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Loss of amino-terminal acetylation suppresses a
prion phenotype by modulating global protein
folding

William M. Holmes"", Brian K. Mannakee?, Ryan N. Gutenkunst3 & Tricia R. Serio®

Amino-terminal acetylation is among the most ubiquitous of protein modifications in
eukaryotes. Although loss of N-terminal acetylation is associated with many abnormalities,
the molecular basis of these effects is known for only a few cases, where acetylation of single
factors has been linked to binding avidity or metabolic stability. In contrast, the impact of
N-terminal acetylation for the majority of the proteome, and its combinatorial contributions
to phenotypes, are unknown. Here, by studying the yeast prion [PSIT1], an amyloid of the
Sup35 protein, we show that loss of N-terminal acetylation promotes general protein
misfolding, a redeployment of chaperones to these substrates, and a corresponding stress
response. These proteostasis changes, combined with the decreased stability of unacetylated
Sup35 amyloid, reduce the size of prion aggregates and reverse their phenotypic
consequences. Thus, loss of N-terminal acetylation, and its previously unanticipated role in
protein biogenesis, globally resculpts the proteome to create a unique phenotype.
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irst identified as a covalent mark on tobacco mosaic virus

proteins and histones more than 50 vyears ago, the

acetylation of proteins on their N termini has emerged as
one of the most widespread modifications in eukaryotic proteomes,
impacting ~85% of proteins in humans and ~ 50% of proteins in
yeast!. This modification is placed on the o-amino group of a
protein during its synthesis by a conserved family of ribosome-
bound N-terminal acetyltransferases (types A through F), whose
specificity is determined primarily by the amino acid at the mature
N terminus of the substrate>. Thus, N-terminal acetylation, like
initiator methionine removal, is a component of the basal
maturation pathway for nascent polypeptides®.

Despite this widespread, constitutive and seemingly irreversible
transfer pathway, loss of N-terminal acetylation induces an array of
distinct phenotypes. In yeast, mating, transcriptional silencing,
proteasome activity, mitochondrial and vacuolar inheritance, viral
capsid assembly, heat sensitivity, sporulation, propagation of
the [PSIT] prion and entry into G, are all modulated by
N-terminal acetylation®8. In humans, mutations in N-terminal
acetyltransferases have been linked to the developmental disorder
Ogden syndrome®!? and to an increasing number of cancers'!,
Notably, these phenotypic changes are specific to the loss of
distinct N-terminal acetyltransferases, implicating the modification
of unique protein substrates in these varied biological outcomes.

Although these observations underscore the significant con-
tributions of N-terminal acetylation to cellular homeostasis, the
target of the crucial acetylation and the precise mechanism by
which this modification alters protein activity have only been
elucidated for a limited number of phenotypes in relation to the
number of N-terminally acetylated proteins present in a
eukaryotic cell®. Based on these studies, the N-terminal acetyl
group has been shown to mediate specific protein interactions or
to alter the metabolic stability of proteins>!>13, However, in the
few cases in which the N-terminal acetylation has been linked to a
phenotypic change, the latter event can be explained by the loss of
an acetyl group from a single substrate, which impacts a single
in vivo characteristic of that protein. Thus, the combinatorial
effects of N-terminal acetylation and the possibility of a global
function for this ubiquitous modification remain significant
unanswered questions?.

Intriguingly, early studies demonstrated a role for N-terminal
acetylation in the stabilization of a-helices in peptides!'*1°, and
this effect extends to proteins to varying degrees in vitro'’~17,
N-terminal acetylation occurs on polypeptides after the synthesis
of ~50 amino acids?’. Given the fact that the vast majority of
eukaryotic proteins are thought to fold co-translationally?!, the
timing and constitutive nature of N-terminal acetylation ideall}l
positions it for a previously unexplored role in protein folding?®.

To address this possibility, we studied the interaction between
N-terminal acetylation and a protein conformation-based (prion)
trait in Saccharomyces cerevisiae. The [PSI T] prion confers a
heritable translation termination defect through the assembly of
Sup35, the eukaryotic release factor 3, into ordered, self-
templating amyloid aggregates®>. However, the resulting stop
codon readthrough can be genetically separated from the
presence of Sup35 aggregates by disruption of the N-terminal
acetyltransferase NatA (a heterodimer of the Natl and Ardl
proteins), which restores accurate termination to a [PSI™T]
strain®’. Our studies on this system have uncovered a role for
N-terminal acetylation in global protein folding. In the absence of
this modification, misfolded proteins accumulate in cells and
induce a stress response. The resulting elevation of chaperone
proteins, their titration by the accumulating misfolded sub-
strates and their increased efficiency in processing aggregates of
unacetylated Sup35 alters the steady-state size of these complexes
and their ability to disrupt translation termination.

2

Results

Sup35 N-terminal acetylation stabilizes prion aggregates. Our
previous qualitative analysis of the Sup35 N terminus by mass
spectrometry suggested that this protein was not a NatA target’,
but a subsequent quantitative analysis, following the specific
isolation of N-terminally acetylated proteins, conclusively
identified Sup35 as a NatA substrate!. This observation, along
with the known effects of N-terminal acetylation on protein
interactions??, raised the possibility that loss of Sup35 N-terminal
acetylation could impact the prion-associated phenotype, because
Sup35 aggregation is mediated through its N-terminal prion-
determining domain?%.

According to the (X)PX rule, the presence of a proline at the
second position in an open-reading frame (ORF) blocks
N-terminal acetylation?>. To determine the contribution of
Sup35 N-terminal acetylation to prion propagation, we created
a [PSIT] strain expressing a Sup35 mutant with a Ser-to-Pro
substitution at the second position (Sup3552F) as the sole copy of
the protein. As disruption of NatA reduces the thermodynamic
stability and, therefore, the size of Sup35 aggregates’, we first
assessed the sensitivity of Sup35%2” a%gregates to disruption in
SDS at various temperatures?®. Sup35%?" aggregates isolated from
an otherwise isogenic wild-type (WT) strain also exhibited
reduced stability in comparison with WT Sup35 aggregates.
However, when compared with the Sup35 aggregates isolated
from a ANatA strain, the Sup35%?” aggregates were disrupted at a
higher temperature (70-75°C versus 65-70°C), indicating a
slightly increased stability (Fig. la). Consistent with this
intermediate stability, Sup35 aggregates were composed of
smaller core polymers in the SUP35(S2P) strain in comparison
with the WT strain, as assessed by semi-denaturing detergent
agarose gel electrophoresis (SDD-AGE)?’, but not to the same
degree as observed in a ANatA strain (Fig. 1b)”.

Although Sup35%2F aggregates had reduced thermodynamic
stability, the amino acid substitution itself could mediate its effect
independent of changes in Sup35 N-terminal acetylation. However,
combining the Sup35%?" mutation with a disruption of NatA did
not lead to the accumulation of even smaller Sup35 aggregates in
comparison with those isolated from the ANatA strain alone
(Fig. 1b), suggesting that these two changes act through the same
pathway. If disruption of NatA is indeed altering prion propaga-
tion by lowering Sup35 aggregate thermodynamic stability, yeast
strains propagating a more thermodynamically stable variant of
[PSI], such as [PSI T ]Weak (ref. 28), should be less sensitive to this
effect. Consistent with this prediction, disruption of NatA led to
the accumulation of smaller Sup35 aggregates in a [PSIT]Weak
strain, but the size of the core polymers was larger than those
isolated from the ANatA [PSI ™ ]t°%8 strain, which propagates the
less thermodynamically stable variant that was used throughout
the rest of these studies (Fig. 1c). Thus, the reduced thermodynamic
stability of aggregates of non-acetylated Sup35 is the first molecular
event in the modulation of [PSI "] propagation in a ANatA strain.

To explore the cellular consequences of this reduced
thermodynamic stability, we next assessed the prion-associated
phenotype. Although disruption of NatA reversed the adenine
prototrophy associated with the [PSI*]-dependent readthrough
of the premature stop codon in the adel-14 allele in our strain
backgroundzg, the SUP35(S2P) and WT strains were
phenotypically indistinguishable (Fig. 1d). Thus, loss of Sup35
N-terminal acetylation alone is not sufficient to restore accurate
termination to a [PSI ] strain, suggesting that additional factors
contribute to the ANatA [PSI™] phenotype.

Loss of N-terminal acetylation induces a stress response.
Given the protein-conformation basis of the prion-associated
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Figure 1 | N-terminal acetylation of specific factors impacts Sup35 prion aggregate stability, size and associated phenotype. (a) Lysates from WT
(SLL2606), ANatA (SY319) and SUP35(52P) (SY1209) [PSI* ] strains were incubated in SDS at the indicated temperatures before separation by SDS-PAGE
and immunoblotting for Sup35. The percentage of Sup35 detected at the indicated temperatures relative to 100 °C is plotted. Horizontal lines on boxes
indicate 25th, 50th and 75th percentiles; error bars indicate 10th and 90th percentiles. (n=6; *P<0.001 by unpaired Student's t-test in comparison with
WT [PSI*] at the same temperature). (b) Lysates isolated from WT and ANatA [PS/*] strains expressing Sup35 (SLL2606 and SY319, respectively) or
Sup35°2P (SY1209 and SY2154, respectively) were analysed by SDD-AGE followed by immunoblotting for Sup35 (samples shown were run in non-
contiguous lanes on the same gel). (c) Lysates isolated from [PS/*] WT and ANatA strains propagating the [PS/* 15" (SLL2606 and SY319,
respectively) or [PSI* 1Veak (SLL 2600 and SY1132, respectively) conformation were analysed by SDD-AGE followed by immunoblotting for Sup35 (samples
shown were run in non-contiguous lanes on the same gel). (d) Tenfold serial dilutions of cultures of WT ([PSI™] and [psi~1) (SLL2606 and SLL2119)-,
[PSI*] ANatA (SY319)-, [PSI* 1 SUP35(S2P) (SY1209)-, [PSIT1 SUP35(S2P) ssal(S2P) (SY1339)-, [PSI*1 SUP35(S2P) ssb1(S2P) (SY1965)- and [PSI* ]
SUP35(S2P) ssal(S2P) ssb1(S2P) (SY2182)-expressing strains were grown on rich medium (YPD) and medium lacking adenine ( —ade) at 30 °C.

phenotype, we next considered the possibility that global loss of
N-terminal acetylation in a ANatA strain could also reverse the
[PSI'] phenotype through a general perturbation of protein
folding. To test this idea, we assessed activation of the two
major cellular stress responses that sense protein homeostasis
(proteostasis) in the cytoplasm: the environmental stress
response>®3!, which is regulated by the Msn2/4 transcription
factors’2, and the heat-shock response (HSR)**34, which is
regulated by the Hsfl transcription factor®>. Disruption of NatA
in a [PSI ] strain had only a modest effect on Msn2/4-mediated
reporter gene expression (Fig. 2a) but induced a fivefold
increase in Hsfl-mediated reporter gene expression (Fig. 2b).
Intriguingly, this Hsfl-mediated response corresponded to only a
slight elevation in the protein levels of the heat-inducible
Hsp70 family members (Ssa3/4), suggesting a mild stress
(Supplementary Fig. 1a)%. Nonetheless, the protein levels of
constitutively expressed, but also Hsfl-inducible, molecular
chaperones that have been previously implicated in [PSI™]
propagation, including Hsp104, Hsp70 (Ssal/2, Ssbl/2) and
Hsp40 (Sis1), were all elevated (Fig. 20)23, Notably, disruption of
either NatB (a heterodimer of the Nat3 and Mdm20 proteins) or

NatC (a heterotrimer of the Mak3, Mak10 and Mak31 proteins),
the other major N-terminal acetyltransferases in S. cerevisiae®,
failed to elevate chaperone protein levels, although disruption of
NatB did induce both Hsfl and Msn2/4-mediated reporter gene
expression (Supplementary Fig. la-d).

As disn;ption of NatB or NatC has no effect on the [PSIT]
phenotype’, we considered the possibility that the elevation of
chaperones in a ANatA strain could perturb Sup35 aggregate
dynamics and thereby provide an explanation for the reversal of
the prion-associated Ighenotype. To test this idea, we expressed an
Hsfl mutant (Hsf1°N), which constitutively binds to its response
elements and activates the HSR in the absence of an inducing
signal®’, as the sole copy of the transcription factor in an
otherwise WT [PSI T ] strain. Hsf1°N expression induced a dose-
dependent elevation of Hsfl activity (Supplementary Fig.le) and
Hsp104, Hsp70 and Sisl chaperone levels (Supplementary Fig.
S1f) and led to the accumulation of smaller Sup35 aggregates
(Fig. 2d and Supplementary Fig. 2a). Thus, the elevation of Hsfl
activity mimics the effects of NatA disruption on Sup35 aggregate
size. To determine whether Hsfl-mediated gene expression
directly contributed to the effects of NatA disruption on the
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Figure 2 | Loss of N-terminal acetylation induces an Hsf-1-mediated stress response, which impacts prion propagation. (a) Stress response element
(pSTRE) activity was analysed using a p-galactosidase reporter (SB757) expressed in ANatA [PSI*1 (SY319) or [psi~1 (SY978) strains relative to a
WT [PSIT] strain (SLL2606). (n=#6, error bars represent s.d.). (b) Heat-shock element (pHSE) activity was analysed using a B-galactosidase reporter
(SB753) expressed in ANatA [psi~1 (SY978) and [PSIT] (SY319) strain, and in a ANatA [PSIT] (SY319) strain also expressing the carboxy-terminal
domain of Sup35 (+ C; SLL6676) relative to a WT [PSI ] strain (SLL2606). (n= 6, *P<0.00001 by unpaired Student's t-test compared with WT [PSI T 1,
error bars represent s.d.). (€) Expression of Hsp104, Ssal/2, Sis1 and Ssb1/2 was determined by analysing lysates of a [PS/™1 ANatA strain (SY319) by
SDS-PAGE followed by quantitative western blotting using specific antisera relative to WT [PSI+] (SLL2606) lysates. (n=6, P<0.005 by unpaired
Student's t-test compared with WT [PSIT 1, error bars represent s.d.). (d) Lysates from WT (SLL2606), ANatA (SY319), SUP35(S2P) (SY1209), HSFION
(SY2130) and SUP35(52P) HSFION (SY2124) [PSI ] strains were analysed by SDD-AGE followed by immunoblotting for Sup35. (e) Lysates from [PSI*]
WT (SLL2606) and ANatA strains (SY319) expressing a dominant-negative Hsfl mutant (Hsf1®N: SB778) or an empty vector ( — ) were analysed by
SDD-AGE, followed by immunoblotting for Sup35. (f) Cultures of WT (SLL2606) and ANatA [PSI*+] (SY319) strains expressing HsfIPN (+) or an
empty vector (— ) were spotted on complete medium (+ ade) and medium lacking adenine ( — ade) before incubation at 30 °C. (g) Tenfold serial dilutions
of WT [PSIT] (5LL2606) and [psi—1 (SLL2119), [PSIt 1 ANatA (SY319), [PSIT1 SUP35(S2P) (SY1209), [PSIT1 HSFION (SY2130) and [PSI T SUP35(S2P)
HSFION (SY2129) strains were grown on rich medium (YPD) and medium lacking adenine ( — ade) at 30 °C.

[PSI'] phenotype, we downregulated the HSR in a ANatA
[PSIT] strain by expressing a dominant-negative mutant
of Hsfl (HsfIPN), which decreases its affinity for its response
elements®®. Upon Hsf1PN expression in a ANatA [PSIT]
strain, Hsfl-mediated activity (Supplementary Fig. 1g) and
Hspl04 and Hsp70 (Ssal/2) levels were greatly reduced
(Supplementary Fig. 1h), but Sisl levels compensatorily
increased (Supplementary Fig. 1h). Corresponding to these
changes, the smallest Sup35 core polymers were lost in a

ANatA but not in WT strain (Fig. 2e and Supplementary
Fig. 2b). Thus, the Hsfl-mediated elevation of molecular
chaperones is a second molecular event in the modulation of
[PSI] propagation in a ANatA strain.

We noted, however, that manipulation of Hsfl activity in
ANatA or WT strains did not completely suppress or recapitulate,
respectively, the effects of NatA disruption on Sup35 aggregate
size (Fig. 2d, e). To determine the effect of these manipulations on
the [PSI "] phenotype, we monitored growth of these strains on
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medium lacking adenine, which requires the readthrough of the
premature stop codon in the adel-14 allele. Consistent with the
partial effects on Sup35 aggregate size (Fig. 2d,e), expression of
Hsf1PN failed to restore the [PSI ] O%henotype in a ANatA strain
(Fig. 2f), but expression of Hsfl~" did partially reverse the
[PSIT] phenotype in a WT strain (Fig. 2g).

ANatA defects synergistically modulate prion propagation. The
two molecular defects that we have uncovered in a ANatA strain
(that is, the decreased stability of unacetylated Sup35 core poly-
mers and chaperone elevation) contributed only partial effects on
Sup35 aggregate size and the prion-associated phenotype.
Although these defects are distinct, we predicted that they would
act synergistically on prion propoagation, because both of these
factors are predicted to impact Sup35 core particle size®. To
determine whether chaperone elevation and reduced aggregate
thermodynamic stability were sufficient in combination to
phenocopy the ANatA effect on [PSIT] propagation, we
constructed a [PSIT] strain that expresses both Hsf1%N and
Sup355%P as the sole copy of each factor in an otherwise WT
background. Consistent with our prediction, smaller Sup35
aggregates accumulated in the double-mutant strain in
comparison with the single-mutant strains (Fig. 2d and
Supplementary Fig. 2a), indicating that the two effects were
synergistic. However, the substitution of Sup35%?” for WT Sup35
did not further reverse the [PSI "] phenotype beyond the level
observed in the HsflON strain (Fig. 2g). Taken together, these
observations suggest that although both loss of Sup35 N-terminal
acetylation and increased chaperones combinatorily contribute to
the effect of NatA disruption on prion propagation, other
factor(s) must also contribute to this outcome.

Misfolded proteins alter the processing of Sup35 aggregates.
One factor that we had yet to consider in the modulation of prion
propagation by loss of NatA is the presence of other (non-prion)
misfolded proteins, which provide a signal to activate the HSR33,
As NatA predominantly modifies its targets co-translationally??,
we considered the possibility that co-translational protein folding
would be perturbed on disruption of NatA. Disruption of other
factors that promote co-translational protein maturation, such as
chaperones, confers sensitivity to translational inhibitors,
presumably due to the combined effects of these conditions on
co-translational folding capacity?®. Although disruption of the
post-translationally acting chaperone Stil had no effect on the
growth of a [PSI™] strain in the presence of translational
inhibitors, disruption of NatA, NatB, or NatC conferred
sensitivity to translational inhibitors. The severity of this
sensitivity mirrored the induction of an Hsfl-mediated
response in these strains (Fig. 2b and Supplementary Figs 1b
and 3a), suggesting a role for N-terminal acetylation in co-
translational ~ protein  biogenesis. =~ Consistent with this
interpretation, expression of the NatA, NatB and NatC
N-terminal acetyltransferases cluster with components of the
translation machinery and the chaperones linked to protein
synthesis rather than with post-translationally acting, stress-
responsive chaperones (Supplementary Fig. 3b).

Given this link between co-translational folding and
N-terminal acetylation, we reasoned that this modification
would most probably exert its effects locally. To explore this
possibility, we analysed the relationship between N-terminal
acetylation propensity and N-terminal structural flexibility in
the yeast proteome using bioinformatics. Most yeast proteins
(~80%) are predicted to have a continuous disordered region
that is <65 residues beginning at the N terminus (Fig. 3a).
Strikingly, the overall probability of a protein being
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Figure 3 | N-terminal acetylation correlates with structural flexibility at
the N terminus. (a) The distributions of the lengths of N-terminal
disordered regions for the yeast proteome are shown as a function of
acetylation status: non-acetylated (red) and acetylated by NatA (blue),
NatB (green) and NatC (orange). (b) The fraction of proteins predicted to
be acetylated is shown as a function of the length of predicted disordered
region (points), including the maximum-likelihood threshold model

(solid line) and 95% confidence interval from modelling (grey shaded
region). This model fits the data significantly better than a model with
constant probability of acetylation (likelihood ratio test: difference in
log-likelihood = 25.9, 2 degrees of freedom, P<10~™). (¢) The cumulative
fraction of proteins with length of N-terminal disorder less than or equal
to the given values, by acetylation status (colour as described in a).
These distributions are all significantly different from each other
(pairwise two-sample Kolmogorov-Smirnov tests, all P<2 x 10~ 3, see
Supplementary Table 4 for details).

N-terminally acetylated depends strongly on the length of the
N-terminal-disordered region (Fig. 3b), rising from a probability
of 24% (95% confidence interval: 0-29%) for proteins with no
N-terminal disorder to a stable probability of 44% (95%
confidence interval: 41-46%) when the length of the N-terminal
disordered region exceeds 11.3 residues (95% confidence
interval: 4.0-15.8 residues). Moreover, proteins that are
predicted to lack an N-terminal acetyl group have shorter
N-terminal disordered regions (median length 14 residues) than
proteins that are predicted to be N-terminally acetylated by
NatA (median length 16 residues), NatB (median length 18
residues) and Nat C (median length 22 residues; Fig. 3c). This
relationship correlates with the sensitivity of NatA and NatB
strains to translational inhibitors (Supplementary Fig. 3a), and
although NatC falls outside of this correlation, we note that this
enzyme targets fewer substrates with very long N-terminal
disordered regions than NatA or NatB (Fig. 3a). Thus,
N-terminal acetylation may play a role in the structural
stabilization of N-terminally flexible proteins.
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As predicted by these analyses, disruption of NatA in a [PSI ]
strain led to the accumulation of protein aggregates, as assessed
by a centrifugation assay, but this effect was greatly reduced in a
[psi~] strain (Fig. 4a). As this difference cannot be directly
attributed to the pelleting of Sup35 aggregates themselves
(Supplementary Fig. 4), [PSI ] must place an additional load
on proteostasis in a ANatA strain. This increased load was also
reflected in the sensitivity of ANatA strains to translational
inhibitors (Supplementary Fig. 3a), their level of Hsfl-mediated
gene expression (Fig. 2b) and their doubling times (Table 1),
which were all reduced by prion loss (that is, conversion to
[psi— ).

The presence of [PSI™] could exacerbate the effects of NatA
disruption either through Sup35 aggregates themselves or
alternatively through the translation termination defect associated
with them. However, neither Hsfl-mediated gene expression
(Fig. 2b) nor the extended doubling time (Table 1) observed in a
ANatA [PSIT] strain were reversed by expression of an
N-terminally truncated mutant of Sup35 (Sup35C), which
restores translation termination fidelity without perturbing
Sup35 aggregates®’. These observations indicate that Sup35
aggregates, rather than their phenotypic effects, synergize with
disruption of NatA to perturb proteostasis.

One mechanism to explain the interaction of misfolded protein
and Sup35 aggregates is a competition between these species for
molecular chaperones*!. To monitor chaperone engagement, we
first assessed their localization in cells. A functional Hsp104-GFP
fusion protein, which retains the ability to support [PSI™]
propagation (data not shown), localized to cytoplasmic foci
(Fig. 4b), which presumably represent misfolded protein
aggregates, in both [PSIT] and [psi~] ANatA strains more
frequently than in their WT counterparts, although the
magnitude of this effect was much reduced in comparison
with a severe stress (7.5% ethanol; Fig. 4b, Supplementary Fig.
S5a). By immunofluorescence, both Ssal/2 and Ssb1/2 had a
similarly enhanced localization to cytoplasmic foci in a [PSI ]
ANatA strain relative to its WT counterpart, and this
localization pattern was also evident for Ssal/2 in a [psi~]
ANatA strain (Fig. 4c and Supplementary Fig. S5b). Thus,
although loss of N-terminal acetylation increased the
abundance of Ssal/2 substrates, the presence of [PSIT] did
not further effect the localization of this chaperone. In contrast,
Ssb1/2 localization was greatly reduced in the [psi~] ANatA
strain in comparison with its [PSIT] counterpart (Fig. 4c
and Supplementary Fig. 5b). Consistent with this observation,
the doubling time of an Assb1/2 strain was extended in the
presence of [PSI™] and this extension was not reversed by
expression of Sup35C (Table 1). These observations suggest

that the presence of prion aggregates specifically promoted the
appearance of Ssb1/2 substrates in the absence of NatA.

To explore the possibility of substrate competition for
chaperones, we immunoprecipitated Sup35 from ANatA and
WT strains, and compared the levels of bound Hsp70 chaperones.
Consistent with the competition hypothesis, the level of Ssb1/2
bound to Sup35 was reduced by ~30% in the ANatA strain
(Fig. 4d), and this change corresponded to an increase in Sup35-
bound Ssal/2 by ~50% in the ANatA strain (Fig. 4d). As genetic
experiments have linked Ssal/2 to promotion of the prion state
but Ssb1/2 to its destabilization®?*3, we reasoned that these
changes in the Hsp70 family member could alter the size of Sup35
aggregates and their phenotypic consequences in a ANatA strain.
To test this idea, we attempted to restore WT Hsp70:Sup35-
bound ratios by overexpressing Ssbl in a ANatA strain
(Supplementary Fig. 6). Although this treatment did not reduce
the level of bound Ssal/2, presumably due to its own elevated
expression (Fig. 2¢), it did restore Ssb1/2 binding to Sup35 to the
WT level (Fig. 4e), suggesting that Ssb1/2 availability was limiting
in the [PSI™] ANatA strain. Surprisingly, Ssb1 overexpression in
a [PSIT] ANatA strain did not deplete the small Sup35 core
polymers (Fig. 4f and Supplementary Fig. 2c), but overexpression
of Ssbl in a WT strain increased its binding to Sup35 (Fig. 4e)
and depleted the smallest Sup35 core polymers (Fig. 4f and
Supplementary Fig. 2c). This observation indicates that changes
in Hsp70 binding can impact prion aggregate dynamics,
implicating a third molecular event in the modulation of
[PSTT] propagation in a ANatA strain.

Hsp70 N-terminal acetylation is required for activity. The
failure of Ssb1/2 overexpression to increase the size of Sup35 core
polymers in the ANatA strain could arise from their reduced
thermodynamic stability (Fig. 1a), but we also considered the
possibility that loss of N-terminal acetylation of Ssal/2 and/or
Ssb1/2, which are known NatA targets', could negatively impact
their activities. To test this possibility, we first monitored
chaperone expression as a readout for Ssal/2 and Ssbl/2
activity in a [PSIT] strain expressing the Ssal52P) Ssb152P and
Sup35°2P mutants as the sole copy of each factor. These
mutations were integrated into the genome of a strain that was
also disrupted for the corresponding Hsp70 paralogues (that is,
ssal(S2P)Assa2 or ssbl(S2P)Assb2, hereafter referred to as
ssal(S2P) or ssbl(S2P), respectively). In this triple-mutant
strain, Sisl expression was elevated to a level similar to that
observed in a ANatA [PSI "] strain (Fig. 2c and Supplementary
Fig. 7). However, Ssal/2 levels were reduced 50% relative to those
observed in the ANatA [PSI "] strain (Fig. 2c and Supplementary

Figure 4 | Loss of N-terminal acetylation induces general protein misfolding, which alters prion propagation through chaperone titration. (a) Lysates
from ANatA ([PSI*1 and [psi—1, SY319 and SY978, respectively) and [PSIT1 SUP35(S2P) ssal(S2P) ssb1(S2P) (SY2182) strains were centrifuged at
15,0009 and the amount of pelleted protein was quantified and compared with that isolated from a WT [PS/*] (SLL2606) strain. (n=6, *P<0.005 by
unpaired Student's t-test compared with WT [PSI ™1, error bars represent s.d.). (b) Hsp104-GFP localization was assessed in WT [PS/*] (SY1906) and
[psi—1 (SY2125) strains, in the WT [PS/*] strain treated with 7.5% ethanol, and in ANatA [PSI 1 (SY2152) and [psi ~ ] (SY2183) strains by microscopy.
Scale bars, 10 um. (¢) Cells from WT [PSIT] (SLL2606) and [psi ~1 (SY2119), ANatA [PSI+] (SY319) and [psi~1 (SY978), and [PSI+]1 SUP35(S2P)
ssal(S2P) ssb1(S2P) (SY2182) strains were fixed, and Ssal/2 and Ssb1/2 proteins were visualized by immunofluorescence using specific antisera. Scale bars,
10 um. (d) Sup35 was immunocaptured from [PSIT1 WT (SLL2606) and ANatA [PSI* ] strains, and co-captured Ssal/2 and Ssb1/2 were assessed
following SDS-PAGE and quantitative immunoblotting using specific antisera. The levels of bound Hsp70s were normalized to the precipitated Sup35 and
compared with the levels isolated from the WT [PSI T 1 (SY1500) strain. (n=4, *P<0.05 by unpaired Student's t-test, error bars represent s.d.). (e) The
relative amount of Hsp70s bound to Sup35 aggregates in [PS/T1 WT (SY1500) and ANatA (SY1502) strains containing either empty vector (white) or an
Ssbl-expressing plasmid (SB806) (grey) were determined as in d. (n=4, *P<0.04 by unpaired Student's t-test, error bars represent s.d.). (f) Lysates
isolated from [PSIT1 WT (SLL2606) and ANatA (SY319) strains containing either empty vector ( —) or an Ssbl-expressing plasmid (+) (SB806) were
analysed by SDD-AGE followed by immunoblotting for Sup35. (g) Lysates from [PSI™1 WT (SLL2606), ANatA (SY319), SUP3552P (5Y1209), SUP35(S2P)
ssal(S2P) (SY2123), SUP35(S2P) ssb1(S2P) (SY2195) and SUP35(S2P) ssal(S2P) ssb1(S2P) (SY2182) strains were analysed by SDD-AGE followed by
immunoblotting for Sup35.
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Fig. 7), an effect that can be explained by the disruption of SSA2
in the ssal(S2P) background (Supplementary Fig. 7). Hspl104
levels were also elevated by ~50% relative to WT
(Supplementary Fig. 7), but this elevation was significantly
reduced relative to the ANatA strain, which accumulated over
300% more Hsp104 than a WT strain (Fig. 2c). Consistent with
this dampened induction of Hsp104, the triple-mutant [PSI™]
strain did not significantly accumulate protein aggregates in
comparison with the ANatA [PSIT] strain (Fig. 4a), although
both Ssa1?P and Ssb152P localized to cytoplasmic foci in the
former (Fig. 4c and Supplementary Fig. 5B), indicating the
presence of some misfolded proteins in both the presence and

—_

-
poow A

O[PSI*]
*  H[psi7]

—_ -
—_

Pelleted protein
(relative to WT)

it

T

-
o

9
ANatA SUP35(S2P)

absence of [PSI™]. Together, these observations suggest that
although N-terminal acetylation of Ssal and Ssbl is probably
important for their chaperone activities, the accumulation of
misfolded protein aggregates and the corresponding cellular
response to this change in proteostasis cannot be explained solely
by Hsp70 impairment.

We next assessed [PSI '] propagation in the presence of these
non-acetylatable mutants. Introduction of either the ssal(S2P) or
ssb1(S2P) alleles alone into the SUP35(S2P) strain did not reduce
the size of Sup35 aggregates (Fig. 4g) or revert the [PSI™]
phenotype (Fig. 1d) beyond the effects of Sup3552F expression
alone. However, when all three alleles are combined into a single
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Table 1 | Strain doubling times.

Strain [PSI] YPD Vector Sup35C
WT + 1.7 1.9 1.9

— 1.7 1.9 19
ANatA + 2.6 3.2 33

— 2 2.4 25
Assb1/2 + 4 45 4.5

— 3 3.4 33
WT, wild type.

Doubling time (h) in YPD medium for [PSI™] (+) and [psi~1 (—) WT (SLL2606 and SLL2119,
respectively), ANatA (SY319 and SY978, respectively) and Assb1/2 (SY394 and SY441,
respectively) strains. Strains were also transformed with either an empty vector or a plasmid
expressing the C-terminal domain of Sup35 (Sup35C, SLL6676), and doubling times were
determined in SD-Ura medium.

strain, the size of Sup35 core polymers approaches that observed
in a ANatA strain (Fig. 4g), and accurate termination is restored
to a [PSI ] strain (Fig. 1d). These observations cannot be linked
to the ssal(S2P) or ssbI(S2P) changes individually
(Supplementary Fig. S8) and contrasted with the partial effects
observed in a strain with constitutive Hsfl activity (Hsf1°N) and
reduced core polymer thermodynamic stability (Sup35°%®) in the
absence of misfolded proteins (Fig. 2d,g and Supplementary
Fig. S2a). Thus, the accumulation of misfolded protein aggregates,
the elevation of chaperone expression and the destabilization of
Sup35 aggregates are sufficient, when combined, to recapitulate
the effects of NatA disruption on prion propagation.

Discussion
Our studies have revealed novel insights into the contribution of
N-terminal acetylation to cellular phenotypes. First, the effect of
NatA on the [PSI"] phenotype is the first example, to our
knowledge, of a trait that is dependent on the N-terminal
acetylation of multiple targets. Second, N-terminal acetylation
contributes an unanticipated influence on protein biogenesis,
both through and independent of Hsp70 activity (Fig. 4a and
Supplementary Fig. 7). Together, these events converge on Sup35
aggregate dynamics to promote the accumulation of smaller
complexes, which our parallel studies have demonstrated to be
functionally engaged and therefore capable of reversing the
[PSI] phenotype®. Thus, loss of N-terminal acetylation can
resculpt the proteome to create complex cellular phenotypes.
Although post-translational modifications have not previously
been implicated in protein folding outside of the secretory
pathway, a role for N-terminal acetylation in the stabilization of
N-terminal a-helices had been previously recognized in vitro'4~1,
and ANatA strains have increased sensitivity to thermal stress,
consistent with our observation of elevated protein aggregation
and the corresponding titration of molecular chaperones to these
complexes (Fig. 4b,c). More recently, this modification has been
implicated in the quality control of stoichiometry for multiprotein
complexes, where uncomplexed subunits are targeted for
degradation based on the acetylation state of their exposed N
termini!3, An example of the potential effects of N-terminal
acetylation on protein structure that has been demonstrated at
atomic resolution is the silent information regulator Sir3, which
requires N-terminal acetylation for its transcriptional silencing
activities at a mating-type locus and telomeres in yeast. Sir3 crystal
structures indicate that N-terminal acetylation of this protein
mediates the formation of a fine structural element that is
required for function*>4, Notably, the mating defect associated
with loss of Sir3 N-terminal acetylation can be partially suppressed
by overexpression of the Hsp70 chaperone Ssbl (ref. 20).
Moreover, mutations in Sir3 that synergize with disruption of
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NatA to promote a more severe mating defect (E131K, T135],
1.208S and S813R)% are predicted to alter aggregation potential
and/or disorder in Sir3 (Supplementary Fig. 9), and several of
these mutations occur in secondary structural elements (T135I,
1208S and S813R)%’. In contrast, mutations that do not enhance
the ANatA mating defect (A2T, R30K, R92K, L95F and E140K)%7
do not alter disorder or aggregation potential and are located
in unstructured regions of the protein, with the exception of
E140K (Supplementary Fig. 10). Together, these observations
are consistent with the introduction a folding defect in Sir3
on loss of N-terminal acetylation that can be exacerbated by
other covalent changes to the protein. In theory, the
contribution of N-terminal acetylation to protein folding that we
have uncovered could extend to other post-translational
modifications, providing an alternative explanation for the
abundant ‘non-functional’ protein modifications identified by
comparative proteomics*®.

Beyond the system-wide changes in proteostasis that we have
identified, our studies also uncover a direct role for N-terminal
acetylation of Sup35 in the processing of its aggregated form
in vivo. In the absence of this modification, the thermodynamic
stability of these complexes is reduced (Fig. 1a) even though the
extreme N -terminus of the protein lies outside of the amyloid
core®, suggesting that the effect cannot be explained by direct
interactions between monomers. Some insight, however, may be
gleaned from recent studies on the Parkinson’s disease-associated
protein o-synuclein, which is also N-terminally acetylated
in vivo>0=>3. In this case, N-terminal acetylation, again occurring
outside of the amyloid core, has been shown to stabilize a transient
N-terminal helix, which may partially impede amyloid
formation>*~>%, Together, these examples highlight the emerging,
and currently underexplored, contributions of post-translational
modifications to amyloidogenesis and its biological consequences.

N-terminal acetylation was previously thought to be a basal and
unregulated modification. However, recent studies have uncovered
variation in the extent of acetylation of individual factors and
fluctuations in the ratio of acetylated:unacetylated protein, suggest-
ing a window for regulating protein stability and activity”. Indeed,
the sensitivity of tissue culture cells to apoEtotic signals®’, cell and
population sizes in growing yeast cultures®® and photosynthesis®
are all likely regulated by a shift in the acetylation state of distinct
proteins in response to changing environmental and metabolic
conditions. These variations and the links to protein biogenesis
reported here provide a new framework for identifying the
molecular basis of changes in physiology associated with
N-terminal acetylation, such as cancer'??, and perhaps with
other seemingly ‘non-functional’ protein modifications.

Methods

Plasmids. All primers and plasmids used in this study are listed in Supplementary
Tables 1 and 2, respectively. Plasmids for expression of the HSFI dominant-
negative allele (EXA3-1; SB778 in our collection) and WT HSFI (SB779 in our
collection) were provided by E. Craig (University of Madison—Wisconsin)3$,

To create the constitutively active HSFI ON allele (SB788), a R206S mutation was
installed in SB779 by site-directed mutagenesis using Quick Change (Stratagene)
with primers 5 Hsfl R206S and 3’ Hsfl R206S according to the manufacturer’s
instructions. To create high copy (2j) constructs, the promoter and ORF were
excised from SB779 and SB788 as an EcoRI-Xhol restriction fragment and ligated
into pRS426 or pRS424 (ref. 60) to yield SB812 and SB806, respectively. pHSE-
LacZ (SB753 in our collection) and pSTRE-LacZ (SB757 in our collection) were
provided by K. Morano (University of Texas Medical School at Houston). The
SSBI overexpression plasmid (SB806) was created by cloning the Ssbl ORF as a
BamHI-Xhol fragment by PCR, using primers 5" Ssbl1 WT and 3’ Ssbl, and
ligating this fragment into pRS424-pGPD®. The ssb1(S2P) plasmid (SB732) was
created by amplifying the SSBI promoter region as a Sacl-BamHI fragment by
PCR using primers 5 pSsbl and 3’ pSsb1, and ligating this fragment into pRS306
(ref. 60). The SSB1 ORF was then inserted following amplification by PCR using
primers 5" Ssbl WT or 5’ Ssbl S2P and 3 Ssb1 primers. All clones were verified by
sequencing.
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Yeast strains. All strains of S. cerevisiae used in this study are listed in
Supplementary Table 3. All yeast strains are derivatives of 74-D694 (ref. 29). The
HSF1 ORF was disrupted by transformation of an hphMX4 cassette®!, amplified by
PCR using primers 5 Hsfl KO and 3’ Hsfl, into diploid cells. Disruptions were
confirmed by resistance to hygromycin B and by PCR using the primer pairs 5
Hsfl Seq/pTEF CHK and 3'Hsfl Seq/pFA6a. The heterozygous disruption strain
was transformed with plasmids expressing either WT (SB779) or an HSFI mutant
(SB778 and SB806) and sporulated. Haploids were isolated by micromanipulation
and screened for hygromycin B resistance and retention of the Hsfl plasmid.
SUP35(S2P) strains were created by substituting SUP35(S2P) for WT SUP35 at its
endogenous locus by two-step replacement using BsrGI-digested SB548. The
replacement was confirmed by PCR, as previously described®!. The SSBI and SSB2
ORFs were disrupted by transformation of kanMX4 or HIS3MX6 cassettes
amplified by PCR using primers 5' Ssb1KO/3’ Ssb1 KO or 5’ Ssb2 KO/3" Ssb2 KO,
respectively. ssb1(S2P) strains were created by digesting SB732 with Ncol to target
the integration to the URA3 locus. Insertions were confirmed by uracil prototrophy
and western blotting. Combinations of SUP35(S2P), ssal(S2P) and ssb1(S2P) within
the same haploid strain were created by mating the single-mutant strains,
sporulating the resulting diploids and isolating the meiotic progeny by
micromanipulation. The STII ORF was disrupted by transformation of the
kanMX6 cassette, amplified by PCR using primers 5StilpFA6a and 3StilpFA6a.
Genotypes were confirmed by PCR analysis of the meiotic progeny. Sup35-HA-
expressing strains (SY1500 and SY1502) were created by integrating AfIII-digested
SB629 into WT or NatA strains. The [psi ~ ] version of these strains were made by
curing the prion by growth on 3 mM guanidine HCI plates.

p-Galactosidase activity assay. -Galactosidase activity was assayed in duplicate
and experiments repeated using three independent transformations using the
protocol described previously®?. Briefly, cells were grown in liquid selective
medium, harvested, washed and lysed in Z buffer (10 mM sodium phosphate
buffer, pH 7.0, 10 mM KCl, 1 mM MgSO, and 50 mM B-mercaptoethanol) with
0.01% SDS and 10% chloroform with vortexing. Activity was assayed using the
substrate ONPG(2-Nitrophenyl B-p-galactopyranoside) by absorbance at 420 nm
following quenching of the reaction with sodium bicarbonate. To calculate the
specific B-galactosidase activity: ((1,000 X A4;0)/(ODggp x ml of culture
harvested)) x (time of ONPG incubation in minutes).

Protein analysis. SDD-AGE, SDS-PAGE, quantitative immunoblotting and
thermal melt were performed as previously described’. SDD-AGE assesses the
size of SDS-resistant core polymers of prion proteins, which assemble into larger
SDS-sensitive complexes in vivo?’. For this technique, cells were grown in liquid
YPAD, harvested, washed and mechanically disrupted in buffer (50 mM sodium
phosphate, pH 7.5, 100 mM NaCl, 1 mM dithiothreitol, 2 mM
phenylmethylsulphonyl fluoride (PMSF) and 5 ugml ~! pepstatin) with glass
beads. Lysates were cleared at 500g for 1 min at 4 °C, and normalized lysates were
separated on a 1.5% Tris-glycine agarose gel containing 0.1% SDS, transferred to
polyvinylidene difluoride membrane and analysed by immunoblotting using
Sup35-specific antiserum (1:2,000 dilution). For thermal melt analysis, cells were
grown in liquid YPAD, harvested, washed and mechanically disrupted in buffer
(10 mM sodium phosphate, pH 7.5, 0.2% SDS, 1% Triton X-100, 400 mM NaCl,
2mM PMSF, 5pgml ~ ! pepstatin) with glass beads. Lysates were collected and
incubated in 2% SDS at the indicated temperatures for 5 min before separation by
SDS-PAGE and quantitative analysis by immunoblotting using Sup35-specific
antiserum (1:2,000 dilution), goat anti-rabbit 488 DyLight secondary (Thermo),
a Typhoon Imager (GE Life Sciences) and ImageQuant software.

Quantification of non-prion protein aggregates. Fifty ODg( equivalents of cells
were grown to mid-log phase and then collected and washed at 4 °C. Cells were
disrupted by glass bead lysis in 500 pl of lysis buffer (50 mM sodium phosphate
buffer, pH 7.5, 100 mM NaCl, 1 mM dithiothreitol, 2mM PMSF and 5 ug ml !
pepstatin) using a FastPrep-24 (MP Bio). Lysates were centrifuged at 500g for 5 min
at 4 °C to remove cell debris. The protein concentration of the supernatant was
determined by Bradford assay (Bio-Rad), and normalized lysates were centrifuged
at 15,000g for 15min at 4 °C. The supernatant was removed and pelleted proteins
were washed in buffer (50 mM sodium phosphate buffer, pH 7.5, 25 mM NacCl) and
collect by a second centrifugation at 15,000 at 4°C for 15 min. The supernatant
was removed and the protein pellet was resuspended in 50 ul of wash buffer, and
the protein concentration was determined by Bradford assay (Bio-rad). Samples
were analysed in duplicate and experiments were repeated at least three times.

Immunocapture of protein complexes. Immunocapture of protein complexes
was performed as previously described®. Briefly, yeast strains were grown in liquid
YPD, harvested, washed and mechanically lysed in PEB lysis buffer (40 mM
Tris-HCI, pH 7.6, 150 mM KCl, 5mM MgCl,, 5% glycerol, 2mM PMSF (fresh),
5pgml ~! pepstatin, protease inhibitor tablet (Roche), protease inhibitor cocktail
(Sigma)) with glass beads. Lysates were then cleared by centrifugation at 10,000g
for 10 min at 4 °C and the final concentration of Triton X-100 was adjusted to 1%
and of KCl to 350 mM. Immunoprecipitation was performed with an anti-HA rat
monoclonal antibody (Clone 3F10, Roche Applied Sciences) and Protein G

Magnetic Beads (NEB). Beads were captured in a magnetic field and washed 1 x in
wash buffer A (40 mM Tris-HCI, pH 7.6, 300 mM KCI, 5mM MgCl,, 5% glycerol,
1% Triton X-100), 2 X in wash buffer B (40 mM Tris-HCI, pH 7.6, 150 mM KCl,
5mM MgCl,, 5% glycerol, 1% Triton X-100) and 1 X in wash buffer C (40 mM
Tris-HCL, pH 7.6, 150 mM KCI, 5mM MgCl,, 500 mM NaCl, 5% glycerol, 1%
Triton X-100). Immunoprecipitated proteins were separated by SDS-PAGE and
transferred to polyvinylidene difluoride. Membranes were immunoblotted using
serum specific for Sup35 (polyclonal rabbit, 1:2,000 dilution), Ssal/2 (polyclonal
rabbit, 1:20,000 dilution, gift of E. Craig) and Ssb1/2 (polyclonal rabbit, 1:5,000
dilution, gift of J. Frydman). Bands were quantified using goat anti-rabbit DyLight
secondary (Thermo) using a Typhoon Imager (GE Life Sciences) and ImageQuant
software.

Cluster analysis. Clustering was performed by the Stanford Microarray Data-
base® using a previously published data set®. Standard statistical thresholds were
used. Genes clustered were selected according to Gene Ontology terms for
translational components and molecular chaperones.

Immunofluorescence. Immunofluorescence was performed as previously descri-
bed®®. Spheroplasts were incubated with no primary antibody, 1:5,000 dilution of
anti-Ssal/2, or 1:1,000 dilution of anti-Ssb1/2. Cells were washed in TBS +0.01%
Tween20. A goat anti-rabbit qDot 655 (Invitrogen) was used as secondary antibody
at a dilution of 1:500 and incubated for 1 h at room temperature. Spheroplasts were
washed 2 x in TBS +0.03% Tween20 and 2 X in TBS 4 0.01% Tween20. Cells
were observed using a Zeiss Axioplan 2 equipped with a x 100 aPlan-FLUAR
objective and a Hamamatsu-ORCA ER camera (Hamamatsu Photonics). Images
were collected with Openlabs software (Improvision) at 516-nm excitation and
575-615 emission, and pseudocoloured using Openlabs software. Scale bars were
applied using Image] software. Samples were repeated at least three times.

Bioinformatics. Sequences for 6696 S. cerevisiae known or novel proteins were
obtained from Ensembl release 60. Cleavage of the N-terminal methionine and
N-terminal acetylation were predicted as described previously®”. As previously
described®®, we scored methionine - asparagine as acetylated, although it is
predicted to lead to acetylation in only 55% of cases. Incorporating this
incomplete acetylation does not change our qualitative results, although it does
preclude us from fitting models by maximum likelihood. The acetyltransferase
responsible for acetylating each protein was identified based on the target
protein sequence®?. To predict intrinsic disorder, the protein sequences (with the
N-terminal methionine cleaved or not as appropriate) were analysed using
SPINE-D®, which uses a neural network algorithm to predict regions of
intrinsic disorder. Two proteins failed to run, because their sequences included
stop codons, leaving 6,694 proteins in our final analysis. Models for the
probability of acetylation versus length of N-terminal disordered region were fit
by maximum likelihood, using SciPy”®. To focus our modelling, only proteins
with N-terminal disorder regions of length 65 or smaller were fit in the model.
Confidence intervals on model parameters were inferred by bootstrapping over
the entire set of proteins 1,000 times.
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