mRNA transcripts. Genes represented by more
than one transcript were removed from further analysis to
avoid redundancy. This yielded a total of 6804 genes repre-
sented by unique transcripts. Using these data, we investigated
bioinformatically the prevalence of potential translation initia-
tion at near-cognate codons in N. crassa. We defined “optimal”
context as having A at position —3 regardless of the identity of
position +4 or having G at position —3 in combination with G
at position +4. All other contexts were considered suboptimal.
AAG and AGG codons were considered incompatible with ini-
tiation. Using these criteria we identified 5688 near-cognate
codons 5’ of the annotated starting AUG and in-frame with it in
optimal context and without intervening in-frame stop codons.
Because in some instances more than one of these near-cognate
codons is present in an mRNA, there are a total of 3030 (45% of
all examined) ORFs with potential N-terminal extensions. Of
these, 2172 in-frame near-cognate codons from 1185 genes
could yield extensions of at least 25 amino acids, with 163 in-
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frame near-codons from 73 genes able to initiate extensions of
at least 100 amino acids (data not shown).

We next asked whether cases of physiologically relevant
near-cognate-initiated N-terminal extensions might be identi-
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tion of conserved near-cognate-initiated N-terminal exten-
sions in mammals to search for such extensions in N. crassa
(Ref. 47; also see “Experimental Procedures”). We limited the
search to extension queries that are at least 25 amino acids long.
Using a conservative approach, we identified six N. crassa genes
with conserved near-cognate-initiated N-terminal extensions.
The genes (and annotations in N. crassa genome release NC10
at Broad Institute) are: NCU00434 (protein phosphatase 2C
isoform B); NCU01220 (BAG domain-containing protein);
NCUO01813 (high affinity glucose transporter); NCU04050
(cross-pathway control protein 1, cpc-1); NCU06882 (RING-5);
NCU09104 (hypothetical protein). The predicted extensions
add 18, 88,91, 153, 71, and 262 N-terminal amino acids, respec-
tively. The identified near-cognate codons are CUG, GUG,
AUC, ACG, AUU, and ACG, respectively, and each is highly
conserved in the orthologs whose sequences are available.
An interesting exception is the N-terminal extension of
NCUO01813, which is mostly initiated by AUU in homologs, but
in a minority of filamentous fungi, for example Cryphonectria
parasitica, is initiated by a conventional AUG. In all cases the
putative N-terminal extensions show phylogenetic conserva-
tion in almost all or all Pezizomycotina orthologs for which
sequences are available. The conservation of the identified
extensions from subclass Sordariomycetidae is shown in Fig. 5
and their respective annotated N. crassa nucleotide sequences
are shown in Supplemental Fig. S2. In all but one case,
NCU04050, no out-of-frame AUG codon is located between
the conserved in-frame near-cognate and conventional initia-
tion codon of the main ORF. This indicates that both the near-
cognate and the conventional initiation codons could poten-
tially be used for initiation, resulting in distinct long and short
isoforms of the given protein.

DISCUSSION

We examined the stringency of start codon selection in
N. crassa in vivo and in vitro using a codon-optimized firefly
luciferase reporter gene. Translation initiation from the nine
near-cognate codons in the preferred initiation context was
compared in parallel with AUG. CUG and GUG are the most
efficient near-cognate codons followed by ACG, AUA, UUG,
AUU and AUC; AAG and AGG are not used for initiation. The
efficiency of near-cognate start-codon selection in vitro was
affected by Mg>" concentration; under the most stringent con-
ditions examined, translation from CUG in a preferred context
was ~12-15% compared with AUG, similar to the level
observed in vivo. Additional analyses in vitro showed that the
preferred —3 nucleotide was important for maintaining trans-
lation initiation efficiency, particularly for near-cognate start
codons.

N. crassa Start Codon Selection

There is a good correlation between the efficiency of initia-
tion from near-cognate codons in N. crassa and human cells
(compare Fig. 2C with Fig. 3B in Ref. 8). In each case the effi-
ciency of the near-cognate codons can be grouped in three cat-
egories: high, CUG and GUG; intermediate, ACG, AUA, UUG,
AUU, and AUC; inactive, AAG and AGG. The difference in
initiation efficiency between the most active (CUG) and least
active (AUC) near-cognate codon in N. crassa and human cells
is ~10-fold. In each case the context for comparing near-cog-
nate codon initiation was GCCACCXXXG. In contrast, one
recent analysis in S. cerevisiae shows that the efficiencies of the
different near-cognate codons do not differ as greatly, with only
the least active (also AUC) showing a substantial difference
from the others (4). The reasons why N. crassa more closely
resembles mammals than does S. cerevisiae in this regard
remains to be determined. For at least some initiation factors,
such as elF3, N. crassa more closely resembles mammals than
does S. cerevisiae (59); this might be important for determining
initiation efficiency at different start codons. Possibly, addi-
tional considerations can impact choice of near-cognate
codons as initiation codons. The differences in initiation among
near-cognate codons can depend on the specific initiation con-
text (60). Earlier studies in S. cerevisiae yielded different results
with respect to the relative efficiencies of different near-cog-
nate codons (6, 61). Thus, some differences may arise because
different initiation contexts were used. For example, the
respective contexts used in S. cerevisiae studies were CUCU-
CUXXXC (4), GACAAGXXXA (60), GAAAAAXXXU (24, 60),
UGAAUAXXXG (61), and CAAAACXXXG (6).

Firefly luciferase has been used in N. crassa for circadian
studies but has not been used quantitatively. Few reporters have
been used quantitatively in this organism. Here we showed that
independent transformants containing this reporter integrated
as a fusion with cox-5 5’ promoter and 3’ regions showed sim-
ilar relative levels of expression by both real-time luciferase
measurements and assays using cell-free extracts. The luc
reporter we used can be exchanged between vectors for in vivo
and in vitro expression. The in vivo reporter construct is
designed to enable exchange of promoter, 5'-UTR, and 3’
sequences. This system should thus be adaptable for analyses of
other elements that control translation as well as other pro-
cesses affecting gene expression.

When N. crassa extracts are optimized by titrating Mg>* for
overall translational yield from the AUG-initiated luciferase
reporter mRNA (Fig. 3A), higher concentrations of Mg®" both
increase yield and reduce the stringency of start codon selection
(Fig. 3B). It is known that Mg> " levels in cell-free extracts affect
stringency (14). Although the overall hierarchy of near-cognate

FIGURE 5. Amino acid conservation of the newly predicted non-AUG initiated N-terminal extensions from Pezizomycotina, subclass Sordariomyce-
tidae. The alignments were generated with ClustalX2 using available sequences from Sordariomycetidae. In each case the N. crassa sequence is presented on
the top row. Amino acids with similar chemical properties are highlighted with the same color. The alignment clusters are as follows: A, NCU00434; B, NCU06882;
C,NCU01813; D, NCU01220; E, NCU04050; F, NCU09104. The level of conservation for the amino acids in each column, expressed as a percentage, is indicated
on the right side of each alignment. In each case it is assumed that the near cognate start codon is initiated with methionine. This amino acid is indicated by a
red arrow. The position of the predominant methionine corresponding to the first in-frame AUG of the main open reading frame is indicated by blue arrow
above it.In each case only alignment for the first 15-35 amino acids on the main open reading frame is shown. Species name abbreviations (shown on the left
of each alignment) are as follows: Ne cr, N. crassa; Ne te, Neurospora tetrasperma; Ma or, Magnaporthe oryzae; Ma po, Magnaporthe poae; Ch gl, C. globosum; Ch
th, Chaetomium thermophilum; Gr cl, Grosmannia clavigera; So ma, Sordaria macrospora; Op no, Ophiostoma novo-ulmi; Ga gr, Gaeumannomyces graminis.
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codon utilization did not change, UUG and AUU were used
relatively more efficiently under reduced stringency conditions
(Fig. 4A). In cultured human cells, UUG responded similarly to
reduced stringency, which was achieved by eIF1 overexpression
(8). In vitro experiments demonstrate that eIF1 is crucial for the
stringency of start codon selection, impacting both discrimina-
tion between AUG and near-cognate codons and bias between
good and poor initiation contexts (62). Genetic, biochemical,
and molecular studies suggest that increased levels of eIF5 can
cause elF1 to be dissociated from the preinitiation complex,
decreasing the stringency of start codon selection (32, 63— 66).
We speculate that higher Mg®" concentrations could increase
release of elF1 from the preinitiation complex N.crassa
extracts, resulting in increased initiation from near-cognate
codons. Increased intracellular Mg®* in S. cerevisiae is known
to affect the fidelity of translation termination (67); effects of
Mg>" levels in vivo on stringency of initiation have yet to be
determined. It is possible that the changes of Mg?* concentra-
tion in response to different physiological conditions (68) may
provide regulatory function by impacting the stringency of start
codon selection and, therefore, gene expression.

In the preferred consensus (GCC(A/G)CCXXXG) that is
optimal for initiation (12, 13), a purine at position —3 and a G at
position +4 is most important (12). Mutations that depart from
the consensus at position —3 can reduce initiation by more
than an order of magnitude in mammalian cells (12). The com-
parison of initiation from AUG, CUG, and UUG in the pre-
ferred versus poor contexts using N. crassa extract indicated
that mutation at position —3 reduced translation initiation
from each codon. The reduction of initiation from CUG and
UUG was greater than from AUG, indicating that a preferred
context is crucial for initiation at non-AUG codons (Fig. 4D and
Refs. 14, 69, and 70). When the stringency of initiation is
relaxed by increasing Mg> " concentration, the efficiency of ini-
tiation from these near-cognate codons in poor contexts did
not improve, although efficiency improved when these codons
were in a good context. A possible explanation for this is that
near-cognate codons in poor contexts are below a threshold for
conversion of the open preinitiation complex (PIC) to a closed
PIC independent of Mg>*". For example, the scanning PIC
might fail to recognize near-cognate codons in poor contexts,
but when near-cognate codons in a preferred context are rec-
ognized, Mg?" levels would increase the likelihood of forma-
tion of a closed PIC.

The ramifications of initiation from near-cognate start
codons for the biology of eukaryote organisms are beginning to
be widely appreciated. Seven of the nine near-cognate codons
in a preferred context demonstrably initiated translation in
N. crassa in vivo, showing that in this organism non-AUG
codons initiate translation. Near-cognate codons can initiate
translation of uORFs (71) and synthesis of alternative N-termi-
nally extended protein isoforms (2). Some proteins are synthe-
sized exclusively from near-cognate codons, including mam-
malian eIlF4G2 (22), P. anserina 1DI-4 (23), and S. cerevisiae
glycyl-tRNA synthetase (24). Ribosome profiling has revealed a
multitude of eukaryotic near-cognate initiation events (29, 30,
56). In S. cerevisiae, there is evidence for widespread regulated
initiation at non-AUG codons (29). Studies using mouse
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embryonic stem cells provide evidence that near-cognate
codons initiate translation of longer and shorter forms of pro-
teins as well as uORFs and that initiation at these codons
changes during differentiation (30). Our studies, which demon-
strate that near-cognate codons can substitute for AUG to ini-
tiate synthesis of a luciferase reporter at substantial levels, pro-
vide additional direct experimental support that the traditional
view that AUG is the translation initiation codon must be
expanded. Evolutionarily speaking, near-cognate codon initia-
tion, although generally less efficient than AUG initiation,
could serve important roles. Consistent with the idea that high
efficiency is not always evolutionarily preferred and low effi-
ciency can be advantageous, recently it was demonstrated that
non-optimal codon preference in the elongation phase is cru-
cial for the synthesis of a functional eukaryotic protein central
to establishing a circadian rhythm (72). The potential functions
of 5’ proximal near-cognate codons need to be considered in
evaluating the coding capacity of mRNA.
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