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Rules are made to be broken: a “simple” model organism
reveals the complexity of gene regulation

Andrea L. Higdon®2, Gloria A. Brarl:2
1Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, CA
94720, USA

2Center for Computational Biology, University of California, Berkeley, Berkeley, CA 94720, USA

Abstract

Global methods for assaying translation have greatly improved our understanding of the protein
coding capacity of the genome. In particular, it is now possible to perform genome-wide and
condition-specific identification of translation initiation sites through modified ribosome profiling
methods that selectively capture initiating ribosomes. Here we discuss our recent study applying
such an approach to meiotic and mitotic timepoints in the simple eukaryote, budding yeast, as an
example of the surprising diversity of protein products—many of which are non-canonical—that
can be revealed by such methods. We also highlight several key challenges to studying non-
canonical protein isoforms that have precluded their prior systematic discovery. A growing body
of work supports expanded use of empirical protein coding region identification, which can help
relieve some of the limitations and biases inherent to traditional genome annotation approaches.
Our study also argues for the adoption of less static views of gene identity and a broader
framework for considering the translational capacity of the genome.

Introduction:

A key outcome of most gene expression events is the production of proteins, the tiny
workhorses that execute a complex array of tasks within the cell. In principle, the
information necessary to determine the identity, function, and regulation of proteins is
encoded in the genome. However, despite knowing the full genome sequence of budding
yeast for over two decades, our reading and interpretation of its small and compact genome
remains incomplete and largely ignores conditional differences in genome decoding
(Goffeau et al. 1996, Wood et al. 2019).

Decades of fruitful research on the functions and regulation of proteins has benefited from
gene annotations, which integrate DNA sequence information with predictions about the
regions of these sequences that are eligible for decoding into proteins. Initial gene
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annotations provided a valuable starting point for identifying protein-coding regions, but
they were intrinsically limited by the methods available at the time. They relied on our
understanding that proteins are made from open reading frames (ORFs) that begin with an
AUG start codon and end at an in-frame stop codon (reviewed in Aitken and Lorsh 2012).
And because there would be an overwhelming number of short ORFs throughout the
genome, even with these rules, length restrictions were imposed in order to prioritize more
likely protein-coding genes. Length limits (usually greater than 100 codons) were based on
sizes of well-characterized proteins and assumptions about the length of polypeptide chain
needed to fold stably (reviewed in Dinger et al. 2008). While such rules were necessary to
avoid an unwieldy number of erroneous predictions, they also excluded many gene products
that we now know to be functional.

The advent of RNA-seq was critical for deepening our understanding of eukaryotic genome
decoding by revealing transcribed regions of the genome without the biases intrinsic to
single-gene and microarray studies, which provided important insights but depended on
existing gene annotations. RNA-seq, by comparison, enabled comprehensive identification
of the regions of the genome that produce RNA and are therefore candidate protein-coding
regions (Nagalakshmi et al. 2008, reviewed in Wang et al. 2009). This method proved
especially valuable in organisms with prevalent alternative splicing, which had previously
made gene predictions particularly difficult. It also revealed an abundance of transcription in
regions without predicted ORFs, which was provisionally assumed to correspond to
production of non-coding RNAs, a subset of which have since been shown to serve
important RNA-based cellular functions (reviewed in Schmitt and Chang 2017).

The wealth of information contained in the transcriptome can easily lead to the assumption
that once the identity and abundance of a transcript is known, it is straightforward to predict
the identity and abundance of the resulting proteins. However, the invention of ribosome
profiling, which allows global empirical measurements of what proteins are made and when,
has revealed unexpected complexity to translation (Ingolia et al. 2009). In applying this
method to budding yeast meiosis, for example, we observed thousands of cases where
transcript abundance over time does not predict protein abundance for annotated genes. In
fact, in several hundred cases, we found an /nverse relationship between mRNA and
translation or protein levels, upending longstanding paradigms for how gene expression
generally works in this simple eukaryote (Cheng et al. 2018).

We recently revisited the question of which regions of the yeast genome are decoded into
protein using a global method for translation initiation site (T1S) mapping (Eisenberg et al.
2020). This revealed many cases that defy three of the simplest assumptions about genome
coding in yeast: that a given mature transcript produces one protein product, that coding
regions initiate at AUG start codons, and that gene identity is statically encoded by genome
sequence. Importantly, we are able to identify many protein isoforms that would easily fly
under the radar with interrogation by standard molecular biology approaches and are
challenging to identify even by standard ribosome profiling, which captures elongating
ribosomes (Ingolia et al. 2009). Our findings suggest not only a need for revision to the
broadly accepted rules of gene regulation, but also that there is more information encoded in
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the genome than can be readily inferred from sequence analysis alone, even in the well-
studied and simple budding yeast.

Translation initiation site profiling detects non-canonical protein isoforms

Our straightforward definition of what constitutes a coding region remained more or less
intact for decades in the absence of tools to empirically and systematically put it to the test.
Ribosome profiling, a method for capturing and sequencing ribosome-protected fragments
of mRNA, started to change our understanding by providing a global picture of the positions
and levels of translation (Ingolia et al. 2009; reviewed in Ingolia 2014, Brar and Weissman
2015). A modified version of ribosome profiling—in which cells are pretreated with a
specific type of translation inhibitor, such as harringtonine or lactimidomycin, which block
the first elongation cycle of the ribosome—strongly favors the capture of ribosomes that
have just completed translation initiation (Ingolia et al. 2011, Lee et al. 2012, Schneider-
Poetsch et al. 2010). Relative to traditional ribosome profiling, this allows cleaner detection
of translation initiation sites, unobscured by signal from elongating ribosomes within ORFs.
Its application to mammalian cells revealed complexity in TIS usage, but these data are
challenging to interpret (Ingolia et al. 2011, Fields et al. 2015). Identifying the coding region
based on the start codon depends on transcript isoform definitions, which are incomplete and
likely to be highly conditionally regulated in mammals, based on the small subset that have
been studied in great depth (reviewed in Baralle and Giudice 2017). In addition, when
multiple transcript isoforms are present, it is difficult to unambiguously assign TIS peaks to
a specific transcript isoform (Figure 1A).

We recently adapted this approach, which we call translation initiation site profiling (T1S-
profiling), for budding yeast and applied it to samples that spanned a meiotic time course
(Eisenberg et al. 2020). Meiosis is a highly regulated developmental program that, in yeast,
converts a diploid cell into four haploid spores. It requires dynamic and precisely regulated
waves of gene expression changes to achieve dramatic morphological changes to cellular
components (reviewed in Marston and Amon 2005, vanWerven and Amon 2011). Standard
ribosome profiling revealed large temporally regulated changes in the quantities of proteins
made from nearly all annotated genes, and also hinted at qualitative changes in the identity
of the proteins being produced, including evidence for translation in 5° leaders (traditionally
defined as UTRs or “untranslated regions™) of approximately half of mMRNAs expressed in
meiosis (Brar et al. 2012). The translation in many of these 5’ leaders could be attributed to
upstream open reading frames (UORFs), and transcripts showing such translation often
appeared to have translation of several overlapping UORFs. Based on this, and the ensemble
nature of ribosome profiling data, which reveals all translated positions for the pool of a
given transcript in the samples collected, it was difficult to unambiguously assign reads to
specific ORFs for these transcripts. TIS-profiling, in contrast, enables comprehensive
identification of ORF start codons by enriching for ribosome footprint signal representing
post-initiation ribosomes.

Using this method, we observed widespread translation initiation for non-canonical regions,
including uORFs and both in-frame and out-of-frame ORFs that were internal to annotated
OREFs (Eisenberg et al. 2020). We also found cases of translation initiation in 5’ leaders that
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are in-frame with annotated ORFs and have no intervening stop codon. These cases would
be expected to produce N-terminally extended alternate protein isoforms, which we
investigated in depth. In our data, we identified 149 genes with such extended isoforms,
representing a small but notable fraction of the ~6000 annotated yeast genes. These isoforms
are, as a class, more abundantly produced during meiosis relative to vegetative growth,
fitting with a general trend of increased translation from canonical and non-canonical start
codons in upstream regions during meiosis. Our system was particularly well-suited for
identifying these extended protein isoforms because the sparse alternative splicing in
budding yeast allowed us to make more unambiguous coding region predictions than is
possible in organisms with prevalent alternative splicing (Figure 1A).

Challenges of studying N-terminally extended, near-cognate initiated ORFs

A handful of N-terminally extended protein isoforms have been identified and characterized
by single-gene studies, but prior to genome-wide ribosome profiling studies they were
generally considered to be anomalies (Chang and Wang, 2004, Heublein et al. 2019, Kearse
and Wilusz 2017, Kritsiligkou et al. 2017, Suomi et al. 2014, Tang et al. 2004, Touriol et al.
2003). Our work, along with recent work from other groups, indicates that extended protein
isoforms are much more prevalent than previously thought, in yeast and other organisms
(Fields et al. 2015, Fritsch et al. 2012, Ingolia et al. 2011, Ivanov et al. 2011, Monteuuis et
al. 2019, Sapkota et al. 2019). How did the majority escape detection for so long? A number
of features make them particularly challenging to identify or detect, making it
understandable that they could be missed, even for well-studied genes.

The primary reason that these proteins were overlooked is that they do not conform to the
typical rules of gene annotation. Extended isoforms, which by definition start upstream of
the furthest upstream in-frame AUG of an ORF, cannot possibly initiate at an AUG. Instead,
they initiate at near-cognate start codons, which differ from AUG by one base (reviewed in
Kearse and Wilusz 2017). Since near-cognate start codons are not included in traditional
ORF annotations, these isoforms would never be predicted to exist under that framework.
Near-cognate initiation is also less efficient than AUG initiation, and therefore the resultant
extended protein isoforms are often low-abundance and difficult to detect relative to their
corresponding canonical isoform (Chen et al. 2008, Clements et al. 1988, Kolitz et al. 2009).

Most of the extensions that we identified are also relatively close in size to the AUG-
initiated isoform, making them difficult to distinguish by the method that would seem most
straightforward, a western blot of the protein. The majority (~80%) of the extensions in our
set were less than 10% larger than their corresponding annotated isoform, which is typically
too small of a difference to confidently distinguish on a standard western blot, especially if
the protein is at low abundance, as extensions often are (Figure 2A,; Eisenberg et al. 2020). If
a researcher did not have external evidence of an extension (such as from TIS-profiling),
they would have no reason to suspect a second isoform was being produced. If, on the other
hand, there is reason to look harder for an extended isoform, it is possible to isolate only the
extended isoform by mutating the AUG start codon of the annotated isoform. However, we
observed that in many cases, this in turn leads to nonsense-mediated decay (NMD) of the
transcript produced from this mutated locus, significantly decreasing protein production
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from that gene. These transcripts are likely subject to NMD because, in the absence of the
AUG start codon for the annotated isoform, initiation at the upstream near-cognate codon is
not sufficient to prevent initiation at subsequent out-of-frame AUG codons, signaling for
recruitment of NMD factors and decay of the transcript (Figure 2B; Celik et al. 2017). For
many genes, we were only able to detect the extended protein isoform in a upfiA
background, which abrogates the NMD pathway (reviewed in Hug et al. 2016).

We have established that extended isoforms can easily be missed by standard molecular
biology approaches and are understandably absent from gene annotations. Conservation
analysis, however, is another strategy for coding region detection that has complementary
strengths to other annotation approaches. Could it have been useful for detecting these
isoforms prior to TIS-profiling? In the set of extensions that we identified, we attempted to
find signatures of conservation within the 5’-most regions that are unique to the extensions
relative to the annotated isoform (Eisenberg et al. 2020). To our surprise, even previously
characterized extensions, such as for the tRNA synthetase ALAZ, showed little evidence of
conservation across yeast species (Tang et al. 2004). We suspect that, rather than suggesting
a lack of functional relevance, this instead may indicate that the selective pressures acting on
some extensions may be difficult to detect by sequence conservation analysis alone. In cases
in which the properties of the amino acids (for example, charge or hydrophobicity) are more
important than the specific sequence, we would expect to see conservation of the ability to
make the extension, but not necessarily strong conversation of the sequence itself. Signal
sequences are a particularly salient example, as they are often present at N-termini of
proteins and can tolerate a large amount of sequence degeneracy while still maintaining the
same function; indeed, most of the currently characterized extended protein isoforms have
been shown to have altered protein localization (Chang and Wang 2004, Kaiser and Botstein
1990, Kritsiligkou et al. 2017, Suomi et al. 2014, Tang et al. 2004). Further characterization
of extended protein isoforms will be necessary to understand the types of functions they
serve and whether those functions are indeed less subject to sequence-level constraints.
Regardless of the reason for their general lack of sequence conservation, however, this
feature again illustrates the difficulty in detecting extended protein isoforms without
empirical data.

While extremely useful for empirically identifying translation initiation sites, it is important
to note that TIS-profiling data can include both false-positives and false-negatives. Some
translation elongation inhibitors, such as cycloheximide, have been shown to cause pre-
initiation complex stacking and artificially enhance near-cognate initiation (Kearse et al.
2019). This is not thought to occur with post-initiation inhibitors like lactimidomycin and
harringtonine, but it remains important to be vigilant to artifacts that could be introduced
through drug treatment (Kearse et al. 2019). For example, our study showed that while TIS
peak heights are generally roughly quantitative to translation levels, near-cognate codons in
particular appear to have artificially high peak heights relative to measured protein output,
for reasons that are not fully understood (Eisenberg et al. 2020). These data are nonetheless
incredibly useful in identifying likely alternative protein isoforms, enabling both genome-
wide analysis of regulatory trends and making careful individual validation and
characterization much more tractable.
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What makes an ORF? Working towards a more inclusive definition

The extended protein isoforms identified in our study may have been missed previously
because they are only produced in meiosis or simply because they use near-cognate start
codons rather than the typical AUG start, revealing two prevalent biases in existing gene
annotations: bias towards laboratory mitotic growth conditions and bias towards certain rules
of translation that were defined by individual studies and then broadly generalized despite
known exceptions. Our concept of what defines an open reading frame is rigid, albeit for
good reason. Even with its compact genome, S. cerevisiae still has thousands of genes, many
of which have not yet been characterized in detail (Wood et al. 2019). To prioritize regions
for study, it is useful to use certain rules to predict protein coding regions, namely that they
start with an AUG, end with a stop codon, and are of a length capable of producing a stable
peptide (reviewed in Dinger et al. 2008). These guidelines have served us well for many
years, but with development of technologies for global empirical identification of coding
regions, it may be time to revisit these rules to create a more inclusive definition of what
constitutes an ORF.

It has become increasingly clear that translation initiation at non-AUG start codons is a
biologically relevant way of making protein isoforms (Kearse and Wilusz 2017). /n vitro
reporter studies have shown that near-cognate initiation, while an order of magnitude less
efficient than that at AUGSs, can still produce protein (Kolitz et al. 2009). Prior to our work,
only a handful of functional extended isoforms had been characterized in single-gene
studies, but these include cases with clear and important biological function. The tRNA
synthetase gene ALAZ, for example, uses an upstream ACG codon in addition to an AUG
start codon to produce two isoforms that localize to the mitochondria and cytoplasm,
respectively, and are necessary for translation in both locations (Tang et al. 2004). In our
study, we observed this and numerous other examples of near-cognate initiation, and similar
studies in other mammalian systems have also revealed widespread near-cognate initiation
(Fields et al. 2015, Ingolia et al. 2011). Although the vast majority of these near-cognate-
initiated isoforms remain functionally uncharacterized, their prevalence and usage across
very evolutionarily diverged organisms suggests that near-cognate codons should be
considered as possible ORF starts when annotating genes in the future.

Since examples of near-cognate initiation have been known for many years, should near-
cognate codons have been included in annotations all along? Unfortunately, in the absence
of empirical TIS usage data, it is simply not feasible to do so. A notable pitfall of expanding
OREF definitions to include near-cognate start codons is that it creates a much more difficult
computational prediction problem, by making the number of potential ORFs unrealistically
large. In fact, our TIS-profiling data revealed that very few of the available in-frame near-
cognate start codons in 5’ leaders are actually used to initiate translation, and the factors
contributing to this specificity are still largely unknown (Figure 2C). Our study supports a
role for elF5A in modulating near-cognate usage, and other studies have suggested
additional factors, like RNA structure, that may facilitate near-cognate initiation (Eisenberg
et al. 2020, Guenther et al. 2018, Kozak 1990). Careful integration of these different types of
data, as well as experiments aimed at unraveling the interplay between multiple trans and cis
factors, will be important for fully understanding why some start codons are chosen over
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others. Until this point, we will need to rely on empirical data to know which TISs are used.
In turn, these data will likely inform our understanding and ability to predict TIS selection.

Empirical data also relieves us of our dependence on length restrictions in coding region
prediction. While length cutoffs help significantly enrich for true protein-coding regions,
they suffer from both false negatives - often missing smaller protein-coding ORFs - and false
positives - erroneously categorizing non-coding RNAs as coding (reviewed in Dinger et al.
2008). The non-coding RNA Xist, for example, was initially thought to code for protein due
to a nearly 300aa putative ORF that is in fact not translated (Brockdorff et al. 1992). On the
other hand, a few critical proteins from short ORFs are known, including the ribosomal
protein gene, RPL41, which is 25 codons long and conserved in humans (Suzuki et al. 1990,
Yu and Warner 2001). The largest casualty of length restrictions, however, may not be
directly “functional” ORFs, but rather regulatory ones, like UORFs, which are typically very
short but nonetheless can have important effects on downstream ORF translation (reviewed
in Morris and Geballe 2000, Renz et al. 2020, Zhang et al. 2019. Comprehensive
identification of all translated ORFs, regardless of length, is necessary to create a truly
complete genome annotation, whether the ORFs serve regulatory or protein-template
function.

What is “normal”? The power of studying natural stress conditions

Our annotation of the genome and assignment of function to gene products draws heavily
from studies of domesticated yeast strains under standard lab conditions. This skews our
perception of “functional relevance” or “essentiality” towards nutrient-rich mitotic growth,
which differs greatly from the conditions in which the wild ancestors of our domesticated
lab strains evolved (reviewed in Liti 2015, Engel et al. 2014). While truly understanding the
evolutionary trajectory and life history of yeasts will require a population genetic approach
and study of wild yeast species ecology, we can still glean tremendous insight into the
diversity of their gene regulatory mechanisms from studying domesticated yeasts under a
broad array of conditions. By collecting TIS-profiling data across a meiotic time course, for
example, we were not only able to see dynamic regulation patterns but also detected many
protein isoforms that are not produced in vegetative growth conditions (for example MDH,
Figure 1B).

The true capacity of gene expression regulation cannot be detected within the confines of
standard laboratory growth conditions, and in fact, many regulatory strategies that appear
illogical or inefficient only begin to make sense in the light of environmental pressures. An
example of a seemingly wasteful phenomenon, first discovered in the context of yeast
meiosis, is Long Undecoded Transcript Isoform (LUTI) production, which accounts for
many of the cases where mMRNA and protein levels are decoupled during meiosis (Chen et al.
2017, Cheng et al. 2018). Here, two transcript isoforms are produced from the same locus: a
shorter transcript that produces functional protein and a longer (and often abundant) LUTI,
whose coding sequence translation is repressed by uORF translation in the extended 5’
leader. This LUTI appears to serve no function beyond the co-transcriptional repression of
the shorter transcript conferred by LUTI production (Chia et al. 2017). Making an extra
transcript rather than just turning the other off seems wasteful, but in the context of the
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highly coordinated process of meiotic differentiation, this could provide a handy mechanism
for simultaneously activating and inactivating sets of genes with the same transcription
factor in a precisely temporally coordinated manner (reviewed in Tresenrider and Unal 2018,
Otto and Brar 2018). In another seemingly wasteful phenomenon, during vegetative growth,
many transcripts are produced but spliced inefficiently, their intron-contained transcripts
degraded, as a way to downregulate genes that are specific to meiosis or response to
environmental stresses. This strategy, however, may allow them to remain primed to
upregulate production of the spliced transcripts as soon as the necessary cues are in place
(Juneau et al. 2007, Pleiss et al. 2007).

Studying stress conditions challenges our assumptions on the “normal” regulation or
function of a gene. In our own work, we find ourselves relying on phrases such as “main
isoform” or “annotated isoform” to distinguish between the previously known and newly
identified isoforms. However, in many cases, we find that the new isoform is in fact more
robustly produced, perhaps at more time points or with more dynamic regulation than the
annotated isoform, calling into question an easy binary categorization between a “main” and
“alternative” isoform. Indeed, across biology, we frequently categorize the functions of a
protein into their “main” and “moonlighting” roles, but “main” often just means the function
that was discovered first, is most abundant during “normal” conditions, or has the most
conventional regulation. Our increasingly nuanced understanding of transcript and protein
isoform production suggests that it may be time to develop a less hierarchical naming
system, and perhaps one that incorporates transcript and protein isoforms that serve a
regulatory function rather than only a direct protein-template function.

Conclusions

By studying the repertoire of proteins produced across the developmental process of meiosis
in budding yeast, we have seen cells bend canonical rules of translation to produce an
astounding diversity of protein products, especially during times of stress and upheaval. The
apparent simplicity of budding yeast makes it an especially useful organism for exploring
conserved complexities, and its strengths can complement those of similar efforts in other
organisms (Ingolia et al. 2011, Fields et al. 2015, Fritsch et al. 2012, Lee et al. 2012,
Sapkota et al. 2019, Stern-Ginossar et al. 2012). Decades of research have built off of certain
rules of gene regulation, and even the things produced within that framework are mind-
bogglingly complex and beautiful. Looking forward, however, we know that improvements
in technology can allow us to go beyond those rules to observe yet more levels of
complexity and seek to understand them. As the “simple” budding yeast has shown us time
and time again, rules are made to be broken.
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Figure 1.

(a) Comparison of protein isoform prediction from TIS-profiling data in yeast (left panel)
and humans (right panel). Alternative transcript isoforms present in humans contribute to
ambiguity in protein isoform identity. (b) Example of TIS-profiling data for an N-terminally
extended protein isoform at the MDHI locus. Timepoints from top to bottom, illustrated by
the cartoon on the left: vegetative exponential, 0, 1.5, 3, 4.5, 6, 8, 10, and 22 hours after

addition to sporulation media.
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Figure 2.
(a) Length of annotated protein isoform compared to ratio of extended isoform to annotated

isoform. Gray dots represent genes with an extension differing by less that 10% in length
from the annotated isoform. (b) Schematic of NMD effects resulting from AUG start codon
mutation. WT transcript in WT background (left panel) results in stable transcripts that
produce both protein isoforms. M1A (mutation of annotated start codon to alanine)
transcript in WT background (right panel, left arrow) results in translation from out-of-frame
AUG-initiated short ORFs and triggers NMD. M1A transcript in ypf1A background cannot
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be degraded via NMD and can be translated to produce the extended isoform alone. (c) Bar
chart of all possible extension-generating (in-frame with no in-frame stop codon) near-
cognate start codons in 5’ leaders of yeast genes compared to extension-generating start
codons with evidence of translation in T1S-profiling data.
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