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N-terminal protein acetylation by NatB modulates the levels
of Nmnats, the NAD� biosynthetic enzymes in Saccharomyces
cerevisiae
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NAD� is an essential metabolite participating in cellular bio-
chemical processes and signaling. The regulation and inter-
connection among multiple NAD� biosynthesis pathways are
incompletely understood. Yeast (Saccharomyces cerevisiae)
cells lacking the N-terminal (Nt) protein acetyltransferase com-
plex NatB exhibit an approximate 50% reduction in NAD� lev-
els and aberrant metabolism of NAD� precursors, changes that
are associated with a decrease in nicotinamide mononucleotide
adenylyltransferase (Nmnat) protein levels. Here, we show that
this decrease in NAD� and Nmnat protein levels is specifically
due to the absence of Nt-acetylation of Nmnat (Nma1 and
Nma2) proteins and not of other NatB substrates. Nt-acetyla-
tion critically regulates protein degradation by the N-end rule
pathways, suggesting that the absence of Nt-acetylation may
alter Nmnat protein stability. Interestingly, the rate of protein
turnover (t1⁄2) of non-Nt-acetylated Nmnats did not significantly
differ from those of Nt-acetylated Nmnats. Accordingly, dele-
tion or depletion of the N-end rule pathway ubiquitin E3 ligases
in NatB mutants did not restore NAD� levels. Next, we exam-
ined whether the status of Nt-acetylation would affect the trans-
lation of Nmnats, finding that the absence of Nt-acetylation
does not significantly alter the polysome formation rate on
Nmnat mRNAs. However, we observed that NatB mutants have
significantly reduced Nmnat protein maturation. Our findings
indicate that the reduced Nmnat levels in NatB mutants are
mainly due to inefficient protein maturation. Nmnat activities
are essential for all NAD� biosynthesis routes, and understand-
ing the regulation of Nmnat protein homeostasis may improve
our understanding of the molecular basis and regulation of
NAD� metabolism.

NAD� and its reduced form NADH are primary redox car-
riers involved in various cellular biochemical reactions. NAD�

also serves as a co-substrate in protein modifications, such as

protein deacetylation (mediated by the sirtuins, Sir2 family
proteins) and ADP-ribosylation (mediated by the poly(ADP-
ribose)polymerase). These modified proteins contribute to the
regulation of chromatin structure, DNA repair, circadian
rhythm, metabolic responses, and life span (1–5). Essentially,
cells must balance NAD� biosynthesis with its consumption to
maintain optimal cellular function. Moreover, abnormalities in
NAD� metabolism have been associated with several metabolic
disorders and diseases, including diabetes, cancers, and neuron
degeneration (6 –9). Understanding the regulation of NAD�

homeostasis may help elucidate the mechanisms of these
disorders.

NAD� biosynthesis in yeast is maintained by three major
pathways: de novo biosynthesis, nicotinic acid (NA)2 and nico-
tinamide (NAM) salvage (10, 11), and nicotinamide riboside
(NR) salvage (Fig. 1A) (12). NAD� biosynthesis by the de novo
pathway begins at tryptophan and requires Bna proteins to syn-
thesize nicotinic acid mononucleotide (NaMN). This pathway
is the most resource-intensive of the three and is heavily regu-
lated (13–15). NaMN is also produced by the NA/NAM salvage
branch, which begins with precursors like NA and NAM.
Under NA abundant conditions, NA/NAM salvage is the pre-
ferred NAD� biosynthesis route, and BNA genes are silenced
by the NAD�-dependent deacetylase Hst1 (13, 14). NaMN pro-
duced from both branches is converted to nicotinic acid ade-
nine dinucleotide by nicotinamide mononucleotide adenylyl-
transferases (Nmnats) Nma1 and Nma2 (16 –19), followed by
the amidation to NAD� by Qns1 (20, 21). In the NR salvage
pathway, NR is phosphorylated by NR kinase Nrk1 to produce
nicotinamide mononucleotide (NMN) (12). Nma1, Nma2, or
Pof1 transfer the AMP moiety of ATP to NMN to produce
NAD� (16 –19, 22). It has been shown that Nma1 and Nma2
have dual-substrate specificity toward both NMN and NaMN
(16 –18), whereas Pof1 activity is specific for NMN (22). NR can
also enter the NAM salvage branch when converted to NAM by
nucleosidases Urh1 and Pnp1 (23). Moreover, yeast cells also
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NAM, QA, and NR (Fig. 1A) (14, 22, 24). Specific transporters
Tna1 (for NA and QA) (25, 26) and Nrt1 (for NR) (27) are
responsible for the uptake of NAD� precursors, whereas the
mechanisms of precursor release remain unclear. The three
branches of NAD� biosynthesis are thus coordinated together
and provide the cell with NAD� tuned to the cellular require-
ments and environmental conditions.

The Nmnat proteins Nma1 and Nma2 are the only enzymes
that are responsible for generating NAD� in all three biosyn-
thesis pathways (Fig. 1B). Therefore, Nma1 and Nma2 may be
critical for the co-regulation of de novo, NA/NAM salvage, and
NR salvage pathways. In fact, we have previously shown that
overexpression of NMA1 caused a significant increase in the
total NAD� content of the cell (24). It was also shown in a
recent study that Nma1 is the only NAD� biosynthesis enzyme
that upon overexpression can increase the NAD� content in
the cell and modulates NAD� to correlate with the concentra-
tions of ATP (15). Overall, these studies suggest Nmnats are
rate-limiting factors in NAD� biosynthesis pathways. Previ-
ously, we identified the NatB complex, composed of Nat3 (cat-
alytic subunit) and Mdm20 (regulatory subunit), as a potential
regulator of NAD� biosynthesis, possibly through N-terminal
(Nt-) acetylation of Nma1 and Nma2 (24). The levels of Nma1
and Nma2 proteins were reduced in NatB deletion mutants
compared with the wildtype (WT). Nt-acetylation is primarily a
co-translational protein modification carried out by Nt-acetyl-
transferases (28). This protein modification may affect protein
stability, complex formation, and subcellular localization (28).
NatB carries out Nt-acetylation of �15% of encoded yeast pro-
teins, which are Met-retained peptides with Asp, Asn, Glu, or
Gln at position 2 (29). NatB-mediated Nt-acetylation is effi-
cient, and nearly all proteins that code as NatB substrates are
indeed NatB substrates, which is not true for other Nt-acetyl-
transferases. Interestingly, yeast NatB substrates are predomi-
nantly near 100% as found in the acetylated state (28 –30). In
line with these observations, we showed that Nma1 and Nma2
peptides identified from WT cells were 100% acetylated,
whereas Nma1 or Nma2 peptides identified from NatB mutants
were 95–100% nonacetylated (24). Therefore, Nt-acetylation
appears to be critical for maintaining proper Nmnat protein
levels and thus NAD� biosynthesis. To date, a direct link
between NatB-mediated Nt-acetylation of Nmnats and NAD�

biosynthesis has not been established because NatB also has
many other substrates in the cell.

It also remains unclear why NatB mutants have lower Nmnat
protein levels. It is possible non-Nt-acetylated Nmnats are
more susceptible to degradation. N-terminal regions of pro-
teins contain specific degrons, termed N-degrons (31). These
degrons are residue-specific and are described by the N-end
rule pathways. The Arg/N-end rule pathway is dedicated to
peptides with non-Nt-acetylated N-terminal Arg-, Lys-, His-,
Leu-, Trp-, Phe-, Ile-, Tyr-, or Met-retained peptides followed
by a bulk hydrophobic residue at position 2. Ubr1 is the E3
ligase that targets these substrates for ubiquitination and sub-
sequent degradation by the proteasome. The Ac/N-end rule
pathway is typically specific for Nt-acetylated substrates, which
are targeted by the E3 ligases Doa10 or Not4. Without Nt-
acetylation, Ac/N-end rule proteins may become unrecogniz-

able to their E3 ligases and thus long-lived (32). Whereas Nma1
and Nma2 do not fulfill the requirements for degradation by the
Arg/N-end rule pathway, it is worth noting that examples of
Ac/N-substrates becoming Arg/N-substrates in the absence of
Nt-acetylation have been observed (33, 34). In addition to the
possibility of being degraded by the N-end rule pathways, the
status of Nt-acetylation may alter the translation efficiency of
Nmnats.

In this study, we aim to examine whether NatB regulates
NAD� biosynthesis directly through Nt-acetylation of Nma1
and Nma2 and why the absence of Nt-acetylation causes the
reduction of Nmnat protein levels in NatB mutants. Our studies
may help us understand the roles of Nt-acetylation on Nmnats
and provide a molecular basis for the regulation of NAD�

homeostasis factors.

Results

Nma1 and Nma2 play a primary role in NatB deletion
associated NAD� deficiency

We previously reported altered NAD� homeostasis in NatB
deletion mutants, nat3� and mdm20� (24). These NatB dele-
tion mutants have low levels of NAD� with an increased flux of
NAD� precursors through the vacuolar NR salvage branch,
which promotes the formation and release of NAM and NA.
This defect was associated with a decrease in Nma1 and
Nma2 protein levels, both of which are NatB substrates (24)
and catalyze a reaction shared by all three pathways (Fig. 1B).
Nearly 15% of all yeast proteins are Nt-acetylated by the NatB
complex. To confirm that the low NAD� phenotype in NatB
deletion mutants is primarily due to Nma1 and Nma2 de-
fects, we compared NAD� levels of the nma1�nma2� and
nma1�nma2�nat3� mutants (Fig. 1C). If the low NAD� levels
in nat3� cells are due to additional defects, we would expect to
see further decreases in NAD� and NADH levels in the
nma1�nma2�nat3� mutant. Under normal growth condi-
tions, the nma1�nma2� mutants are inviable unless NR is sup-
plemented to the growth media. It was shown that Pof1, a third
Nmnat that is not a NatB substrate, can convert NMN to NAD�

in the NR salvage branch (22). Therefore, adding NR to growth
media supports the growth of the nma1�nma2� mutants
through the activity of Pof1 (Fig. 1A). In line with our expecta-
tions, there is no significant difference in NAD� and NADH
levels between the nma1�nma2� and nma1�nma2�nat3�
strains grown in NR-supplemented media. Furthermore, to
examine whether NatB activity is important for both Nma1 and
Nma2 functions, we paired the nat3� deletion with either
nma1� or nma2� single deletions. As shown in Fig. 1D, both
the nma1�nat3� and nma2�nat3� double mutants showed a
further decrease in NAD� and NADH levels compared with the
respective single Nmnat deletions alone (Fig. 1D). The levels of
decrease in nma1�nat3� and nma2�nat3� cells were �30
and �50%, respectively. Because Nma1 is the major Nmnat,
it is anticipated that the absence of Nma1 Nt-acetylation
(nat3�nma2� versus nma2� cells) has a larger impact on the
NAD� level compared with the absence of Nma2 Nt-acetyla-
tion (nat3�nma1� versus nma1� cells). These results indicate
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that the low NAD� defects in NatB mutants act primarily
through both Nma1 and Nma2.

Next, we determined whether Nma1 and Nma2 protein
levels were decreased to a similar extent in the NatB deletion
nat3� mutant when a different control is employed. In pre-
vious work we used actin, whose expression appeared stable
in NatB mutants, as an internal control (24). However,
because actin is also a NatB substrate (35), we chose Pgk1 as
the internal control for protein turnover studies in this work.
Pgk1 has already been used in many other protein degrada-
tion studies for the same purpose (36 –40). Consistent with

previous findings (24), Nma1 and Nma2 protein levels were
significantly reduced in nat3� cells (Fig. 1E) to about 60% of
the WT levels (Fig. 1F). A smaller band was observed right
below the Nma2–HA band, which might be an Nma2-spe-
cific background band or a variant of Nma2. Although Nt-
acetylation is primarily a co-translational protein modifica-
tion, we also wanted to confirm that the low protein levels of
Nma1 and Nma2 were not due to reduced transcription. As
shown in Fig. 1G, no significant difference in the level of
mRNAs (determined by RT-qPCR) was found when compar-
ing the nat3� mutant to WT. Together, these results suggest

Figure 1. NAD� deficiency of the NatB mutant is primarily due to Nma1 and Nma2 defects. A, simplified model of NAD� biosynthesis pathways in
S. cerevisiae. NAD� can be synthesized de novo from tryptophan (L-Trp) and by salvaging NAD� intermediates through the NA/NAM and NR cycles. Yeast cells
also release and re-uptake small NAD� precursors; however, the mechanisms are not completely understood. Abbreviations of protein names are shown in
parentheses. B, schematic diagram showing that all three NAD� biosynthesis pathways require Nma1 and Nma2 activities. A third Nmnat Pof1 is part of the NR
salvage pathway exclusively. C, nma1�nma2� and nma1�nma2�nat3� mutants have similar levels of NAD�(H). NR was supplemented to the cell culture at 10
�M. Cells lacking NMA1 and NMA2 can grow in the presence of NR using Pof1. The graph is based on data of two independent experiments. Error bars represent
data from four biological replicates per strain each with two technical replicates (total n � 8 per strain). Individual data points are shown as dots in the bar graph.
D, NAD�(H) levels of nma1� and nma2� were compared combining nma1� or nma2� with nat3� deletions. Both nma1�nat3� and nma2�nat3� had lower
levels of NAD� compared with the single Nmnat deletion. The graph is based on data of six independent experiments. Error bars represent data from eight (WT
and nat3�), seven (nma1� and nma1�nat3�), or five (nma2� and nma2�nat3�) biological replicates per strain each with two technical replicates (total n � 16,
14, or 10 per strain). E, Western blot analysis of Nma1 and Nma2 tagged with HA in combination with PGK1 control in both WT and nat3� cells. Arrows mark the
positions of the molecular mass markers. F, quantitative analysis of E showing Nma1 and Nma2 protein depletions due to nat3� deletion. Nma1–HA and
Nma2–HA are normalized to PGK1, and WT is set to 1. The graph is based on data of three independent experiments. Error bars represent data from six biological
replicates per strain (total n � 6 per strain). G, gene expression qPCR analysis of NMA1 and NMA2 mRNA in WT and nat3� cells. Data shown are representative
of at least three independent experiments. The graph is based on data from two independent experiments. Error bars represent data from two biological
replicates per strain each with three technical replicates (total n � 6 per strain). The error bars denote standard deviations. The p values are calculated using
Student’s t test (*, p � 0.05; ns, not significant).
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that Nt-acetylation is required for maintaining NAD� by
modulating the Nma1 and Nma2 protein levels.

NatB promotes NAD� biosynthesis directly through
Nt-acetylation of Nma1 and Nma2

We previously found overexpression of Nma1 can increase
the levels of NAD� in both WT and nat3� cells (24). This result
is supported by the finding that overexpression of Nma1 can
bypass an ATP-dependent regulatory mechanism (15). How-
ever, this may also indicate that the low NAD� defect in NatB
mutants is not directly due to lack of Nt-acetylation of Nmnats
but may rather stem from lower intracellular concentrations of
ATP or other unforeseen consequences because NatB acety-
lates many other proteins. To test whether the Nt-acetylation
modification is indeed important for Nma1- and Nma2-medi-
ated NAD� biosynthesis, we replaced the endogenous Nma1
and Nma2 with mutant versions expected to be NatA sub-
strates instead of NatB substrates (Fig. 2A). NatA substrates are
not Met-retained like NatB substrates, but they first undergo
processing by removal of the initiator methionine by methio-
nine aminopeptidases, and the new N terminus is then acety-
lated by NatA (Fig. 2A, left panel) (28). Additionally, potential
NatB substrates (as predicted by their second amino acids) are
almost always acetylated by NatB. This is not true for all poten-
tial NatA substrates. Based on reported proteomics data, we
chose to insert Ser between the first two amino acids, Met and
Asp, in Nma1 and Nma2 (Nma1/2MD3Nma1/2MSD) (Fig. 2A,
right panel) because this peptide sequence is almost always
acetylated by NatA (28, 30).

The MD (WT) strain carries Nma1 and Nma2 in their na-
tive form as NatB substrates, which is made by integrating
pRG207–NMA1MD (WT) and pRG205–NMA2MD (WT) into
nma1�nma2� cells. The MSD (WT) strain carries modified
Nma1 and Nma2, which are now NatA substrates, and is made
by integrating pRG207–NMA1MSD and pRG205–NMA2MSD
into nma1�nma2� cells. These strains were then paired with
either nat3� (NatB mutant) or nat1� (NatA mutant) deletions
for NAD� measurements (Fig. 2B). As expected, the NAD�

levels of MD strains carrying NMA1MD and NMA2MD (NatB
substrates) were decreased when combined with nat3� but not
nat1�, indicating Nma1MD and Nma2MD were still sensitive to
deletions of NAT3 but not NAT1. However, NAD� levels of
MSD strains carrying NMA1MSD and NMA2MSD (NatA sub-
strates) were sensitive to deletions of NAT1 but not NAT3 (Fig.
2B). These results suggest the low NAD� phenotype of NatB
deletion mutants is indeed due to the absence of Nt-acetylation
on Nma1 and Nma2. Notably, the MSD (WT) strain has a lower
basal NAD� level compared with the MD (WT) strain, which
suggests that acetylation of Nma1MSD and Nma2MSD by NatA
may not be optimal. Because it has been shown that the level of
acetylation of a specific NatA substrate may vary (28, 30), we
determined the percentage of Nt-acetylation of Nma1MSD and
Nma2MSD in both MSD (WT) and NatA mutant cells by MS.
Our results showed that all N-terminal peptides of Nma1MSD
and Nma2MSD identified from WT cells were Nt-acetylated.
Conversely, all Nma1MSD and Nma2MSD peptides identified
from nat1� cells were not Nt-acetylated (Fig. S1). These results

indicate that the low basal NAD� level in the MSD (WT) strain
is not due to inefficient Nt-acetylation of Nmnats.

Next, we examined whether observed NAD� reduction in
the nat1� mutant carrying NMA1MSD and NMA2MSD was due
to a blockage in NA/NAM salvage. If so, this mutant is expected
to show increased release of NA and NAM as reported previ-
ously for the nat3� mutant (24). A cross-feeding reporter assay
was employed to determine the level of NA and NAM released
by cells. In this system, cell growth of the NA- and NAM- de-
pendent mutant bna6�npt1�nrk1� (recipient cells) was used
as a readout of the amount of NA and NAM released by the
feeder cells (mutants of interests) (24). As expected, the growth
of recipient cells was only observed when the nat3� mutant
harboring NMA1MD and NMA2MD (Fig. 2C, left panel) and the
nat1� mutant harboring NMA1MSD and NMA2MSD (Fig. 2C,
right panel) were used as the feeders. Moreover, the nat3�
mutant harboring NMA1MSD and NMA2MSD no longer releases
more NA and NAM when compared with nat3� harboring
NMA1MD and NMA2MD (Fig. 2C, left panel). Therefore, it
appears that NAD� biosynthesis mediated by Nma1 and Nma2
requires Nt-acetylation by NatB for optimal product formation,
and the lack of this modification reduces the NAD� content of
the cell resulting in the release of NAD� precursors like NAM
and NA into the environment.

To confirm whether the protein levels of Nma1MSD and
Nma2MSD were indeed depleted in the nat1� mutant, whole-
cell lysates were generated from cells expressing C-terminally
HA-tagged Nma1MSD and NMA2MSD followed by Western blot
analysis. As shown in Fig. 2, D and E, Nma1MSD proteins were
depleted in nat1� cells to about 60% of the control MSD (WT)
strain, which is in agreement with the results observed in the
nat3� cells where Nma1 is still a NatB substrate (Fig. 1, E and
F). Interestingly, Nma2MSD proteins showed a smaller decrease
in nat1� cells to about 80% of the control MSD (WT) cells (Fig.
2E). This decrease was less significant compared with the �40%
decrease observed in nat3� cells (Fig. 1, E and F), suggesting
that the absence of Nt-acetylation had a lesser effect on
Nma2MSD levels. This difference was not reflected in the NAD�

levels (Figs. 1D and 2B) because Nma1 is the major Nmnat, and
deleting Nma2 does not decrease NAD� levels unless Nma1 is
depleted (Fig. 1D). Importantly, Nma1MSD and Nma2MSD pro-
tein levels were not significantly depleted in nat3� mutants
(Fig. 2, F and G). These results support a positive correlation
between Nmnat protein levels and NAD� levels. In addition,
Nt-acetylation appears to play a direct role in maintaining the
level of Nmnat proteins and NAD� biosynthesis.

Degradation by the N-end rule pathways is not the main cause
of reduced Nma1 and Nma2 protein levels and NAD� levels in
NatB mutants

Next, we examined whether Nma1 and Nma2 proteins are
less stable and degraded at a faster rate in NatB mutants. To test
whether the N-end rule pathways play an important role in the
reduction of Nma1 and Nma2 protein levels, E3 ligases associ-
ated with the Arg-N and Ac/N-end rule pathways were deleted
or depleted in combination with deletion of NAT3. If any of
these E3 ligases were important for rapid ubiquitination and
subsequent degradation of the nonacetylated Nma1 and Nma2
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proteins, we expected to see NAD� levels restored. As shown in
Fig. 3A, deletions of E3 ligases DOA10 (Ac-N) or UBR1 (Arg-N)
did not restore NAD� levels. Next, because double deletions of

NOT4 (Ac-N) and NAT3 were synthetically lethal, we em-
ployed an auxin-inducible degron (AID) system (41, 42) to tran-
siently deplete Not4 in the nat3� mutant (Fig. 3B). In this sys-

Figure 2. NAD� metabolism defect of the NatB mutant is directly linked to absence of Nt-acetylation and associated reduction of Nma1 and Nma2
protein levels. A, schematic showing amino acid sequences that result in Nt-acetylation by NatB or NatA (left panel). NatB acetylates Met-retained peptides
when the second amino acid is Asp (D), Asn (N), Glu (E), and Gln (Q). NatA acetylates substrates where the second amino acid is Ala (A), Cys (C), Gly (G), Ser (S),
Thr (T), or Val (V). NatA substrates are first processed by methionine aminopeptidases, which remove the N-terminal methionine. To make Nma1 and Nma2
become NatA substrates, Ser was inserted as the second amino acid (right panel), which converts Nma1/2MD to Nma1/2MSD. B, NAD�(H) levels of nma1�nma2�
cells harboring NatB-specific (MD) and NatA-specific (MSD) Nma1 and Nma2 combined with NatB-specific (nat3�) or NatA-specific (nat1�) deletions. Changing
Nma1 and Nma2 to NatA substrates makes NAD�(H) levels sensitive to nat1�, whereas nat3� no longer decreases NAD�(H). The graph is based on data from
three independent experiments. Error bars represent data from four biological replicates per strain each with two technical replicates (total n � 8 per strain).
C, cell-based NA/NAM cross-feeding assay showing the levels of NA/NAM release. NA/NAM-dependent recipient cells (bna6�nrk1�nrt1�) were plated as a lawn
on niacin-free SD. Next, nma1�nma2� cells harboring NatB-specific (MD) or NatA-specific (MSD) Nma1 and Nma2 combined with nat3� or nat1� were spotted
on top of the lawn as feeder cells. Growth of the recipient cells indicates the level of NA/NAM released by each specific feeder strain. D, levels of NatA-specific
Nma1-HAMSD and Nma2–HAMSD are reduced in nat1� (a NatA mutant) cells determined by Western blot analysis. E, quantification of Western-blotting protein
studies shown in D. NatA-specific Nma1-HAMSD and Nma2–HAMSD are normalized to PGK1, and WT is set to 1. The graph is based on data from five independent
experiments. Error bars represent data from five biological replicates per strain (total n � 5 per strain). F, levels of NatA-specific Nma1MSD and Nma2MSD are not
significantly changed in nat3� cells (a NatB mutant). Western blot analysis of NatB-specific (MD) and NatA-specific (MSD) Nma1-HA and Nma2–HA in WT and
nat3� cells is shown. G, quantification of protein studies shown in F. Protein levels are normalized to PGK1, and WT is set to 1. The graph is based on data from
three independent experiments. Error bars represent data from three biological replicates per strain (total n � 3 per strain). The error bars denote standard
deviations. The p values are calculated using Student’s t test (*, p � 0.05; ns, not significant).
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tem, the minimum AID sequence (41, 42) was inserted into the
chromosome region corresponding to the C terminus of Not4,
generating NOT4 –AID* strain. Next, a plasmid carrying a spe-
cific E3 ubiquitin ligase OsTIR1–9myc was introduced to the
NOT4 –AID* strain. Upon addition, auxin (indole-3-acetic
acid, IAA) binds to toll-interleukin receptor (TIR) and pro-
motes the interaction of TIR and the AID degron of Not4
resulting in Not4 degradation. We first validated that Not4 was
indeed depleted under our experimental conditions within 2 h
upon auxin induction by Western blot analysis (Fig. 3B, upper
right panel). However, NAD� levels were not restored in nat3�
mutants by Not4 depletion (Fig. 3B). Therefore, it appears that
Ubr1, Doa10, and Not4 may not play a major role in the rapid
degradation of nonacetylated Nma1 and Nma2. Interestingly, a
small but not significant increase of NAD� was observed when

Not4 was depleted in WT cells (Fig. 3B) suggesting the Ac/N-
end rule pathway may play a role in maintaining proper protein
turnover of Nt-acetylated Nma1 and Nma2.

Although no known E3 ligase of the two N-end rule pathways
has a significant role in the rapid degradation of nonacetylated
Nma1 and Nma2, we could not rule out the possibility of an
unknown E3 ligase. To test the possibility that nonacetylated
Nma1 and Nma2 were being targeted for rapid degradation
compared with their acetylated counterparts, we employed
cycloheximide chases followed by Western blot analysis to
determine the half-lives (t1⁄2) of the proteins. A small but insig-
nificant change in the rate of degradation was observed when
comparing acetylated Nma1 and Nma2 with their nonacety-
lated counterparts (Fig. 3, C–F), which does not account for an
approximate 50% reduction in Nma1 and Nma2 in NatB dele-

Figure 3. Post-translational degradation by the N-end rule pathways is not the main cause of reduced Nma1 and Nma2 proteins and NAD� levels in
NatB mutants. A, deletions of E3 ligases of the Ac/N-end rule pathway (doa10�) and Arg/N-end rule pathway (ubr1�) do not restore NAD�(H) levels in nat3�
cells. The graph is based on data from two independent experiments. Error bars represent data from three biological replicates per strain each with two
technical replicates (total n � 6 per strain). B, depletion of Not4 (an Ac/N-end rule E3 ligase) does not restore NAD�(H) levels in nat3� cells (left panel). Not4
depletion was induced in cells harboring Not4 –AID*–myc9 and TIR by addition of auxin (IAA) to 1 mM for 2 h (upper right panel). The graph is based on data from
four independent experiments. Error bars represent data from eight biological replicates per strain each with two technical replicates (total n � 16 per strain).
C, CHX chase studies of Nma1-HA in WT versus nat3� cells over 2 h determined by Western blotting. CHX was added to the cell culture to a final concentration
of 0.4 mg/ml. Half-life (t1⁄2) displayed is based on three independent experiments. D, quantification of protein studies shown in C. Protein levels are normalized
to PGK1, and WT at 0 h is set to 100%. E, cycloheximide chase studies of Nma2–HA in WT versus nat3� cells over 2 h determined by Western blotting. Half-life
displayed is based on three independent experiments. F, quantification of protein studies shown in E. Proteins levels are normalized to PGK1, and WT at 0 h is
set to 100%. G, cycloheximide chase studies of NatA-specific Nma1-HAMSD. Half-life (t1⁄2) displayed is based on three independent experiments. H, quantifica-
tion of protein studies shown in G. Protein levels are normalized to PGK1, and WT at 0 h is set to 100%. D, F, and H, graphs are based on data from three
independent experiments. Error bars represent data from three biological replicates per strain (total n � 3 per strain). The error bars denote standard deviations.
The p values are calculated using Student’s t test (*, p � 0.05; ns, not significant).

NAD� metabolism requires Nt-acetylation of Nmnats

J. Biol. Chem. (2020) 295(21) 7362–7375 7367



tion mutants (Fig. 1, E and F). Additionally, we determined the
half-lives of nonacetylated and acetylated Nma1MSD in WT and
nat1� cells (Fig. 3, G and H), and the results were in agreement
with those shown in Fig. 3, C–F. Therefore, it appears that the
low levels of Nma1 and Nma2 proteins in NatB mutants are
not due to more rapid post-translational protein degradation
of the non-Nt-acetylated Nma1 and Nma2 by the N-end rule
pathways.

Nt-acetylation is important for Nmnat protein maturation

Next, we examined whether the NatB complex facilitates
Nmnat translation, and therefore, the levels of Nmnats are
reduced in the absence of NatB. In fact, Nt-acetyltransferase
complexes have been shown to associate with both nontrans-
lating and translating ribosome subunits (43). To address this
question, we determined the rate of translation of NMA1 and
NMA2 mRNAs by polysome profile analysis as described (44 –
46). Cell lysates generated from WT and NatB mutant cells
were fractionated on a 10 –50% sucrose gradient, which gave
rise to the polysome profile shown in Fig. 4, A (WT) and B
(nat3�). Sucrose gradient solutions were collected in 10 equal
volume fractions: fraction 1 corresponds to the top of the gra-
dient, and fraction 10 corresponds to the bottom of the gradi-
ent. Fractions 7–10 correspond to translating mRNAs associ-
ated with heavy polysomes. The amount of gene-specific
mRNA in each fraction was calculated to obtain the proportion
(%) of the target mRNA found in each fraction as described (45,
47). As a result, relative abundance and distribution of specific
mRNA in 10 fractions were shown for NMA1 (Fig. 4C), NMA2
(Fig. 4D), and a non-NatB substrate control UBC6 (Fig. 4E).
Overall, the percentages of NMA1 and NMA2 mRNA associ-
ated with the polysome fractions 7–10 were not significantly
altered in the NatB mutant. Statistical analysis of the entire
curve using the area under the curve method (48, 49) also indi-
cated that there was no significant difference between the
WT and the nat3� curves. These results suggest that the Nt-
acetylation status does not appear to affect the rate of Nmnat
translation as determined by polysome formation. However,
Nt-acetylation may affect other aspects of translation.

Another possibility is that Nt-acetylation may be required for
optimal Nmnat protein maturation. To test this, we determined
the levels of nascent Nma1 and Nma2 protein synthesis by
pulse– chase studies as described (50 –52) in both WT and
NatB mutant cells. The parental control strain (nontagged) and
cells expressing HA-tagged Nma1 and Nma2 were pulsed with
[35S]methionine/cysteine followed by a chase with nonlabeled
methionine/cysteine. Nma1–HA and Nma2–HA proteins were
then immunoprecipitated and analyzed by SDS-PAGE. As
shown in Fig. 4F, a significant reduction of nascent Nma1 and
Nma2 protein levels was observed in the nat3� mutants. Nota-
bly, although the cell numbers and protein levels were matched
for all strains in the assays, the nat3� mutants appeared to have
lower background signals. This suggests that NatB-mediated
Nt-acetylation may also affect the maturation of other proteins.
Collectively, our results indicate that absence of Nt-acetylation
decreases the rate of Nmnat protein maturation, which con-
tributes to the low Nmnat levels in the NatB mutants.

Discussion

In this study, we showed that Nt-acetylation by NatB is
important for maintaining the levels of Nma1 and Nma2 pro-
teins and therefore NAD� biosynthesis (Fig. 1). We also estab-
lished a direct link between NatB and Nmnats in the regulation
of NAD� metabolism (Fig. 2). NatB Nt-acetylates �15% of cel-
lular proteins; hence, the observed NAD� defects might be
indirectly due to unknown off-target effects. Therefore, we
asked whether we could alter NAD� levels by modulating Nt-
acetylation of Nma1 and Nma2 by replacing the endogenous
Nma1 and Nma2 with mutant versions expected to be NatA
substrates instead of NatB substrates. As expected, the NAD�

levels of strains carrying NatA-specific Nma1 and Nma2 (MSD)
became sensitive to deletions of NAT1 but not NAT3 (Fig. 2B).
These results indicate that Nt-acetylation is indeed important
for Nma1- and Nma2-mediated NAD� biosynthesis. Notably,
NatA-specific Nmnat strains (MSD, WT) have lower basal lev-
els of NAD� compared with the NatB-specific Nmnat strains
(MD, WT) (Fig. 2B). This suggests the level of Nmnat Nt-acety-
lation may not be optimal in the MSD WT strains. However,
because the levels of Nmnats are similar in both WT (MSD and
MD) strains (Fig. 2B), we did not anticipate a reduced percent-
age of Nmnat Nt-acetylation in the MSD WT strains. To
address this, we determined the levels of Nt-acetylation in
Nmnats from the MSD strains and confirmed that all identified
Nmnat peptides were indeed Nt-acetylated in a NatA-depen-
dent manner (Fig. S1). Therefore, NatA-specific Nmnats may
have lower basal activities.

We also addressed why might NatB mutants have reduced
levels of Nmnats. We previously showed that Nma1 and Nma2
proteins in NatB mutant cells were almost 100% non-Nt-acety-
lated (24), suggesting non-Nt-acetylated Nmnat proteins may
be more susceptible for protein degradation. Because the
N-end rule pathways are closely associated with the degrada-
tion of Nt-acetylated peptides, and Nmnat protein levels are
correlated with NAD� levels, we examined whether deleting
specific E3 ligases in the N-end rule pathways would restore
NAD� levels. Our results suggest that post-translational degra-
dation by the N-end rule pathways is not a major cause of
Nmnat protein reduction in NatB mutants and that absence
of Nt-acetylation does not significantly affect the half-lives of
Nmnats under our assay conditions (Fig. 3, C–H). The half-lives
of WT Nma1 (�2.2 h) and Nma2 (�2.5 h) obtained in our
studies were within the range of reported half-lives for Nma1
and Nma2 (between �1 and �10 h) (53–55). Different growth
and physiological conditions, experimental methods, and cal-
culations may account for some of these differences. For
instance, in a study that employed cycloheximide treatment
and tagged proteins, an endogenous control was not included,
and the protein dilution by cell division was not considered
(53). In a different study that employed a SILAC MS approach,
protein dilution by cell division was considered (54), which
appeared to circumvent some pitfalls of the cycloheximide
approach. However, most proteome-wide studies have been
unable to agree on protein half-lives (53–56). Admittedly, the
cycloheximide method we used in this study has its limitations.
For instance, cycloheximide is a global translation inhibitor and
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prevents translation of the degradation systems that also turn
over. Therefore, these degradation systems may deplete and
alter the rate of degradation of their target proteins. In addition,
blocking translation elicits a stress response that may not reflect
the degradation process under normal growth conditions.

Finally, this method relies on tagging proteins, which can alter
protein stability. However, even if the protein half-lives we
reported for HA-tagged Nmnats are different from the
nontagged versions (54), our main conclusion that the rates of
Nmnat degradation are not significantly different between the

Figure 4. Nt-acetylation is important for Nmnat protein maturation. A–D show results of polysome fractionation and studies of NMA1 and NMA2
mRNA-associated polysome fractions in WT and NatB mutant (nat3�) cells. A, polysome profile of WT cells. Optical density profile (A254) of WT cell lysate in
10 –50% sucrose gradient is shown. Sucrose gradient solutions are collected in 10 equal volume fractions. Fraction 1 corresponds to the top of the gradient, and
fraction 10 corresponds to the bottom of the gradient. Translated mRNAs are associated with the heavy polysome fractions (fractions 7–10). 40S, small
ribosomal subunit; 60S, large ribosomal subunit; 80S, ribosome (monosome). B, polysome profile of nat3� cells. Optical density profile (A254) of nat3� cell lysate
in 10 –50% sucrose gradient is shown. Results shown in C and D indicate that the status of Nt-acetylation does not alter the rate of translation initiation of
Nmnats because NMA1 and NMA2 mRNA associated polysome fractions are not significantly different between WT and nat3� cells. C–E, mRNAs coding for
NMA1 and NMA2 are actively translated. UBC6 is a control for non-NatB substrate. The x axis indicates the number of fractions collected from the sucrose
gradient. The y axis shows % of gene-specific mRNA present in each fraction. The sum of gene-specific mRNA in all 10 fractions is set at 100%. Statistical analysis
of the entire curve using “area under the curve” method (48, 49) indicates that there is no significant difference between the WT and the nat3� curves. The
graphs are representative of the trend observed across three independent experiments (three biological replicates). Error bars represent data from three
technical replicates for each strain in an experiment. F, pulse– chase studies to determine the levels of nascent Nma1 and Nma2 protein synthesis. WT (no-tag)
and cells carrying HA-tagged Nma1 and Nma2 were pulsed with [35S]methionine/cysteine followed by a chase with excess nonradioactive amino acids to label
nascent Nmna1 and Nma2. Proteins immunoprecipitated by an anti-HA Ab were analyzed on SDS-PAGE (left panel). The image shown is representative of the
trend observed across three independent experiments. # marks Nma1–HA bands, and � marks Nma2 bands. Nma1 and Nma2 protein levels are normalized to
WT (with WT set to 1) (right panel). The cell numbers (A600 unit) and total protein levels (determined by relative 35S radioactivity) are matched for all strains in
the study, and these factors are included in the quantification. Error bars represent data from three biological replicates for each strain in three independent
experiments. The error bars denote standard deviations. The p values are calculated using Student’s t test (*, p � 0.05; ns, not significant).
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WT and the nat3� mutant is largely valid. Additionally, we did
include an endogenous reference (Pgk1) (36 –40) in our studies
to account for protein dilution by cell division.

Our results show that the status of Nt-acetylation likely
affects Nmnat translation at the level of protein maturation
(Fig. 4F). Although our studies indicate that absence of Nt-
acetylation does not significantly affect polysome formation on
NMA1 and NMA2 mRNAs (Fig. 4, C and D), it is possible that
our experimental conditions are not sensitive enough to reveal
small differences. Interestingly, variations in fractions 1–3 were
observed across different sets of experiments, which suggested
mRNA recruitment to ribosomes might be affected by the pres-
ence of NatB. Although our statistical analysis indicates that
there is no significant difference between the WT and the
nat3� ribosome fractions, it remains possible that Nt-acetyla-
tion can affect other aspects of translation initiation.

Nt-acetylation may promote Nmnat protein maturation by a
few possible ways. Interestingly, an intrinsically disordered
region has been predicted at the N terminus of Nma1 and
Nma2 (57). Intrinsically disordered regions have been sug-
gested to be important for mediating interactions with
co-translational chaperones, including Hsp70 (58, 59). Nt-
acetylation may promote interactions of Nmnats and their
chaperones, which facilitates proper folding and maturation. In
addition, Nt-acetylation may play a role in Nmnat complex for-
mation. It has been reported that Nma1 and Nma2 likely func-
tion as tetramers (16 –18). Although it was suggested that
Nma1 likely functions as a homotetramer (16), Nma1 and
Nma2 also co-immunoprecipitate suggesting other stoichiom-
etry may exist (24, 60). Furthermore, Nt-acetylation is impor-
tant for protein–protein interactions and can facilitate up to a
1000-fold increase in affinity (61, 62), which may be important
for mediating co-translational complex formation and folding.
It is therefore possible that NatB deletion mutants have low
Nma1 and Nma2 protein levels because co-translational com-
plex formation is partially mediated through Nt-acetylation,
and in the absence of Nt-acetylation, the association of these
nascent peptides with their partners (including chaperones) is
decreased, resulting in lower protein maturation. Supporting
this possibility, studies in bacteria, yeast, and mammalian cells
suggest many multisubunit complexes are built during transla-
tion, where proteins undergoing translation already begin
interacting with their partners (63–65). Preventing co-transla-
tional binding and folding may result in degradation of the
translating partners, suggesting a competition between protein
folding and complex formation with degradation. Nt-acetyla-
tion of Nma1 and Nma2 may be important for mediating tran-
sient interactions with chaperones or for complex formation
within the Nmnats. Nascent Nmnat peptides that fail to reach
maturation are likely degraded co-translationally. It has been
shown that all newly-synthesized polypeptides are monitored
by a ribosome-based quality control system during translation
(66 –69). As a result, significant portions of nascent polypep-
tides are subject to co-translational degradation (68, 70–72).
However, detailed mechanisms of this protein quality control
system are not completely understood.

There are three different Nmnat proteins in humans:
Nmnat1, Nmnat2, and Nmnat3 (73). Sequence conservation

between human and yeast Nmnats ranges from 39 to 47% for
Nma1 and 36 to 42% for Nma2. Yeast Nmnats have an �150-
amino acid N-terminal extension not seen with human Nmnats
(73). However, even with the large difference in sequences,
Nmnats from yeast and human have two well-conserved func-
tions. The first function is that they wield dual NAMN- and
NMN-adenylyltransferase activities. Second, both yeast and
human Nmnats have a chaperone role in mediating protein
folding (74 –76). Based on the protein sequences, Nmnat1 is the
only human Nmnat that is likely a potential NatB substrate, but
this has not been confirmed. In conclusion, our studies help us
understand the mechanisms of NatB-mediated regulation of
NAD� biosynthesis by modulating Nt-acetylation of Nmnats.
It would be informative to further investigate whether and how
Nt-acetylation of Nmnat affects its complex formation and
function. These studies may also provide insight into the regu-
lation of NAD� homeostasis and the molecular basis of disor-
ders associated with aberrant NAD� metabolism.

Experimental procedures

Yeast strains, growth media, and plasmids

Yeast strain BY4742 MAT� his3�1 leu2�0 lys2�0 ura3�0
acquired from Open Biosystems (77) was used for this study.
Standard media such as synthetic complete (SC) media, syn-
thetic minimal media (SD), and yeast extract/peptone/dextrose
(YPD)-rich media were made as described (78). NA/NAM-free
SD and NA/NAM-free SC were made by using niacin-free yeast
nitrogen base (Sunrise Science Products). SC was used for most
experiments unless noted otherwise. Gene deletions were gen-
erated by replacing the coding regions of WT genes with gene-
specific PCR products generated using either the pAG32–
hphMX4 (hygromycin resistance) or reusable loxP–kanr–loxP
cassettes (79, 80). Multiple deletions were carried out by
removing the kanr marker using a galactose-inducible Cre
recombinase (79). NMA1 and NMA2 were tagged by the HA tag
directly in the genome using the pFA6a–3HA–HIS3MX system
as described previously (81, 82). Plasmids carrying NMA1 and
NMA2 were generated by ligating NMA1 (�803 to �1496) and
NMA2 (�522 to �1702) PCR fragments, which include the
promoter and terminator regions, into pRG205 and pRG207
(cut with KpnI and HindIII enzymes), and the plasmids were
linearized with AscI and integrated into the genome as de-
scribed (83). Using these parent plasmids, mutation and inser-
tion variants of NMA1 and NMA2, NMA1–MSD (M1D2 3
M1S2D3, Ser inserted between the first Met and the second
Asp), NMA2–MSD (M1D23M1S2D3), and NMA1-int HA-tag
(K30S313 K30-YPYDVPDYA-S40; HA tag added between K30 and
S31) were generated using the Q5� site-directed mutagenesis
kit (New England Biolabs). Strains carrying Not4 –AID*–9myc
were generated by integration using PCR product amplified
from the pKan–AID*–9myc plasmid (42). Plasmid pRG207–
pADH1–OsTIR1–9MYC was made by ligation of the pADH1–
OsTIR1–9MYC fragment from pNHK53 into pRG207 (41).
This allows integration of pRG207–pADH1–osTIR1–9MYC to
the LYS2 locus because our strain does not have the URA3 locus
required for pNHK53 integration. The pKan–AID*–9myc
and pNHK53 plasmids were obtained from the National Bio-
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Resource Project–Yeast. The pRG205 and pRG207 plasmids
were obtained from Addgene. All plasmid constructs were ver-
ified by DNA sequencing.

NAD� and NADH measurements

NAD�(H) was measured by an enzymatic cycling assay as
described previously (84, 85). In brief, cells were grown to early-
mid log phase (A600 of �1), and 1 A600 unit (1 A600 unit � 1 	
107 cells/ml) of cells was collected in duplicate. Acid extraction
was performed in one tube to obtain NAD�, and alkali extrac-
tion was performed in the other tube to obtain NADH for 40
min at 60 °C. Amplification of NAD� or NADH in the form of
malate was carried out using 3 or 4 �l of neutralized acid or
alkali-extracted lysate in 100 �l of cycling reaction for 1 h at
room temperature, and the reaction was terminated by heating
at 100 °C for 5 min. Once cooled, malate produced from the
cycling reaction was converted to oxaloacetate and then to
aspartate and �-ketoglutarate by the addition of 1 ml of malate
indicator reagent for 20 min at room temperature. The reaction
produced a corresponding amount of NADH as readout, which
was measured fluorometrically with excitation at 365 nm and
emission monitored at 460 nm. Standard curves for determin-
ing NAD� and NADH concentrations were obtained as fol-
lows: NAD� and NADH were added into the acid and alkali
buffer to a final concentration of 0, 2.5, 5, and 7.5 �M, which
were then treated with the same procedure along with other
samples. The fluorometer was calibrated each time before use
with 0, 5, 10, 20, 30, and 40 �M NADH to ensure that the detec-
tion was within a linear range.

RNA extraction, cDNA synthesis, and qPCR

Cells were grown in SC to early–mid-log phase (A600 of �1),
and 40 A600 units of cells were collected. Total RNA was iso-
lated using GeneJET RNA purification kit (Thermo Fisher Sci-
entific), and cDNA was synthesized using QuantiTect Reverse
Transcription kit (Qiagen) according to the manufacturer’s
instructions. For each qPCR, 100 ng of cDNA and 500 nM of
each primer were used. qPCR was run on the LightCycler 480
using LightCycler 480 SYBR Green I Master Mix (Roche
Applied Science), as described previously (22). The target
mRNA transcripts were normalized to TAF10 transcript levels
(86).

Cycloheximide chase and Western blots

For cycloheximide chase studies, cells were grown in SC for
5– 6 h to early–mid-log phase (A600 of �1) before either har-
vesting (0-h time point) or treating with 0.4 mg/ml cyclohexi-
mide (CHX) followed by harvesting at 1 and 2 h later. This step
was skipped if measuring basal protein levels. Cell lysates for
Western blotting were made as described (34). Briefly, 1 A600
unit of cells was pelleted, and the supernatant was removed.
Treatment with 800 �l of 2 M lithium acetate was carried out on
ice for 5 min, followed by pelleting and the removal of superna-
tant. 800 �l of 0.4 M NaOH was then added for 5 min on ice,
followed by pelleting and removal of supernatant. Cells were
lysed by boiling the pellet in 80 �l of HU buffer (8 M urea, 0.2 M

Tris-HCl, pH 6.8, 5% SDS, 1 mM EDTA, 0.1 M DTT, 0.005%
bromphenol blue) with EDTA-free cOmplete mini protease

inhibitor mixture (Roche Applied Science) at 70 °C for 10 min.
Lysates were clarified by centrifugation for 10 min and stored or
loaded into a 10% SDS-PAGE. Equal volume (�20 �l) of lysate
was loaded into each lane. Following electrophoresis, protein
was transferred to low fluorescence polyvinylidene difluoride
(GE Healthcare). Blocking was carried out using OneBlockTM

Western-FL Blocking Buffer (20 –314), followed by blotting
using a combination of anti-HA rabbit (Cell Signaling 3724S),
anti-c-Myc rabbit (Novus NBP2-52636), and anti-PGK1 mouse
(Invitrogen 459250). Secondary antibodies of goat anti-rabbit
IgG Alexa Fluor Plus 647 (A32733) and goat anti-mouse IgG
Alexa Fluor 555 (A32727) were used to visualize the protein
using an Amersham Biosciences Imager 600RGB imaging sys-
tem (GE Healthcare). Protein intensity was calculated using the
Amersham Biosciences Imager 600 software.

NA/NAM cross-feeding spot assays

The bna6�nrk1�nrt1� mutant (which could utilize NA and
NAM) cells were used as “recipient cells,” and yeast strains of
interest were used as “feeder cells.” First, recipient cells were
plated onto NA/NAM-free SD as a lawn (�104 cells/cm2), as
described previously (24). Next, 2 �l of each feeder cell strain
(�104 cells, cell suspension was made in sterile water at A600 of
1) was spotted onto the lawn of recipient cells. Plates were then
incubated at 30 °C for 3 days. The extent of the recipient cell
growth indicates the levels of NA/NAM released by feeder cells.

Polysome profiling and isolation of mRNA

Polysome profiling was carried out using early–mid-log
phase cells grown in 100 ml of SC or YPD as described (44 –46)
with modifications. Once cells reached approximately A600 of 1,
0.2 mg/ml cycloheximide was added to the culture and allowed
to grow for 10 min. Cells were collected by centrifugation and
washed once in polysome extraction buffer (20 mM Tris-HCl,
pH 7.5, 50 mM KCl, 10 mM MgCl2, 5 mM DTT, and 0.2 mg/ml
cycloheximide). Cell pellets were flash-frozen in liquid nitrogen
and stored at �80 °C overnight. 10 –50% sucrose gradients
were made as follows: �2.2 ml of 10, 20, 30, 40, and 50% sucrose
solutions (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl2,
0.1 mg/ml cycloheximide, 1 mM DTT, and 5 units/ml RiboLock
RNase Inhibitor (EO0381)) were overlaid with freezing of each
layer at �80 °C before the next layer was added. Once all layers
were added, the gradients were kept indefinitely at �80 °C. 24 h
prior to use, gradients were thawed at 4 °C to become linear.
The next day, pre-chilled 500 �l of glass beads and 400 �l of
polysome extraction buffer with the addition of 1	 EDTA-free
cOmplete Mini protease inhibitor mixture (Roche Applied Sci-
ence) and 1 unit/�l RiboLock RNase inhibitor were added to
the cell pellet. Bead beating was carried out continuously at
3000 rpm for 15 min at 4 °C. The supernatant was transferred to
a new tube and clarified for 20 min at 21,130 	 g at 4 °C. About
400 �l of cell lysate was layered onto the gradients and centri-
fuged at 45,000 rpm in a SW41Ti swinging bucket rotor for
2.5 h. Sucrose gradients were collected using a Brandel Density
Gradient Fractionation System into 10 fractions (�1 ml for
each fraction). RNAs in each fraction were concentrated by
addition of 600 �l of TRIzol and 240 �l of chloroform to 600 �l
from each fraction. Samples were mixed by vortexing, and
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aqueous and organic layers were separated by centrifugation at
21,310 	 g for 15 min at 4 °C. 500 �l of the upper layer was
transferred to a new tube containing 1 ml of isopropyl alcohol
and 2 �l of 15 mg/ml GlycoBlue. RNA was precipitated over-
night at �20 °C and pelleted by centrifugation at 21,310 	 g for
15 min at 4 °C. The supernatant was removed, and the pellet
was washed once with 1 ml of ice-cold 70% ethanol followed by
pelleting and removal of the supernatant. The pellet was air-
dried for 5–10 min at room temperature and dissolved in 12 �l
of nuclease-free water. cDNA synthesis and qPCR were carried
out as described above with the following modifications. For
each fraction, 1 �g of mRNA was used for cDNA synthesis in
every 20-�l reaction. 2 �l of the resultant cDNA (�100 ng) was
used for each qPCR. The amount of gene-specific mRNA in
each fraction was calculated as described (45, 47). In brief, rel-
ative levels of gene-specific cDNA in each fraction were first
normalized to fraction 1 and then normalized to the total
amount (the sum of 10 fractions) to obtain the proportion (%) of
the target gene found in each fraction. As a result, relative abun-
dance and distribution of specific mRNA in all 10 fractions were
shown for each gene.

Pulse– chase analysis for studying Nma1 and Nma2 protein
synthesis and maturation

[35S]Methionine/cysteine protein labeling and pulse-chase
studies were carried as described (50 –52) with modifications.
WT (nontagged) control cells and cells expressing HA-tagged
Nma1 and Nma2 were grown in 20 ml of SC to approximately
A600 of 1. Cells were collected by centrifugation, and cell pellets
were washed three times in a wash medium (SD with only His,
Lys, Leu, and Ura). The cells were then resuspended in 0.3 ml of
the wash medium and transferred to a tube containing [35S]-
methionine/cysteine-labeling mix (PerkinElmer Life Sciences
Express label) at a concentration of 25 �Ci/A600 of cells. This
was followed by incubation in a 30 °C water bath for 7 min with
occasional tapping. The cells were then pelleted, resuspended
in 1.8 ml of chase medium (SD with 10 mM cysteine and 10 mM

methionine), and placed on ice. 0.6 ml of the cells was added
into a new tube containing 102 �l of extraction buffer (1.85 M

NaOH and 7.4% �-mercaptoethanol) and incubated on ice for
10 min. Then 42 �l of 100% TCA was added followed by a
15-min incubation on ice. The extracts were centrifuged at
14,000 rpm at 4 °C for 5 min. The pellets were washed with 1 ml
of ice-cold acetone and centrifuged as before at 4 °C. The pellets
were further dried using a SpeedVac centrifuge and resus-
pended in 100 �l of resuspension solution containing 2.5% SDS,
5 mM EDTA, and protease inhibitor mixture (Pierce). The sam-
ples were then heated at 95 °C for 10 min, and the supernatants
were collected after spinning in a microcentrifuge at room tem-
perature for 5 min. 2 �l of supernatant from each sample was
used to determine the incorporation of 35S into the proteins by
a scintillation counter (Beckman Coulter). Equal amounts of
incorporated radioactivity was added to a tube containing
anti-HA magnetic beads (Pierce) in 1 ml of immunoprecipita-
tion (IP) buffer (25 mM Tris-HCl, 100 mM NaCl, 3 mM of EDTA,
5% glycerol, 1% NP-40, and protease inhibitor mixture) and
incubated overnight at 4 °C in a rotator. The beads were sepa-
rated on a magnetic stand and washed two times with IP buffer

containing 150 mM NaCl and washed one time with IP buffer
containing 200 mM NaCl. The washed beads were then resus-
pended in 20 �l of 2	 sample buffer (65.8 mM Tris-HCl, pH 6.8,
26.3% (w/v) glycerol, 2.1% SDS, and 0.01% bromphenol blue)
and boiled at �90 °C for 5 min. The beads were separated by
centrifugation, and the liquid samples were analyzed by SDS-
PAGE. The gel was then dried on a gel dryer (Bio-Rad) for 2 h
and exposed to a phosphorimaging plate (Amersham Biosci-
ences) for �24 h. The images were visualized and quantitated
using a phosphorimager (Typhoon GE FLA 9500).

LC-MS/MS analysis of N-terminal acetylation of Nma1 and
Nma2

Nma1 and Nma2 proteins in the MSD (WT) and MSD
NatA mutant (nat1�) cells were immunoprecipitated using an
anti-HA Ab, as described previously (24). Chymotrypsin-di-
gested peptides were analyzed by LC-MS/MS on a Thermo
Fisher Scientific Q Exactive Plus Orbitrap mass spectrometer in
conjunction with Proxeon Easy-nLC II HPLC (Thermo Fisher
Scientific) and Proxeon nanospray source. The digested pep-
tides were loaded onto a 100-�m 	 25-mm Magic C18 100 Å
5U reverse-phase trap where they were desalted on line before
being separated using a 75-�m 	 150-mm Magic C18 200 Å 3U
reverse-phase column. Peptides were eluted using a 60-min
gradient with a flow rate of 300 nl/min. An MS survey scan was
obtained for the m/z range 350 –1600; MS/MS spectra were
acquired using a top 15 method, where the top 15 ions in the MS
spectra were subjected to high-energy collisional dissociation.
An isolation mass window of 1.6 m/z was for the precursor ion
selection, and normalized collision energy of 27% was used for
fragmentation. A 20-s duration was used for the dynamic
exclusion.

LC-MS/MS data analysis

Tandem mass spectra were extracted and charge states
deconvoluted by Proteome Discoverer (Thermo Fisher Scien-
tific). All MS/MS samples were analyzed using X! Tandem
(GPM, SCR_015645, version TORNADO (2013.02.01.1)). X!
Tandem was set up to search the 20181003 Uniprot Saccharo-
myces cerevisiae database (12,320 entries), the cRAP database
of common laboratory contaminants (RRID: SCR_018187, 114
entries), plus an equal number of reverse protein sequences
assuming the digestion enzyme chymotrypsin. X! Tandem was
searched with a fragment ion mass tolerance of 20 ppm and a
parent ion tolerance of 20 ppm. Deamidation of asparagine and
glutamine, oxidation of methionine and tryptophan, sulfone of
methionine, tryptophan oxidation to formylkynurenine of tryp-
tophan, and acetylation of the N terminus were specified in X!
Tandem as variable modifications. Scaffold (Scaffold_4.8.4,
Proteome Software Inc., Portland, OR) was used to validate
MS/MS-based peptide and protein identifications. Peptide
identifications were accepted if they could be established at
greater than 86.0% probability to achieve an FDR less than 1.0%
by the Scaffold Local FDR algorithm. Protein identifications
were accepted if they could be established at greater than 9.0%
probability to achieve an FDR of less than 1.0% and contained
at least two identified peptides. Protein probabilities were
assigned by the ProteinProphetTM algorithm (87). Proteins that
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contained similar peptides and could not be differentiated
based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony. Proteins sharing significant peptide
evidence were grouped into clusters. The total number of iden-
tified Nma1 and Nma1-specific peptide sequences was deter-
mined by Scaffold software (Fig. S1A). Skyline software (88) was
used to calculate the peak area of the acetylated N-terminal
peptides using both the precursor and the most intense product
ions specified by a spectral library generated from the search
results above (Fig. S1, B and C).

Data availability

All data are contained within the article and supporting
materials.
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