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ABSTRACT

The rate of chemical reactions increases proportion-
ally with temperature, but the interplay of biochem-
ical reactions permits deviations from this relation
and adaptation. The degradation of individual mR-
NAs in yeast increased to varying degrees with tem-
perature. We examined how these variations are in-
fluenced by the translation and codon composition
of mRNAs. We developed a method that revealed the
existence of a neutral half-life above which mRNAs
are stabilized by translation but below which they are
destabilized. The proportion of these two mRNA sub-
populations remained relatively constant under dif-
ferent conditions, even with slow cell growth due to
nutrient limitation, but heat shock reduced the pro-
portion of translationally stabilized mRNAs. At the
same time, the degradation of these mRNAs was par-
tially temperature-compensated through Upf1, the
mediator of nonsense-mediated decay. Compensa-
tion was also promoted by some asparagine and ser-
ine codons, whereas tyrosine codons promote tem-
perature sensitization. These codons play an impor-
tant role in the degradation of mRNAs encoding key
cell membrane and cell wall proteins, which promote
cell integrity.

INTRODUCTION

Heat increases the velocity of molecular motion, leading to
more intense and frequent molecular collisions and con-
sequently, faster reactions. Typically, the rate of enzymat-
ically catalyzed biochemical reactions plateaus or even de-
creases at higher temperatures because the enzymes dena-
ture or their biophysical properties change (1). Biochem-
ical processes can also cause deviations from the simple,
linear relation between the temperature and reaction rate.
Sensitization brings about larger than expected changes in
reaction rates, whereas temperature compensation buffers

the temperature-induced changes in a reaction. These two
forms of temperature adaptation have been observed in var-
ious organisms. Sensitization can be achieved for example
with molecular thermometers, which allow the translation
of bacterial heat shock and virulence factors to increase
abruptly at a threshold temperature (2). Conversely, the re-
sponse rate of a network with antagonistic reactions can re-
main constant (3). This temperature compensation is im-
portant to maintain constant biological rhythms, neurobi-
ological behavior or animal development over a wide tem-
perature range (3–6).

Little is known whether and how the mRNA degrada-
tion, a core process of molecular biology, is subject to
temperature compensation, or sensitization. mRNA degra-
dation is strongly affected by translation, and it is there-
fore plausible that the two processes together determine
the temperature-dependence of mRNA stability. The codon
composition of mRNAs affects not only translation effi-
ciency but also the mRNA degradation rate (7–9). Typi-
cally, codons recognized by abundant tRNAs stabilize mR-
NAs, whereas codons recognized by scarce tRNAs desta-
bilize mRNAs. Under standard environmental conditions,
there is a positive correlation between the frequency of op-
timal codons in an mRNA and mRNA stability.

The degradation of mRNAs can also be controlled
through sequestration or by other means. High temperature
or heat-shock promotes the appearance of ribonucleopro-
tein aggregates, such as P-bodies and stress granules, which
have been proposed to act as storage sites of translationally
repressed mRNAs (10–12). The stabilization and storage of
mRNA in such aggregates could compensate the degrada-
tion kinetics due to increases in temperature.

Despite the fact that codon optimality was recognized
early on as a major determinant of mRNA stability (13), the
confirmation of these initial studies was hindered for a long
time by the variable, often inconsistent results of different
methods and protocols for measuring half-lives (14–16).

The measurement of half-life under stressful conditions,
such as heat-shock, is even more demanding, since the per-
turbations introduced by different methods imitate and am-
plify stress response (17,18). In the first part of our work,
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we were able to measure mRNA half-lives over a wide tem-
perature range with minimal methodological interference.
To study how translation affects the temperature response
of mRNA degradation, we created mRNAs devoid of start
codons to eliminate translation with minimal disruption of
cell physiology. We found that heat shock is a special en-
vironmental condition in that it reduces the proportion of
translationally stabilized mRNAs, a process that is medi-
ated in part by Upf1. Simultaneously, the degradation of
these mRNAs becomes temperature compensated, partly
by Upf1. We then turned our attention to the intrinsic
mRNA determinants and uncovered how codon composi-
tion affects temperature compensation and sensitization in
mRNA degradation.

MATERIALS AND METHODS

Construction of plasmids and yeast strains

The plasmids constructed in this study are listed in Supple-
mentary Table S1. Plasmids containing an RNA expression
cassette include a promoter and a sequence that is identical
to or creates the open reading frame (ORF) upon integra-
tion into the yeast chromosome. The promoter is a trun-
cated GAL1 promoter, where the four Gal4p-binding sites
were replaced by tet operators. The 5′UTR of the gene of
interest was inserted 12 bp downstream of the TATA box
of the GAL1 promoter.

Two strategies were used to express the gene of interest in
yeast: (1) promoter replacement, resulting in the expression
of the gene at the endogenous chromosomal locus and (2)
expression of the whole gene at an exogenous locus. In the
first strategy, employing promoter replacement, a truncated
ORF constituted the homologous sequence for integration
to the endogenous locus, and the URA3 was used as a se-
lection marker (19). The plasmid was linearized typically
with SpeI or with other restriction enzymes whose recog-
nition sites were introduced by fusion PCR (as indicated in
Supplementary Table S1). In the second strategy, the whole
gene along with the 5′ and 3′ UTR flanking the ORF was
cloned downstream of the promoter in the pRS303 plasmid,
to be integrated at the his3 locus of yeast. The his3 locus
has a partial deletion in the BY4741/2 strains. The sequence
downstream of the ORF contained the 3′UTR and a further
100 bp sequence in order to allow for transcriptional ter-
mination as it occurs at the endogenous locus. This second
strategy was mainly used for genes that have a short ORF
(600 bp or less), contain an intron, are essential or muta-
tions were introduced into the whole coding sequence (see
below), as well as for the synthetic genes. The linearization
was performed primarily with MscI, but when this restric-
tion site was also present in the gene sequence, BssHII was
used. In order to permit the simultaneous measurement of
multiple RNA, multiplexing was used with the help of syn-
onymous codon substitution (19).

A second form of multiplexing was used for the genes
encoding extreme

∑
dtCSC values: multiple stop codons

were inserted downstream of the endogenous stop codons
instead of inserting the synonymous codons. These genes
with 3′UTR modifications can be distinguished with qRT-
PCR from the endogenous counterparts with repetitive se-
quences, which is common in serine-rich genes.

To construct the noATG versions of the endogenous
genes, all ATGs were replaced by a TAG triplet in all three
frames and also in the 3′UTRs in order to prevent transla-
tion. The noATG version of the TSL1 used for the single-
molecule RNA FISH was additionally modified to avoid
cross-hybridization, which was achieved by swapping the
position of the i and i + 1 codons and this construct was
named as scrambled noATG TSL1. These noATG con-
structs were synthesized by General Biosystems (pGB se-
ries) or Biomatik (pBM series) and cloned into pRS303
and integrated according to the second strategy, which is
pursued when the insert in the plasmid contains the entire
ORF. The codons of the synthetic versions of MTL1 were
replaced as shown in Figure 6A.

The plasmids were chromosomally integrated into Sac-
charomyces cerevisiae BY4741 and BY4742 strains. Single
copy integrands were screened with colony PCR and the
haploid strains were mated resulting in diploid strains (Sup-
plementary Table S2). Integrated repetitive sequences were
also verified by sequencing. The tet operators were recog-
nized by the constitutively expressed tTA, driven by the
CLN3 promoter. The haploid strain containing the tTA
(Ysv71.1) was mated with the strain containing the RNA
expression cassettes. Strains with gene deletions, including
the �xrn1 (Y34540) and cell wall mutant strains were ob-
tained from EUROSCARF. The genes are deleted with the
kanMX cassette.

The following classes of strains expressing the RNA un-
der TET control were obtained (Supplementary Table S2):
(1) RNAs with synthetic codon composition, (2) a set of
representative mRNAs, the (3) set of stable and unstable
mRNAs and (4) mRNAs with extreme

∑
dtCSC values.

To obtain a representative set of mRNAs, genes in the
segments of the YML and YBR chromosomes were se-
lected. Such a selection provides a faithful estimation of the
average half-life and correlations of the genome-wide mea-
surements (19). To increase the power of the predictions,
we combined all the YML and YBR genes mentioned in
the previous study using multiplexed gene control (19) and
the YML and YBR genes listed in Supplementary Table S1.
To obtain stable and unstable mRNAs, we selected mRNAs
that had very short or long half-lives according to multiple
measurements using different methodologies (16,20). The
no-ATG counterparts were constructed for this set to esti-
mate the neutral half-life.

Yeast growth and shut-off experiments

Cells were grown in synthetic drop-out medium (Yeast ni-
trogen base, Formedium). We used either of the three fol-
lowing carbon sources: 2% raffinose (supplemented with
0.005% glucose, reference condition), 2% glucose and 3%
Glycerol supplemented with 0.005% glucose. Raffinose is
the trisaccharide galactose �(1→6) glucose �(1→2) fruc-
tose. The reference temperature was 30◦C. We measured de-
cay rates also at 20 and 42◦C. The overnight cultures were
refreshed at OD600 = 0.1 and let further grown until they
reached an OD600 ∼ 0.5 unless otherwise specified. For
growth in glycerol, the OD600 after refreshment was ad-
justed to 0.5, and the culture was grown for 4 h before start-
ing the decay experiment. For the measurement at 42◦C,
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cultures were grown overnight and initially after refresh-
ment at 30◦C. After reaching the mid-log phase (optical
density at 600 nm, OD600 ∼ 0.5), the cells were filtered
through a cellulose acetate membrane and then transferred
into a new medium at 42◦C. The culture was grown for 30
min before starting the decay measurement by adding the
doxycycline.

Up to 20 cultures were pooled to measure the decay rate
of multiple mRNAs simultaneously (19). Gene expression
was shut off by adding doxycycline at a final concentration
of 10 �g/ml to dissociate tTA from the promoter. Samples
were collected before and 2, 4, 6, 8, 12, 18, 24, 36, 48 and
64 min after the addition of doxycycline unless otherwise
specified. The samples were fixed by pouring them into the
same volume of methanol cooled in dry ice.

RT-qPCR

Total RNA isolated from the cells was used to quan-
tify mRNA. RT-qPCR was performed with gene specific
primers (Supplementary Table S3). The 15aa repetitive se-
quences containing 15 identical codons had a low efficiency
amplification. For these constructs, we used RT-qPCR with
barcoding, in a way that a barcode sequence incorporated
into the reverse transcription primer was recognized by re-
verse primer in the qPCR instead of annealing directly to
the repeat sequence.

Calculation of mRNA half-lives

The half-lives were fitted as described earlier (19). The mean
decay rate constant (or half-life) was calculated from at least
two independently fitted decay rates obtained from biolog-
ical replicates. Three replicates were performed always for
the mRNAs with synthetic codon composition and extreme∑

dtCSC values. Otherwise, we performed more than two
replicates if the determination of the half-lives did not meet
the criteria based on the dynamic range or experimental
variability. The dynamic range of expression was defined as
the ratio of maximal to the minimal value in the time series.
If the dynamic range was <5, the time series was replaced by
a new replicate experiment. If the dynamic range remained
below 5, the half-life was not measured for that construct.
The experimental variability was quantified with the coef-
ficient of variation (CV). If the CV of two replicates was
above 0.5, additional replicates were performed. Outliers
that were greater than twice the mean absolute difference (2
MAD) were removed from the representative mRNA data
set (21) to achieve high precision in the input data. The 2
MAD criterion was not applied to data with error bars for
which conclusions were drawn.

Splinted ligation RT-qPCR (qSL-RT-PCR)

Total RNA isolated from exponentially growing cells was
used for the splinted ligation, which was performed as de-
scribed earlier (22) with a few modifications. Since the
splint can promote the ligation of only one mRNA isoform
with a given 5′UTR length, we selected the most frequent
5′UTR length, having 31, 16 and 34 bp, for the YBR025C,
YJL190C and YLR094C 5′UTRs, respectively (23). The

primers were designed to avoid cross-reaction with the en-
dogenous mRNA (Supplementary Figure S4 and Supple-
mentary Table S4). The increased specificity was achieved
by having anchor forward primers that overlapped with the
5′UTR of the gene over a few base pairs and by using dis-
tinct primers annealing to different sequences in the reverse
transcription and in the qPCR. The primers for RPL41A
were the same as previously described (22) except for the
anchor forward PCR primer, which was designed as de-
scribed above. The RNA ligation reaction was performed
with T4 DNA ligase (Promega), and the RNA was puri-
fied with RNeasy MinElute Cleanup Kit (Qiagen) upon the
completion of the ligation reaction. Reverse transcription
and qPCR were performed as described in the RNA quan-
tification section.

Decapping was performed with the 5´ Pyrophosphohy-
drolase enzyme RppH (NEB) in the NEB2 buffer for 90
min at 37◦C. The reaction was stopped by adding EDTA
and heating it to 65◦C for 5 min. The RNA was purified
from the reaction mixture with RNeasy MinElute Cleanup
Kit (Qiagen).

The percentage of the decapped RNA is calculated by
dividing the amount of the mRNA ligated to the anchor
RNA (mRNA – anchor RNA hybrid) by the total RNA
amount. This raw value was normalized by the bulk ligation
efficiency to obtain the final value of the decapped RNA
percentage. The ligation efficiency is assessed by performing
the SL-RT-qPCR on the mRNA decapped with RppH, and
it is affected by the efficiency of ligation of a given mRNA
isoform as well as by the proportion of the isoform in the
RNA population to be measured with respect to the total
RNA, which comprises all RNA isoforms.

DecappedRNA[%]

= mRNA−anchorhybrid
TotalRNA

/
InvitrodecappedmRNA−anchorRNAhybrid

InvitrodecappedTotalRNA =
= SL−RT−qPCR(RNA)

RT−qPCR(RNA)

/
SL−RT−qPCR(decappedRNA)

RT−qPCR(decappedRNA)

The (SL)-RT-qPCR values were calculated from the Cp
values and the amplification efficiency. The primers were de-
signed to maximize the signal-to-noise ratio. This ratio was
calculated by dividing the amount of the mRNA-anchor hy-
brid RNA molecule detected in a reaction containing a lig-
ase by that detected in the mock reaction without ligase:

Signal − to − noiseRatio =
InvitrodecappedmRNA−anchorRNAhybrid

InvitrodecappedmRNA−anchorRNAhybrid(withoutT4ligase)

Single-molecule RNA FISH

The microscopic slides of the sample were prepared accord-
ing to Stellaris® RNA protocol for yeast (24,25), with a
few modifications. Following the fixation with formalde-
hyde, the cell wall was digested with zymolyase at 37◦C for
15 min in spheroblast buffer. Following the hybridization,
the cells were placed on slide using the ProLong™ Glass An-
tifade Mountant (ThermoFisher) mounting medium. The
images were acquired as previously described (19). Two
sets of probes were designed to bind either the WT or the
scrambled noAUG sequence variants of the 5′ region of
the TSL1 RNA. Both sets comprehended 35 probes labeled
at their 3′ end with Quasar® 670 (Stellaris probes). The
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probe length was adjusted between 18 and 22 bp to have
a melting temperature of 55◦C and a gap of at least 2 bp
in the complementary sequences between each probe (Sup-
plementary Table S5). Microscopy data are stored as multi-
channel (Quasar 670 RNA probe, DAPI, autofluorescence
at 523 nm) image stacks. Each stack consists of 20–25 slices
and approximately 15 field of views have been imaged for
each experimental condition.

Mass spectrometric analysis of protein abundance

Cells were harvested 3 h after shifting the culture to 42◦C.
Cells were processed as described earlier (26). Synthetic
peptides (Data S2) were used for the quantification of rel-
ative changes in protein abundance by selective reaction
monitoring.

Image analysis

To segment cell bodies, the Cellpose Python Package
(Python 3.8.5) was utilized in a cloud-based Python envi-
ronment with GPU support provided by Google Colabora-
tory (27). Each image plane in a stack was segmented using
the Cellpose 2D segmentation algorithm with the diame-
ter parameter set to 70. After completion, the correspond-
ing 2D segmentation masks were merged together forming
a 3D binary mask for each individual cell in each image
stack. Too small or too big cell bodies have been removed
as well as cells touching the image boundaries. The DAPI-
labeled cell nuclei were segmented by separating the pixels
into two classes using Otsu’s method and creating a binary
image by multiplying the threshold value by 1.9 with subse-
quent manual validation. Too small regions have been dis-
carded. Next, we computed the Euclidean distance between
the centroid of each cell and each nucleus and paired them
according to the smallest distance value. Cells with no visi-
ble nuclei were omitted from further analysis.

In order to quantify the RNA spots, the binary cell body
masks were applied and the mean cell volume intensity was
calculated for each field of view on the previously decon-
volved Quasar 670 image channels. Individual RNA spots
were selected by employing a threshold value corresponding
to the mean cell intensity multiplied by 5.0. This approach
was consistent across strains since the mean cell intensity
did not change >1.3 times upon subtracting the RNA spots.
Next, the numbers of RNA spots in the cytoplasm and nu-
cleus were counted for each cell.

Quantification of cell wall integrity

The cell wall integrity was assessed by exposing the cells to
a mixture of glucanases (zymolyase) that degrade the cell
wall, yielding spheroblasts, cells devoid of cell wall. The sus-
ceptibility of cells to lysis was quantified according to the
spheroblast rate assay (28), with a few modifications.

To obtain cells in exponential growth phase, overnight
cell cultures were grown at 30◦C in minimal medium con-
taining 2% raffinose. The overnight culture was diluted to
an OD600 of 0.15 (0.25 for slow-growing strains), and in-
cubated for 5 h at 30◦C. In this way, the culture did not
exceed an OD600 of 0.5, allowing the analysis of cells in

a mid-exponential growth phase. The culture at 42◦C was
also incubated for 5 h, which was preceded by a growth for
2 h at 30◦C following the dilution of the overnight culture
grown at 30◦C.

The cells in the mid-exponential growth-phase were pel-
leted and washed three times with 30◦C Tris-EDTA (TE)
buffer. The cells were then resupended in 1 ml of TE buffer
to an OD600 of 0.6. The enzymatic reaction was started by
adding 25 �g/ml zymolyase (Zymolyase 20T (Arthrobac-
ter luteus) amsbio #120491–1) to 1 ml of cell suspension.
The progress of spheroblast lysis was monitored by record-
ing OD600 at intervals ranging from 3 to 8 min.

The exponential phase of the lysis begins after a lag. The
zymolyase rate index (zymolyase RI, ZRI) was calculated
from the lag time (LT) and the maximal lysis rate (MLR).

ZRI = MLR
LT

The MLR was fitted in the interval starting from the lat-
est time point at which the OD600 remained above a thresh-
old defined as (maximum (OD600)) – 0.05. The MLR cor-
responds to the maximal slope of any 8 or 10 consecutive
time points in the time period after the lag for the 30 and
42◦C conditions, respectively. If there are less points than
this number of points in the decay phase, all these points
are fitted. If the decay rate was too slow to be determined,
then it was replaced with the lowest measured experimental
rate. The MLR is calculated using linear regression from the
logarithmically transformed values. The LT corresponds to
the intersection point of the lines defined by the MLR and
the maximum (OD600) – 0.05 (Supplementary Figure S8).

Calculation of the differential temperature codon stabiliza-
tion coefficient (dtCSC)

The relative difference of the RNA half-lives measured at 20
and 42◦C (Supplementary Data S1) was used to calculate
the dtCSC for each codon.

dr t1/2 = t1/220◦C − t1/242◦C
t1/220◦C+t1/242◦C

2

The dtCSC is equal to the Pearson rho correlation be-
tween the frequency of a specific codon in the mRNAs
and the relative difference of the respective half-lives, drt1/2,
unless otherwise indicated. The frequency of the codon
was calculated with the Biostrings package in R from Sac-
charomyces Genome Database (SGD) sequences (29). The
number of mRNAs included in the calculation (N = 95) en-
compassed the set of representative mRNAs and the set of
stable and unstable mRNAs.

The number of synonymous mutations among all codons
is <1% in the multiplexed gene dataset, and consequently,
it has minimal impact on the dtCSC values (Supplemen-
tary Figure S6A,B): the dtCSC calculated with and with-
out the synonymous mutations, which differentiate the con-
trolled genes from the endogenous genes, are highly corre-
lated (0.99).

The
∑

dtCSC is the scalar product of the codon fre-
quency and the corresponding dtCSC. The dtCSC was cal-
culated from a smaller set of genes (N = 81) to select genes
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with extreme
∑

dtCSC values. Genes were ranked accord-
ing to the

∑
dtCSC values to select the genes with extreme∑

dtCSC values. The following genes were eliminated from
this list: genes that have uncharacterized ORF, unknown
function and mitochondrial genes encoded by the mito-
chondrial genome. Genes enriched in both Tyr and Asn/Ser
codons (above the 95 percentile in the codon frequency dis-
tribution) were also eliminated because of the dominance of
codons that do not have significant dtCSCs. The remaining
genes with extreme

∑
dtCSC values were cloned (Supple-

mentary Figure S6C, D).

RESULTS

Temperature dependence of mRNA turnover

To examine the temperature dependence of mRNA
turnover, we measured the half-life of a representative set of
mRNAs in the eukaryotic model organism budding yeast.
Cells were grown in media containing the trisaccharide raf-
finose at low (20˚C), intermediate (30˚C) and high (42˚C)
temperatures. For the high temperature growth, the cells
were subjected to heat shock: we first cultured the cells
at 30˚C and measured the mRNA half-life 30 min after
raising the temperature to 42˚C. We used the gene con-
trol method to determine the half-lives (see Materials and
Methods) since the applied doxycycline introduces minimal
stress (30). Thus, it is well suited to study mRNA turnover
in different environmental conditions, including heat-stress.
The median mRNA half-life shortens as the temperature in-
creases (t1/2 = 3.4 min at 20˚C, 2.0 min at 30˚C and 1.5 min
at 42˚C) (Figure 1A, B).

mRNAs are degraded 5′→3′ by Xrn1 and 3′→5′ by the
exosome but the overall degradation rate is also influenced
by the preceding molecular steps, such as the removal of
polyA tail and decapping (31). In order to examine the tem-
perature dependence of degradation per se, we monitored
RNA degradation in vitro by adding the purified yeast ex-
onuclease Xrn1 to total RNA (Text S1). Xrn1 is a major de-
terminant of differential mRNA stability (19,20,31). We fit-
ted the half-life of the 18S RNA, because it is not 5′-capped
and thus, Xrn1 can bind to the RNA without pretreatment
(32). The half-life of the 18S RNA decreased with increas-
ing temperature between 20 and 42˚C (Supplementary Fig-
ure S1).

The relatively large correlation between the half-lives
(Figure 1C) indicates that mRNA turnover responds coher-
ently and gradually to temperature. To examine the cou-
pling of mRNA turnover to cellular metabolism, we mea-
sured the growth rate. The cells grew faster at 30˚C than at
20˚C but raising the temperature further to 42˚C did not in-
crease the growth rate in spite of the faster RNA turnover
(Figure 1B). After the temperature shift from 30 to 42˚C, the
growth rate declined considerably with longer cultivation:
the cells grew initially exponentially but after one day of
culturing, the growth came to a halt (Supplementary Figure
S2). These results indicate that central processes of gene ex-
pression, including RNA degradation and translation, per-
sist for a sufficiently long period and permit cells to undergo
a few, around three cell divisions before they enter a quies-
cent state.

Cell growth, RNA nucleocytoplasmic export and degra-
dation stop ultimately upon heat shock; the exact tempera-
ture and time at which this ensues varies with growth con-
ditions (33–35). Typically, slower growth results in supe-
rior thermotolerance. Heat shock is often studied in cells
cultured in glucose, resulting in high-flux fermentation and
ethanol accumulation, which can cause further stress (36).
These factors may explain why growth in raffinose permits
a few cell divisions at 42 ˚C before cells enter cellular quies-
cence.

In contrast to our results, a mild heat shock (37˚C) has
been reported to increase mRNA half-lives in two stud-
ies using metabolic labeling (cDTA) and genomic run-on
(GRO) (20,37). The two datasets (cDTA, GRO) did not cor-
relate with each other (Figure 1D). The 30˚C dataset of the
metabolic labeling study (cDTA) did correlate highly with
our multiplexed gene control (MGC) dataset (19) implying
a high inter-method reliability. On the other hand, the heat-
shock cDTA dataset did not correlate with the 30˚C cDTA
dataset and with our MGC datasets (Figure 1D), which sug-
gests that our data reflect the physiologically unperturbed
and gradual response of the mRNA turnover to tempera-
ture changes, allowing cells to grow and divide.

Analysis of translation-dependence of mRNA degradation
with no-AUG mRNAs

Next, we analyzed the translation-dependence of mRNA
decay in different conditions, including heat-shock. Trans-
lation inhibitors perturb cell physiology and mRNA decod-
ing (31). To circumvent the use of inhibitors, we created
mutant genes devoid of start codons (Figure 1E). Genes
encoding mRNAs with extreme half-lives, i.e. a set of sta-
ble and unstable mRNAs was selected for the mutation.
At 20˚C, the mRNAs assumed relatively uniform half-lives
when translation was diminished or abrogated due to the
mutations. We calculated the interdecile ratio to assess the
dispersion, which equals the ratio of 90th to 10th percentile
of the half-life distribution. Indeed, the no-AUG mRNAs
spanned a much narrower range of half-lives (interdecile ra-
tio: 2.3) in comparison to their WT counterpart (interdecile
ratio: 11.4) (Figure 1E).

We quantified the degree of translational stabilization by
dividing the half-lives of the mRNAs by that of the no-AUG
mRNAs. There is a very strong correlation between mRNA
half-life and translational stabilization (Pearson correlation
coefficient � = 0.88, Spearman rank correlation rS = 0.90,
Figure 1F). This finding confirms that translation is a major
determinant of mRNA stability.

Comparison of the molecular and kinetic properties of no-
AUG mRNAs to their AUG counterparts

Before analyzing the temperature response of no-AUG mR-
NAs, we tested whether they preserve the main features of
mRNA processing and degradation.

mRNAs are degraded primarily in the cytoplasm (31).
Thus, we assessed first their cellular distribution. The single-
molecule RNA FISH images indicate that both the WT and
no-AUG mRNAs have similar distribution at 30˚C as well
as 30 min after shifting the temperature to 42˚C (Figure 2A–
C). The majority of molecules are in the cytoplasm and the
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Figure 1. Dependence of mRNA half-lives on temperature, carbon source and translation. (A and B) The cells were grown in 2% raffinose at 20˚C (N = 75),
30˚C (N = 78) or 42˚C (N = 75), or in 2% glucose (N = 67), and 3% glycerol (n = 69) at 30˚C. The representative set of mRNAs are encoded by genes in
the II (YBR) and XIII (YML) chromosomes (Materials and Methods). The distribution of half-lives (A). The half-lives plotted against cell doubling time
(mean and standard error from three replicate measurements of the BY4743 strain); the time series of culture density measured over 6 h was used to fit
the doubling time by linear regression (B). (C) The Spearman’s rank correlation (rS) between the half-lives of the mRNAs in different culturing conditions
(data as in A). (D) The rS between the half-lives of mRNAs present in all datasets (N = 82). The median half-lives (N = 82) are 23.1 min (GRO, 25˚C),
27.7 min (GRO, 37˚C), 13.3 min (cDTA, 30˚C) and 20.6 min (37˚C). The GRO 37˚C half-lives were calculated from the mRNA amounts and transcription
rates measured 40 min after the heat shock. (E) The no-ATG genes were constructed by converting all ATG triplets into TAG within the ORF and UTRs
(diagram). The half-lives of the set of stable and unstable mRNAs and their no-AUG counterparts in cells grown at 20˚C. The dashed lines indicate the
position of the lowest and highest deciles (1.5 and 17.1 min for the set of stable and unstable mRNAs and 3.5 and 8.2 min for the no-AUG counterparts).
(F) The translational stabilization is the ratio of the half-lives of normal (AUG) to that of no-AUG mRNAs. The domains of stabilization (ratio > 1) and
destabilization (ratio < 1) are separated by a thick gray line (ratio = 1, no effect of translation). Data identical to those shown in (E).
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nascent RNA is visible in the nucleus (Figure 2B,C, Sup-
plementary S3). The number of RNA molecules declines
substantially both in the cytoplasm and nucleus after an
overnight growth at 42˚C (Figure 2C). This decline is con-
sistent with the cessation of growth of cells exposed to ele-
vated temperature over longer periods of time (Supplemen-
tary Figure S2).

Second, we examined the initiation of 5′→3′ degrada-
tion. The 5′cap protects the mRNA from the Xrn1 exonu-
clease, and decapping must precede the 5′→3′ degrada-
tion. To assess the 5′ capping state of the mRNAs, we per-
formed splinted-ligation qPCR (qSL-RT-PCR, Methods).
qSL-RT-PCR is typically performed with RNA isolated
from �xrn1 cells, in which the 5′→3′ exonuclease activity is
absent, and the decapped mRNAs accumulate (22,38). With
a minor modification of the SL-qPCR protocol, we attained
a high-signal-to-noise ratio (Figure 2D) and were able to
measure the percentage of the decapped mRNAs even in
WT cells in which the decapped mRNAs do not accumulate
because Xrn1 rapidly degrades the decapped RNAs (Figure
2E). In �xrn1 cells, around 10% of the RPL41A mRNA
(YDL184C) was decapped, similar to the value reported in
the study using the original protocol (22), and we therefore
used it as positive control. Rpl41a is a micro-protein in the
large subunit of the ribosome, consisting of 25 amino acid
residues (39). We also quantified the decapping of the stable
(YBR025C, YJL190C) and unstable (YLR094C) mRNAs.
In �xrn1 cells, the percentage of decapped mRNAs ranged
from 5 to 15%. The values were considerably lower in WT
cells. Importantly, the decapping percentages of normal, en-
dogenous and MGC mRNAs (0.2–0.6%) and their RNA
counterparts without AUG (0.3–0.6%) were in a similarly
low range.

The neutral point defines the half-life above which mRNAs
are stabilized by translation

The above results indicate that the no-AUG mRNAs pre-
serve key molecular characteristics of mRNA turnover,
specifically the intracellular distribution and the decapping
rates (Figure 2), which makes them suitable for quantify-
ing the half-life of untranslated mRNAs. The translation
stabilization quotients suggest that translation stabilizes the
stable mRNAs but destabilizes the unstable mRNAs (Fig-
ure 1F). This dichotomy is interesting because most studies
with translation inhibitors suggest that translation is solely
stabilizing (31). To characterize this dichotomy in more de-
tail, we calculated the average half-life of the no-AUG mR-
NAs, which we termed the neutral point. The neutral point
of the no-AUG mRNAs marks the neutral half-life of the
normal (AUG containing) mRNAs. Translation stabilizes
mRNAs above the neutral half-life but destabilizes them be-
low this (Figure 3A).

We calculated the neutral point for different conditions.
In cells grown in raffinose at 30˚C, the neutral point is 3.3
min. The equivalent neutral half-life divides the represen-
tative set of mRNAs into two subpopulations, with around
22% of the mRNAs being stabilized by translation (Figure
3A). Interestingly, the percentage of mRNAs stabilized by
translation was similar (20–25%) for all carbon sources at
30˚C despite the considerably slower growth in glycerol in

comparison to glucose (Figures 1C and 3B). That is, even
nutrient limitation due to growth on a suboptimal carbon
source, glycerol, does not alter this proportion. Only the
high-temperature condition (42˚C in raffinose) lead to a
substantial change; in this case, a very small fraction of the
mRNAs was stabilized by translation (5%, Figure 3A, B).
This strong destabilizing effect of mRNA translation may
contribute to the cessation of growth upon multiple rounds
of cell division at 42˚C.

Upf1 promotes the stability of no-AUG mRNAs after heat
shock

To confirm that the neutral point is an unbiased estimate
of the neutral half-life, we wanted to examine if residual
translation affects the decay of no-AUG mRNAs. Transla-
tion is normally initiated at AUG codons but some mRNAs
can initiate non-canonical translation at degenerate start
codons at a very low rate (40,41). In certain sequence con-
texts, this rate can reach around one-tenth of the canonical
initiation (42). Furthermore, non-canonical translation can
become more widespread under specific conditions in yeast,
for example, during meiosis, which occurs during sporula-
tion (43). Any such translation would terminate at an early
stop codon as we mutated AUGs to UAG codons, resulting
in a large the number of stop codons in all reading frames.
Such premature translational termination is expected to in-
duce nonsense-mediated decay (NMD). Since NMD is me-
diated by Upf1, the deletion of UPF1 stabilizes the mRNAs
subject to premature translational termination and thereby
increases their abundance (43–45). Using upf1Δ cells, we
tested whether non-canonically initiated translation gains
in importance at low and high temperatures and whether it
influences RNA degradation.

No significant difference was observed between the half-
lives in WT and upf1Δ cells at 20˚C (P-value = 0.42, sign
test). Only one of the no-AUG mRNAs was stabilized more
than two times in upf1Δ cells (Figure 4A). This frequency
of NMD targets, around 5%, is in good agreement with the
previous finding that 5% of ribosome footprints are due to
non-canonical translation in vegetative cells (46). In wild-
type cell background, the half-lives of the no-AUG mRNAs
are strongly correlated at lower temperatures (rS = 0.87 be-
tween 20 and 30˚C, P-value = 2.6·10–8), but they change
their behavior in response to heat shock as evidenced by
the loss of correlation between 30˚C and 42˚C (rS = 0.16,
P-value = 0.46). It turned out that this change was UPF1-
dependent: we observed a significant difference between the
mean mRNA half-lives in WT and upf1Δ cells at 42˚C
(P-value = 0.0015, sign test). Contrary to expectations,
most of the no-AUG mRNAs were destabilized––and not
stabilized––in the upf1Δ cells (Figure 4B). Typically, the
RNAs with the longest half-lives underwent the strongest
stabilization, as evidenced by the large correlation (� =
0.82) between the half-lives measured in WT and the sta-
bilization ratio due to Upf1. Accordingly, the half-lives be-
came more uniform in upf1Δ cells (interdecile ratio = 1.8).
These findings suggest that the Upf1 promotes the stability
of some no-AUG mRNAs, directly or indirectly. The 20-to-
42˚C ratio of average mRNA half-life calculated from the
set of stable and unstable mRNAs is 2.39. The ratio de-
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Figure 2. Cellular distribution and the decapping of AUG and no-AUG RNAs. (A) smFISH images showing the cellular distribution of the TSL1 mRNA
with and without AUG in cells grown at 30˚C; scale bar, 5 �m. (B) Cells grown at 42˚C; in addition to the RNA molecules (red) and DAPI stained
nuclear and mitochondrial DNA (blue), the background fluorescence is shown (green). The intense background fluorescence (green) indicates dead cells.
(C) Number of RNA molecules in the cytoplasm and nucleus at 30˚C, 42 ˚C after 30 min or overnight (ON) incubation. The data for each condition are
combined from two or three biological replicates. The boxes and whiskers denote the 25th to 75th and the 10th to 90th percentiles, respectively. The �tsl1
cells hybridized to the TSL1 (AUG) and no-AUG TSL1 probes serve as negative controls. The distribution of number of RNA molecules was obtained
from N cells: N(�tsl1, AUG probe) = 87, N(�tsl1, noAUG probe) = 254, N(AUG, 30◦C) = 558, N(AUG, 42◦C 30 min) = 472, N(AUG, 42◦C ON) =
343, N(noAUG, 30◦C) = 239, N(noAUG, 42◦C, 30 min) = 777, N(noAUG, 42◦C ON) = 270. (D) The signal-to-noise ratio of the SL-qPCR assay (see
Materials and Methods for the definition). Endo: endogenous genes, �xrn1: endogenous mRNAs in �xrn1 cells, WT(MGC): 4 silent mutations in ORF,
same construct as the one used to determine decay rate. (E) Percentage of decapped mRNA measured with the SL-qPCR assay. Error bars: standard error
(n = 3).
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creases to 1.37 when translational initiation is eliminated
but returns to near the original number in the upf1Δ cells
(2.26). These findings suggest that Upf1 is a major deter-
minant of the stabilization of no-AUG mRNAs at 42˚C, a
function not classically associated with NMD.

Temperature dependence of mRNA degradation by Upf1

Since the stabilization of no-AUG mRNAs by Upf1 shifts
the neutral point, we examined the direct effect of Upf1 on
mRNA turnover. We measured the half-life of the set of sta-
ble and unstable mRNAs in upf1Δ cells (Figures 4C–E). At
30˚C, there was no significant difference between the WT
and upf1Δ cells (P-value = 0.21, sign-test). Only one of the
23 mRNAs was stabilized more than two times (Figure 4E).
In contrast, Upf1 had a specific effect on the decay at 20 and
42˚C. At 20˚C, the mRNAs were slightly but significantly
destabilized by UPF1 (P-value = 0.01, sign test), acceler-
ating the decay across the entire range of half-lives (Figure
4C). At 42˚C, the strong positive correlation between the
half-life and the UPF1 stabilization ratio (USR) indicates
a preferential destabilization of unstable mRNAs by UPF1
(Figure 4D).

To assess whether the temperature rise moderates UPF1
activity, we calculated the USR(42˚C):USR(20˚C) ratio.
This ratio correlates positively with the mRNA half-life
at 30˚C (Figure 4F). The ratios calculated for mRNAs at
42˚C above the neutral point (4 min) were significantly
higher than one (P-value = 0.012, signed-rank test), indi-
cating that heat shock suspends the destabilizing activity of
Upf1 against the mRNAs in the subpopulation stabilized by
translation. To examine how Upf1 activity affects tempera-
ture adaptation, we calculated the correlation between the
USR(42˚C):USR(20˚C) ratio and the relative difference of
the half-life measured at 20 and 42˚C (dr t1/2, Materials and
Methods). A significant negative correlation (rS = −0.49,
P-value = 0.016) indicates that UPF1 contributes to tem-
perature compensation of mRNA degradation.

Few specific codons are associated with the temperature com-
pensation in mRNA degradation

After identifying the extrinsic determinants, the transla-
tion and UPF1-dependence of the temperature control of
mRNA degradation, we turned to the intrinsic determi-
nants, the codon composition. Codons explain a large pro-
portion of variation in the mRNA half-lives under stan-
dard conditions, and mRNAs enriched in certain codons
have longer half-lives (8,16). The codon stability coeffi-
cient (CSC) indicates how strongly a codon contributes
to mRNA stability, and is calculated exactly as the corre-
lation coefficient between the codon frequency and half-
life (15,16). Codons with positive CSC stabilize mRNAs
whereas those with negative values destabilize them. The
CSC is a consistent measure, confirmed by specific vari-
ants of all three major methods used to measure RNA sta-
bility (15), including the multiplexed gene control (19), the
method employed in this study.

The most stabilizing and destabilizing codons that we
identified at 20 and at 42˚C (Supplementary Figure S5) cor-
respond to the stabilizing and destabilizing codons previ-
ously identified at the standard growth temperature (30˚C)

(15,16), which indicates that the degradation code in gen-
eral withstands temperature variations. In order to identify
codons that respond to a temperature shift, we defined a re-
lated measure, the differential temperature CSC (dtCSC),
which is the correlation coefficient between the codon fre-
quency and the relative difference in the half-lives mea-
sured at two different temperatures (Supplementary Fig-
ure S6A, B). Unlike CSC, which implies a single condition,
the dtCSC always refers to two conditions. The dtCSC val-
ues indicate that only few codons contribute significantly
to the differential stability at 20 to 42˚C (Figure 5A). Some
codons for asparagine and serine dampen the response of
mRNA degradation to the temperature shift, and thus pro-
mote temperature compensation (negative dtCSC). Con-
versely, a codon for tyrosine was associated with sensitizing
RNA degradation rates to the temperature shift (positive
dtCSC).

We tested the above correlations by creating synthetic
minigenes containing Asn and Ser codons with the most
negative dtCSC. As a control, we used codons with positive
dtCSC. Upon the shift of temperature from 20 to 42˚C, the
half-life of the control mRNA was halved (Figure 5B). Con-
versely, the half-life of mRNA composed of codons for Asn
and Ser remained essentially unchanged. This reveals that a
complete temperature compensation in RNA degradation
can be attained with appropriate codons. We also studied
coding sequences with homogeneous codon composition
containing 15 identical codons. Barcoded primers were used
to detect these repetitive sequences in the RT-qPCR (see
Materials and Methods). The half-lives of mRNAs consist-
ing of Asn (AAC) and Ser (UCA) codons were in agreement
with the previous findings on the temperature compensa-
tion, whereas that of the Tyr (UAU) codon was in agreement
with the temperature sensitization in mRNA degradation
(Figure 5C). The Ser (UCC) and the Leu (CUU) codons
had intermediate effect.

Next, we designed longer synthetic genes that encode pro-
teins of 100 amino acids. Long, repetitive sequences of Asn
and Ser codons were avoided by adding other codons with
negative dtCSC (Supplementary Figure S7). Two similar
Ser/Asn rich sequences were designed: SN-rich 1, 2 (Sup-
plementary Figure S7). The SN-rich 1, 2 mRNAs attenu-
ated the temperature response better than a long control
mRNA lacking codons for Asn and Ser. The same open
reading frame yielded different absolute values for the half-
lives in the context of two different flanking UTR sequences
(NRG2 and RPS22A). At the same time, the temperature
compensation was observed in both contexts (Figure 5D).
The SN-rich 1 mRNA displays a 1.73-fold temperature
compensation relative to the control mRNA.

The role of temperature degradation code in the turnover of
mRNAs encoding key cell membrane and cell wall proteins

Since there are only few codons with compensating or sen-
sitizing effect, the enrichment of mRNAs in these codons
is expected to promote temperature adaptation in specific
cellular processes. Ser-rich proteins are overrepresented in
cell wall and other cell membrane related components (47).
Stress granules and P bodies are enriched in Asn-rich or
Gln-rich proteins or protein domains, and a weaker positive
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Figure 3. Global effect of temperature on the turnover of translated mRNAs. (A) The half-life of the mRNA with and without AUG codons in cells grown
in raffinose at 30˚C or 42˚C. The neutral point denotes the mean no-AUG half-life (horizontal line in the left panel). The right panels indicate the probability
density functions fitted to the half-lives of the representative mRNA set. (B) The percentage of stabilized mRNAs and the location of the neutral point in
different growth conditions (5.5, 3.3 and 4.0 min for raffinose at 20˚, 30˚C and 42˚C; 3.9 and 4.2 min for glucose and glycerol, respectively). The error bars
represent the standard error obtained by bootstrapping.

association is found also for Ser (47) (Supplementary Data
S3). Asn and Ser also act as acceptor sites for glycosylation:
Asn for N-glycosylation and Ser for O-glycosylation, and
strongly glycosylated proteins reach the cell membrane and
cell wall via the secretory pathway. The cell wall integrity
signaling has been long known to be involved in the adap-
tation to growth at elevated temperature (48).

We summed up the dtCSCs for each mRNA and ranked
them according the

∑
dtCSC. mRNAs with the most neg-

ative
∑

dtCSC often encoded cell membrane and cell wall
proteins (Supplementary Figure S6C, D). Among the mR-
NAs with the most positive

∑
dtCSC, there was a large

number of mitochondrial proteins encoded by nuclear
genes. We analyzed them in more detail (Figure 6A, B).

The mRNAs encoding Ser/Asn-rich membrane or
membrane-associated proteins (OST4, ECM33, MTL1 and
PST1, Figure 6B) displayed temperature compensation.

To confirm the role of the relevant codons in the context
of a typically long mRNA, we created mRNA mutant se-
quences of the MTL1 gene. The MTL1 coding sequence

is 1656 bp long. The Mtl1 is serine-rich, heavily glycosy-
lated membrane protein and act as stress sensor in the cell
integrity pathway (49). To design the mutant sequence, we
analyzed the significance of the differences between dtCSCs
(Supplementary Text S2, Supplementary Tables S6 and S7),
which is determined by the covariance of the frequency of
the two codons to be compared and their dtCSC (50). The
synonymous Tyr codons have positive dtCSC, whereas all
but one Asn and Ser codons have negative dtCSC. Thus, the
Asn and Ser codons generally promote temperature com-
pensation, whereas Tyr codons promote temperature sensi-
tization, but to an extent and significance that varies with
the specific codon. Both Asn codons and four out of the
six Ser codons differ significantly (at a significance level of
� = 0.01) from the Leu(CTT) and Tyr(TAT) codons (Sup-
plementary Table S6). There are numerical but no signif-
icant differences between the synonymous codon of Asn,
Ser or Tyr (Supplementary Table S7). This suggests that
mRNA must be enriched in codons of specific amino acids
to display temperature compensation or sensitization. We
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Figure 4. The half-lives of mRNAs and their no-AUG counterparts in upf1Δ cells. The half-life (t1/2) of the set of stable and unstable mRNAs and their
no-AUG counterparts was measured in WT and upf1Δ cells. The Upf1 stabilization ratio (USR = t1/2[WT]/ t1/2[upf1Δ]) reflects how the deletion of UPF1
affects the half-life. A USR larger and less than one indicates stabilization and destabilization by UPF1, respectively. The gray band denotes a neutral
ratio, USR = 1 and the thin solid lines denote twofold stabilization and destabilization by UPF1. The black dashed line is obtained with linear regression,
which appears curved in the logarithmic plots. GM(USR) is the geometric mean of the USRs. The rS and the associated P-value (P) are calculated for the
two displayed variables. (A) no-AUG mRNAs at 20˚C. GM(USR) = 0.92 (N = 25); rS = −0.09, (P = 0.67). (B) no-AUG mRNAs at 42˚C. GM(USR)
= 1.48 (N = 24); rS = 0.82 (P = 4.6·10–7). (C) mRNAs at 20˚C. GM(USR) = 0.66 (N = 23); rS = 0.09 (P = 0.69). (D) mRNAs at 42˚C. GM(USR) =
0.74 (N = 23); rS = 0.73 (P = 7.9·10–5). The interdecile ratio is reduced from 12 in WT cells to 4.9 in upf1Δ cells. (E) mRNAs at 30˚C. GM(USR) = 0.90
(N = 23); rS = 0.50 (P = 0.014). (F) The USR(42˚C) : USR(20˚C) ratio calculated for mRNAs. rS = 0.77 (P = 3.8·10–5).
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mutated the sequence so that the substituted codons have a
significant difference in dtCSC. Specifically, the TAT (Tyr)
codons were converted to AAC (Asn) in the SN-rich ver-
sion. Since these mRNAs are already Asn/Ser rich, this
change results in a small change relative to the WT gene.
In order to create the Tyr-rich version, the opposite change
was performed (Figure 6A). Furthermore, Ser (TCT) was
changed to a Val(GTT) to avoid long segments of TAT (Tyr)
codons; the GTT (Val) has a numerically positive dtCSC
value with a significant difference in this mutation (Sup-
plementary Table S7). The above changes affected nearly
half of the MTL1 sequence. Serine-rich proteins in the cell
membrane and cell wall are targeted to their cellular loca-
tion through the secretory pathway, and many of them have
signal peptides, including the MTL1, which target them to
the ER (49). Therefore, we created a second variant of the
Tyr-rich sequence that lacked the signal peptide. The tem-
perature compensation of the SN-rich MTL1 mRNA was
significant with respect to both Tyr-rich sequences, with and
without the signal peptide sequence (Figure 6A).

The physiological response of the cell is determined by
the abundance and activity of the proteins translated from
the mRNAs. The stability coefficients of the codons (CSC)
positively correlate with their translation efficiency at stan-
dard temperature (15). It can be hypothesized that there is
a similar relation for dtCSC, as well. On the other hand, a
strong translation at high temperature can be unfavorable
because aggregation and degradation of proteins become
prominent (51). Since the nascent proteins are in unfolded
state, their high concentration at the ribosomes associated
with a strongly translated mRNA can lead to aggregation
at high temperatures (52,53). In the light of these conflict-
ing expectations, we measured mRNA and protein levels
upon heat shock to assess translation efficiency. For most
proteins in this group, peptides were identified for the mass-
spectrometric measurement using selective reaction moni-
toring (Materials and Methods) and their level was assessed
3 h after the shift to 42˚C. Among the examined proteins,
the abundance of Pst1 and Mtl1 proteins increased while the
level of the other proteins decreased or remained unchanged
(Figure 6C). Interestingly, the mRNA expressed from the
PST1 and MTL1 genes declined in the period from 30 to 90
min after the heat shock, but starting from a high level, in-
dicating a pulse of transcription after the temperature shift.
For all other genes, including ECM33, the mRNA levels re-
bounded after the initial decline in transcription. A com-
parison of the changes in protein and mRNA levels (Figure
6C) suggests that translation of most proteins is unchanged
or decreased, which is consistent with the observed decline
in translation of most proteins upon heat-shock (54,55).

To analyze the activity of a process in which proteins en-
coded with extreme

∑
dtCSC play a major role in glyco-

sylation and cell integrity, we measured the resistance of
cells to a mixture of glucanases (zymolyase). An acceler-
ated degradation of the cell wall by glucanases indicates
a deficient cell wall resistance in cells in which a particu-
lar gene is deleted (Figure 6D). At 30˚C, none of the gene
deletions resulted in deficient cell wall resistance when com-
pared to cells containing control deletions (�gal2 or �gal3).
The cell wall sensitivity of the control cells changed from
a ZRI of 10 at 30˚C to 10–1 at 42˚C. Thus, the control

cells became significantly more resistant against the glu-
canases when the growth temperature was shifted from 30
to 42˚C, indicating an enhanced cell surface glycosylation in
response to heat stress. The �ost4 and �ecm33 cells had de-
ficient cell wall resistance at 42˚C, showing that genes with
temperature-compensating codons can promote cellular in-
tegrity. Ost4 (oligosaccharyltransferase 4) is a 36-amino
acid residue microprotein involved in the N-glycosylation in
the endoplasmic reticulum (56,57), while Ecm33 is a GPI-
anchored protein anchored at the cell surface and may regu-
late glycosylation, as well (58). Its homologue in Candida al-
bicans is involved in cell-host interaction (59). Even though
we expected the mitochondrial genes to act simply as con-
trol genes, their deletion resulted in an increased cell wall
resistance. For �pet100 (chaperone of cytochrome c oxi-
dase) and �cox14 (cytochrome c oxidase), this effect was
evident at 30˚C while for �qcr6 (cytochrome c reductase 6)
at 42˚C. The deletion of other genes did not have significant
effect. These results (Figure 6C, D) suggest that the increase
in the activity or the physiological response associated with
the relevant proteins, such as Ecm33, rather than their abun-
dance promotes cell integrity upon heat shock.

DISCUSSION

The measurement of half-lives under stressful conditions,
such as heat shock, is challenging due to the interaction
of stress and the perturbations introduced by the specific
methods of measuring half-lives. In the first part of our
work, we showed that mRNA turnover can be measured
reliably with the multiplexed gene control (MGC) method
even under stressful conditions, as evidenced by the highly
correlated half-lives measured over a wide temperature
range (Figure 1B). This gradual change with temperature is
in contradiction to the massive, abrupt changes reported by
other studies which otherwise use methods that are consis-
tent with one another at standard temperature (Figure 1D).
There may be several reasons why the short-pulse metabolic
labelling (cDTA) detects dramatic changes in mRNA sta-
bility upon a mild heat shock (37˚C). Cell density twice
as high was used in the cDTA study, and the cells may be
more prone to enter the stationary state. Furthermore, the
4-thiouracil used for the metabolic labelling of RNA in the
cDTA induces the formation of P-bodies (30), as does heat
stress. Thus, together, they can enhance the sequestration
of mRNAs in the P-bodies, which would explain the slower
decay rate in the 37˚C cDTA dataset. Perturbations induced
by other methods, such as the transcriptional inhibition and
the cell wall digestion in the runoff experiments, imitate
heat shock (17), which may explain why the genetic run-on
(GRO) and the cDTA datasets do not correlate even under
standard conditions. At very high temperatures (46–47˚C),
the proteins start to denature and aggregate, which is likely
to lead to slower degradation (51,60).

Our MGC measurements revealed that mRNA turnover
is fast in all examined conditions, and short median half-
life (2.9 min) was observed even in glycerol, in which cell
growth is slow, indicating that the rates of mRNA turnover
and cell growth can be decoupled. The strong correlations
indicate that the overall RNA degradation program is ro-
bust to changes in growth conditions.
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Figure 5. Codon-dependence of temperature adaptation in RNA degradation. (A) The dtCSC values calculated based on the representative and stable-
unstable mRNA sets (N = 95). P-values are given for the corresponding Spearman rank correlation due to the deviation from normality: Asn(AAC)
0.0003; Tyr(TAT) 0.006; Leu(CTT) 0.010; Ser(TCC) 0.014, Ser(TCT) 0.016 and Ser(TCA) 0.038. Associations having P-values <0.01 are indicated by
thick edges. (B) The half-lives of the mRNAs expressed from synthetic genes comprise 15 amino acids between the start and stop codons. The bar plots
show the composition of the two Ser/Asn-rich genes, consisting of three (C3) and four (C4) different codons. The control gene (star) contains three copies
of each of the following codons, with the dtCSC given in parenthesis: GAA (Glu, 0.03), GCA (Ala, 0.19); GGA, GGC and GGT (Gly; 0.15, 0.1 and
0.07). The error bars indicate standard errors (n = 3 independent experiments). The regression lines (dashed lines flanking the double-headed arrow) are
calculated for the constructs with the largest difference in the half-lives. The temperature compensation of the SN-rich C3 mRNAs relative to the control
(the ratio of the slopes of the dashed lines) is 1.87. (C) The half-lives of the mRNAs expressed from synthetic genes encode 14 identical amino acids and a
methionine (start codon). The error bars indicate standard errors (n = 3 independent experiments). (D) The half-lives of mRNAs expressed from synthetic
genes encoding 100 amino acids long proteins were inserted between the NRG2 or RPS22A UTRs. The error bars indicate standard errors (n = 3).
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Figure 6. Functional relevance of enrichment of mRNAs in Asn and Ser codons. (A) The role of Asn, Ser and Tyr codons in the temperature compensation
of the MTL1 mRNA degradation. The codon composition of the Asn/Ser-rich (NS), WT and Tyr-rich (Y) sequences are shown in the pie charts. The
NoSP denotes the construct with no signal peptide sequence. The error bars denote standard errors calculated from three biological replicates. The P-
values were calculated for the log ratios of the half-life measured at 20 to that at 42˚C for the t-test: P = 0.028 for MTL1(NS) versus (Y) and P = 0.013
for MTL1(NS) vs (Y, No SP). Using Mann–Whitney yields P = 0.029 for both pairs. (B) The ratio of half-lives measured at 20 and 42˚C (standard error,
n = 3) for the mRNAs enriched in temperature-compensating or temperature-sensitizing codons. The mRNAs are marked with multiple stop codons. The
temperature-compensating mRNAs encoding genes responsible for the resistance against zymolyase are shown in dark blue. (C) Fold change of protein and
mRNA levels measured at 20 versus 42˚C (n = 3 replicates). Proteins were measured 3 h after shifting the temperature to 42˚C, whereas the corresponding
mRNAs were measured at 30 (empty symbols) and 90 (full symbols) min after the shift. Each gene is denoted by an empty and full symbol, which refer
to the same protein measurement. This timing allows the typically slowly degrading proteins to integrate rapid changes in the amount of mRNA over the
previous period. The thick gray line denotes equal change of protein and mRNA levels, which indicates that translation remains constant provided the
protein half-life and transcription do not change. (D) The cell wall (CW) sensitivity against glycosidases (zymolyase rate index, ZRI) for cells in which the
indicated genes are deleted. The full gray line indicates the same sensitivity at 30 and 42˚C. The upper and lower gray dashed lines denote 10 times higher
and lower sensitivity at 42˚C, respectively. The Δgal2 and Δgal3 cells were used as control deletions (gray). The error bars denote the standard error from
n = 3 biological replicates for cells grown at 30˚C, and n = 5 at 42˚C. Significant differences (Mann–Whitney) relative to the control cells (�gal2, �gal3)
were found for �ecm33 (P = 0.006, 0.012), �ost4 (P = 0.006) and �qcr6 (P = 0.012) cells at 42˚C. For �gat1 P = 0.006 (vs Δgal2) and 0.094 (vs Δgal3).
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Capitalizing on the reliability of the MGC, we examined
in the second part of our work how translation affects the
mRNA degradation at different temperatures by mutating
all the start codons of the mRNA. In this way, we obvi-
ated the perturbations introduced by translation inhibitors
or mutations that affect cell physiology. Much of the debate
so far has centered on the question as to whether translation
stabilizes or destabilizes mRNAs (31). mRNAs with opti-
mal codons have long half-lives, while mRNAs with non-
optimal codons have short half-lives due to the lower trans-
lational efficiency. By linear extrapolation of this relation-
ship, it is expected that a further decrease in translation by
eliminating translational initiation will result in very short
half-lives. Intriguingly, the half-life of no-AUG mRNAs ex-
ceeded that of the unstable mRNAs, but ranked below the
stable mRNAs. Accordingly, future studies have to identify
molecular mechanisms that are consistent with this more
general, nonlinear model, which does not view translation
exclusively as either an mRNA stabilizing or a destabilizing
process.

By calculating the average half-life of the no-AUG mR-
NAs, we obtained the neutral point (Figure 3), which
divides the mRNA population into two subpopulations.
About 20–25% of mRNAs are stabilized by translation,
which is in good agreement with the analyses showing that
one third of mRNAs of the genome are enriched in opti-
mal codons (15). The proportion of translationally stabi-
lized mRNAs remains relatively constant at 30˚C despite
the wide variations in the growth rate of cells cultured in dif-
ferent carbon sources (Figure 1). Heat shock was the only
one under the conditions tested that changed substantially
this proportion (Figure 3B): translation stabilizes a mere 5%
of mRNAs at 42˚C. At the same time, this subpopulation
differed more strongly from the rest of the population (Fig-
ure 3A), which is also evidenced by the small standard error
of the estimated subpopulation size (Figure 3B).

In principle, the proportion of translationally stabilized
mRNAs can be changed directly by (de)stabilizing mR-
NAs or indirectly by shifting the neutral half-life. Our re-
sults suggest that Upf1 contributes to both of these modes.
Upf1 is one of the up-frameshift (UPF) factors that tar-
get mRNAs with premature stop codons to nonsense me-
diated decay. The prototypical example of the Upf targets
are the pre-mRNAs leaked into the cytoplasm, which con-
tain premature stop codons in the retained introns. How-
ever, the majority of genes that increase their expression in
response to the deletion of the UPF genes do not contain
premature stop codons (44). It has been suggested that some
of these mRNAs undergo poor start codon scanning dur-
ing translation initiation, and the NMD is activated due to
the start of translation in a nonsense frame. Furthermore,
many of these mRNAs are enriched in non-optimal codons
(61), which usually also destabilize mRNAs. Recently, non-
classical functions of Upf1 have been described in mam-
malian cells that do not even require translational termi-
nation (62). For example, Upf1 can recognize highly struc-
tured mRNAs, typically in the noncoding regions (UTR).

Under the standard conditions (30˚C), only one out of
the 23 mRNAs that comprised the set of stable and unsta-
ble mRNAs underwent a more than twofold stabilization in
upf1Δ cells (Figure 4D): the YML107C (PML39). Pml39 is

required for the nuclear retention of unspliced pre-mRNAs
(63). In a high-throughput study, the deletion of the UPF
genes tripled the expression of YML107C (PML39) (44,61),
and this was the only mRNA among the 23 mRNAs whose
expression more than doubled. This agreement is surpris-
ingly good since a direct comparison between half-lives
and steady-state expression levels is limited by the buffer-
ing effect of feedback loops that are activated when genes
involved in RNA degradation and processing are deleted
(20). PML39 is an intronless gene, and the targeting of the
PML39 mRNA by Upf1 to degradation may represent a
feedback loop that prevents the NMD pathway from be-
coming saturated by retaining unspliced mRNAs in the nu-
cleus.

Interestingly, the Upf1 has a stronger effect on mRNA
turnover at both low (20˚C) and high (42˚C) temperatures
than at 30˚C (Figure 4C–E). The involvement of Upf1
in temperature adaptation is mediated by two different
mechanisms. Due to a non-classical function, Upf1 stabi-
lizes untranslated mRNAs upon heat-shock, which reduces
the proportion translationally stabilized mRNAs indirectly.
Many mRNAs in this subpopulation are more likely to be
destabilized at lower temperatures by Upf1. In this way,
Upf1 provides a mechanism for temperature compensation
by acting directly on mRNAs (Figures 4F and 7A). By the
combination of these indirect and direct effects, the trans-
lationally stabilized mRNA subpopulation becomes more
distinct from the rest of the population (Figure 3B). Thus,
Upf1 is an extrinsic determinant of temperature adaptation
of mRNA turnover.

In the third part of our work, we investigated how tem-
perature affects mRNA stability through an intrinsic factor,
the codon composition of the mRNA. While a large num-
ber of codons are stabilizing or destabilizing (16), only few
codons contribute to temperature compensation or sensi-
tization (Figure 5A). mRNA degradation can be fully or
partially temperature compensated when the mRNA is en-
riched in specific codons (Asn and Ser). Conversely, a Tyr
codon sensitizes mRNA degradation in response to temper-
ature (Figure 7B).

mRNAs encoding Ser-rich cell surface proteins that are
subject to temperature compensation display various ex-
pression patterns. The MTL1 expression increases in a
pulse-like manner upon heat shock, while ECM33 expres-
sion declines. Heat shock evokes a succession of phases
before cells enter the quiescent state. The abundance of
mRNA and proteins varies over this period (Figure 6C)
(51), which makes it difficult to quantify translation ef-
ficiency. Our data suggest that translation remains un-
changed or declines for most of the mRNAs examined (Fig-
ure 6C). A reduction in translation upon heat shock has
been observed in several studies (54,64). A counterintuitive
benefit of diminished translation is demonstrated by the ob-
servations that translation inhibitors can improve the sur-
vival of cells exposed to high temperatures (52), presumably
due to the alleviation of proteotoxicity (53). Accordingly,
the activity of a protein or associated physiological response
can gain in importance despite reduced translation, as evi-
denced by our observation that the resistance to glucanases
is enhanced after a heat shock (Figure 6D). Whereas the
ECM33 does not contribute to cell wall resistance at 30˚C,
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Figure 7. Scheme of the extrinsic and intrinsic determinants of the temperature adaptation of mRNA degradation. (A) Extrinsic determinants. Translation
stabilizes mRNAs with a half-life greater than the neural half-life but below that destabilizes them. The gradient arrows indicate processes associated
with a shift from low to high temperature. Heat shock reduces the proportion of translationally stabilized mRNAs indirectly because Upf1 increases the
neutral half-life. At the same time, the increase in temperature buffers the destabilizing activity of Upf1 against some of the translationally stabilized
mRNAs (cross). Consequently, the degradation of mRNAs is partially temperature compensated. (B) Codons are the intrinsic determinants of mRNAs
temperature adaptation. Most codons do not change their stabilizing effect significantly upon temperature shift (gray arrows). However, specific Asn and
Ser codons buffer the increase in the mRNA degradation rate as the temperature rises (compensation, bent horizontal arrow). On the other hand, a Tyr
codon amplifies the temperature-induced change in mRNA stability (sensitization, bent vertical arrow).

it does so at 42˚C despite the reduced ECM33 transcription
and/or translation.

We will discuss two hypothetical mechanisms, the activ-
ity of the decoding tRNAs and the targeting of mRNAs
to specific cell organelles or aggregates, which can explain
temperature compensation of mRNAs enriched in these
codons.

The stability coefficients of the mRNA codons corre-
late well with the abundance and translational adaption in-
dex tAi of the tRNA that decode them (r = 0.6 to 0.7).
Temperature shift alters the abundance, covalent modifica-
tions or confirmation of tRNAs (65,66), which may under-
lie the codon-dependence of thermal adaptation. In prin-
ciple, these mechanisms can destabilize mRNAs more at
lower temperatures than at high temperatures, providing an
alternative temperature compensation mechanism. The se-
quence context of the codons can also influence mRNA de-
cay. The translation of repetitive sequences, often encoding
identical amino acids, has been shown to alter the elonga-
tion rate (67,68), which can indirectly influence mRNA sta-
bility (16). This may lead to nonlinear relationships between
the translation efficiency of individual codons and mRNA
stability. Analogously, the degradation of mRNAs enriched
in temperature-compensating or -sensitizing codons may be
influenced by the local density of the codons and the nature
of encoded amino acids.

Localization can play a similarly important role. Ser-rich
proteins are targeted via the endoplasmic reticulum (ER)
and the secretory pathway to the cell membrane and cell
wall (47), which is preceded by the association of the corre-
sponding mRNA with the ER. The induction of secretory
pathway components in yeast can increase mRNA stabil-
ity (69). Glycosylation of the proteins in the ER facilitates
protein folding in general, and promotes cellular integrity
at higher temperatures (70,71).

In addition to targeting to organelles, aggregation can
also promote localization. P-bodies and stress granules are
enriched in Asn-containing low complexity domains (47).
Asn-richness promotes assembly of self-templating amy-
loids (72), which may contribute to the formation of ribonu-
cleoprotein aggregates. The ratio of Ser to Tyr plays is an im-
portant determinant of aggresome formation in vitro (73).
Interestingly, the C-terminal domain of the Lsm4 protein,
which is responsible for the formation of P-bodies and ag-
gregates into amyloids (72), is highly enriched in asparagine
(N, 36%) and moderately enriched in serine (S, 17%), and
the gene lacks the Tyr(TAT) codon (74). This composition
is similar to the synthetic sequences encoding Asn/Ser-rich
proteins analyzed in our study. The C-terminal domain of
Lsm4p is the P-body component that is most highly en-
riched in asparagine (Supplementary Data S3).

While P-bodies and stress granules share important sim-
ilarities, there are stress-specific differences in composition
and assembly (75,76). Typically, they are viewed as storage
sites of translationally repressed mRNAs. However, transla-
tion has been observed in these granules, suggesting that re-
pression is partial and not complete (77). Temperature com-
pensation would then simply result from the storage and
stabilization of these mRNAs in ribonucleoprotein aggre-
gates, in which translation is reduced. Since more and more
proteins aggregate with increasing temperature (51), it re-
mains to be clarified whether and which form of ribonucle-
oprotein aggregates are relevant for temperature compen-
sation. Interestingly, Upf1p can target both nonsense and
normal mRNAs to P-bodies, without promoting the degra-
dation of normal mRNA (78). Similarly, Upf1 promotes the
formation of aggresomes, which accumulate misfolded pro-
teins during heat stress (51,79). Such a non-classical func-
tion of Upf1 can explain the stabilization of untranslated
no-AUGs upon heat shock. The physiological relevance of
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the involvement of Upf1 in temperature adaptation is un-
derlined by a study showing that Upf1 mutant cells have in-
creased heat sensitivity (80). Thus, both the extrinsic and
intrinsic determinants of temperature adaptation overlap
with P-body components. Whereas the extrinsic determi-
nant, Upf1 may target mRNAs to P-bodies directly, the for-
mation of aggregates containing mRNAs enriched in com-
pensating codons may be co-translational since Asn-rich
proteins are prone to aggregate, a process that can partic-
ularly affect nascent proteins at high temperature. Interest-
ingly, the two Asn/Ser-rich cellular compartments interact,
since the cell wall integrity pathway controls P-body assem-
bly upon cell wall stress (10).

Our results with consistent half-lives over a broad range
of temperatures provide insight into the temperature adap-
tation under physiological conditions and into the early
phase of heat shock response when cells still divide. This
facilitated the identification of the regulators and the se-
quence specific determinants of the temperature adaptation
of mRNA degradation.
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