
Nucleic Acids Research, 2023 1 

https://doi.org/10.1093/nar/gkad433 

Stochastic scanning events on the GCN4 mRNA 5’ 
untranslated region generate cell-to-cell heterogeneity 

in the yeast nutritional stress response 

Xiang Meng 

1 , Alan Reed 

1 , Sandie Lai 1 , Juraj Szavits-Nossan 

2 and John E.G. McCarthy 

1 ,* 

1 Warwick Integ r ative Synthetic Biology Centre (WISB) and School of Life Sciences, University of Warwick, Gibbet Hill, 
Coventry CV4 7AL, UK and 

2 School of Biological Sciences, University of Edinburgh, Edinburgh EH9 3JH, UK 

Received October 06, 2022; Revised April 26, 2023; Editorial Decision May 02, 2023; Accepted May 09, 2023 

A

G
t
t
i
t
n
o
m
r
i
W
s
m
g
t
n
h
i
(
t
u
l
u
e
i
u
o
h
i
C
t
n
i

G

I

G
p
v
t
i
v
t  

t
d
s
o
r
p
t
s
t
o

*

©
T
p

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkad433/7184167 by guest on 05 June 2023
BSTRACT 

ene expression stochasticity is inherent in the func- 
ional properties and evolution of biological sys- 
ems, creating non-genetic cellular individuality and 

nfluencing m ultiple pr ocesses, inc luding differen- 
iation and stress responses. In a distinct form of 
on-transcriptional noise, we find that interactions 

f the yeast translation machinery with the GCN4 

RNA 5’UTR, which underpins starvation-induced 

egulation of this transcriptional activator g ene , man- 
f est stoc hastic v ariation acr oss cellular populations. 

e use flow cytometry, fluorescence-activated cell 
orting and microfluidics coupled to fluorescence 

icroscopy to characterize the cell-to-cell hetero- 
eneity of GCN4 -5’UTR-mediated translation initia- 

ion. GCN4- 5’UTR-mediated translation is generally 

ot de-repressed under non-starvation conditions; 
o we ver, a sub-population of cells consistently man- 

f ests a stoc hastically enhanced GCN4 translation 

SET 

GCN4 ) state that depends on the integrity of 
he GCN4 uORFs. This sub-population is eliminated 

pon deletion of the Gcn2 kinase that phosphory- 
ates eIF2 � under nutrient-limitation conditions, or 
pon mutation to Ala of the Gcn2 kinase target site, 
IF2 �-Ser51. SET 

GCN4 cells isolated using cell sort- 
ng spontaneously regenerate the full bimodal pop- 
lation distribution upon further gro wth. Anal ysis 

f ADE8::ymRuby3 / GCN4::yEGFP cells reveals en- 
anced Gcn4-activated biosynthetic pathway activ- 

ty in SET 

GCN4 cells under non-starvation conditions. 
omputational modeling interprets our experimen- 

al observations in terms of a novel translational 
oise mechanism underpinned by natural variations 

n Gcn2 kinase activity. 

f
h
t

 To whom correspondence should be addressed. Tel: +44 2476528380; Email: jo

C The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Ac
his is an Open Access article distributed under the terms of the Creati v e Common
ermits unrestricted reuse, distribution, and reproduction in any medium, provided th
RAPHICAL ABSTRACT 

NTRODUCTION 

ene expression stochasticity underpins a wide range of 
henomena that are critical to organism functionality and 

iability, including cellular auto-regulatory circuits, pheno- 
ypic varia tion, dif ferentia tion, str ess r esponses, synchrony 

n circadian clocks, and probabilistic fate decisions such as 
iral latency ( 1–8 ). These various lines of evidence point 
o a major role for noise in evolution ( 9–12 ). At the same
ime, other reports have re v ealed that noise is a potentially 

amaging source of imprecision, for example impacting on 

ignaling and regulation ( 13–16 ). In response to this threat 
f disor der, li ving systems use multiple mechanisms to keep 

 andomness under control. Over all, understanding gene ex- 
ression noise, and the mechanisms used in living systems 
o manage it, is essential to achieving a complete under- 
tanding of biology. Such knowledge also provides impor- 
ant guiding principles for the design and engineering of bi- 
logical systems. 
Gene expression noise is generally categorized in two dif- 

erent components: intrinsic noise that is attributed to in- 
erent stochasticity of expression from a specified gene sys- 
em, and extrinsic noise that results from fluctuations in the 
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ids Research. 
s Attribution License (http: // creati v ecommons.org / licenses / by / 4.0 / ), which 
e original work is properly cited. 
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intracellular en vironment, f or example linked to the cell cy-
cle and / or changes in the capacity of the expression ma-
chinery ( 17–19 ). It has previously been observed that total
noise squared ( ηtot 

2 ) equates to the sum of the intrinsic and
extrinsic noise components η2 

int + η2 
ext ( 13 ). Stochastic vari-

ations in the expression of reporter genes encoding fluores-
cent proteins ar e r eflected in heterogeneity in the le v els of
these proteins in individual cells. The work on gene expres-
sion noise in eukaryotes (predominantly high-throughput
genome-wide studies) has generally emphasized the influ-
ence of cell-to-cell variations in mRNA abundance that are
dri v en by fluctuations in transcription, whereby correla-
tions have been identified between noise level and variables
that include promoter structure, gene function and chro-
matin density ( 16 , 20 ). 

In contrast, until r ecently, ther e has been very little
progress in understanding how posttranscriptional steps
might contribute to noise generation. One comparable
study in the yeast Saccharomyces cerevisiae found that noise
strength for GFP gene expression increased linearly with
transla tion ef ficiency (v aried b y changing codon usage; ( 21 ).
On the other hand, two other studies in yeast indicated
that intrinsic noise scales inversely with protein abundance
( 20 , 22 ), but did not dif ferentia te between transcriptional
and posttranscriptional contributions. In contrast, intrin-
sic noise in mammalian cells does not always show this re-
la tion a t lower protein abundance values ( 23 ). Other work
suggested that a high tRN A ada ptation index is corre-
lated with noise ( 24 ). Gi v en the apparent contradictions
in previous research, we recently performed detailed stud-
ies of the contribution of translational e v ents to gene ex-
pression noise generation ( 25 , 26 ). These studies on reporter
genes have shown that constraints on translation initia-
tion imposed by structural elements in the 5’UTR provide
an additional source of noise. This suggested that more
complex endogenous 5’UTRs could impose a variety of
noisy behavioural features on the expression of eukaryotic
genes. 

In this context, it is relevant to consider how gene ex-
pression noise can be linked to stochastic switching between
sta tes tha t influence cell viability in variable environmen-
tal conditions. This has led to discussion of the concept of
‘bet-hedging’, which is a term borrowed from the financial
sector to describe investment in opposite outcomes in or-
der to provide protection against monetary losses. Analo-
gous strategies based on non-genetic heterogeneity (noise)
are now thought to underpin viability and / or survival in a
number of organisms. For example, slow-growing ‘persis-
ter’ cells of Esc heric hia coli can withstand extended expo-
sure to antibiotic treatment, and can switch to faster growth
once the antibiotic is removed ( 27 ). Human melanomas
can contain small subpopulations of cells that divide slowly
and are thus resistant to chemotherapy ( 28 ). Transcrip-
tional bet-hedging cases have been identified in S.cerevisiae :
first, slo wer-gro wing cells that produce higher le v els of the
tr ehalose-synthesis r egulator Tsl1 enhance the probability
tha t a popula tion will survi v e heat stress ( 29 ); second, prob-
abilistic activation of the galactose gene regulatory net-
work in a subpopulation of cells enables yeast to undergo a
more rapid metabolic transition from glucose to galactose
( 30 ). Howe v er, understanding of the mechanistic basis of
such bet-hedging phenomena is limited and, looking at the
wider picture, it is evident that the potential contribution of
translation has recei v ed v ery little attention. At the same
time, there is evidence that cell-to-cell heterogeneity can
also be advantageous in stab le, e v en benign, environments
( 31 ). 

In this new study, we have turned our attention to the
stochasticity of transla tion initia tion on another example
of a complex 5’ untranslated region, that of GCN4 in Sac-
char om y ces cer evisiae . An e xtensi v e body of pre vious wor k
has identified the key deterministic features of translational
regulation of the GCN4 transcriptional activator in terms
of cell-popula tion da ta averages ( 32 , 33 ); (Figure 1 ). The
Gcn4 protein upregulates the transcription of genes in-
volved in a large number of biosynthetic pathways, includ-
ing those for amino acids, purines and vitamin-cofactors,
and also activates synthesis of mitochondrial carrier pro-
teins, amino acid transporters and autophagy proteins.
Translation via the GCN4 5’UTR (5’UTR 

GCN4 ), which con-
tains four short upstream open reading frames (uORFs), is
induced in response to starvation of amino acids, purines
or glucose, as well as exposure to sodium chloride and ra-
pamycin ( 32 ). Under non-starvation conditions, the fourth
uORF in the GCN4 5’UTR is generally assumed to act
as a barrier to translation of the downstream open read-
ing frame corresponding to the GCN4 coding DNA se-
quence (CDS) by promoting dissociation of ribosomal sub-
units and mRNA molecules following termination of its
encoded three-amino-acid polypeptide (Figure 1 ); ( 32 ). In
contrast, uORF1 functions as a positi v e element that pro-
motes further downstream scanning (‘rescanning’) that al-
lows rebinding of the ternary complex (TC: GTP-eIF2-
Met.tRNA i 

Met ) and thus reacquisition of the competence
to initiate on downstream start codons, most importantly
uORF4. uORFs 1 and 4 are known to be the major reg-
ulatory elements acting on translation of GCN4 , since re-
moval of uORFs 2 and 3 has only a minimal effect on the
regulatory functionality of the 5’UTR 

GCN4 ( 32 ). Under in-
duction (nutritional stress) conditions, phosphorylation of
the � subunit of eIF2 [by general control nonder epr essible
2 (Gcn2) kinase] converts eIF2 to a competiti v e inhibitor
of the guanine nucleotide exchange factor eIF2B. This has
two effects: first, it suppresses global protein synthesis; sec-
ond, it modulates the re-initiation kinetics of ribosomal pre-
initiation complexes scanning downstream of uORF1 so
that some can scan past uORF4 and re-initiate instead on
the start codon of the GCN4 CDS, thus differentially acti-
va ting transla tion of this r eading frame (Figur e 1 ). 

In contrast to the earlier body of GCN4 -related re-
search mentioned above, the present study focuses on reg-
ulatory heterogeneity at the single-cell le v el. We find that
a subset of cells in any gi v en yeast population manifests
a high 5’UTR 

GCN4 -mediated expression state under non-
starvation (non-induced) conditions, and we investigate the
stochastic processes that underpin this phenomenon. We
conclude that the 5’UTR 

GCN4 generates a previously un-
known type of translational stochasticity that, in turn, re-
sults in a corresponding degree of cellular heterogeneity
with respect to activation by Gcn4 of biosynthetic pathways
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Figure 1. GCN4 transla tional regula tion scheme. According to this e xtensi v ely tested model ( 32 ), at high amino acid availability ( A ), normal physiological 
le v els of the ternary complex (TC: GTP-eIF2-Met.tRNA i 

Met ) drive rapid binding to the 40S ribosomal subunit, enabling it to scan effectively. Moreover, 
TC binds 40S relati v el y ra pidl y (post-termina tion) downstream of uORF1 (an uORF tha t promotes post-termina tion scanning and re-initia tion), so tha t 
the 40S can resume scanning and recognize a downstream uORF (reinitiate). If this downstream element is uORF4, the context of the termination codon 
promotes release of ribosomes and pre v ents further scanning. In non-starvation conditions ther efor e, uORF4 acts as a block to initiation on GCN4 . 
When amino acid availability is low (or this state is mimicked by adding the inhibitor 3-AT) ( B ), high le v els of uncharged tRNA cause the Gcn2 kinase 
to phosphorylate eIF2 �, which in turn inhibits the GDP-GTP exchange activity of eIF2B. This causes a reduction in the intracellular TC abundance, 
thus slowing the rate of TC binding to the 40S subunit. Thus, many 40S subunits now scan through uORFs 2–4 without reinitiating, only to bind TC in 
the long region between uORF4 and the GCN4 main ORF, thus enabling (re)initiation on GCN4 . The GCN4 5’UTR (5’UTR 

GCN4 ) retains much of its 
regulatory capacity after removal of uORFs 2 and 3 ( 32 ), and ther efor e we have focused on the roles of uORFs 1 and 4 here. The stochastic properties of 
5’UTR 

GCN4 -media ted transla tional regula tion ar e described for the first time in the curr ent work. 
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nder non-starvation conditions. We also illustrate, using 

 newly developed ma thema tical model, tha t the existence 
f the sub-population manifesting enhanced 5’UTR 

GCN4 - 
edia ted transla tion can only be explained in terms of 

tochastic e v ents that ar e not inher ent to the canonical 
CN4 regulatory model that applies to population aver- 
ges. 

ATERIALS AND METHODS 

train construction 

he Sacchar om y ces cer evisiae strains used in this stud y were
ll deri v ed from the background strain PTC830: MAT �
ra3-1 leu2-3, 112 his3-11, 15 can1-100 (a deri vati v e of 
303). The ymNG expression reporter constructs were in- 

egra ted a t the CAN1 locus. The genes encoding yeGfp 

nd mRuby3 fluorescent proteins were integrated at the C- 
ermini of the natural genomic GCN4 cds and ADE8 cds, 
especti v ely. 
low cytometry, cell sorting and gene expression stochasticity 

nalysis 

ells were prepared for flow cytometry as described pre- 
iously ( 25 , 26 ). Yeast cells expressing the yEGFP or ym- 
eonGr een r eporter genes wer e excited using a 488 nm 

aser, and fluorescence was collected through 505 nm long- 
ass and 530 / 30 nm band-pass filters on a BD Fortessa X20 

ow cytometer. For dual-colour reporter strains, yEGFP or 
mNeonGreen was excited and fluorescence was collected 

sing the same laser and filters as described above, while 
Rub y3 was ex cited using a 561 nm laser and its fluores- 

ence collected through a 600 long-pass plus 610 / 20 nm 

and-pass filters. The data wer e r ecorded using the ‘Area’ 
ption. Flow cytometry data were exported from the ac- 
uisition program (FACSDiva) in the FCS3.0 format with 

 data resolution of 2 

18 . A custom R programme was writ- 
en [using flo wCore, flo wV iz and flowDensity Bioconduc- 
or packages; as described previously ( 25 , 26 )] to calculate 
tatistics for each file. 
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For calculating the coefficients of variation, cytometry
files were processed as follows: (i) the first second, and fi-
nal 0.2 s, of data were removed to minimize errors due to
unstable sample flow through the cytometer; (ii) thresholds
of 40 000–100 000 and 10 000–90 000 for the FSC and SSC
gates, respecti v el y, were typicall y used to limit the influence
of cellular debris and aggregated cells; (iii) for the remaining
data, the FSC and SSC values of the highest density centre
of the FSC–SSC scatterplot were calculated, and the dis-
tance of the ith sample to the centre was determined: dis-
tance i = 

√ 

((FSC i – FSC centre) 2 + (SSC i – SSC centre) 2 );
(iv) the fluorescent reporter (e.g. ymNG) data within the ra-
dius were used to calculate the coefficient of variation (CV),
i.e. CV = �/ �. The intrinsic, extrinsic and total noise from
dual-color reporter flow cytometry data were calculated as
described previously ( 25 , 26 ). 

Fluor escent r eporter (e.g. ymNG) data wer e obtained
from six independent experiments, whereby the centre point
for the scatter plot analysis was either set automatically,
or manually at FSC = 59 000 / SSC = 27 000. The average
number of cells analyzed gi v en a radius limit of 4000 was
a pproximatel y 780 (900). This gate radius was chosen as a
compromise point at which, over multiple experiments, the
variation between experiments was minimal and the num-
ber of cells analysed provided statistically meaningful re-
sults. This procedure is similar to one reported previously
( 20 ) except that, by focusing on the cell density centre, we
hav e been ab le to maximize the number of cells that are
sampled. 

Live-cell imaging and data analysis 

One day prior to an experiment, single colonies from each
of the strains were picked and grown overnight in YNB
(plus amino acids; 2% glucose) to sa tura tion with shaking
a t 30 

◦C . The following morning, cells were diluted to gi v e
an optical density at 600nm (OD 600 ) of ∼0.2, and these di-
luted cultures were grown to mid-log phase (OD 600 ∼0.6)
with shaking a t 30 

◦C . This procedure allowed us to main-
tain the cultures in the exponential growth phase right up
to the time of measurement. 3 �l of mid-log phase culture
from each strain were loaded onto clean slides for imaging
acquisition. 

Li v e-cell images were acquired on a Nikon Ti Spinning
Disk confocal microscope, equipped with a 60 × objecti v e,
1.4 numerical aperture using 1.515 refracti v e inde x oil and
an ANDOR DU-888X EMCCD camer a. The temper ature
of the incubation chamber was set a t 30 

◦C . Cells were im-
aged in two dimensions. Images were acquired for each
field of view using yEGFP / ymNeonGreen (excitation 488
nm, emission 521 nm) and mRuby3 (excitation 561 nm,
emission 610 nm) filter sets in this order. The background
strain PTC830 (not expressing any reporter gene) was im-
aged alongside the sample strain as a negati v e control. 

Cell segmentation and image analysis were performed us-
ing a custom-written R programme (using EBImage Bio-
conductor packages). A common pre-processing step in-
volves cleaning up the images by removing local artifacts or
noise through smoothing. Images were smoothed using the
wra pper function w hich performs Gaussian filter smooth-
ing. Image segmentation was performed to identify the in-
dividual cells using the watershed algorithm over the binary
image ( 34 ). 

CRISPR / cas9 genome editing 

In this study, the site-directed mutant strains were gener-
ated using CRISPR-Cas9 genome editing technology as
described previously ( 35 ). The vector (pML104) for the
one-plasmid system of CRISPR-Cas9 gene editing ( www.
addgene.org ) contains both the Cas9 gene and the guide
RNA expression cassette. To design the specific single
guide RN A (sgRN A), we used an online tool ( http://
wyrickbioinfo2.smb.wsu.edu/crispr.html ) to aid identifica-
tion of unique guide RNA target sites in the yeast genome.
RNA expression cassette double-stranded DNA fragments
(gBlocks) corresponding to the selected guide RNAs were
synthesized by Integrated DN A Technolo gies. Yeast trans-
f ormations f or CRISPR-Cas9 gene editing were perf ormed
as described previously ( 35 ). A synthetic double-stranded
gBlock template with the targeted gene mutation was used
to introduce each nucleotide substitution. To validate cre-
ation of the mutants, transformants were isolated for ge-
nomic DNA extraction and sequence analysis. 

Microfluidic devices for single cell studies 

The configuration of the microfluidic devices used in this
work (Supplementary Figure S1) was based on the principle
of hydrodynamic pr essur e holding individual cells within
suitably designed jail traps comprising PDMS pillars. We
deri v ed our de vices from a design outlined previously ( 36 ),
and used a chrome-plated glass photolitho gra phy mask for
their manufacture at a tolerance of ±0.15 �m. After cali-
bration of the spreading of the SU8 photoresist by a spin
coater, silicon wafer moulds were created to the desired di-
mensions and tolerances. These moulds were utilized in the
manufacture of PDMS casts for use in the microfluidics ex-
periments. Media flow through the assembled microfluidics
devices was managed using a Fluigent pr essur e-controlled
system, which allowed automatic feedback under the con-
trol of Fluigent AIO software. The statistics of individual
cell division rates during experiments confirmed that nu-
trient provision in the microfluidics device supported expo-
nential growth a t ra tes (cell-cycle completion time 88 ± 21
min) comparable with the maximal rates observed in the
low-density exponentially growing batch cultures used else-
where in this work. Cell clumps were removed from cell cul-
tures prior to loading into the microfluidics device using
a combination of mild sonication (15 s at low power) in a
sonica tion ba th and filtra tion through a 10 �m filter. Con-
trol experiments using flow cytometry and live-cell imaging
showed that short exposure to such low power sonication
elicited no detectable stress response from the cells. 

Computational modeling 

The model is deri v ed from the totally asymmetric sim-
ple exclusion process [TASEP; ( 37 )], as applied previ-
ously to GCN4 translation ( 38 ). Full details are presented
in the Supplementary Data section. Additional features
were introduced that enable the new model to provide an

http://www.addgene.org
http://wyrickbioinfo2.smb.wsu.edu/crispr.html
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Figur e 2. Stochasticall y Enhanced Transla tion sta te (SET 

GCN4 ) cells. ( A ) 
A genomic ymNeonGreen reporter construct including a constituti v e pro- 
moter (P TEF1 ) and the 5’UTR 

GCN4 was established in S.cerevisiae . Fluo- 
r escence microscop y ( B ) and flow cytometry ( C ) re v ealed the presence of 
a small sub-popula tion (approxima tely 3.0%) of SET 

GCN4 cells that are 
in a high-expression state despite non-starvation conditions (shown here 
to lie outside of the normal distribution of fluorescence intensities, indi- 
cated by the broken line). The fluorescence distribution of cells carrying 
the genomic reporter construct is shown in red and the (auto-) fluores- 
cence distribution of a control strain lacking the genomic integration is 
shown in grey ( C ). The fluorescence intensity distribution of the SET 

GCN4 

cells maps onto that assumed by the total population of cells after 4 h of 
3-AT induction (purple curve in panel E). ( E ) For comparison, 3-AT in- 
duction resulted in the progressi v e transition of all cells of the reporter 
strain from a low state of fluorescence to a high state. The flow cytometry 
distributions [only the outline of each distribution (six biological repeats 
for each time point) is shown] are colour-coded according to the period of 
induction: 0 time (red), 1 h (yellow), 2 h (green), 3 h (blue) and 4 h (pur- 
ple). ( D ) Fluor escence microscop y confirms that all of the cells manifest 
the high-fluorescence state after 4 h of 3-AT induction (purple distribu- 
tion in panel E). The cell fluorescence in panels B and D is represented in 
white to facilitate identification of different intensities of reporter activity. 
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xplanation of the SET 

GCN4 phenomenon, as outlined in the 
esults section. 

ESULTS 

eterogeneity of expression from the GCN4 5’untranslated 

egion 

e investigated the expression characteristics of the GCN4 

ystem at the single-cell le v el using a genomic fusion con- 
truct comprising the GCN4 5’UTR (5’UTR 

GCN4 ) cou- 
led to the yeast-optimised mNeonGreen coding sequence 
ymNG CDS; Figure 2 A). In order to focus on transla- 
ional control mediated by the 5’UTR 

GCN4 , this construct 
as placed downstream of the constituti v e P TEF1 promoter. 
e reported previously that this promoter generates single 

ell mRNA copy number data that fit well to a standard neg- 
ti v e binomial distribution across a yeast population ( 26 ). 
xamination of the cell-to-cell heterogeneity of ymNG ex- 
ression with the help of fluorescence microscopy re v ealed 

hat the cell population did not uniformly manifest the non- 
nduced state (Figure 2 B). Unexpectedly, flow cytometry re- 
ealed that a significant proportion ( ≥3.0% of total cells) of 
he population manifests high fluorescence intensity (Figure 
 C), while most of the cells show lower fluorescence activity 

hat is consistent with the expected non-induced state. In- 
eed, the intensity range recorded for the stochastically en- 
anced transla tion sta te (SET 

GCN4 ) sub-popula tion of cells 
apped to the fluorescence distribution observed for cells 

esponding to amino-acid starvation, as induced by the ad- 
ition of 3-aminotriazole (3-AT; Figure 2 D, E), a compet- 

ti v e inhibitor of imidazoleglycerol-phosphate dehydratase 
encoded by HIS3 ) whose addition mimics amino acid star- 
ation ( 32 ). In summary, the SET 

GCN4 cells seem to conform 

o a separate distribution from the main fluorescence distri- 
ution of non-induced cells, whereby the SET 

GCN4 distribu- 
ion is narrower, has a higher fluorescence intensity mean, 
nd accommoda tes approxima tely 3% of the total popula- 
ion. As we consider in more detail later in this paper, the 
uorescence intensity data for the whole population do not 
t to a single normal or skewed-normal distribution. A full 
nalysis is provided in the Supplementary Data section (in- 
luding the embedded Supplementary Figure S10 in that 
ection). 

 stochastic asymmetric expression distribution determined 

y the GCN4 5’UTR 

he observation that, in an exponentially growing culture, 
here is a sub-population of non-starved cells in which ex- 
ression of the CDS downstream of the 5’UTR 

GCN4 is at a 

e v el characteristic of starvation-stressed cells led us to in- 
estigate in further detail the noise characteristics of trans- 
a tion media ted via this 5’UTR (as manifested in cell-to- 
ell heterogeneity). A plot of forward-scattering vs side- 
ca ttering da ta (Figure 3 A) for the reporter construct strain 

described in Figure 2 A), plus a version of this plot high- 
ighting the distributions of these variables for the respec- 
i v e cell populations (Supplementary Figure S2), re v eal that 
he SET 

GCN4 state is observed in cells (highlighted in red) 
ith a wide variety of sizes, shapes and internal structures. 
e used fluorescence-activated cell sorting (FACS) to iso- 

ate cells belonging to the most intensi v ely fluorescing half 
f the SET 

GCN4 sub-population (Figure 3 B) from the re- 
aining cell population and asked the question whether 

his sub-group would maintain its high-expression status 
ver further generations of growth. The result was striking: 
ithin 10 generations ( < 20 h) of further growth, the orig- 

nal dominant non-induced fluorescence distribution over- 
apping with the smaller SET 

GCN4 sub-population was re- 
stablished (Figure 3 C). The same result was achie v ed if 
olely non-SET 

GCN4 cells were selected as the starting point 
or this regrowth experiment. In other words, the asymmet- 
ic expression distribution (including the SET 

GCN4 state) is a 

efault sta tus tha t is determined by stochastic processes tha t 
r e inher ent to any randomly selected population of yeast 
ells. Ther efor e, the SET 

GCN4 sub-population does not cor- 
espond to a distinct genetic variant. 
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Figure 3. The SET 

GCN4 state is generated stochastically. ( A ) A plot of forward-scattering vs side-sca ttering da ta for the reporter construct strain (described 
in Figure 2 A) re v eals that the SET 

GCN4 state is observed in cells (highlighted in red) with a wide variety of sizes, shapes and internal structures. ( B ) The cells 
manifesting fluorescence intensity greater than the 99th percentile value (boxed region at upper end of the intensity distribution) were separated using a 
fluorescence-activated cell sorter (FACS). The blue dotted line r epr esents the predicted outline of a normal distribution of fluorescence intensity. The cells 
from the boxed region (representing in this case the top 1% of the fluorescence intensity distribution) isolated in this way all manifested the SET 

GCN4 state, 
but upon continued growth re-established the original fluorescence intensity distribution, as demonstrated by further fluorescence cytometry analysis ( C ). 
Cells were also trapped in a microfluidics device and imaged using time-lapse bright field ( D ) and time-lapse fluorescence ( E ) microscopy. The occupied cell 
traps selected for inclusion in panel E all contain typical dividing SET 

GCN4 cells, thereby illustrating active cell division in the microfluidic system. Other 
images show individual trapped cells pr ogressing thr ough the cell cycle and shedding buds through the trap exit door ( F–H ). The respecti v e cells shown 
her e ar e held in the traps by the pr essur e of the unidir ectional flow of growth medium. An example of one sample population studied in the microfluidics 
system ( n = 1269 cells; panel I ) illustrates the consistently observed result that the most highly fluorescing 3% (orange) belong to a subset (corresponding 
to SET 

GCN4 cells) that is distinct from the normal distribution of the other 97% (blue). The smaller number of cells analysed in this way leads to coarser 
granularity in the fluorescence intensity distribution (I) compared to the flow cytometry data (B). 
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Each flow cytometry experiment reveals the distribution
of fluorescence intensity in the individual members of a
cell population within a relati v ely short time window. We
ther efor e utilized microfluidics in combination with time-
lapse fluor escence microscop y to perform continuous li v e-
imaging of exponentially growing individual cells within a
cell population over the full cycle of cell division. Small
volumes of exponentially growing yeast cultur es wer e in-
troduced into a temperature-controlled microfluidic device
so that the trap array was populated with single (budding)
cells (illustrated by images of selected cells in Figure 3 D–
H). The growth environment within the microfluidics device
was maintained in a stable stead y-sta te using precisely reg-
ulated pr essur e-dri v en pumps that continuously r efr eshed
the growth medium. The fluorescence intensity of cells that
remained immobilized (while still growing normally) in the
microfluidic traps was observed over 90 minutes, revealing a
distribution of fluorescence values across the trapped popu-
lation (see an example of one such experiment in Figure 3 I).
Monitoring more than 1000 single growing cells over an ex-
tended timeframe in this way again re v ealed the e xistence
of the highly fluor escing SET 

GCN4 sub-population, wher eby
the relati v ely small cell sample size (compared to the flow
cytometry experiments) resulted in a coarser distribution,
as well as more variability between experiments. The latter
is highlighted here by the orange-coloured bars correspond-
ing to the cells manifesting the top-3% fluorescence inten-
sities (see the example experiment shown in Figure 3I; the
bin size affects the granularity of the graph). In conclusion,
this individual-cell-imaging based analysis confirms the ex-
istence of the SET 

GCN4 sub-population as well as its main
quantitati v e features. 

GCN4 5’UTR structure underpins the SET phenomenon 

In further experiments, we investigated the role of the
5’UTR 

GCN4 in generating this stochastic distribution. An
important feature of the 5’UTR 

GCN4 is the influence of its
uORFs on the behaviour of ribosomal complexes that in-
teract with it. Elimination of uORF1 has previously been
shown to abrogate translational der epr ession mediated by
the 5’UTR 

GCN4 ; the explanation for this loss of regulation is
that the modification allows a greatly increased percentage
of ribosomal pre-initiation complexes to initiate on uORF4
and then to dissociate from the mRNA, so that v ery fe w
of them can initiate on the GCN4 CDS ( 32 ). We found
tha t muta tion of the uORF1 start codon to AUA markedly
reduced the size of the SET 

GCN4 sub-population (Fig-
ure 4 ). It also changed the reporter expression behaviour
brought about by 3-AT induction, yielding an overlapping
bimodal fluorescence distribution and, overall, a threefold-
reduced mean value for the reporter fluorescence (Supple-
mentary Figure S3). This outcome is consistent with the pri-
mary role of uORF1 as a reinitiation-promoting structural
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Figure 4. Mutation of the uORF1 start codon to ATA abrogates the 
SET 

GCN4 state. ( A ) The uORF1 ATG start codon in the genomic reporter 
construct (see Figure 2 A) was mutated to ATA ( B ). Flow cytometry (of 
e xponentially growing, non-starv ed cells) re v ealed that the resulting strain 
no longer supports generation of the SET 

GCN4 state ( C ). 
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lement whose functional impact can only be partially re- 
roduced by uORF2, at least when located in its normal po- 
ition within the 5’UTR 

GCN4 (32). In further experiments, 
e replaced uORF1 by uORF4. In line with the demon- 

trated property of uORF4 to promote ribosomal release 
fter termination on its stop codon, this modification also 

arkedly limited the induced le v el of gene expression and 

trongly reduced the size of the SET 

GCN4 sub-population 

data not shown). These were very similar outcomes to 

hose observed after modification of the uORF1 start codon 

o AUA (Figure 4 and Supplementary Figure S3). We con- 
lude from this section of the work that modifications of 
he uORF-based ar chitectur e of the 5’UTR 

GCN4 that par- 
iall y or full y eliminate the nutrient-stress-induced transla- 
ion regulatory mechanism also suppress de v elopment of 
he SET 

GCN4 state. The fluorescence distributions observed 

n these cases are similar to those manifested by a control re- 
orter construct featuring a short unstructured 5’UTR that 
oes not contain uORFs, as considered in the modeling dis- 
ussion in the Supplementary Data section (specifically the 
mbedded Supplementary Figure S12 in that section). 

he role of eIF2 � phosphorylation 

he degree of phosphorylation of eIF2 � is known to play a 

ey role in transla tional regula tion of GCN4 . It modulates 
he ability of reinitiating ribosomal 43S complexes to bypass 
ORF4 and thus to initia te transla tion on the start codon of 
he main GCN4 CDS ( 32 ). We tested the hypothesis that the
xistence of the SET 

GCN4 cells is linked to eIF2 � phosphory- 
ation. We did this in two ways. First, we compared the dis- 
ribution of fluorescent reporter activity in a gcn2 Δ genetic 
ackground (Figure 5 B) with that obtained with a wild-type 
ontrol strain (Figure 5 A; see also overlay of these respec- 
i v e panels in Supplementary Figure S4). Flow cytometry 

e v ealed that, in the absence of Gcn2 kinase, translational 
ctivation of the genomic GCN4 reporter construct in the 
ider population was, as expected from earlier work ( 32 ), 

brogated. In addition, we observed that the SET 

GCN4 cells 
ere no longer evident (Figure 5 B). Second, we observed 

 very similar result using a strain in which the phospho- 
ylation target of Gcn2 kinase, eIF2 � Ser51, was mutated 

o Ala (Figure 5 C). In the latter case, activation of Gcn2 

through addition of 3-AT) in the eIF2 � Ser51Ala mutant 
ells leads to a small degree of narrowing of the expression 

rofiles of the reporter construct in the non-activated and 

ctiva ted sta tes (Figure 5 C), perhaps because of some other 
ffect of Gcn2 activation in the cell. Overall, the most con- 
istent feature of both types of experiment was the disap- 
earance of the SET 

GCN4 sub-population (compare, for ex- 
mple, the profile delineated by the broken vertical lines in 

igure 2 C). 

xtrinsic versus intrinsic noise 

n order to obtain more information about the translational 
tochasticity generated by the 5’UTR 

GCN4 , we used a previ- 
usly r eported procedur e to a ppl y light-sca tter ga ting anal-
sis to the fluorescence cytometry data ( 20 , 26 ). This proce- 
ure is generally used to provide information on the rela- 
i v e contributions of extrinsic and intrinsic components to 

he total gene expression noise observed in a given popula- 
ion of cells. We applied this procedure to the population of 
ninduced cells of a strain carrying the chromosomally in- 
egrated reporter construct shown in Figure 2 A. The light- 
ca tter ga ting analysis re v eals an interesting property of the 
ET 

GCN4 subpopulation of cells (Figure 6 A); in comparison 

ith the whole population (red plots), translation initiation 

ediated by the 5’UTR 

GCN4 in the SET 

GCN4 cells manifests 
 much reduced component of extrinsic noise (blue plots). 
ssessment of the smaller gate radius data also indicates 

ha t the SET 

GCN4 subpopula tion manifests a lower intrin- 
ic noise le v el (b lue plot lines in Figure 6 A). These observed
hanges in noise characteristics can be reproduced by the 
ystem model we describe below. 

Since we had alread y demonstra ted tha t the presence 
f an acti v e Gcn2 kinase is linked to the expression state 

n SET 

GCN4 cells (Figure 5 ), we examined whether vari- 
tion in the basal activity of this kinase might poten- 
ially constitute one form of extrinsic noise that could 

ontribute to the generation of the bimodal distribution 

f 5’UTR 

GCN4 -supported translation initiation that is ob- 
erved in non-induced cell populations. We transformed the 
 TEF1 -5’UTR 

GCN4 - ymNG strain using a centromeric plas- 
id carrying GCN2 . Since centromeric plasmids can man- 

fest mean copy numbers per cell of up to at least fiv e 
 39 ), expression of a promoter-gene combination from such 

 plasmid can generally be expected to be increased, and 

how enhanced variability compared to the same promoter- 
ene combination in a genomic locus. The presence of a 

ignificantly increased basal activity of Gcn2 kinase will, 
 v en in the absence of induction (by starvation or the 
ddition of 3-AT), result in an increased le v el of phos- 
horylation of eIF2 �. The results of the flow cytome- 
ry experiments (Figure 6 B) re v eal that this markedly in- 
reases the size of the sub-population of SET 

GCN4 cells, 
onsistent with the proposal that variations in Gcn2 ac- 
ivity r epr esent a natural generator of extrinsic noise in 

he 5’UTR-mediated regulatory system controlling GCN4 
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Figure 5. Blocking phosphorylation of eIF2 � eliminates the SET 

GCN4 state. Flow cytometry analysis of genomic reporter gene expression (Figure 2 A) in 
strains lacking Gcn2 kinase [ gcn2 Δ; ( B )] or with a Ser51Ala mutation in eIF2 � ( C ) re v eals the loss of the SET 

GCN4 sub-population [compare wild-type 
control ( A )]. In each case, cells that had been growing exponentially in YNB medium were subjected to flow cytometry. The fluorescence profiles for cells 
growing in YNB medium alone (red lines) are overlaid with profiles of cells in YNB plus 3-AT (4 h of induction; blue lines). For the purpose of clarity, the 
flow cytometry data from six biological repeats of each experiment are represented by the (overlaid) outlines of the respecti v e distributions. 
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Figur e 6. Gating anal ysis of up-r egulated expr ession dependent on the GCN4 5’UTR. ( A ) Light-scatter gating analysis 20 indicates that expression depen- 
dent on the 5’UTR 

GCN4 manifests a comparati v ely high le v el of noise (red data points), e v en in the absence of induction b y starv ation (or 3-AT). The plot 
re v eals the effect of progressi v ely constraining the heterogeneity of the cells (by reducing the gate radius) on the %CV (coefficient of variance as a percent- 
age) value. As the gate radius is constrained (moving along the x-axis from right to left), the contribution of extrinsic factors is reduced, and ultimately a 
minimum value is reached that is primarily attributable to the intrinsic noise component. The SET 

GCN4 sub-population of cells (blue data points, r epr esent- 
ing those cells whose ymNG fluorescence intensity lies above the 97th percentile of total population fluorescence intensity values) manifests a lower le v el of 
overall noise, indicating that there is greater homogeneity in the rates of GCN4 gene expression in these cells, and a smaller extrinsic component. ( B ) Flow 

cytometry fluorescence intensity profile of a strain carrying the genomic P TEF1 -5’UTR 

GCN4 - ymNG construct (see Figure 2 A) plus a plasmid-borne GCN2 
gene that overproduces the Gcn2 protein (to stochastically varying degrees because of copy number variations). We observed a high-noise, (overlapping) 
bimodal distribution that features peaks typical of non-induced cells (major peak outlined by broken blue line) and of a greatly increased proportion of 
SET 

GCN4 cells (see region indicated by the horizontal blue bracket). 
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Expression state of gcn4 -activated biosynthetic pathway
genes 

If the SET 

GCN4 state is linked to an increased le v el
of the Gcn4 transcriptional activator in these cells, this
should switch on expression of downstream genes in-
volved in amino acid biosynthesis. We accordingly inte-
gra ted yEGFP a t the C-terminal end of the genomic GCN4
CDS and mRuby3 at the C-terminal end of the genomic
ADE8 CDS. ADE8 is a Gcn4-regulated gene that en-
codes phosphoribosyl-glycinamide transformylase, an en-
zyme tha t ca talyses a step in the purine nucleotide biosyn-
thetic pathway. This enabled us to measure both the relati v e
in viv o ab undance of the Gcn4 ::yEGFP fusion and, in paral-
lel, the degree of downstream transcriptional activation im-
posed by this fusion protein in exponentially growing cells.
Analysis of the fluorescence characteristics of randomly se-
lected, non-induced, individual cells revealed the relation-
ship between the intracellular abundance of the yEGFP
fusion protein and ADE8::mRuby3 expression. We iden-
tified a strong correlation between the abundance of the
respecti v e fusion proteins (Figure 7 ). It is also noticeable
that a large percentage of those cells manifesting the high-
est yeGFP fluorescence values (including the SET 

GCN4 sub-
population) also manifest above-proportional increases in
mRuby3 fluorescence. This is consistent with increased ac-
tivation of the P ADE8 promoter at higher le v els of Gcn4.
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A B

Figure 7. Enhanced ADE8 expression in SET 

GCN4 cells. A strain was studied that carried genomic integrations of both of the gene fusions ADE8::mRuby3 
and GCN4::yEGFP . Fluorescence microscopy of this strain growing in YNB medium re v ealed the ADE8::mRuby3 expression le v el in each cell in the studied 
population, and the measured fluorescence value was compared with the fluorescence generated by GCN4::yEGFP expression in the same cell. Plotting this 
pair of values for the whole population re v eals a strong correlation between ADE8::mRuby3 fusion reporter intensity and GCN4::yEGFP fusion reporter 
construct intensity in individual cells, indicating that, in SET 

GCN4 cells, the non-stress-induced (but stochastically enhanced) le v el of GCN4::yEGFP corre- 
lates with a correspondingly higher le v el of transcription of ADE8::mRuby3 . Towards the higher end of the non-induced le v el of intracellular Gcn4::yEGFP 

abundance in the distribution, the Ade8::mRuby3 abundance in each cell skews more positi v e relati v e to the linear corr elation line (r ed). P anel A shows the 
plot of total fluorescence intensity per cell for the respecti v e reporters, while the values in panel B are normalised to (divided by) the volume of each cell. 
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verall, these data confirm that in all cells of the popu- 
ation, including the SET 

GCN4 cells, ADE8::ymRuby3 was 
ubject to GCN4::yEGFP -dependent induction. 

 possible mechanism underpinning the SET 

GCN4 state 

e explored whether we can model a scenario in which 

 population of cells manifests a variation in an activator 
hat provides an explanation for the observed abundance 
f SET 

GCN4 cells. Understanding what assumptions are re- 
uired to simulate the results that we hav e observ ed helps us 
o elucidate the likely mechanistic basis of the SET 

GCN4 phe- 
omenon. We have applied a model of GCN4 translation 

Figure 8 A) that is based on the totally asymmetric simple 
xclusion process (TASEP; 37) as more recently applied to 

CN4 translation ( 38 ). The model involves binding of the 
3S complex to the 5’ end of mRNA at rate α, followed by 

canning a t ra te v and initia tion a t uORF1. Following ter-
ination of uORF1 translation, the small ribosomal unit 

40S) remains on the transcript with a probability η and 

cans a t ra te v to the next start codon, which is located at the
tart of either uORF4 or the GCN4 CDS. We have ignored 

ORF2 and uORF3 in this version of the model because the 
egulatory properties of the GCN4 5’UTR are largely main- 
ained in their absence ( 32 ). Downstream of uORF1, a new 

ernary complex (TC) can bind to the scanning 40S at rate 
, forming the complex we refer to as 40S-TC. The model 
nd its parameters are presented and discussed in full detail 
n the Supplementary Data section. 

In this model, the rate at which 40S-TC initiates at the 
CN4 start codon is equal to the scanning speed v multi- 
lied by the probability that 40S-TC will reach the GCN4 

tart codon. We make the assumption that the rate α at 
hich the 43S complex binds to the 5’end is much lower 
han the scanning ra te v , i.e. tha t the total density of initi-
tion complexes concurrently scanning the 5’UTR is also 

ow. This assumption is justified by the results of ribosome 
ensity mapping experiments that detect the presence on 

he 5’UTR of only approximately one ribosome under re- 
ressing conditions, and a pproximatel y two ribosomes un- 
er der epr essing conditions ( 40 ). We have estimated the val- 
es of λ/ v and η under r epr essing conditions (0.018 and 

.62, respecti v ely) on the basis of previous studies; one ex- 
mining the effects of the respecti v e uORFs on translation 

 v ents on the GCN4 5’UTR ( 41 ) and another looking at the
ynamics of yeast ribosomal scanning ( 42 ). Taking into ac- 
ount the induction behaviour observed using flow cytom- 
try (see, for example, Figure 2 E), λ/ v becomes 0.011 un- 
er de r epr essing conditions wher eb y, λ assumes the v alue 
.33 s −1 . Under r epr essing conditions, λ = 0.54 s −1 . Using 

 value of 0.08 s −1 for α, the model predicts the relationships 
etween the value of λ and the probabilities of reinitiation 

n uORF4 and on GCN4 shown in Figure 8 B (see also the 
upplementary Data section). These plots highlight the re- 
pecti v e reinitiation probabilities predicted at the different 
alues of λ under r epr essing and der epr essing conditions. 
he variables in this model can be adjusted to obtain an 

ptimal model fit for a range of experimental conditions. 
Building on the above model, we propose a simple ratio- 

alization (outlined in detail in the Supplementary Data sec- 
ion) of the 5’UTR 

GCN4 –dependent translation profile ob- 
erved in a population of yeast cells (as reflected, for ex- 
mple, in the fluorescence data shown in Figure 3 B) that 
omprises a normal distribution of fluorescent reporter ex- 
ression that overlaps with the enhanced fluorescence dis- 
ribution corresponding to the SET 

GCN4 state. We have 
mployed a simple two-step gene expression model to ex- 
lain these two distributions (Figure 8 C). The main normal 
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Figure 8. Model of stochastic e v ents on the 5’UTR 

GCN4 . A number of variables were incorporated into the computational model ( A ). This model predicts 
relationships between the rate of TC binding to scanning 40S and the rate of reinitiation on uORF4 and on the GCN4 coding r egion, r especti v ely ( B ). The 
main distribution of protein synthesis (in each cell) is dictated by a number of processes that occur sim ultaneousl y ( C ), and can be explained assuming 
the value of the translation rate under r epr essing conditions. In contrast, the SET 

GCN4 cell distribution can be explained by cell-to-cell variations in the 
T C binding rate. Her e, we have modeled the generation of the TC binding rate variations in response to variations in Gcn2 activity. Combining these two 
strands of modeling, we obtain an asymmetric profile that is remar kab ly close to the observed behavior of the GCN4 system ( D ). 
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distribution can be explained assuming the value of the
tr anslation r ate under r epr essing conditions. In contrast, the
SET 

GCN4 cell distribution can be explained by cell-to-cell
variations in the TC binding rate λ. We have demonstrated
that one potential cause for these variations is cell-to-cell
heterogeneity in the activity of Gcn2 kinase. We expect that
λ assumes a maximum value of λr epr essed under conditions in
which Gcn2 activity is below a threshold value (see above),
while λ assumes a lower (der epr essing) value at Gcn2 kinase
activities greater than the threshold value. We have shown
that positi v e fluctuations of Gcn2 acti vity can incr ease der e-
pression in the cell population (see Figure 6 ). Howe v er, neg-
ati v e fluctuations of Gcn2 kinase cannot increase λ beyond
λr epr essed because this is limited by the rate control coeffi-
cients of other transla tion initia tion factors ( 43 ). These con-
sider ations gener ate an asymmetric profile (Figure 8 D) that
closely resembles the experimentally observed behaviour of
the system (Figure 3 ). 

DISCUSSION 

In this study, we have identified a form of non-genetic vari-
a tion tha t opera tes a t the transla tion le v el. In an e xpo-
nentially growing yeast culture, this manifests itself in the
form of a subset of cells in which the 5’UTR-mediated
der epr ession of GCN4 expression is activated as the re-
sult of stochastic, rather than deterministic, factors. This
phenomenon is reproducib ly observ ed under three differ-
ent sets of experimental conditions that we have studied us-
ing flow cytometry, fluorescence microscopy of cells grown
in batch culture, and fluorescence microscopy of cells over
a longer timescale within a microfluidics environment in
which the growth medium is continuously r efr eshed. The
SET 

GCN4 subpopulation comprises < 5% of the total cell
population, which is comparable to the limited sizes of sub-
populations manifesting transcriptional heterogeneity in re-
lation to other regulatory responses in yeast [for example,
carbon source switching ( 30 ); stress protection by Tsl1 ( 29 )].
We hav e inv estigated the prov enance of this state of stochas-
tic enhanced translation of the GCN4 gene (the SET 

GCN4

state). The experimental data reported in this study re v eal
that the SET 

GCN4 state is underpinned by the operational
features of the GCN4 5’UTR acting at the translation step
of gene expression. Mutational analysis of uORFs 1 and
4 show that these structural elements play key roles in the
generation of the SET 

GCN4 sub-population. This is consis-
tent with the idea that stochastic variation in the mech-
anisms underpinning the fate (uninterrupted scanning or
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einitiation) of pre-initiation complexes as they encounter 
he uORF4 start codon dri v es the SET 

GCN4 phenomenon. 
e have also demonstrated that the SET 

GCN4 state is depen- 
ent on phosphorylation of eIF2 �. Mutational disruption 

f both uORF-mediated scanning modulation and GCN2 

hosphoryla tion elimina tes the SET 

GCN4 sta te and con- 
omitantly r econfigur es the fluor escence intensity distribu- 
ion to a more symmetrical form. Moreover, it is notable 
hat, in those cases (Figures 4 and 5 ) in which we have in-
ctivated the GCN4 translational regulation mechanism via 

reviously described mutations ( 32 ), the fluorescence inten- 
ity data assume the form of a normal distribution (see also 

he Supplementary Data section). This suggests that, un- 
er standard conditions, the mRNA-scanning stochastic- 

ty that generates the SET 

GCN4 state is superimposed on the 
ranscriptional noise dri v en by the promoter. 

At first sight, it is tempting to conclude that the SET 

GCN4 

tate is comparable to the phenotype of cells carrying a 

cd 

− (constituti v e der epr ession) mutation ( 32 ). Howe v er,
ur results indicate that the SET 

GCN4 state is limited to only 

 subset of cells by virtue of stochastic variation; i.e. it is 
ot generated by a nutritional starvation response. It seems 

ikely that the SET 

GCN4 state is only feasible if translation 

f most, if not all, of the GCN4 mRNA molecules in any 

i v en cell is transla tionally activa ted, since otherwise the ob- 
erved high level of expression in each SET 

GCN4 cell would 

ot be possible. This suggests the involvement of some form 

f extrinsic noise, i.e. variations in the global cellular envi- 
onment. The dominant contribution of an extrinsic noise 
ource, such as Gcn2, would also explain the occurrence of 
 sub-population of individual cells in which GCN4 transla- 
ion is evidently activated under non-starvation conditions. 

oreover, in another relevant stud y, transla tion complex 

rofiling has provided additional insight into the interac- 
ions between 40S ribosomal small subunits (SSUs) and 

CN4 mRNA molecules within the cell ( 44 ). In that work, 
ranslation complex profile sequencing (TCP-seq) has re- 
ealed the presence of an SSU footprint over the GCN4 

ain ORF AUG a t a frequency tha t suggests tha t there is
 low le v el of GCN4 translation on mRNAs extracted from 

on-starved (non-der epr essed) yeast cultur es. This T CP-seq 

esult is consistent with the occurrence of the SET 

GCN4 state 
n a sub-population of non-starved yeast cells, as described 

n the present work. 
Consideration of the above findings prompted us to ex- 

lore how cell-to-cell heterogeneity with respect to at least 
ne extrinsic factor might act upon these operational fea- 
ures to generate the SET 

GCN4 state. Our results indicate 
hat the activity of Gcn2 kinase exerts a strong influence 
n the SET 

GCN4 phenomenon. Pre vious wor k has demon- 
tra ted tha t inactiva tion of Gcn2 kinase pre v ents GCN4 

er epr ession in response to starvation of yeast cells for 
mino acids or nucleosides ( 32 ). In this study, we have ob- 
erved not only tha t inactiva tion of GCN2 eliminates the 
ET 

GCN4 sub-population, but also that the presence of an 

xcess of Gcn2 activity increases the size of the the SET 

GCN4 

ub-popula tion. These da ta are consistent with a scenario 

n which SET 

GCN4 cells distinguish themselves from the 
ulk of a yeast cell population by virtue of the exception- 
lly high le v el of Gcn2 kinase activity that they possess. 
his could potentially be due to an enhanced abundance 
f Gcn2 kinase that is in its basal activity state, since ac- 
ivation linked to induction mediated by the usual nutri- 
ional stress pathway would normally be expected to cause 
arked growth limitation of the SET 

GCN4 cells, a feature 
f this sub-population that we have not observed. How- 
 v er, at this stage we cannot rule out the possibility that 
cn2 kinase is subject to partial activation in these cells. 
or example, partial dephosphorylation of Ser577 in Gcn2, 
hich is known to activa te Gcn2-media ted phosphoryla tion 

f eIF2 � ( 32 ), might potentially also be involved, and clar- 
fication of this question will need to be the subject of fu- 
ure work. It is notable that 5’UTR 

GCN4 -mediated noise is 
educed in SET 

GCN4 cells, primarily because of suppression 

f the extrinsic component. This is consistent with an in- 
reased activity of the extrinsic factor that is responsible for 
enera ting the SET 

GCN4 sta te, although it does not inform 

s how the increased activity is achieved. 
Our observations identify Gcn2 kinase as a source 

f 5’UTR 

GCN4 -mediated noise that contributes to the 
ET 

GCN4 phenomenon. We have not established whether 
ther factors are also relevant. For example, the actin- 
inding yeast impact homologue 1 (Yih1) competes with 

cn1 for binding to Gcn2, thus inhibiting the stimulation of 
cn2 kinase by uncharged tRNAs under nutritional stress 

onditions ( 45 ). Future work will therefore need to investi- 
ate whether Yih1, or other potential modulators of Gcn2 

inase activity, also play a role in determining the charac- 
eristics of the SET 

GCN4 state. Moreover, it remains to be as- 
ertained whether there exists an alternative route to modu- 
ating ribosomal interactions with the 5’UTR 

GCN4 that is at 
east partially uncoupled from regulation of global protein 

ynthesis. 
Of further note is that there is no a priori reason to as- 

ume that the relati v e size of the SET 

GCN4 sub-population is 
xed, and this could potentially vary from species to species 
nd from strain to strain. This is because the magnitude of 
he extrinsic noise fluctuations may be dependent on multi- 
le (as yet undefined) factors. It is also likely to relate to the 
r owth envir onment and thus selecti v e forces that, in turn, 
etermine the balance between metabolic burden and en- 
anced competiti v eness. In this conte xt it is important to 

ote other work in yeast showing that rate control of protein 

ynthesis is shared across multiple components of the trans- 
ation machinery ( 43 ). This raises the possibility that het- 
rogeneity in the intracellular abundance of multiple trans- 
a tion appara tus proteins may contribute to the observed 

ET 

GCN4 state, perhaps working in synergy with variations 
n the activity of Gcn2. It would not be surprising to find 

hat such complex functional interactions lie at the root of 
he type of regulatory heterogeneity we describe here, but 
heir elucidation will r equir e futur e investigation. 

Finally, we note that uORF-mediated posttranscrip- 
ional control is also observed in other yeast mRNAs ( 46 ) 
s well as in higher eukaryotes ( 47 ). Mammalian and in- 
ect (e.g. Drosophila ) cells possess ATF4 , a transcription- 
actor-encoding gene that, analo gousl y to GCN4 , is sub- 
ect to uORF-mediated translational regulation ( 48 ). It is 
orth noting that this type of regulatory principle is also 

hought to a ppl y to other genes, including ATF5 and CHOP 

C / EBP homologous protein) ( 49 ). The ATF4 5’UTR con- 
ains two uORFs, and translation of the second of these 
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uORFs, as opposed to translation of the main ATF4 read-
ing frame, is again subject to modulation by the state of
phosphorylation of eIF2 �. Remar kab ly, the ATF4 regula-
tory pathway is critical for the survival and proliferation of
at least two tumour cell types in response to nutrient de-
privation ( 50 ). It also plays a role in controlling autophagy
(a natural regeneration process that removes defective com-
ponents in cells) and apoptosis (a process of programmed
cell death essential to both the maintenance of homeostasis
and tissue growth / de v elopment). A striking manifestation
of this is that an ATF4 mutant in Drosophila pre v ents heads
from emerging from the thorax during pupation ( 49 ). 

In conclusion, this study has established the existence of
a form of stochastic noise in what appears to be the default
opera tional sta tus of a transla tional regula tory switch un-
der non-starvation conditions in S.cerevisiae . This transla-
tional noise is in addition to the transcriptional noise that
is generally evident in the expression pathwa y f or all genes.
We have determined many of the key features of this novel
stochastic system, but future work will need to characterize
in detail the full significance of the SET 

GCN4 expression state
in terms of further mechanistic details, the associated fitness
trade-offs, and the potential role of such a system in evolu-
tionary terms. Gi v en the e xistence of multiple genes subject
to uORF-media ted transla tional regula tion in eukaryotes, it
is possible that related forms of translational stochasticity,
and possibly of translational bet-hedging, are operational in
at least some of these systems. The mechanisms underpin-
ning such stochastic phenomena may be found to be advan-
tageous for the host solely under certain growth conditions,
while close to neutral benefit or disadvantageous in others,
so that any overall positive selective value becomes evident
only in varying environments. Moving forward from this
primary study of the mechanistic basis for gene expression
heterogeneity generated by interactions between the trans-
la tion appara tus and an uORF-containing 5’UTR, future
work will need to explore the relationships between this phe-
nomenon and cell viability, stress responses and evolution. 
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