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SUMMARY

Most eukaryotic proteins are N-terminally acetylated.
This modification can be recognized as a signal for
selective protein degradation (degron) by the N-end
rule pathways. However, the prevalence and specificity of such degrons in the proteome are unclear.
Here, by systematically examining how protein
turnover is affected by N-terminal sequences, we
perform a comprehensive survey of degrons in the
yeast N-terminome. We find that approximately
26% of nascent protein N termini encode cryptic degrons. These degrons exhibit high hydrophobicity
and are frequently recognized by the E3 ubiquitin
ligase Doa10, suggesting a role in protein quality
control. In contrast, N-terminal acetylation rarely
functions as a degron. Surprisingly, we identify two
pathways where N-terminal acetylation has the
opposite function and blocks protein degradation
through the E3 ubiquitin ligase Ubr1. Our analysis
highlights the complexity of N-terminal degrons and
argues that hydrophobicity, not N-terminal acetylation, is the predominant feature of N-terminal degrons in nascent proteins.

INTRODUCTION
Selective protein degradation is essential to proteome homeostasis, removing abnormal proteins as part of quality control
pathways or for regulatory purposes. In eukaryotes, the bulk of
selective protein degradation is handled by the ubiquitinproteasome system (UPS). Substrates of the UPS are recognized through features known as degradation signals or
degrons (Ravid and Hochstrasser, 2008), ubiquitinated by E3
ubiquitin ligases typically on lysine side chains and finally
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degraded by the proteasome (Finley et al., 2012; Hershko and
Ciechanover, 1998).
Protein N termini can encode degradation signals termed
N-degrons, which are recognized by the N-end rule pathways
(Varshavsky, 2011). The N-end rule relates protein stability to
the identity of the N-terminal residues. Two major branches of
the N-end rule target proteins carrying distinct N-degrons for proteasomal degradation: the Ac/N-end rule pathway, which targets
proteins carrying Na-terminally acetylated (Nt-acetylated) residues (Hwang et al., 2010a), and the Arg/N-end rule pathway,
which targets proteins with unacetylated residues at the N terminus (Bachmair and Varshavsky, 1989; Bachmair et al., 1986; Kim
et al., 2014) (Figure S1). In addition, a Pro/N-end rule pathway targeting specific N termini starting with a proline residue has been
€mmerle et al., 1998). Since their
described (Chen et al., 2017; Ha
discovery with artificial model substrates, these pathways have
been implicated in protein abundance and quality control in a variety of contexts, including cell cycle, apoptosis, and neurodegenerative disorders (Gibbs et al., 2014; Varshavsky, 2011).
Approximately 60%–90% of all proteins are cotranslationally
Nt acetylated in eukaryotes, with the extent of Nt acetylation varying between proteins (Van Damme et al., 2012; Dormeyer et al.,
2007; Goetze et al., 2009; Starheim et al., 2012). This modification
is catalyzed by N-acetyltransferases (NATs) and is thought to be
irreversible. Three multimeric NATs, NatA, NatB, and NatC, are
responsible for most of Ntacetylation in yeast and human cells
(Aksnes et al., 2016; Starheim et al., 2012). NatA acetylates small
N-terminal residues (A, S, T, V, C, and G) that have been exposed
upon removal of the initiator methionine by methionine aminopeptidases (MetAPs). NatB and NatC acetylate the initiator
methionine of N termini that cannot be processed by MetAPs,
depending on the residue at position 2: MN, MQ, MD, and ME
N termini are potential substrates of NatB, and proteins with bulky
hydrophobic residues at position 2 (MW, ML, MF, and MI N
termini) are potential NatC substrates. In the budding yeast
Saccharomyces cerevisiae, NATs are anchored to the ribosome
and are thought to function cotranslationally (Gautschi et al.,
2003; Polevoda et al., 2008), although posttranslational Nt

acetylation has been observed (Helbig et al., 2010a). In mammals, free pools of NATs exist in the cytosol, and NAT-mediated
posttranslational Nt acetylation has been proposed (Van Damme
et al., 2011). Two E3 ubiquitin ligases have been implicated
in the degradation of Nt-acetylated proteins: Doa10, an integral
membrane protein of the endoplasmic reticulum (ER) and the inner nuclear membrane, and Mot2/Not4, a subunit of the Ccr4-Not
complex (Hwang et al., 2010a; Shemorry et al., 2013).
Protein degradation by the Arg/N-end rule pathway depends
on the E3 ubiquitin ligase Ubr1 and the associated E3 ligase
Ufd4 (Bartel et al., 1990; Hwang et al., 2010b). This pathway targets N termini typically generated by endoproteolytic cleavage
(Bachmair and Varshavsky, 1989; Bachmair et al., 1986).
Positively charged residues (H, K, and R) and bulky hydrophobic
residues (W, I, F, L, and Y, collectively known as F residues) are
primary destabilizing residues in this pathway. N termini starting
with these residues are directly recognized by type 1 or type 2
substrate-binding sites in Ubr1, respectively (Xia et al., 2008).
This pathway also targets N termini with so-called secondary
and tertiary destabilizing residues. The tertiary destabilizing
residues N and Q can be processed by the N-terminal amidase
Nta1 to yield the secondary destabilizing residues D and E,
respectively, which can then be arginylated by the arginyltRNA transferase (R-transferase) Ate1, producing proteins with
an N-terminal arginine residue that are targets of Ubr1 (Baker
and Varshavsky, 1995; Balzi et al., 1990). In addition, Ubr1 was
proposed to recognize unacetylated MF N termini via the type
2 substrate-binding site (Kim et al., 2014).
Current understanding of N-degron determinants suggests
that N termini of most proteins could be recognized as degrons
by the N-end rule pathways (Gibbs et al., 2014; Oh et al., 2017;
Varshavsky, 2011). Here we tested this hypothesis directly. We
developed a method to quantify the stability of thousands of protein variants in parallel, and we applied it to systematically
examine the specificity of the N-end rule pathways and to
perform a comprehensive search for degrons in N termini of all
yeast proteins (collectively referred to as the N-terminome). We
describe new links between the Ac- and Arg/N-end rule pathways, and we show that a large fraction of yeast N termini can
function as degrons, but mostly independently of the N-end rule.
RESULTS
Advances in DNA synthesis and sequencing enabled functional
assays on large libraries of DNA or protein variants (Fowler and
Fields, 2014; Shendure and Fields, 2016). Here we combined
these technologies with a tandem fluorescent protein timer
(tFT) tag, which is a fusion of two fluorescent proteins with
different maturation kinetics and separable spectra. The tFT reports on protein stability independently of expression through
the intensity ratio of the slow- and fast-maturing fluorescent proteins, which increases as a function of protein half-life in steady
state (Khmelinskii et al., 2012, 2016). Our approach, termed
multiplexed protein stability (MPS) profiling, enables measuring
the turnover of thousands of protein variants in parallel (Figure 1).
First, pooled libraries expressing tFT-tagged protein variants
that differ only in a feature of interest (variable region) are constructed using oligonucleotide pools and exploiting the high effi-

ciency of homologous recombination in yeast. Individual libraries
are then sorted into bins of different protein stability according to
the tFT readout using fluorescence-activated cell sorting (FACS).
The number of sorted cells is chosen according to library
complexity and expected representation of variants in each library. For all experiments, we used the mCherry-sfGFP variant
of the tFT, and we sorted at least 106 cells according to their
mCherry/sfGFP ratio. The variable regions present in each stability bin are then amplified by PCR, barcoded, and subjected to
pooled high-throughput DNA sequencing. The stability of each
protein variant is estimated from the distribution of the corresponding sequencing read counts across stability bins and
referred to as the protein stability index (PSI) (Figure 1; STAR
Methods). We applied MPS profiling to systematically map
degradation signals in protein N termini and to identify the corresponding degradation pathways.
Degradation Signals in the First Two N-terminal
Residues
The first N-terminal residue plays an important role in determining protein stability according to the N-end rule (Varshavsky,
2011) (Figure S1); but, in some cases, an additional strong
influence of the second residue on protein stability has been reported (Choi et al., 2010; Matta-Camacho et al., 2010; Wadas
et al., 2016; Xia et al., 2008). We applied MPS profiling to analyze
the impact of all possible N-terminal di-residue combinations
(X and Z hereafter) on the stability of a reporter protein. To obtain
reporters with any residue at the N terminus, we used the
ubiquitin-fusion technique (Bachmair et al., 1986), whereby
each reporter is expressed as an N-terminal ubiquitin (Ubi) fusion
(Figure 2A). Endogenous deubiquitinating enzymes cotranslationally cleave the ubiquitin moiety with high efficiency (except
when X is proline), exposing residue X as the new N terminus.
XZ is followed by a 36-residue eK sequence (extension [e] containing lysine [K]) and the mCherry-sfGFP timer (Figure 2A).
The eK sequence is unstructured, potentially serving as an initiation site for proteasomal degradation (Prakash et al., 2004); lacks
internal degrons; and contains lysine residues that can be ubiquitinated (Bachmair and Varshavsky, 1989).
We constructed libraries expressing the 400 possible XZ
reporters (termed Ubi-XZ libraries) in wild-type yeast and in mutants lacking single or multiple components of the N-end rule
pathways (Figure S1). MPS profiling of the wild-type Ubi-XZ
library yielded reproducible estimates of protein stability (Figure S2A). These estimates correlated well with reported stability
of the 20 XH reporters originally used to characterize the Arg/Nend rule pathway (Bachmair and Varshavsky, 1989; Khmelinskii
et al., 2012) (Figure S2B), demonstrating the validity of protein
stability measurements with MPS profiling. We note that,
possibly due to binning used for the analysis of pooled libraries,
reporters with slow turnover were less well resolved by MPS
profiling compared to the tFT assay, whereby the stability of individual tFT fusions (i.e., their mCherry/sfGFP ratios) was
measured with flow cytometry (Figures S2C and S2D).
Profiles of Ubi-XZ libraries in wild-type and mutant strains (Figure S3) were consistent with the idea that the N-terminal residue
is a major determinant of protein stability, especially in the
context of the Arg/N-end rule pathway.
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in the absence of the E3 ligase Ubr1 (Figure 2C). As expected,
only NZ and QZ reporters were stabilized in a strain lacking the
N-terminal amidase Nta1, whereas deletion of the R-transferase
gene ATE1 stabilized not only NZ and QZ but also DZ and EZ
reporters (Figures 2C and S3).
Ac/N-End Rule
If Nt acetylation is a general degradation signal, substrates
of different NATs should be unstable in wild-type yeast. However,
potential substrates of the NatA NAT (i.e., reporters with X =
{C,S,V,G,A,T})
were
mostly
stable,
except
for
Z = {L,I,Y,F,W,V,M,C} (Figure 2B). No significant stabilization in
the absence of NatA was observed for these reporters (Figure S3),
although slight stabilization of individual reporters could be detected in the tFT assay (Figures S2C and S2D). We conclude
that NatA likely plays a minor role in the turnover of these reporters, below the resolution limit of MPS profiling. Potential
NatB substrates (MN, MQ, MD, and ME reporters) were stable
in wild-type (Figure 2B), despite being Nt acetylated as confirmed
by mass spectrometry (Figure S2E), and thus they could not be
further stabilized in any of the tested N-end rule mutants (Figure S3). Potential NatC substrates (MW, ML, MF, and MI reporters) were unstable in the wild-type (Figure 2B), and they
were stabilized in the naa30D mutant lacking NatC activity or in
the absence of the E3 ligase Doa10 (Figure 2D), in agreement
with their acetylation-dependent degradation by the Ac/N-end
rule pathway (Hwang et al., 2010a) (Figure S1B). Non-acetylated
MF N termini (where F stands for bulky hydrophobic residues W,
L, F, I, and Y) can be targeted for degradation by Ubr1 (Kim et al.,
2014). However, MW, ML, MF, and MI reporters were not stabilized in the ubr1D mutant, and no further stabilization upon deletion of UBR1 in the naa30D background was observed (Figures
2C, 2D, S2F–S2H, and S3). This suggests that recognition of
MF N termini by Ubr1 depends on the context of the reporter.
Together, these results emphasize a key role for the N-terminal
residue X in determining protein stability.Next, we clustered the
400 XZ reporters according to their stability across all Ubi-XZ libraries profiled in wild-type and 23 mutant backgrounds. This
separated the reporters into groups that essentially correspond
to known degradation pathways and enzyme dependencies (Figure 2E). For example, substrates of the Arg/N-end rule were split
into four main clusters, corresponding to tertiary, secondary, and
primary type 1 and type 2 destabilizing residues X. This analysis
also highlighted instances where residue Z strongly influenced
reporter behavior (Figure 2E). In most cases, such outliers exhibited unexpectedly high stability in the wild-type (Figure 2B):
Figure 1. Multiplexed Protein Stability (MPS) Profiling
Workflow for MPS profiling using a fluorescent timer (tFT) as a reporter of
protein stability. The tFT is a fusion of the slow-maturing fluorescent protein
mCherry (magenta) and the fast-maturing fluorescent protein sfGFP (green).
The mCherry/sfGFP ratio is a measure of protein half-life in steady state (top).
A library of tFT-tagged protein variants is constructed in yeast and sorted into
stability bins, followed by sequencing of the variable regions across bins to
infer the stability of each variant.

Arg/N-End Rule
Reporters with N-terminal tertiary destabilizing residues
X = {N,Q}, secondary destabilizing residues X = {D,E}, and primary destabilizing residues X = {R,K,H,W,L,F,Y,I} were mostly
unstable in wild-type yeast (Figure 2B), and they were stabilized
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1. reporters with tertiary, secondary, and type 2 destabilizing
residues X = {N,Q,D,E,W,L,F,Y,I} and Z = D;
2. reporters with type 1 destabilizing residues X = {R,K,H}
and Z = {G,K,R,F};
3. QZ reporters with Z = {A,S,D,C,G,E,T};
4. EZ reporters with Z = {E,T,S,D,H,Q,M};
5. LZ reporters with Z = {A,S,D}; and
6. reporters with tertiary, type 1, and type 2 destabilizing residues X = {N,Q,R,K,H,W,L,F,Y,I} and Z = P.
For sets 1 to 5, the mechanisms behind the influence of residue Z
on reporter turnover are, to the best of our knowledge, unclear.

A

B

E

C

D

Figure 2. Impact of the First Two N-terminal Residues on Protein Stability
(A) Construction of Ubi-XZ libraries using a degenerate oligonucleotide with 6 random bases encoding the 400 possible XZ di-residues. Cotranslational cleavage
of the ubiquitin moiety (except when X = P) exposes residue X at the N terminus.
(B) MPS profiling of the Ubi-XZ library in a wild-type strain. Heatmap of protein stability indices (PSIs) for the 400 XZ reporters is shown. Columns are ordered by
the type of residue according to the Arg/N-end rule, and rows are ordered by average row PSI.
(C and D) MPS profiling of Ubi-XZ libraries in mutant strains lacking components of the Arg/N-end rule (C) or the Ac/N-end rule (D) pathways. Heatmaps of
differences in PSI between the indicated libraries are shown. Significant differences (jDlog2PSIj > 1.4, false discovery rate [FDR] < 0.01) are marked (,). Right
panels show relevant N-end rule pathways.
(E) Heatmap of the 400 XZ reporters color coded according to similarity of stability profiles across all Ubi-XZ libraries. Ten groups of reporters were identified using
the hybrid dynamic tree cut algorithm (Langfelder et al., 2008) applied to a hierarchical cluster tree of the Ubi-XZ dataset. A clustered heat map with all individual
datasets is provided in Data S1, main.pdf, page 6.
See also Figures S2 and S3.

Although it is possible that residue Z affects cleavage of the ubiquitin moiety in the XZ reporters (Figure 2A), this cannot explain outliers with high stability since linear ubiquitin fusions are unstable
and rapidly degraded by the ubiquitin-fusion degradation pathway
(Bachmair et al., 1986; Johnson et al., 1995) (Figure S2I). Nevertheless, we observed efficient cleavage of the N-terminal ubiquitin for
a representative set of outliers with high stability (Figure S2J).
In set 6, the high stability of the RP, KP, and HP (type 1)
reporters (Figure 2B) is consistent with the knowledge that the
type 1 substrate-binding site of Ubr1 cannot accommodate peptides with proline at position 2 (Choi et al., 2010). For reporters

with tertiary and type 2 residues in this set, we excluded that proline at position 2 impairs ubiquitin cleavage (Figure S2J). We
observed the expected N-terminal sequence for the LP reporter
using mass spectrometry (Figure S2K). Together, these results
suggest that proline at position 2 impairs binding of type 2 substrates by Ubr1. Similarly, the high stability of NP and QP reporters suggests that deamidation by Nta1 is also impaired by
proline at position 2. Interestingly, the fast Ate1-dependent turnover of DP and EP reporters (Figures 2B and 2C) indicates that
N-terminal arginylation by yeast Ate1 is not hindered by proline
at position 2, in contrast to mouse Ate1 (Wadas et al., 2016).
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A

B

C

D

E

F

Figure 3. Nt Acetylation Prevents Degradation of EZ Reporters by the Arg/N-end Rule
(A) Protein stability indices (PSIs) of Arg/N-end rule reporters (X = {N,Q,D,E,R,K,H,W,L,F,Y,I}) in the Ubi-XZ library, measured in wild-type and naa10D backgrounds. Individual EZ reporters are indicated.
(B) Degradation of XZ reporters after blocking translation with cycloheximide. Whole-cell extracts were separated by SDS-PAGE, followed by immunoblotting
with antibodies against GFP and Pgk1 as the loading control. A product of mCherry hydrolysis during cell extract preparation (Gross et al., 2000) is marked (*).
(C) Flow cytometry analysis of strains expressing XZ reporters. EA stands for the naa10E26A allele. For all flow cytometry experiments, mean mCherry/sfGFP ratios
and 95% confidence intervals (CIs) of six replicates are plotted together with the median mCherry/sfGFP ratios of each replicate.
(D) Mass spectrum resulting from tandem mass spectrometry (MS/MS) fragmentation of the indicated Nt-acetylated peptide derived from the EH reporter.
(E) Label-free quantification of Nt-acetylated and unmodified N-terminal peptides derived from the EH and EK reporters.
(F) Model for the role of NatA in degradation of proteins with EZ N termini (EZ pathway). Nt acetylation by NatA and arginylation by Ate1 are mutually exclusive. The
second residue influences Nt acetylation, but not arginylation efficiency.
See also Figure S4.

In conclusion, MPS profiling (1) revealed that the first
N-terminal residue is a key determinant of protein stability (at
least in the context of the eK sequence using the ubiquitin-fusion
technique), (2) suggested context dependency of MF degrons,
and (3) identified several instances where the second residue
influenced N-degron stability by thus far unclear mechanisms.
NatA-Dependent Stabilization of EZ Reporters
Some EZ reporters (those with Z = {E,T,S,D,H,Q,M}) were
surprisingly stable in wild-type yeast (Figure 2B). Interestingly,
of all substrates of the Arg/N-end rule pathway, only these EZ
reporters were destabilized in mutants lacking the catalytic
subunit Naa10 or the auxiliary subunit Naa15 of the NatA NAT
(Figures 3A and S4A). In the absence of NatA, the 20 EZ reporters
were indistinguishable in terms of stability. This suggests an
inhibitory role of NatA in degradation of EZ reporters by the
Arg/N-end rule pathway.
To understand how NatA affects EZ reporters, we first
confirmed that EE, EH, and ET reporters are destabilized in the
naa10D mutant using cycloheximide (CHX) chase experiments
(Figure 3B) and the tFT assay (Figure 3C). EZ N termini are usually
arginylated by Ate1, followed by Ubr1-mediated degradation
(Balzi et al., 1990) (Figure S1A). Consistently, degradation of
EE, EH, and ET reporters in the wild-type and naa10D backgrounds required Ate1 (Figure 3C). We excluded the possibility
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that Naa10 affects the turnover of EZ reporters by influencing
the activity of Ate1, which is a potential substrate of NatA (Figures S4B and S4C). Instead, we reasoned that if NatA could
directly Nt acetylate glutamate residues, this would prevent
degradation of EZ reporters by blocking arginylation of their N
termini. Supporting this idea, human Naa10 preferentially acetylates N-terminal glutamate residues in vitro (Van Damme et al.,
2011). Using mass spectrometry, we detected Naa10-dependent Nt acetylation of EH and EK reporters (Figures 3D and
3E), demonstrating that S. cerevisiae Naa10 can acetylate N-terminal glutamate residues in vivo. Notably, the unstable EK reporter was much less Nt acetylated compared to the EH reporter, which is not only more stable in wild-type cells but also
more affected by the deletion of NAA10 (Figure 3C), in agreement with the idea that Nt acetylation stabilizes EZ fusions.
To further test this notion, we introduced the E26A catalytic
site mutation into Naa10 (Naa10E26A). The corresponding mutation in Schizosaccharomyces pombe Naa10 (Figure S4D)
switches NatA specificity from its physiological substrates to
N-terminal glutamate residues in vitro (Liszczak et al., 2013).
Using an SF reporter, which is degraded by the Ac/N-end rule
pathway in a NatA-dependent manner, we established that
Naa10E26A is inactive toward canonical NatA substrates in
S. cerevisiae (Figure S4E). Consistent with increased activity of
Naa10E26A toward EZ N termini, all tested EZ reporters were

A

B

Figure 4. Role of N-end Rule Pathways in Nterminome Turnover

(A) Construction of N-terminome libraries using an
oligonucleotide pool encoding 15-residue-long N
termini of all yeast proteins (top). Distribution of
PSIs in the wild-type N-terminome library is shown
(bottom). N-terminome reporters were grouped by
the second residue. The number of reporters in
D
C
each group is indicated. Whiskers extend to ±1.53
interquartile range (IQR) from the box.
(B) Venn diagram with sets of N-terminome reporters stabilized in the indicated mutants.
(C) Fraction of enzyme-specific potential substrates that is stabilized in the respective mutants.
N-terminome reporters were considered potential
substrates of specific enzymes based on the residue at position 2 (Figure S1): {A,S,T,V,C,G} for
Naa10, {N,Q,D,E} for Naa20, and {W,L,F,I,Y} for
Naa30/Ubr1. Fractions were calculated as a function of a stability threshold in the wild-type N-terminome, i.e., counting only reporters below a PSI threshold.
(D) Fraction of enzyme-specific potential substrates among reporters stabilized in the respective mutants, calculated as in (C).
See also Figure S5.

stabilized in naa10E26A cells compared to wild-type (Figure 3C).
Moreover, the impact of the Naa10E26A mutant correlated with
reporter stability in the wild-type. For instance, the unstable EK
reporter was only marginally stabilized, whereas the most stable
EE reporter was fully stabilized in naa10E26A cells, suggesting
that the second residue plays a role in recognition of EZ N termini
by NatA. Together, these results reveal an unexpected link between Nt acetylation and the Arg/N-end rule pathway, and they
show how NatA can stabilize EZ reporters by blocking their arginylation by Ate1 in what we termed the EZ pathway (Figure 3F).
Stability Profiling of the Yeast N-terminal Proteome
To explore N-degron determinants beyond the first two residues,
we next examined the N termini of all yeast proteins for degrons
targeted by the N-end rule pathways. We constructed N-terminome libraries using oligonucleotide pools encoding the first
15 residues of all annotated yeast open reading frames, also
including alternative downstream translation initiation sites
(Fournier et al., 2012; Pelechano et al., 2013) (Figure 4A). Of
the 6,703 N-terminome reporters, 3,099 were detected in all replicates and strain backgrounds (Figures S5A and S5B) and used
in the following analyses.
In the wild-type N-terminome library, reporters exhibited a
wide range of stabilities and 26% (791/3,099) were unstable
(PSI below an arbitrary threshold of 0.5) (Figure 4A). This unstable group included reporters with N termini from proteins with
well-characterized N-terminal degrons, such as the Mata2
transcriptional repressor (Chen et al., 1993; Hochstrasser and
Varshavsky, 1990) or the Rpn4 transcription factor (Ha et al.,
2012; Ju and Xie, 2004; Xie and Varshavsky, 2001). However,
overall there was no correlation between stability of N-terminome reporters and stability of the corresponding full-length
yeast proteins (Figure S5C). This result is consistent with the
fact that proteins can carry degrons elsewhere in the structure
or sequence, as is likely the case for unstable proteins for which
we found that the N terminus as such was not destabilizing. The
inverse observation that stable proteins can have N termini that
alone are destabilizing suggests that these N termini are inac-

cessible to the degradation machinery under normal conditions.
It is possible that these N termini encode cryptic degrons that are
exposed and function as degradation signals only under specific
conditions. Nevertheless, we cannot exclude the possibility that
some N termini become degrons only when fused to the eK
sequence in our reporter.
Stability of N-terminome reporters varied with the identity of
the residue after the initiator methionine (residue X) (Figure 4A),
suggesting a role for the N-end rule pathways in N-terminome
turnover. MF reporters, which can be targeted for degradation
by NatC or Ubr1, were on average less stable (Figures 4A and
S5D). Among potential NatA and NatB substrates, reporters
with X = C were on average the most unstable. To directly test
the role of the N-end rule in N-terminome turnover, we profiled
N-terminome libraries in naa10D, naa20D, and naa30D ubr1D
mutants, which cover all Ac/- and Arg/N-end rule pathways (Figure S1). This revealed that each mutant affected only a small
number of reporters representing a minor fraction of potential
substrates of the mutated enzymes (Figures 4B and 4C). For
instance, of the 201 unstable MF reporters (PSI < 0.5), only 15
were stabilized in the naa30D ubr1D mutant. Across the whole
N-terminome, only 4% of MF reporters were stabilized in this
mutant. For NatA, 32 of 355 unstable potential substrates and
only 3% of potential substrates in the whole N-terminome were
stabilized in the naa10D mutant. Using mass spectrometry, we
observed complete NatA-dependent acetylation of several
potential NatA substrates irrespective of the effect of NatA on
their turnover (Figure S5E), demonstrating that Nt acetylation is
not sufficient to promote reporter degradation.
It is possible that the number of reporters stabilized in N-end
rule mutants is underestimated due to limited resolution of
MPS profiling in the high-stability range (Figures S2C and
S2D). Nevertheless, it is clear that residue X is not predictive
of reporter stability, as each MX group displayed a wide range
of stabilities (Figure 4A). To demonstrate this directly, we
performed MPS profiling of an MXZ library, consisting of 400
reporters where the initiator methionine is followed by variable
residues X and Z (Figures S5F and S5G). When we grouped
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Figure 5. Nt Acetylation Prevents Degradation of MN Reporters by the Arg/N-end Rule
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N-terminome reporters by their XZ di-residues, we observed
moderate correlation between the median stability of each group
and the corresponding MXZ reporters (Figure S5H). However, no
obvious correlation was observed when we compared the stability of individual N-terminome reporters with the corresponding
MXZ reporters (Figure S5I).
Taken together, these results suggest that the N-end rule
plays a minor role in N-terminome turnover. Nevertheless, reporters stabilized in the naa10D and naa30D ubr1D mutants
were enriched in N termini that constitute potential substrates
of the mutated enzymes (Figure 4D). For example, 84% of the reporters stabilized in the naa10D mutant carried a small residue
{A,S,T,V,C,G} required for Nt acetylation by NatA at position X,
compared to 52% in the N-terminome. Altogether, this analysis
argues for the involvement of the N-end rule pathways in turnover of specific N termini only, and it suggests that, globally,
Nt acetylation is rarely recognized as a degron.
Nt Acetylation Prevents Unconventional Generation of
Arg/N-End Rule Substrates
Reporters stabilized in the naa20D mutant (lacking the catalytic
NatB subunit) were not strongly enriched in potential NatB
substrates (Figure 4D). Surprisingly, however, the 10 reporters
destabilized in this mutant had an asparagine (N) residue at the
second position (hereafter MN reporters), making them bona
fide NatB substrates. These MN reporters exhibited increased
turnover in the naa20D mutant, but not in the naa20D ubr1D
double mutant (Figure 5A), suggesting a role for Nt acetylation
in preventing their degradation by Ubr1. This contrasts the
described role of Nt acetylation in generating degrons in the
Ac/N-end rule pathway (Hwang et al., 2010a) (Figure S1B).
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(A) N-terminome reporters destabilized in the
absence of NatB. Heatmap of reporter behavior in
N-terminome libraries profiled in the indicated
mutants. Significant differences in PSI between
each mutant and wild-type are marked (,). The 15
N-terminal residues and their protein of origin are
shown for each reporter. N termini corresponding
to downstream translation initiation sites are indicated (*).
(B) Flow cytometry analysis of strains expressing
the indicated N-terminome reporters from (A).
(C) Model for opposing roles of NatB and Map1 in
degradation of proteins with MN N termini (MN
pathway). Initiator methionine cleavage by Map1
leads to protein degradation by the Arg/N-end rule
pathway. Nt acetylation by NatB prevents initiator
methionine cleavage, blocking protein degradation.
(D) Flow cytometry analysis of strains expressing
the Ynl202w1–15 reporter. OE stands for Map1
overexpression.
(E) Flow cytometry analysis of strains expressing
the Ykr061short-tFT fusion. Ykr061wshort is an
N-terminally truncated isoform of Ktr2 corresponding to a downstream translation initiation
site (start at methionine 64). The Ykr061wshort
construct did not contain the eK linker sequence;
the protein was fused directly to the tFT.
See also Figure S6.

To understand how NatB regulates the turnover of MN N
termini, we first confirmed that MN reporters are destabilized in
the absence of NatB using CHX chase experiments (Figure S6A)
and the tFT assay (Figures 5B and S6B). Deletion of the non-catalytic NatB subunit Naa25 similarly destabilized these reporters
(Figure S6C). The destabilization phenotype depended not only
on Ubr1 but also on the Nt-amidase Nta1 (Figures 5B and S6B),
which is required for the degradation of N termini starting with
N or Q (Baker and Varshavsky, 1995) (Figure S1A). These results
led us to hypothesize that the initiator methionine can be cleaved
from MN reporters, producing N termini that are substrates of the
Arg/N-end rule pathway. In this scenario, Nt acetylation by NatB
would prevent removal of the initiator methionine and thus preclude Ubr1-mediated degradation of MN reporters (Figure 5C).
To test this model, we investigated four MN reporters using
mass spectrometry. We detected Nt-acetylated peptides in
wild-type and N termini starting with an asparagine residue in
the naa20D nta1D mutant (Figure S6D). This indicates that the
initiator methionine can be cleaved from MN reporters in the
absence of NatB. Next, we tested whether this cleavage required
Map1 or Map2, the two methionine aminopeptidases in yeast,
although neither is expected to act on MN N termini (Moerschell
et al., 1990; Varland et al., 2015; Walker and Bradshaw, 1999).
Deletion of NAA20 strongly destabilized the Ynl202w1–15 MN reporter in the map2D, but not in the map1D, mutant (Figure 5D).
Moreover, Map1 overexpression significantly destabilized the
Ynl202w1–15 reporter (Figure 5D). These results support the
notion that Map1 and NatB compete for MN N termini, and
they explain the destabilization of MN reporters in the absence
of NatB (Figure 5C). Hereafter we refer to Map1/NatB-dependent
degradation of proteins with MN N termini as the MN pathway.

Next we searched for substrates of this pathway among the
endogenous proteins corresponding to the MN reporters in Figure 5A. First, we tested whether N termini of these proteins are in
principle accessible to Ubr1. Using the ubiquitin-fusion technique, we expressed full-length proteins with RD instead of MN
at the N terminus, mimicking the end product of N-terminal processing. Three of the 9 tested proteins were unstable in the wildtype and strongly stabilized in the ubr1D mutant (Figure S6E),
indicating that Ubr1 can bind their N termini and that lysine
residues suitable for ubiquitination are available to Ubr1. When
expressed with the native MN N terminus, one of those three proteins, Ykr061wshort, was destabilized in the absence of NatB in a
Ubr1-dependent manner (Figures 5E and S6F), suggesting that it
is a substrate of the MN pathway. Ykr061wshort is an N-terminally
truncated isoform of the mannosyltransferase Ktr2. This isoform
is expressed from a short mRNA isoform, which is produced
when yeast is grown with galactose, but not glucose, as a carbon
source (Pelechano et al., 2013) (Figure S6G). In contrast to fulllength Ktr2, which localizes to the Golgi (Lussier et al., 1996),
Ykr061wshort localized to the cytosol and nucleus (Figure S6H).
Notably, of 177 MN reporters in the N-terminome library, 167
were not destabilized in the absence of NatB. However, when
expressed without the initiator methionine, such reporters
became substrates of the Arg/N-end rule pathway (Figure 6A),
indicating that their N termini are accessible to Nta1, Ate1, and
Ubr1. This suggests that NatB does not influence the turnover
of most MN reporters because Map1 cannot cleave their initiator
methionine, likely because residues downstream of MN prevent
initiator methionine cleavage.
To understand the sequence requirements for Map1 cleavage,
we analyzed NatB-dependent turnover of MN reporters with
random residues at positions 3–15. MPS profiling revealed
that, of 11,757 MN reporters that were stable in wild-type yeast
(Figure 6B), 2,844 were destabilized in the absence of NatB.
These 2,844 reporters are presumably Map1 substrates that
are degraded in a Ubr1-dependent manner in the naa20D
mutant. Sequence logo analysis suggested that Map1
substrates tend to have specific residues at positions 3–5
(Figure 6C), which likely allow initiator methionine cleavage.
However, the sequence logo was not sufficient to accurately
predict Map1 substrates. Therefore, we employed a machinelearning approach to search for additional properties of Map1
substrates (STAR Methods). The obtained classifier confirmed
the importance of residues 3–5 (Figure 6D) and additionally revealed that residues 6–15 in Map1 substrates were characterized by a high average value of the amino acid property polar
requirement (Figures 6D–6F). The polar requirement is thought
to represent the ability of individual amino acids to interact
with nucleic acids, and it correlates with the structure of the genetic code (Mathew and Luthey-Schulten, 2008; Woese
et al., 1966).
To verify that the classifier identified substrates of the MN
pathway, we tested four reporters predicted to be Map1 substrates. These reporters originated from the MN library test set
that was not used during training. All four were destabilized in
the naa20D mutant, but not in the ubr1D naa20D double mutant
(Figure 6G), indicating that they are degraded by the Arg/N-end
rule pathway, most likely via processing by Map1. In summary,

our analyses propose that residues 3–5 are directly involved in
substrate binding to Map1, whereas residues 6–15 could promote
processing of MN N termini more indirectly, for example, by keeping the substrate in Map1 vicinity through additional interactions.
Hydrophobicity Is the Main Stability Determinant in
Native N Termini
Our analyses thus far uncovered two unexpected links between
the Ac/- and the Arg/N-end rule pathways (Figures 3F and 5C),
and they indicated that, globally, the N-end rule plays a minor
role in N-terminome turnover. Of 791 unstable N-terminome reporters (PSI < 0.5), only 71 appear to be degraded consistently
with the N-end rule, i.e., in an acetylation- or Ubr1-dependent
manner. What other features influence the turnover of N-terminome reporters?
We noticed that deletion of Doa10 stabilized a large number of
reporters (41% of unstable reporters, 336 in total, hereafter
referred to as Doa10 substrates), largely independently of
NATs (Figures 7A, 7B, S7B, and S7C). These reporters were enriched in N termini derived from proteins with predicted signal
peptides (odds ratio = 5.1, p value < 10 8, Fisher’s exact test)
or proteins that translocate into the ER cotranslationally, as
determined by proximity-specific ribosome profiling (Jan et al.,
2014; Williams et al., 2014) (odds ratio = 1.7, p value < 10 3,
Fisher’s exact test). Doa10 substrates were significantly more
hydrophobic than the rest of the N-terminome (Figure 7C), suggesting that N-terminal hydrophobicity is a strong determinant
of reporter instability. Supporting this notion, the hydrophobicity
of the N terminus was negatively correlated with reporter stability
across the whole N-terminome and explained 47% of the variance in reporter stability (Figure 7D). This correlation was present
even when only N termini derived from cytosolic/nucleoplasmic
proteins were considered (Figure S7D). Moreover, Doa10
substrates with N termini derived from cytosolic/nucleoplasmic
proteins also exhibited high hydrophobicity (Figure 7C).
In conclusion, our results indicate that hydrophobicity of the
N terminus, not the identity of N-terminal residues or N-terminal
acetylation, is the predominant feature of N-terminal degrons in
nascent proteins.
DISCUSSION
Here we developed MPS profiling, a quantitative method to
investigate protein degradation signals (Figure 1) that is independent of protein expression level (STAR Methods). Using MPS
profiling, we systematically examined the rules that define
degrons in the N-end rule pathways (Figure S1), and we
performed a comprehensive survey of degrons in the yeast
N-terminome.
Our results are consistent with the current understanding of the
Arg/N-end rule, but they indicate that the residue at position 2
frequently modulates degron strength (Figure 2B). Another
N-end rule pathway, the Pro/N-end rule, targets proteins with
€mmerle
an N-terminal proline residue (Chen et al., 2017; Ha
et al., 1998). We find that most MP reporters in the N-terminome
library, in which the initiator methionine is expected to be
removed by MetAPs, are very stable (Figure 4A). This is consistent with strong context dependency of N-terminal prolines as
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Figure 6. Requirements for Processing of MN N Termini by Map1
(A) Flow cytometry analysis of strains with the indicated genotypes expressing N-terminome reporters with MN N termini (1, 3, and 5) or, using the ubiquitin-fusion
technique, the same reporters without the initiator methionine (2, 4, and 6).
(B) Workflow of MPS profiling to identify features specific to substrates of the MN pathway. A complex MN library was constructed using a degenerate
oligonucleotide encoding the MN residues followed by 39 degenerate bases and sorted into four stability bins with 104 cells each. Variable regions from the
most stable bins (3 and 4) were used to construct MN libraries in wild-type and naa20D backgrounds, followed by MPS profiling.
(C) Sequence logo of the 15 N-terminal residues generated based on 2,844 MN reporters destabilized in the naa20D mutant. High mean polar requirement of
residues 6–15 was identified as another feature of these reporters using a machine-learning approach (STAR Methods).
(D) Evaluation of JRip rules for classifying MN reporters as Map1 substrates (see the STAR Methods). Residues allowed at positions 3, 4, and 5 as well as
properties of residues 6–15 are indicated.
(E) Mean polar requirement distributions for MN reporters destabilized or unaffected in the absence of NatB. Mean polar requirement of residues 6–15 was
calculated for the two sets of reporters identified by MPS profiling of MN libraries.
(F) Occurrence of residues with high {R,K,D,E,N,Q,H} or low {F,L,V,I,M,C,W,Y} polar requirement at positions 6–15 for MN reporters destabilized or unaffected in
the absence of NatB in (C). *p < 10 16 in a Mann-Whitney U-test.
(G) Flow cytometry analysis of strains expressing the indicated MN reporters, predicted to be Map1 substrates by rules 1 (reporters 1 and 2) and 2 (reporters 3 and
4) in (B). These reporters were selected from the MN library test set and were not encountered by the classifier during training.

degradation signals (Chen et al., 2017). In fact, N-terminal proline
was described as a stabilizing residue in the context of the eK
sequence (Bachmair and Varshavsky, 1989; Bachmair et al.,
1986). A third N-end rule pathway, the Ac/N-end rule, targets
Nt-acetylated proteins. Although most eukaryotic proteins are
Nt acetylated (Dormeyer et al., 2007; Goetze et al., 2009;
Hollebeke et al., 2012; Starheim et al., 2012), no global effects
of Nt acetylation on protein abundance and turnover were previ-
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ously observed in proteomic studies of yeast (Helbig et al., 2010a)
and human cells (Gawron et al., 2016). However, acetylated N
termini were originally proposed to be most likely conditional degrons (Hwang et al., 2010a; Shemorry et al., 2013). In this context,
no major changes in proteome turnover and abundance in NAT
mutants are expected under normal physiological conditions.
Instead, testing the role of Nt acetylation in protein degradation
requires exposing N termini of every protein, which we achieve
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Figure 7. Doa10-Dependent Degradation of N-terminome Reporters with Hydrophobic N Termini
(A) Protein stability indices (PSls) in wild-type and doa10A N-terminomelibraries. Reporters stabilized in the doa70A mutant arein red.
(B) Venn diagram with sets of N-terminomereporters stabilized in the indicated mutants.
(C) Hydrophobicity of N-terminome reporters stabilized in the doa70A mutant (Doa10 substrates). Reporters with N termini derived from proteins that localize
to the cytosol or nucleoplasm are labeled as cytosolic/nuclear. Whiskers extend to +1.5xIQR from the box. The numberof reporters in each group is indicated.

*p < 10°"? in a Mann-Whitney U-test.

(D) Correlation between hydrophobicity of the 15 N-terminal residues and PSI in the wild-type N-terminome library. Reporters stabilized in the doa70A mutant are

in red.
See also Figure S7.

here using our reporter system. Our analysis indicates that Nt
acetylation is rarely recognized as a degron (Figures 4 and
S5E). Wefind that many yeast N termini contain degrons but
the main determinant of degron strength is the overall hydrophobicity of the N terminus. Identity or acetylation status of N-terminal residues, as described by the N-endrule, do not predict the
stability of exposed yeast N termini (Figures 7, S5H, and S5l).
Doa10 appears to be the major E3 ligase targeting hydrophobic N termini (Figure 7). We find that N termini of some Doa10
substrates correspond to truncated signal sequences that are
not functional in targeting the reporters to the ER (Figure S7E).
Wethus proposethat Doa10 could beinvolvedin clearing mislocalized secretory proteinsthatfail to insert into the ER, similar to
its role in the prERAD pathway, which degrades mislocalized
GPl-anchored proteins that are characterized by a C-terminal
hydrophobic motif (Ast et al., 2014). In mammalian cells, an analogous mechanism involves the Bag6 chaperoneandthe soluble
E3 ligase RNF126 (Hessa et al., 2011; Rodrigo-Brenni et al.,
2014). Interestingly, some reporters with hydrophobic N termini
are not fully stabilized and others are not affected in the
doa10A mutant (Figures 7A and 7D), suggesting that additional
E8 ligases are involvedin their turnover.
While we cannot exclude that Nt acetylation has a minor destabilizing effect, it appears that Nt acetylation is rarely used as
a degradation signal as (1) most potential NatA and NatB substrates were stable in wild-type yeast (Figure 4A); (2) naa70A
and naa20A mutants affected overlapping sets of N-terminome
reporters (Figures 4B and S7A); and (3) unstable NatA and
NatB substrates were only weakly stabilized in the respective
mutants (Figure S7A). Moreover,it is possible that in some cases
Nt acetylation contributes to, but is not required for, substrate
recognition by Doa10, e.g., by changing the overall hydrophobicity of the N terminus. This could explain the weakerstabilization of M@ reporters from the Ubi-XZlibrary in the naa30A mutant
compared to doa710A(Figure S2F).
Strikingly, we identified two pathways, the EZ and MN pathways, where Nt acetylation plays the opposite role and blocks
protein degradation (Figures 3 and 5). The EZ pathway involves

direct acetylation of N-terminal E residues by NatA asa function
of the residue at position Z, thereby preventing degradation by
the Arg/N-end rule pathway (Figure 3F). In budding yeast, it
seems unlikely that NatA could influence the turnover of endogenous proteins with EZ N termini under normal conditions,

because NatA is thought to act exclusively cotranslationally in
this organism (Gautschi et al., 2003; Polevoda et al., 2008) and
no peptidase activity that would cleave before E residues cotranslationally is currently known. However, a fraction of human
Naa10, which preferentially acetylates EZ peptidesin vitro, is not
bound to ribosomesin vivo (Van Damme et al., 2011). This poolof
Naa10 could acetylate EZ N termini generated posttranslationally, raising the possibility that endogenous substrates of the
EZ pathway, such as y-actin (Van Damme etal., 2011), exist in
mammals. Another pathway similar to EZ could exist in mammals and plants, where N-terminal cysteine is both a NatA substrate and, following oxidation, an Ate1 (and thus Arg/N-endrule)
substrate (Hu et al., 2005). Here Nt acetylation of cysteine residues could havea similar protective role.
Wefound that Map1 can removethe initiator methionine from

unexpected termini in what we termed the MN pathway(Figure 5). Proteins with MN termini are not known to be processed by Map1 (Moerschell et al., 1990; Varland et al.,
2015; Walker and Bradshaw, 1999). Instead, the initiator methionine is typically Nt acetylated by NatB (Aksneset al., 2016;
Starheim et al., 2012). However, we observed Map1-dependent
cleavage of the initiator methionine from unacetylated MN N
termini. Map1 and NatB appear to compete for MN termini,
similar to previously described competition between yeast
MetAPs and ectopically expressed hNaa50 (Van Damme
et al., 2015). Processing by Map1 exposes the asparagine residue at the substrate N terminus, which is then targeted for

degradation by the Arg/N-end rule pathway (Figure 5C).
Although yeast Map1 was shownto have very low activity toward an MN peptide in vitro (Walker and Bradshaw, 1999),
the fast turnover of some MN reporters in the absence of
NatB (Figure S6B) argues that in vivo Map1 can almost
completely cleave the initiator methionine in certain contexts.
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Our machine-learning approach identified two sequence features of MN pathway substrates. The first is adjacent to the
MN residues, comprising residues 3–5, and is hence likely to influence Map1 activity directly. The second more enigmatic
feature is the mean polar requirement of residues 6–15. In
this part of the N terminus, residues with high polar requirement
(R, K, D, E, N, Q, and H) and low polar requirement (F, L, V, I, M,
C, W, and Y) are over- and under-represented, respectively
(Figure 6F). We speculate that this region of the nascent polypeptide could prolong the dwell time of the N terminus in the
vicinity of Map1, e.g., through interactions with the ribosome
or associated factors, and by this promote initiator methionine
cleavage.
Notably, Map1 can process MN N termini of endogenous proteins. For example, Edman sequencing of Sps19, which corresponds to the Ynl202w1–15 reporter (Figure 5A), identified an
asparagine residue at the N terminus (Gurvitz et al., 1997). However, the functional outcome of initiator methionine cleavage can
vary between proteins. Sps19, despite having a destabilizing
residue at the N terminus, was not degraded by the Arg/N-end
rule pathway, presumably because its N terminus is not exposed
to the cytosol in the folded protein (Figure S6E). In contrast, the
short isoform of the mannosyltransferase Ktr2 (Ykr061wshort)
behaved as expected for a substrate of the MN pathway, and
it was degraded in a Ubr1-dependent manner in the absence
of NatB (Figure 5E). Full-length Ktr2 is a luminal Golgi protein
(Lussier et al., 1996), whereas the short isoform lacks the signal
peptide and resides in the nucleus and cytosol (Figure S6H). As
complex protein mannosylations have been detected in the
cytosol (Halim et al., 2015), this suggests a yet unexplored regulation of protein mannosylation.
A plethora of enzymes interact with nascent polypeptides as
they emerge from the ribosome exit tunnel, interpreting signals
encoded in protein N termini and orchestrating their folding, targeting to organelles, assembly into complexes, or degradation.
Our work highlights the complexity of N-terminal degradation
signals, and it argues that overall hydrophobicity of the N terminus, not the identity of the N-terminal residues, is a key determinant of degron strength. MPS profiling expands the toolbox
available to systematically dissect degradation signals (Fowler
and Fields, 2014; Yen et al., 2008) and ultimately to understand
substrate selectivity in the UPS.
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Abcam
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Molecular Probes
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Rabbit anti Zwf1

Miller et al., 2015
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Raw and analyzed MPS profiling data

This study
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Unprocessed gel and microscopy images

This study

https://doi.org/10.17632/m67vnv799r.1

This study

N/A

This study

N/A

This study
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Python 3.5

Python Software Foundation

https://www.python.org

R 3.4

The R Foundation

https://www.r-project.org

CombinatorialProfiler pipeline

This study

https://github.com/ilia-kats/CombinatorialProfiler

XGBoost

Chen and Guestrin, 2016

https://github.com/dmlc/xgboost

Bowtie2

Langmead and Salzberg, 2012

http://bowtie-bio.sourceforge.net/bowtie2

PEAR

Zhang et al., 2014

http://www.exelixis-lab.org/web/software/pear

Ubi-XZ and N-terminome MPS profiling
analysis code, see Data S1 and S2

This study

N/A

Antibodies

Deposited Data

Experimental Models: Organisms/Strains
S. cerevisiae S288C derivatives, see Table S1
Oligonucleotides
Oligonucleotides for construction and
amplification of MPS profiling libraries,
see Tables S3 and S4
Recombinant DNA
Plasmids, see Table S2
Software and Algorithms

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Michael Knop (m.knop@zmbh.uni-heidelberg.de).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
All experiments were performed in S. cerevisiae strains derived from S288C. Strains and plasmids are listed in Tables S1 and S2,
respectively.
METHOD DETAILS
Yeast genome manipulation
Yeast gene deletions and duplications were performed by PCR targeting and lithium acetate transformation as described (Huber
et al., 2014; Janke et al., 2004). MAP1 deletions were performed in diploid strains followed by sporulation. Seamless genome editing
was performed either with the delitto perfetto method (Ate1 N-terminal mutants) (Storici et al., 2003) or the 50:50 technique (Naa10
and Ubr1 point mutations) (Horecka and Davis, 2014). Yeast strains, plasmids and oligonucleotides used in this study are listed in
Tables S1, S2, and S3, respectively.
DNA extraction
Yeast cells were resuspended in 500 ml S-buffer (10 mM K2HPO4 pH 7.2, 10 mM EDTA, 50 mM 2-mercaptoethanol) and incubated
with 50 mg/ml zymolyase 100T (amsbio) at 37 C for 30-60 min. 100 ml lysis buffer (25 mM Tris-HCl pH 7.5, 25 mM EDTA, 2.5% (w/v)
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SDS) were added and the suspension was incubated at 65 C for 30-60 min. Proteins were precipitated by addition of 166 ml 3 M
potassium acetate and incubation on ice for 10 min, followed by centrifugation. DNA was subsequently precipitated from the
supernatant by addition of 800 ml 100% ethanol, followed by centrifugation. Precipitated DNA was washed with 70% (v/v)
ethanol and resuspended in 40 ml of water. For plasmid rescue, 5 ml of DNA were electroporated into electrocompetent SURE
E.coli (Stratagene) at 1.5 kV, 25 mF, 400 U.
MPS profiling of Ubi-XZ libraries
Ubi-XZ libraries were constructed using complementary Ubi_XZ_42_for/rev oligonucleotides (Table S3), which contain a degenerate
hexanucleotide sequence flanked by 40-bp homology arms to the pAnB19 vector (Table S2). Briefly, the oligonucleotides were
annealed at 10 mM total concentration and transformed together with the pAnB19 vector (linearized with EcoRV) into competent yeast
cells with desired genotype. 0.1% of the transformation mixture was plated on SC-His (synthetic complete medium lacking histidine)
agar plates to assess transformation efficiency. The rest was grown in 1 L SC-His liquid medium to 2x107 - 1x108 cells/ml. The yeast
library was harvested by centrifugation and stored at 80 C in 15% (v/v) glycerol.
Libraries were inoculated from frozen stocks and grown in SC-His medium at 25 C to 1x106 - 5x106 cells/ml. Cells were concentrated by filtration, and sorted into stability bins on a FACSAria IIIu sorter (BD Biosciences) equipped with a 561 nm laser, 600 nm long
pass and 610/20 nm band pass filters for mCherry and a 488 nm laser, 502 nm long pass and 520/30 nm band pass filters for GFP.
Populations were gated for single cells with GFP expression above background and cells were then sorted according to the mCherry/
sfGFP intensity ratio. To account for the influence of growth rate on the mCherry/sfGFP ratio (Khmelinskii et al., 2012), a stable
Ubi-TH-ek-tFT reporter (plasmid pAnB19-TH, Table S2) was measured in each strain background prior to sorting and the mCherry
detector gain was adjusted such that the median mCherry/sfGFP ratio of this reporter was constant in all strain backgrounds. For
each library, 2x106 cells were sorted into 8 stability bins and individual fractions were grown in SC-His medium for 24-72 hours at
25 C. For each fraction, 2x108 cells were subsequently harvested, washed once with water and processed for DNA extraction.
The variable regions present in each fraction were amplified from the extracted DNA with primers Ubi-XZ-for/rev (Table S3) containing unique barcodes encoding the strain (in the forward primer) and the fraction (reverse primer), yielding a product of 120-150 bp
in size. PCR reactions were treated with RNase A and pooled such that the amount of PCR product was proportional to the number of
cells sorted into each fraction. The pooled PCR products were precipitated with isopropanol and further purified on an E-Gel
SizeSelect 2% agarose gel (Invitrogen). The final library for sequencing was prepared using the NEBNext Ultra DNA Library Prep
kit for Illumina (E7370, NEB). Libraries were diluted with PhiX phage DNA and sequenced on a NextSeq (Illumina) in 150 bp
paired-end mode.
Sequencing data were processed using a custom pipeline written in Python and C++ (https://github.com/ilia-kats/
CombinatorialProfiler.git). The PhiX phage DNA spike-in was filtered out by aligning the reads against the PhiX reference genome
with bowtie2 (Langmead and Salzberg, 2012). Read pairs that did not align were kept and merged using PEAR (Zhang et al.,
2014) to yield a consensus read. Sequences corresponding to the variable region in the reporters were counted and assigned to
a strain and fraction based on simultaneous demultiplexing taking into account read sequence, forward, and reverse barcodes.
Up to 1 mismatch was allowed in the sequence flanking the variable region, and indel tolerant matching was performed for barcodes
to correct for primer synthesis errors. Barcodes were allowed a maximum Sequence-Levenshtein distance (Buschmann and
Bystrykh, 2013) of 2 in order to be considered a match.
Protein stability indices (PSIs) were calculated
 as0 follows:0 Let Rf be the average mCherry/sfGFP ratio of stability bin (FACS fraction)
f. Given a set of FACS fractions F = ff ˛½0; 1cf;f ˛F^f < f : Rf < Rf 0 g, the number of cells cf sorted into fraction fand the number of
sequencing reads rpf for a variant sequence p˛P and fraction f, the number of reads per cell in f is given by
P
p˛P rpf
rf =
cf
~p ðfÞ for a variant p can then be reconstructed as
The unnormalized cell distribution C
rpf
cf˛F; C~p ðfÞ =
rf
b p ðfÞ is obtained by applying the normalization constant Zp = P C~p ðfÞ:
such that the cell distribution C
f˛F
~
~p ðfÞ = P Cp ðfÞ
b p ðfÞ = 1 C
C
~ 0
Zp
0
f ˛F Cp ðf Þ
bp :
We define the PSI of a variant as the empirical mean of C

P
~p ðfÞ
fC
PSIp : = E b ½f = Pf˛F
~
f C p
C ðfÞ
f˛F

p

We calculated one PSI value for each hexanucleotide combination. The PSI of a di-residue was then defined as median PSI of all
hexanucleotides encoding that di-residue. Additionally, we calculated an explicit di-residue PSI based on the sum of read counts
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for all hexanucleotides corresponding to each di-residue, effectively disregarding codon usage. Spearman correlation between the
two types of di-residue PSIs was generally above 0.95, and we used the latter definition throughout the analysis.
All further analyses were performed in R (R Core Team, 2017). A moderated t-test as implemented in the limma (Smyth, 2004) Bioconductor package was used to assess stability changes, and false discovery rate was controlled using the Benjamini-Hochberg
procedure (Benjamini and Hochberg, 1995).
MPS profiling of the MXZ library
The MXZ library was constructed using complementary MXZ_42_for/rev oligonucleotides (Table S3), which contain a degenerate
hexanucleotide sequence flanked by 40-bp homology arms to the pMaK1 vector (Table S2). Library construction, MPS profiling,
and sequencing were performed as for the Ubi-XZ libraries. Primers N45-for/Ubi-XZ-rev (Table S3) were used for amplification of
variable regions prior to sequencing.
MPS profiling of N-terminome libraries
The N-terminome oligonucleotide pool was designed by selecting 5911 DNA sequences corresponding to the first 45 bases
(including the start codon) of all yeast open reading frames (ORF) obtained from yeastgenome.org (05/2013). 964 sequences corresponding to alternative downstream start codons, supported by mass spectrometry (Fournier et al., 2012) or transcript isoform
sequencing (Pelechano et al., 2013), were additionally selected. To reduce errors in oligonucleotide synthesis, codon usage was
adjusted such that no sequence contained more than three consecutive G nucleotides. The sequences were synthesized as a MYlib
custom oligonucleotide library (MYcroarray) flanked by 20 bases of homology to the pMaK3 vector (Table S4). Pooled oligonucleotides were amplified with primers N-45nt-libraryPCR-For/Rev (Table S3), which carried additional 20 bases of homology to the
pMaK3 vector. To construct N-terminome libraries, the PCR product was concentrated by isopropanol precipitation, resuspended
in water and transformed together with the pMaK3 vector (linearized with EcoRI and EcoRV) into competent yeast cells with desired
genotype. MPS profiling was performed as for the Ubi-XZ libraries, with the following modifications. For each library, 1x106 cells were
sorted into 4 stability bins. For each stability bin, 1x108 cells were harvested and processed for DNA extraction. The variable regions
were amplified with primers N45-for/rev (Table S3) (replicate 1, product size 220-250 bp) or with primers N45-for/rev2 (replicates 2
and 3, product size 120-150 bp). Sequencing was performed on a MiSeq (Illumina) in 250 bp paired-end mode (replicate 1) or a
NextSeq (Illumina) in 150 bp paired-end mode (replicates 2 and 3).
All hydrophobicity analyses used the Kyte-Doolittle hydropathy scale (Kyte and Doolittle, 1982).
MPS profiling and analysis of MN libraries
A complex library of MN reporters, in which MN is followed by 39 random bases, was constructed using the N45_MN-random
oligonucleotide (Table S3). The oligonucleotide was transformed together with the pMaK3 vector (linearized with EcoRV and EcoRI)
into competent wild-type yeast. The resulting library was sorted into 4 stability bins (1 (most unstable), 2, 3, 4 (most stable)) with 104
cells each to reduce its complexity. For each bin, the variable sequences were amplified by PCR and used to construct two reducedcomplexity MN libraries in wild-type and naa20D backgrounds. MPS profiling of the eight reduced-complexity MN libraries was
performed as for the N-terminome libraries (replicates 2 and 3), to identify substrates of the MN pathway (i.e., MN reporters that
are destabilized in the absence of NatB and thus presumably processed by Map1). Only the reduced-complexity libraries originating
from the most stable bins (3, 4) in the complex MN library had a large fraction of reporters destabilized in the naa20D mutant. The data
from these four reduced-complexity libraries was pooled and used for all subsequent analysis.
Sequence logo analysis using pLogo (O’Shea et al., 2013) comparing the 15 N-terminal residues between MN reporters destabilized and unaffected in the absence of NatB suggested that the major degradation determinants (presumably determinants for cleavage of the initiator methionine by Map1) are present in the first five N-terminal residues, with the strongest signal coming from residue
4. Matching the calculated position weight matrix (PWM) against the sequences yielded a classifier with an auROC of 0.83. However,
Cohen’s kappa coefficient, an indicator of non-randomness of a classifier that is suited for imbalanced datasets, peaked at a score
threshold of 24, or 9% of the maximal PWM score, and steeply decreased to 0 for higher thresholds, strongly suggesting that a single
PWM is not able to represent all information required to distinguish between substrates and non-substrates of the MN pathway.
Using the threshold with the highest kappa coefficient, this naive classifier had 66% sensitivity, but only 83% specificity, with a kappa
value of 0.45. This estimate of performance is likely to be overly optimistic, as the same sequences were used to create the logo and
evaluate its performance.
Multiple motifs potentially present in a set of sequences cannot be easily detected or visualized with sequence logos, and neither
can interdependence between positions in a sequence. A machine learning approach was therefore used to identify features specific
to substrates of the MN pathway. For this, a set of 14086 features was constructed for the 15-residue long N termini as follows. It
consisted of the 544 physicochemical amino acid properties, contained in the AAIndex1 database v9.1 (Kawashima et al., 2008),
per position in the 15 N-terminal residues. Additionally, disorder, aggregation, and secondary structure prediction using the PASTA
web server (http://protein.bio.unipd.it/pasta2/) (Walsh et al., 2014) were performed and the respective probabilities per position were
included in the feature set. To evaluate possible effects of translation speed, both codon weight per codon as well as overall codon
adaptation index for the 15 residues were calculated. In addition, net charge, hydrophobicity, and isoelectric point of the 15-residue
long sequences were calculated. Furthermore, all numeric per-position features were smoothed using a mean filter with a window
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size of 5 residues, and the smoothed versions were included as separate features. All non-informative (0 variance) and redundant
features (features that had a Spearman correlation coefficient > 0.9 with at least one other feature) were then removed, reducing
the feature space to 7189 features. The dataset was then split into training and test sets using stratified sampling. We chose the
XGBoost variant of gradient boosted trees (Chen and Guestrin, 2016) as a compromise between classifier performance and interpretability and trained it on the training set with 10x cross-validation repeated 5 times using the caret package in R. This classifier
achieved an auROC of 0.894 and k = 0.593 on the test set. Examining the classifier revealed that only a small subset of features substantially contributed to prediction. Manual inspection of the 50 most important features revealed that whereas per-position features
were used for residues 3, 4, and 5, the smoothed variants were preferred for residues 6-15, suggesting that while residues 6-15 are
important for classification, no position-specific information exists. Furthermore, only AAIndex features were among the 50 most
important features. Therefore, a new simplified feature set was constructed, consisting only of AAIndex features. Per-position features were used for residues 3, 4, and 5, whereas AAIndex values for residues 6-15 were averaged and only the average value
included in the feature set. After removal of non-informative and redundant features, recursive feature elimination (RFE) indicated
that as few as 9 features were sufficient to obtain optimal classification performance. After manual selection of uncorrelated predictors plus additional rounds of RFE and parameter tuning, the final classifier used only 6 features, with auROC = 0.879 and k = 0.563 on
the test set. Notably, the single most important predictor was mean polar requirement of residues 6-15, a feature absent in the
sequence logo representation. Partial dependence plots using the pdp package (Greenwell, 2017) did not reveal strong interactions
between any two features, with the exception of mean polar requirement of residues 6-15 and isoelectric point at position 4, which,
when both values are large, lead to a confident prediction of the sample as a substrate of the MN pathway. To extract more interpretable information from the dataset, the JRip implementation of the RIPPER rule-based classification algorithm (Cohen, 1995) was
trained on the final feature set. This classifier performed better than the logo (k = 0.532 on the test set), although slightly worse
than XGBoost, and resulted in 16 human-readable classification rules indicating that the mean polar requirement of residues 6-15
is at least as important as residues at positions 3, 4 and 5 (Figure 6D).
MPS profiling compared to other high-throughput methods for measuring protein turnover
In previous high-throughput studies in yeast, turnover of protein variant libraries was measured using an auxotrophic selection
marker fused to each variant (Geffen et al., 2016; Kim et al., 2013; Maurer et al., 2016). The abundance of each variant, assayed
by growth on selective medium, was used as a proxy for its degradation rate. Growth rates were estimated by measuring the size
of colonies expressing individual variants (Maurer et al., 2016) or by growing the entire library as a pool, followed by high-throughput
sequencing to identify variants that are over- and underrepresented after selection (Geffen et al., 2016; Kim et al., 2013). Because the
relative abundance of a variant in the pool can exhibit non-monotone behavior over time (Geffen et al., 2016), sequencing of multiple
time points throughout the experiment provides significantly more accurate estimates of growth rates compared to end-point
measurements (Matuszewski et al., 2016).
These abundance-based methods rely on the assumption that all variants in a library are produced at identical rates, such that
differences in abundance reflect only differences in protein stability. However, even small differences in the coding sequence of
otherwise identical reporters can affect transcription or translation efficiency. In particular codon usage (Gamble et al., 2016;
Hussmann et al., 2015) and mRNA secondary structure (Ding et al., 2014; Kertesz et al., 2010) can have a large impact on translation
and therefore protein abundance, confounding interpretation of the results.
These problems are partially circumvented in an approach called GPS (global protein stability) profiling (Yen et al., 2008). In GPS,
two fluorescent proteins are expressed from the same mRNA using an internal ribosome entry site (IRES). The first one serves as an
expression reference, while the second one is fused to the protein of interest. The ratio of the two signals is a proxy for the degradation
rate of the tagged protein. However, since the two proteins are not necessarily translated in stoichiometric amounts, measurements
of protein stability with GPS are potentially confounded by differences in translation efficiency between different proteins or protein
variants.
In contrast, the tFT tag used in MPS profiling is entirely independent of protein production rate and thus reports directly on protein
turnover (Khmelinskii et al., 2012). However, whereas abundance-based methods typically sequence the entire library in a single
pool, MPS profiling requires binning, which reduced its resolution (Kim et al., 2013). One should also be aware that binning of libraries
with extremely skewed representation can produce artifacts, such as clustering of values around discrete points. This can be seen for
MPS profiling for example in Figure 7D and Figure S5A. This clustering is caused by underrepresented sequence variants being
detected in only one or two stability bins, thus not producing a full read count profile, and can be remedied by increasing the total
number of sorted cells.
tFT assay: tFT-based protein stability measurements with flow cytometry
Individual reporter constructs were generated by co-transformation of wild-type yeast with a linearized vector (pMaK3 or pAnB19,
Table S3) and annealed oligonucleotides encoding the variable region of the specific reporter, flanked by 40 bp homology arms to
the vector. After DNA extraction, plasmids were rescued in E. coli, verified by sequencing and used for all further experiments.
For protein stability measurements, yeast strains containing the desired plasmids were inoculated into 200 ml SC medium lacking
the appropriate amino acids for plasmid selection and grown to saturation in 96-well plates. The cultures were then diluted into fresh
medium by pinning to a new 96-well plate using a RoToR pinning robot (Singer Instruments) and incubated at 23 C for 20-24 h to
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1x106-8x106 cells/ml. Flow cytometry was performed on a FACSCanto RUO HTS flow cytometer (BD Biosciences) equipped with a
high-throughput sample loader, a 561 nm laser with 600 nm long pass and 610/20 nm band pass filters for mCherry, and a 488 nm
laser with 505 nm long pass and 530/30 nm band pass filters for sfGFP. Data analysis was performed in R (R Core Team, 2017) with
the flowCore and flowWorkspace packages using a custom script. Briefly, the events were gated for mCherry- and sfGFP-positive
cells, the median intensity of a negative control was subtracted from each channel, and the mCherry/sfGFP ratio was calculated for
each cell. The median mCherry/sfGFP ratio of each sample was used for further analysis. Unless otherwise stated, each experiment
was performed using two biological replicates with three technical replicates each. To account for growth rate differences, sample
mCherry/sfGFP ratios were normalized to the stable Ubi-TH-ek-tFT reporter (plasmid pAnB19-TH, Table S2), which was measured in
each strain background.
Cycloheximide chases
Cells were grown at 23 C to 6x106-1x107 cells/ml in SC-His medium before addition of cycloheximide (Sigma Aldrich, 100 mg/ml
stock in 100% ethanol) to 100 mg/ml final concentration. At each time point, 1 mL of the culture was removed, mixed with 150 ml
1.85 M NaOH and 10 ml 2-mercaptoethanol and flash-frozen in liquid nitrogen. Protein extracts were prepared as described
(Knop et al., 1999), followed by SDS-PAGE and immunoblotting. Membranes were probed with rabbit anti-GFP (ab6556, Abcam),
mouse anti-Pgk1 (22C5D8, Molecular Probes) or rabbit anti-Zwf1 (Miller et al., 2015) antibodies. A secondary donkey anti-mouse
antibody coupled to IRDye800 (610-732-002, biomol, Rockland) or donkey anti-rabbit coupled to Alexa 680 (A10043, life technologies) were used for detection on an Odyssey infrared imaging system (Li-Cor).
Mass spectrometry
Yeast strains were grown at 23 C to 8x106 cells/ml and 1x109-2x109 cells were harvested by centrifugation. Cell pellets were
washed once with cold H2O and stored at 80 C before further processing. tFT fusions were immunoprecipitated using GFP binding
protein (GBP) (Rothbauer et al., 2008) coupled to NHS-activated Sepharose FastFlow beads (GE Healthcare) using a protocol adapted from (Babiano et al., 2012). Cell pellets were resuspended in 400 ml cold lysis buffer (20 mM Tris-HCl pH = 8, 150 mM CH3COOK,
1.5 mM MgCl2, 1 mM DTT, 0.2% (v/v) Triton X-100) with protease inhibitors (Roche Complete EDTAfree, 5 mM benzamidine, 5 mM
Pefabloc SC) and lysed with 0.5 mm glass beads (SigmaAldrich) in a FastPrep FP120 (Thermo) with following settings: speed 6.5, 6x
20 s. The lysate was clarified by centrifugation at 1.3x104 g for 15 min and the supernatant incubated for 2 h at 4 C with overhead
rotation together with 60 ml GBP-beads previously equilibrated by washing 3 times with 1 mL lysis buffer. The beads were washed 3
times with lysis buffer and eluted in 50 ml HU buffer (8 M Urea, 5% (w/v) SDS, 200 mM Tris/HCl pH 6.8, 1 mM EDTA, 15 mg/ml DTT).
5 ml of eluate were used for SDS-PAGE followed by Coomassie Brilliant Blue staining. Bands of the expected size were cut out,
digested with Arg-C (EZ reporters) or with trypsin (N-terminome reporters), and analyzed with ESI LC-MS/MS either on an Orbitrap
Elite (Thermo Scientific) coupled with Dionex Ultimate 3000 RSLCnano (Thermo Scientific) or an Orbitrap XL (Thermo Scientific)
coupled with nanoUPLC Aquity (Waters).
Fluorescence microscopy
Yeast strains were grown in SC medium lacking the appropriate amino acid for plasmid selection at 23 C to 8x106 cells/ml and
attached to glass-bottom 96-well plates (MGB096-1-2-LG-L, Matrical) as described (Khmelinskii and Knop, 2014). Images were
acquired on a DeltaVision Elite system (Applied Precision) equipped with an LED light source (SpextraX, Lumencor), 475/28 and
575/25 nm excitation, and 525/50 and 624/40 nm emission filters (Semrock), a dual-band beam splitter 89021 (Chroma Technology),
using a 60x NA 1.42 PlanApoN oil immersion objective (Olympus), an sCMOS camera (pco.edge 4.2, PCO), and a motorized stage
contained in a temperature-controlled chamber.
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis of MPS profiling data is described in the Methods Details section. tFT assay experiments were performed in two biological
replicates with three technical replicates each. In cases where the experiment was performed with a hypothesis in mind, a one-sided
unpaired t-test was used, otherwise a two-sided unpaired t-test. All statistical analyses were performed in R. Statistical tests and
p values are indicated in the respective figure legends or the main text where appropriate.
DATA AND SOFTWARE AVAILABILITY
The sequencing data described in this paper are deposited in the heiData DataVerse repository at https://doi.org/10.11588/data/
9ZQIKF. Processed PSI values and differential stabilities are provided in Table S5. R vignettes reproducing the analyses are provided
as Data S1 and S2. The CombinatorialProfiler pipeline is available on GitHub at https://github.com/ilia-kats/CombinatorialProfiler.
Unprocessed gel and microscopy images are deposited in the Mendeley Data repository at https://doi.org/10.17632/
m67vnv799r.1.

e5 Molecular Cell 70, 488–501.e1–e5, May 3, 2018

