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During the cell cycle, sister-chromatid cohesion tethers sister
chromatids together from S phase to the metaphase-anaphase
transition and ensures accurate segregation of chromatids into
daughter cells. N-terminal acetylation is one of the most preva-
lent protein covalent modifications in eukaryotes and is medi-
ated by a family of N-terminal acetyltransferases (NAT). Naa50
(also called San) has previously been shown to play a role in
sister-chromatid cohesion in metazoans. The mechanism by
which Naa50 contributes to cohesion is not understood how-
ever. Here, we show that depletion of Naa50 in HeLa cells weak-
ens the interaction between cohesin and its positive regulator
sororin and causes cohesion defects in S phase, consistent with a
role of Naa50 in cohesion establishment. Strikingly, co-deple-
tion of NatA, a heterodimeric NAT complex that physically
interacts with Naa50, rescues the sister-chromatid cohesion
defects and the resulting mitotic arrest caused by Naa50 deple-
tion, indicating that NatA and Naa50 play antagonistic roles in
cohesion. Purified recombinant NatA and Naa50 do not affect
each other’s NAT activity in vitro. Because NatA and Naa50
exhibit distinct substrate specificity, we propose that they mod-
ify different effectors and regulate sister-chromatid cohesion in
opposing ways.

Proper chromosome segregation is essential for the correct
transmission of genetic information (1). Errors during this pro-
cess cause aneuploidy, which is linked to tumorigenesis and
other human diseases (2—4). Sister-chromatid cohesion tethers
sister chromatids from S phase to the metaphase-anaphase
transition and ensures accurate alignment and segregation of
chromosomes (5-7).

Timely establishment and dissolution of sister-chromatid
cohesion are mediated by the cohesin complex and a set of
regulatory proteins (6 —9). In human cells, cohesin is composed
of four core subunits, Smcl, Smc3, Sccl, and SA1/2. In telo-
phase, cohesin is loaded onto chromosomes by the cohesin
loader Scc2-Scc4 in a reaction that requires the ATPase activity
of cohesin (10-13). The chromosome-bound cohesin remains
dynamic in G; and can be released by the cohesin-releasing
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factors Wapl and Pds5 (14, 15). During DNA replication in S
phase, Smc3 is acetylated on two conserved lysine residues by
the acetyltransferase Escol/2 (16-19). Smc3 acetylation
enables the binding of sororin to cohesin through Pds5 (20—
22). Sororin antagonizes the cohesin-releasing activity of Wapl-
Pds5 and stabilizes cohesin on chromosomes, thus promoting
sister-chromatid cohesion. In prophase, cohesin and sororin on
chromosome arms are phosphorylated by Plkl (polo-like
kinase 1), Cdk1 (cyclin-dependent kinase 1), and other mitotic
kinases and removed by Wapl-Pds5 (22—27). The centromeric
cohesin is bound and protected by the Sgol-PP2A complex
(28-33). At the metaphase-anaphase transition, separase is
activated and cleaves Sccl to allow the separation of sister
chromatids.

N-terminal acetylation is one of the most common covalent
modifications of eukaryotic proteins (34). In human cells, the
majority (around 85%) of proteins are N-terminally acetylated.
N-terminal acetylation is catalyzed by a family of N-terminal
acetyltransferases (NATs)* and occurs co-translationally on
ribosomes (34). Genetic studies in Drosophila had initially
revealed the role of the NAT separation anxiety protein (San;
also called Naa50 or NatE) in sister-chromatid cohesion (35).
Mutation of Naa50 disrupted sister-chromatid cohesion and
caused premature sister-chromatid separation and mitotic
arrest. A subsequent study showed that this function of Naa50
was conserved in humans, as depletion of Naa50 in HeLa cells
by RNA interference (RNAi) caused phenotypes consistent
with cohesion defects, including premature separation of sister
chromatids and mitotic arrest (36). Deletion of Nat5, the closest
homologue of Naa50 in Saccharomyces cerevisiae, did not cause
overt phenotypes however (37). Therefore, Naa50 is required
for sister-chromatid cohesion in metazoans but not in the bud-
ding yeast.

As a NAT, Naa50 prefers to acetylate the N terminus of pro-
teins that retain the initiating methionine followed by a hydro-
phobic residue (34). This substrate specificity of Naa50 is con-
sistent with structural studies, which show that the active site of
Naa50 is ideally suited to accommodate the a-amino group of a

2 The abbreviations used are: NAT, N-terminal acetyltransferase; San, separa-
tion anxiety protein; Esco1/2, establishment of sister-chromatid cohesion
1/2; FISH, fluorescence in situ hybridization; FRAP, fluorescence recovery
after photobleaching; Pds5, precocious dissociation of sister chromatids 5;
PP2A, protein phosphatase 2A; SA1/2, stromal antigen 1/2; Scc1-4, sister
chromatid cohesion 1-4; Sgo1, shugoshin 1; Smc1/3, structural mainte-
nance of chromosomes 1/3; Wapl, winged apart like; IP, immunoprecipi-
tate; MetAP, methionine amino peptidase; K-less, lysine-less.
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Naa50 Opposes NatA in Sister-chromatid Cohesion

methionine (38). In organisms from yeasts to humans, Naa50
interacts with the NatA complex, which consists the catalytic
subunit NaalO and the scaffolding subunit Naal5 (34, 36, 37).
Unlike depletion of Naa50, depletion of NatA subunits does not
cause apparent sister-chromatid cohesion defects (36), suggest-
ing that Naa50 does not need to be in the Naa50-NatA complex
to perform its cohesion functions. In addition to its NAT activ-
ity, Naa50 has been reported to harbor lysine acetyltransferase
activity (39) and to undergo autoacetylation at lysine residues
(36). Naa50 has also been reported to acetylate Lys-256 of tubu-
lin to regulate microtubule dynamics (40). However, the ability
of NATSs to acetylate lysine residues has recently been called
into question (41).

In this study we further explored the mechanism by which
Naa50 regulates sister-chromatid cohesion. We first con-
firmed the requirement of the catalytic activity of Naa50 in
sister-chromatid cohesion. Depletion of Naa50 in HeLa cells
by RNAIi caused cohesion defects in interphase. The cohe-
sion defects caused by Naa50 depletion could be rescued by
co-depletion of Wapl, suggesting that Naa50 promoted
cohesion through antagonizing Wapl. Consistent with this
notion, depletion of Naa50 weakened the binding of Pds5
and sororin to cohesin. Interestingly, depletion of either NatA
subunit, NaalO or Naal5, rescued the cohesion defect of Naa50-
depleted cells. Recombinant Naa50 and NatA do not regulate each
other’s NAT activities in vitro. Our results suggest that Naa50 and
NatA play opposing roles in sister-chromatid cohesion by acety-
lating different sets of substrates.

Results

Naa50 Promotes Sister-chromatid Cohesion through Cata-
lytic and Non-catalytic Mechanisms—A previous study showed
that the Naa50 Y124F mutant, which had reduced acetyltrans-
ferase activities, did not rescue the sister-chromatid cohesion
defects of human cells depleted of Naa50 by RNAi as efficiently
as Naa50 wild type (WT) (36). This finding clearly demon-
strated the involvement of the acetyltransferase activities of
Naa50 in sister-chromatid cohesion. On the other hand, Naa50
Y124F was only partially defective in acetyltransferase activities
(36). It was thus unclear whether partial rescue of Naa50 RNAi
phenotypes by Naa50 Y124F was due to its partial activity or
because of non-catalytic functions of Naa50. To distinguish
between these two possibilities, we made the Naa50 F27A
mutant and examined its cellular phenotypes.

Naa50 Phe-27 is highly conserved during evolution. The
crystal structure of Naa50 bound to a peptide substrate, and
CoA reveals that Phe-27 makes direct contacts with the N-ter-
minal methionine (Fig. 14) (38). The F27A mutation com-
pletely abolishes the NAT activity of Naa50 toward a peptide
substrate with the sequence of MLGP (38). We first tested
whether the F27A mutation also abolished the autoacetylation
activity of Naa50. We performed in vitro acetylation assays by
incubating recombinant GST-Naa50 WT or F27A with
[**CJacetyl-CoA (Fig. 1B). As expected, Naa50 WT underwent
autoacetylation. The F27A mutation abolished this autoacety-
lation, indicating that Naa50 F27A lacked acetyltransferase
activity. Naa50 has been shown to undergo autoacetylation at
lysine residues (36). Our assay cannot distinguish whether
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GST-Naa50 undergoes autoacetylation at its own N terminus
or at lysine residues. Regardless, even if Naa50 could indeed
acetylate lysines, the Naa50 F27A mutant does not have detect-
able NAT or lysine acetyltransferase activities.

Depletion of Naa50 in human cells causes defects of sister-
chromatid cohesion, premature sister-chromatid separation,
and subsequent mitotic arrest dependent on the spindle check-
point (36). We first confirmed that Naa50 depletion indeed
caused mitotic arrest in both 293FT and HeLa cells (Fig. 1,
C-H). A large percentage of mitotic 293FT cells depleted of
Naa50 had separated sister chromatids (Fig. LE). We next tested
whether the catalytically inactive Naa50 F27A could rescue the
mitotic arrest phenotype caused by Naa50 depletion. When
expressed at similar levels (Fig. 1F), Naa50 F27A was less effi-
cient than Naa50 WT in rescuing the mitotic arrest caused by
Naa50 depletion (Fig. 1, G and H), confirming that the acetyl-
transferase activities of Naa50 were required for sister-chroma-
tid cohesion. Interestingly, Naa50 F27A reduced the mitotic
arrest caused by Naa50 depletion to some extent. This partial
rescue by a catalytically inactive Naa50 mutant suggested that
Naa50 might have non-catalytic roles in sister-chromatid
cohesion.

Naa50 Depletion Does Not Affect Cohesin Loading and
Dynamics in Interphase—Cohesion defects could be caused
by defects in cohesion loading at telophase, cohesion estab-
lishment in S phase, or cohesion maintenance in early mito-
sis. We first examined whether Naa50 was required for cohe-
sin loading in telophase. HeLa Tet-On cells were transfected
with GFP-SA2 plasmids then either mock-transfected or
transfected with siNaa50 and enriched at telophase with a
thymidine-arrest-release protocol and fixed and stained
(Fig. 2, A-C). Tubulin staining was used to identify telophase
cells, which had a prominent central spindle. Depletion of
Naa50 did not substantially reduce the percentage of telo-
phase cells with chromatin-bound GFP-SA2. About 30% of
telophase cells in both groups exhibited strong GFP-SA2
staining on chromatin. The subgroup of Naa50 RNAi cells
that was able to progress to telophase presumably contained
residual Naa50 during that cell cycle and was expected to
undergo mitotic arrest in the ensuing cell cycle. Therefore,
consistent with an earlier report (36), Naa50 appears to be
dispensable for cohesin loading.

To further validate that cohesin was properly loaded in
Naa50 RNAi cells, we examined the cohesin dynamics on
interphase chromatin using fluorescence recovery after pho-
tobleaching (FRAP). HeLa Tet-On cells stably expressing
Smcl-GFP were either mock-transfected or transfected with
siNaa50, arrested at the G,/S boundary with thymidine, and
subjected to FRAP analysis (Fig. 2, D—F). Naa50 depletion
did not alter the half-life or plateau of Smc1-GFP recovery on
interphase chromatin. Thus, Naa50 does not regulate the
dynamics of bulk cohesin in interphase nucleus. By infer-
ence, these results suggest that cohesin is intact and loaded
properly on chromosomes before DNA replication in
Naa50-deficient cells.

Naa50 Is Required for the Establishment of Sister-chromatid
Cohesion in S Phase—We next tested whether Naa50 was
required for cohesion establishment in S phase. HeLa
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FIGURE 1. Naa50 has both catalytic and non-catalytic roles in sister-chromatid cohesion. A, ribbon diagram of the structure of human Naa50 with the
bound CoA and the MGLP peptide substrate shown in sticks. Two residues close to the active site, Phe-27 and Tyr-124, are also shown in sticks. B, auto-
acetylation of GST-Naa50 wild type (WT) and F27A in the presence of ['*Clacetyl-CoA. The reaction mixtures were separated on SDS-PAGE, stained with
GelCode blue (bottom panel), and subjected to autoradiography with phosphorimaging (top panel). Representative image of more than three independent
experiments is shown. C, immunoblots of lysates of 293FT cells transfected with the indicated siRNAs. Tubulin was blotted as the loading control. Represent-
ative image of two independent experiments is shown. D, quantification of the mitotic indices (defined as the percentage of MPM2-positive 4N cells) of cells
in C. Results are the mean = range, n = 2 independent experiments. £, representative metaphase spread images of 293FT cells transfected with the indicated
siRNAs and treated with nocodazole for 3 h. Metaphase spreads with mostly paired chromatids (top) or with separated chromatids (bottom) are shown. The
percentages of metaphase spreads with mostly separated chromatids are quantified and shown on the right. Results are the mean = range, n = 2 independent
experiments. F,immunoblots of lysates of HeLa Tet-On cells transfected with the indicated siRNA and plasmids. Tubulin was blotted as the loading control. The
positions of the endogenous Naa50 and Myc-Naa50 proteins are labeled. Representative images of four independent experiments are shown. G, representa-
tive FACS graphs of cells in F. Mitotic cells (MPM2-positive 4N cells) are boxed and quantified. H, quantification of the mitotic indices (defined as the percentage
of MPM2-positive 4N cells) of cells in F. Results are the mean = range, n = 2 independent experiments.

Tet-On cells were depleted of Naa50 and synchronized in S
phase with the thymidine-arrest-release protocol and sub-
jected to fluorescence in situ hybridization (FISH) analysis
with a probe that recognized the q arm of chromosome 21
(Fig. 3A). The distances between paired FISH dots were mea-
sured for multiple cells in both the mock-transfected and
siNaa50-transfected groups (Fig. 3B). Strikingly, depletion of
Naa50 significantly increased the distances of paired FISH

SASBMB

SEPTEMBER 2, 2016+ VOLUME 291 -NUMBER 36

signals, indicative of cohesion defects. This result strongly
suggests that Naa50 is required for cohesion establishment
in S phase.

We next performed metaphase spreads on mitotic Naa50
RNAI cells (Fig. 3, C and D). About 50% the mitotic cells
depleted of Naa50 had separated sister chromatids, whereas the
vast majority of mock-transfected cells contained paired sister
chromatids. Thus, the interphase cohesion defects caused by
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FIGURE 2. Naa50 is dispensable for cohesin loading and dynamics. A,immunoblots of HeLa Tet-On cells transfected with the indicated siRNA and plasmids.
A representative image of three independent experiments is shown. B, immunofluorescence staining of cells in A that had been synchronized at telophase.
DAPI, GFP, and tubulin staining was pseudo-colored blue, green, and red, respectively, in the merged images. C, quantification of the percentage of telophase
cells with positive GFP-SA2 staining on chromatin. Results are the mean = range, n = 2 independent experiments with 40 cells counted for each group in each
experiment. D, immunoblots of HeLa Tet-On cells stably expressing Smc1-GFP that had been mock-transfected or transfected with siNaa50. A representative
image of three independent experiments is shown. E, quantification of relative fluorescent signals during FRAP. Data were collected from 10 cells for each
group in three independent experiments. Error bars, S.E. The t,, values are listed below. F, representative Smc1-GFP images of cells in D before and at different

times after photobleaching. The bleached areas are marked by dashed circles.

Naa50 depletion lead to premature sister-chromatid separation
and mitotic arrest.

A major mechanism of cohesion establishment is through
antagonizing the cohesin-releasing activity of Wapl (9). To test
whether Naa50 also promoted cohesion through antagonizing
Wapl, we co-depleted Naa50 and Wapl from HeLa Tet-On cells
and examined their cohesion status by metaphase spreads. Co-
depletion of Wapl rescued the premature sister-chromatid sep-
aration and the subsequent mitotic arrest seen in Naa50-de-
pleted cells (Fig. 3, C-E). These results suggest that Naa50
regulates sister-chromatid cohesion through antagonizing
Wapl.

Naa50 Promotes Binding of Sororin to Cohesin—During S
phase, acetylation of Smc3 at two conserved lysine residues by
Escol and Esco2 antagonizes Wapl to promote the establish-
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ment of sister-chromatid cohesion (16 —18). We tested whether
Naa50 regulated cohesion establishment through Smc3 acety-
lation (Fig. 44). HeLa Tet-On cells were depleted of Naa50,
synchronized in S phase, and fractionated into cytosolic and
nuclear fractions. Virtually all Smc3 was found in the nuclear
fraction, whereas Naa50 was predominantly in the cytosolic
fraction. As expected, depletion of Escol and Esco2 greatly
reduced Smc3 acetylation in S phase. In contrast, Naa50 deple-
tion did not affect the level of Smc3 acetylation. These results
indicate that Naa50 antagonizes Wapl and regulates sister-
chromatid cohesion through a mechanism that is independent
of Smc3 acetylation.

Smc3 acetylation enables the binding of Pds5 and sororin to
cohesin (22). Sororin antagonizes Wapl in part through directly
competing for interactions with cohesin and Pds5 (15, 22).
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FIGURE 3. Naa50 promotes the establishment of sister-chromatid cohesion through antagonizing Wapl. A, representative images of mock or siNaa50
transfected Hela Tet-On cells synchronized at S phase and stained with DAPI and FISH probes. The boxed regions are magnified in the inset. B, quantification
of distances between paired FISH signals of cells in A. Mean = S.D.is shown. Data were collected in two independent experiments. p value was calculated with
Student'’s t test. C, immunoblots of lysates of HeLa Tet-On cells transfected with the indicated siRNAs. Tubulin was blotted as the loading control. A represen-
tative image of eight independent experiments is shown. D, representative metaphase spread images of HelLa Tet-On cells transfected with the indicated
siRNAs and treated with nocodazole for 3 h. Metaphase spreads with mostly paired chromatids (top) or with separated chromatids (bottom) are shown. The
percentages of metaphase spreads with mostly separated chromatids are quantified and shown on the right. Results are the mean =+ range, n = 2 independent
experiments. E, quantification of mitotic indices of HeLa Tet-On cells transfected with the indicated siRNAs. Results are the mean = S.D., n = 3 independent

experiments.

Next, we investigated whether Naa50 regulated the binding of
sororin to cohesin. HeLa Tet-On cells were depleted of Naa50
and synchronized in late S/G, phase by the thymidine-arrest-
release method (Fig. 4B). Cell lysates were subjected to immu-
noprecipitation with beads coupled to anti-sororin or anti-
Smcl antibodies. Depletion of Naa50 greatly reduced the
amount of Smcl and Sccl in the anti-sororin immunoprecipi-
tate (IP; Fig. 4C). Naa50 depletion also reduced the amount of
sororin in the anti-Smcl IP without affecting the amount of
Sccl in this IP. Naa50 depletion only slightly weakened the
association of Pds5 binding to cohesin or sororin. Thus, Naa50
is required for the proper association of sororin to cohesin
without compromising the integrity of the cohesin complex.
This defect suffices to explain the cohesion establishment
defects of Naa50 depletion.

In prophase, Sgo1-PP2A binds to and protects centromeric
cohesin from mitotic kinases and Wapl-dependent release (33).
Although defective sororin binding and interphase cohesion
defects can explain the premature sister-chromatid separation
phenotypes of Naa50 RNA| cells, it remained formally possible
that Naa50 might be additionally involved in centromeric cohe-
sion protection. We thus directly examined whether Naa50
depletion affected the Sgol-dependent cohesion maintenance
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mechanism in mitosis. HeLa Tet-On cells stably expressing
Myc-Sgol were cultured in the absence or presence of doxycy-
cline and depleted of Naa50 and synchronized in mitosis using
the thymidine-arrest-release protocol. Mitotic cells were col-
lected with shake-off. Lysates were subjected to anti-Myc IP.
Naa50 depletion did not reduce the amount of Smc1 present in
the anti-Myc-Sgo1 IP (Fig. 4D). This result along with the pre-
viously reported finding that Naa50 depletion does not affect
the kinetochore localization of Sgo1 (36) suggests that Naa50
is not involved in Sgol-dependent centromeric cohesion
protection.

Sccl and Sororin Do Not Appear to Be Functional Naa50
Substrates—We took a candidate approach to investigate the
mechanisms by which Naa50 enhanced the interaction
between sororin and cohesin. Because Naa50 has been reported
to harbor both NAT and lysine acetyltransferase activities, we
considered potential substrates for both activities. The N-ter-
minally tagged human Sccl failed to rescue the mitotic arrest
phenotype caused by Sccl depletion, whereas the C-terminally
tagged Sccl could,” indicating that tagging Sccl at its N termi-

35.Kim and H. Yu, unpublished results.
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nus rendered it inactive. Furthermore, the N-terminal region of
Sccl matches the Naa50 consensus and is highly conserved in
most species with the exception of S. cerevisiae where the clos-
est homolog of Naa50 is not required for cohesion (Fig. 5A4).
Moreover, the N-terminal tagging of all other cohesin subunits
and regulators, including Smcl, Smc3, SA2, Pds5B, Wapl, and
sororin, produces functional fusion proteins (15, 22, 42, 43),
suggesting that an acetylated natural N terminus is not critical
for their functions. Finally, proteomic studies revealed that the
N terminus of human Sccl could be acetylated (44). We thus
tested whether Sccl was a potential NAT substrate of Naa50.
We made an antibody against the Na-acetylated Scc1N pep-
tide. This antibody preferably recognized SccIN-GST that had
been incubated with Naa50 and acetyl-CoA (Fig. 5B). This
result indicates that Naa50 can acetylate the N terminus of Sccl
in vitro. This antibody also recognized a band in the cytosolic
fraction of HeLa cell lysates whose intensity was reduced by
Naa50 RNAI (Fig. 5C). Unfortunately, the intensity of this band
was not reduced by Sccl RNAI, indicating that our anti-Ac-
ScclN antibody cross-reacted with an N-terminally acetylated
cytosolic Naa50 substrate. All authentic Sccl protein was pres-
ent in the nuclear fraction. The anti-Ac-SccIN antibody
detected weak bands in the nuclear fraction, which were absent
in the Sccl RNAi sample. The intensities of these weak bands
were not altered by Naa50 RNAi however. In repeated
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attempts, we failed to detect N-terminally acetylated peptides
of endogenous Sccl immunopurified from HeLa cells, although
we could readily detect unmodified N-terminal peptides of
Sccl. Thus, the N terminus of Sccl is not strongly acetylated,
and any weak N-terminal acetylation of Sccl does not require
Naa50.

For the potential lysine acetyltransferase substrate of Naa50,
we focused on sororin, as it bound to cohesin more weakly in
Naa50-depleted cells. A recombinant C-terminal sororin frag-
ment was indeed acetylated by Naa50 in vitro (Fig. 5D). Mass
spectrometry analysis identified two acetylated lysines, Lys-187
and Lys-197, in this region of sororin (Fig. 5E). Mutation of
these two lysines to arginine, however, did not reduce the
Naa50-dependent acetylation of sororin, indicating that there
were additional Naa50 acetylation sites either at the N terminus
or at additional lysines. We thus created a lysine-less (K-less)
mutant of sororin (with all lysines mutated to arginine). The
expression level of sororin K-less protein was higher than that
of sororin WT (Fig. 5F), consistent with sororin being a short-
lived ubiquitinated protein. Expression of Myc-sororin
K-less rescued the mitotic arrest caused by sororin depletion
as efficiently as did the WT (Fig. 5G). Even when we reduced
the amount of sororin K-less plasmid to make its expression
comparable to WT (Fig. 5H), there was still no difference in
the efficiency of rescue between the WT and K-less samples
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FIGURE 5.Scc1 and sororin are not functionally relevant substrates of Naa50 in cohesion. A, sequence alignment of the N-terminal region of Scc1 proteins
from different species. Hs, Homo sapiens; XI, Xenopus laevis; Dm, Drosophila melanogaster; Ce, Caenorhabditis elegans; Sp, Schizosaccharomyces pombe; Sc,
Sacchromyces cerevisiae. B, immunoblots of recombinant GST or Scc1N-GST proteins that had been incubated in the presence or absence of Naa50 or
acetyl-CoA. Representative image of two independent experiments is shown. C, immunoblots of cytosolic and nuclear fractions of HeLa Tet-On cells trans-
fected with the indicated siRNAs. Representative image of two independent experiments is shown. D, recombinant purified sororinC protein (residues 131-252
with the basic region 214-222 deleted) was incubated with ['*Clacetyl-CoA in the presence or absence of GST-Naa50. The reaction mixtures were separated
on SDS-PAGE, stained with GelCode blue (right panel) and subjected to autoradiography with phosphorimaging (left panel). E, schematic drawing of human
sororin with its domains and motifs shown. The boundary of sororinC is indicated. The two acetylated lysines are also labeled. F and H,immunoblots of lysates
HeLa Tet-On cells depleted of sororin and transiently transfected with Myc-sororin wild type (WT) or the lysine-less (K-less) mutant. Mad2 and Smc1 were used
as loading controls. G and /, quantification of the mitotic indices of cells in F and H, respectively, by FACS.

(Fig. 5I). These results indicate that lysine acetylation is not other forms of lysine modification, which are also disrupted
absolutely required for the function of sororin. We cannot inthe K-less mutant. Regardless, we cannot obtain definitive
exclude the possibility that lysine acetylation of sororin pro- evidence to implicate either Sccl or sororin as functional
motes sister-chromatid cohesion through antagonizing Naa50 substrates.
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FIGURE 6. Naa50 opposes NatA in sister-chromatid cohesion. A, immunoblots of HeLa Tet-On cells transfected with the indicated siRNAs. A representative
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2 independent experiments. C, quantification of mitotic indices of HeLa Tet-On cells transfected with the indicated siRNAs by FACS. Results are the mean =
range, n = 2 independent experiments. D, representative metaphase spread images of HelLa Tet-On cells transfected with the indicated siRNAs and treated
with nocodazole for 3 h. Metaphase spreads with mostly paired chromatids (top) or with separated chromatids (bottom) are shown. The percentages of
metaphase spreads with mostly separated chromatids are quantified and shown on the right. Results are the mean = range, n = 2 independent experiments.

NatA Depletion Rescues Cohesion Defects Caused by Naa50
Depletion—Because we could not identify direct Naa50 sub-
strates among cohesin subunits and regulators, we examined
the possibility that Naa50 indirectly regulated sister-chromatid
cohesion. Naa50 is known to associate with NatA, which con-
sists of the catalytic subunit Naal0 and the scaffolding subunit
Naal5. NatA has a broader substrate specificity than Naa50 and
acetylates small polar or hydrophobic residues at the N termini
of proteins that are exposed after the cleavage of the initiating
methionine by methionine amino peptidases (MetAP1/2) (34,
45). A previous study has already demonstrated that NatA is not
required for sister-chromatid cohesion in human cells (36). We
tested whether NatA regulated the function of Naa50 in cohe-
sion by performing a double depletion experiment. Strikingly,
depletion of either NatA subunits, Naal0 or Naal5, rescued the
mitotic arrest phenotype caused by Naa50 depletion (Fig. 6, A
and B). Two siRNAs against each NatA subunits produced sim-
ilar results. Depletion of Naal5 also reduced the protein level of
NaalO, presumably because that NaalO required Naal5 for
proper folding or stability. As a control, depletion of Naa20 (the
catalytic subunit of NatB) or Naa30 (the catalytic subunit of
NatC) did not efficiently rescue the mitotic arrest phenotype of
Naa50 RNAI cells (Fig. 6C). As expected, depletion of Naal0 or
Naal5 recued the premature sister-chromatid separation seen
in mitotic Naa50 RNAI cells (Fig. 6D). These results suggest
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that Naa50 might promote sister-chromatid cohesion through
opposing the function of NatA.

Naa50 and NatA Do Not Regulate each Other in Vitro—We
next tested whether Naa50 blocked the activity of NatA and
vice versa in vitro (Fig. 7, A and B). Recombinant Naa50 effi-
ciently acetylated the peptide substrate with the sequence of
MLGP (Fig. 7B) but did not acetylate the SASE peptide, consis-
tent with its preference for an N-terminal methionine. Con-
versely, NatA only acetylated SASE but did not acetylate
MLGP. The distinct specificities of Naa50 and NatA allowed us
to test whether they regulated each other’s activity in the
Naa50-NatA complex. Naa50 when bound to NatA was still
active in acetylating the MLGP peptide (Fig. 7B). The lower
activity of the Naa50-NatA complex was likely due to the lower
amount of Naa50 present in the complex, as compared with
Naa50 alone (Fig. 6A4; compare the second and third lanes).
Likewise, NatA in the Naa50-NatA complex also retained activ-
ity against SASE (Fig. 7B). In this case the elevated activity of
NatA in the complex was caused by the higher amount of
NaalO, the catalytic subunit of NatA, in the Naa50-NatA
complex (Fig. 7A; compare the first and third lanes). There-
fore, Naa50 and NatA do not mutually inhibit the activity of
each other in vitro. The antagonism between Naa50 and
NatA in sister-chromatid cohesion is mediated by indirect
mechanisms.
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Discussion

N-terminal acetylation is one of the most prevalent covalent
modifications on proteins and occurs co-translationally on the
majority of eukaryotic proteins. Recently, several prominent
examples have established the functional importance of N-ter-
minal acetylation in certain cases (46, 47). Furthermore, the
NATSs have been proposed to be potential molecular targets for
anti-cancer therapies (34). In this study we have shown that two
NATS, NatA and Naa50, have opposing roles in sister-chroma-
tid cohesion.

Naa50-deficient cells exhibit defects in cohesion establish-
ment in S phase and premature sister-chromatid separation in
mitosis. These defects are caused by the weakened binding of
the positive cohesion regulator, sororin, to cohesin. Interest-
ingly, Naa50 depletion does not affect Smc3 acetylation by
Escol/2, the known mechanism for recruiting sororin to cohe-
sin. Therefore, our findings suggest that an Smc3 acetylation-
independent mechanism promotes sororin binding to cohesin
and regulates cohesion establishment during S phase. Naa50-
mediated acetylation is required for this yet-to-be-discovered
mechanism. Although our extensive searches have failed to
identify the relevant substrates of Naa50 in cohesion establish-
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ment, we have provided strong evidence to rule out the N ter-
minus of Sccl and the lysines of sororin as obligatory substrates
of Naa50.

In organisms from yeast to man, Naa50 physically interacts
with NatA but not other NATs. Surprisingly, depletion of NatA,
but not NatB or NatC, rescues the cohesion defects caused by
Naa50 depletion, suggesting that Naa50 promotes cohesion
specifically through antagonizing NatA. Although Naa50 does
not inhibit the activity of NatA in vitro, it remains possible that
Naa50 might restrict the activity of NatA when both are bound
to the ribosomes during protein translation iz vivo. The direct
binding of Naa50 to NatA might be important for its functional
interference of NatA, a notion consistent with a non-catalytic
role of Naa50 in cohesion. The identification of Naa50 mutants
that cannot bind to NatA is required to test this possibility in
human cells.

Naa50 prefers to acetylate the N terminus of proteins that
retain the initiating methionine, whereas NatA is inactive
against Naa50 substrates and can only acetylate proteins with
the initiating methionine cleaved by MetAPs. A recent study
showed that the acetylation of the initiating methionine of cer-
tain proteins by Naa50 blocks their processing by MetAPs and
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subsequent acetylation of the second residue by NatA (48). A
potential MetAP-dependent competition for the same set of
substrates could explain the functional antagonism between
Naa50 and NatA in sister-chromatid cohesion. If this hypothe-
sis were true, inactivation of MetAPs would be expected to pro-
duce phenotypes similar to NatA inactivation. Unfortunately,
unlike NatA depletion, depletion of both MetAP1/2 failed to
rescue the cohesion defects and mitotic arrest caused by Naa50
depletion (Fig. 7C). This finding does not lend support to the
hypothesis of MetAP-mediated substrate competition between
Naa50 and NatA.

Taking all available evidence into account, we propose the
following hypothesis to explain the functional antagonism
between Naa50 and NatA in sister-chromatid cohesion (Fig.
7D). In this hypothesis, Naa50 and NatA acetylate different sets
of substrates. NatA-mediated acetylation has a net negative
effect on sister-chromatid cohesion. Naa50-dependent acetyla-
tion counteracts this inhibitory effect of NatA, thus indirectly
promoting cohesion. Given the broad specificity of NATs, it is
quite possible that Naa50 and NatA each have a large number of
substrates instead of a handful of functional substrates. The
collective effects of these acetylation events determine the sta-
tus of sister-chromatid cohesion, with acetylation of each sub-
strate having a small effect. Future studies that examine the
N-terminal and lysine acetylation status at the proteome level
in cells deficient for Naa50 or NatA or both are needed to test
this hypothesis.

Experimental Procedures

Cell Culture and Cell Cycle Synchronization—HeLa Tet-On
(Invitrogen) cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, and penicillin-streptomycin.
For cell cycle synchronization, cells were arrested at G, /S by the
addition of 2 mm thymidine (Sigma) for 18 h. Cells synchro-
nized at S, G,, and late mitosis were collected at 4, 7, and 11 h
after the release from the thymidine arrest, respectively. For
mitotic arrest, cells released from the thymidine arrest for 8 h
were further treated with 300 nM nocodazole (Sigma) for
another 4 h and collected.

Cellular Fractionation—Cellular fractionation was per-
formed as described by Mendez et al. (49). Briefly, cell pellet
was resuspended in Buffer A (10 mm HEPES, pH 7.9, 10 mMm
KCl, 1.5 mm MgCl,, 0.34 M Sucrose, 10% Glycerol, 0.1% Triton
X-100, 1 mm DTT, and 1X protease inhibitor mixture (Roche
Applied Science)). After an 8-min incubation on ice, the
nuclear fraction was pelleted by centrifugation at 1300 X gfor 5
min at 4 °C and resuspended in SDS sample buffer. The super-
natant was collected as the cytoplasmic fraction.

Plasmid and siRNA Transfection—Cells were treated with
the desired plasmids with the Effectene reagent (Qiagen)
according to the manufacturer’s protocols. Myc-Sgol and GFP-
Smcl stable cell lines were made by transfecting HeLa Tet-On
cells with pTRE2 vectors encoding RNAi-resistant human
Myc-Sgol and GFP-Smcl and selected with hygromycin (Invit-
rogen). The surviving clones were picked and screened for the
doxycycline-induced expression of Myc-Sgol or GFP-Smcl
using immunoblotting.
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For RNAI experiments, HeLa Tet-On cells were transfected
with siRNAs with Lipofectamine RNAiMax (Invitrogen)
according to the manufacturer’s protocols. The siRNA oligonu-
cleotides used in this study are: Naa50 siRNA (5'-GCUA-
CAAUGACAAGUUCUAAdTAT-3"), Wapl siRNA (5'-CGGA-
CUACCCUUAGCACAAATAT-3’), Sccl siRNA (5'-GGA-
AGAAGCATTTGCATTGATdT-3’), Escol siRNA (Dharma-
con ON-TARGETplus set of4), Esco2 siRNA (Dharmacon ON-
TARGETDplus set of 4), Naal0 siRNAs (siGENOME D-009606-
02, D-009606-03, Thermo Scientific), Naal5 siRNAs (siGENOME
D-012847-01, D-012847-03, Thermo Scientific), Naa20 siRNAs
(siGENOME D-008944-03, D-008944-04, Thermo Scientific),
Naa30 siRNAs (siGENOME D-009961-01, D-009961-06, Thermo
Scientific), MetAP1 siRNAs (siGENOME D-008693-01,
D-008693-02, Dharmacon), MetAP2 siRNAs (siGENOME
D-005943-06, D-005943-07, Dharmacon).

Antibodies, Immunoprecipitation, and Immunoblotting—
The rabbit polyclonal antibody against human Naa50 was
raised by Genemed Synthesis Inc. using His,-tagged recombi-
nant Naa50 as the antigen (36). The resulting crude serum was
affinity-purified before use. The rabbit polyclonal antibody
against N-terminal acetylated Sccl (Ac-Scc1N) was raised in an
in-house facility with a synthetic peptide (Ac-MFYAHFVLS) as
the antigen. The resulting crude serum was affinity-purified
before use. Rabbit polyclonal antibodies to enhanced GFP,
human Sgol, and human sororin were raised at Yenzym with
recombinant proteins or protein fragments as antigens. The
following antibodies were purchased from the indicated sourc-
es: Myc (Roche Applied Science 11667203001), NaalO (Santa
Cruz sc-373920), Naal5 (Santa Cruz sc-365931), Sccl (Bethyl
A300-080A), Smcl (Bethyl A300-055A), Smc3, Ac-Smc3 (MBL
PD040), Esco2 (Bethyl A301-689A), Tubulin (Sigma T9026),
Pds5A (Bethyl A300-089A), and MPM-2 (Millipore 05-368).

For immunoprecipitation, anti-Smcl, anti-Myc, or affinity-
purified anti-sororin antibodies were coupled to Affi-Prep Pro-
tein A beads (Bio-Rad) at a concentration of 1 mg/ml. Cells
were lysed with the lysis buffer containing 25 mm Tris-HCI at
pH 7.5, 75 mm NaCl, 5 mm MgCl,, 5 mMm NaF, 0.1% Nonidet
P-40, 10 mm B-glycerophosphate, 0.5 um okadaic acid, 0.3 mm
Na;VO,, 1 mm DTT, 1X protease inhibitor mixture (Roche
Applied Science), and 50 unit/ml Turbo-nuclease (Accelagen).
The cell lysate was incubated on ice for 2 h and then at 37 °C for
10 min. The lysate was cleared by centrifugation at 13,200 g at
4°C for 20 min. The supernatant was incubated with the
desired antibody beads for 2 h at 4 °C. The beads were washed
three times with the lysis buffer. The proteins bound to beads
were dissolved in SDS sample buffer, separated by SDS-PAGE,
and blotted with the appropriate antibodies. For immunoblot-
ting, the purified antibodies were used at 1 ug/ml final concen-
tration. The commercial antibodies were used at 1:500 or
1:1000 dilutions depending on the stock concentrations.

Protein Expression and Purification—The cDNAs encoding
human Naa50 WT and F27A were cloned into the pGEX6p-1
vector to produce N-terminal GST fusion proteins. The cDNA
encoding of the N-terminal peptide of human Sccl (MFYAH-
FVLSKR) was also cloned into pGEX6p-1 to produce a C-ter-
minal GST fusion protein. These vectors were transformed into
the Escherichia coli strain BL21. Protein expression was
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induced by the addition of isopropyl 1-thio-3-p-galactopyrano-
side (0.2 mm) at 16 °C for overnight. Recombinant SccIN-GST
and GST-Naa50 WT and F27A proteins were purified with the
glutathione-Sepharose 4B resin (GE Healthcare).

In Vitro Acetylation Assays—For Naa50 lysine autoacetyla-
tion, 2 ug of GST-Naa50 proteins (WT or F27A) were incu-
bated in the acetylation buffer (50 mm Tris-HCI, pH 7.5, 100
mwm NaCl, and 10% glycerol) with 70 um [**Clacetyl-CoA (4
mCi/mmol; PerkinElmer Life Sciences, NEC313050UC) at
37°C for 1 h. For N-terminal acetylation of SccIN-GST by
Naa50, 2 ug of SccIN-GST was also added into each reaction
mixture, and 70 uM non-radioactive acetyl-CoA was used in
these reactions. The total volume of each reaction was 10 ul.
The reactions were terminated by the addition of SDS sample
buffer. Samples were resolved on SDS-PAGE followed by stain-
ing with GelCode blue reagent (Fisher). Acetylation signals
were detected by exposing the dried gel to a phosphorimaging
screen and analyzed with phosphorimaging. Alternatively, the
reaction mixtures were blotted with the anti-Ac-SccIN
antibody.

NatA and Naa50 were purified as described (38, 41). For
preparation of the Naa50-NatA complex, an excess of Naa50
was mixed with NatA, and the mixture was fractionated on a
Superdex 200 gel filtration column. The fractions containing
the complex were pooled. Acetyltransferase assays were per-
formed in 25 mm HEPES, pH 7.0, 200 mm NaCl, and 1 mm DTT.
The SASE and MLGP peptides used have been described pre-
viously (38, 45). In the reaction, 300 uM concentrations of
radiolabeled ['*C]acetyl-CoA (4 mCi/mmol, PerkinElmer Life
Sciences), 300 uM peptide, and 0.2 uM NatA, Naa50, or Naa50-
NatA complex were incubated in 75 ul of total reaction volume
for 1 h at 25 °C. To quench the reaction, 20 ul of the reaction
mixture was added to negatively charged P81 paper (Millipore),
and the paper disks were placed immediately into the wash
buffer (10 mm HEPES, pH 7.5). The papers were washed 3 times
(5 min per wash) to remove unreacted acetyl-CoA, dried with
acetone, and then added to 4 ml of scintillation fluid. The signal
was measured with a Packard Tri-Carb 1500 liquid scintillation
analyzer. Reactions were performed in triplicate.

Immunofluorescence and Chromosome Spreads—After syn-
chronization, mitotic cells were collected by shake-off. Cells
were washed twice with PBS, incubated with 55 mm KCI at
37 °C for 15 min, and then spun onto microscope slides with a
Shandon Cytospin centrifuge. Cells were extracted with the
PIPES HEPES EGTA Magnesium (PHEM) buffer containing
0.3% Triton X-100 for 5 min and then fixed in 4% paraformal-
dehyde for 10 min. After washing three times with PBS contain-
ing 0.1% Triton X-100, the cells were incubated with the pri-
mary antibodies in PBS containing 3% BSA and 0.1% Triton
X-100 at 4 °C overnight. After washing 3 times with PBS con-
taining 0.1% Triton X-100, cells were then incubated with flu-
orescent secondary antibodies (Molecular Probes) in PBS con-
taining 0.1% Triton X-100 and 3% BSA at room temperature for
1 h. Cells were again washed 3 times with PBS containing 0.1%
Triton X-100 and stained with 1 ug/ml DAPI for 5 min. After
the final washes, the slides were sealed with nail polish and
viewed using a 100X objective on a DeltaVision fluorescence
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microscope (GE Healthcare). Image processing and quantifica-
tion were performed with Image].

For the cohesin-loading assay, cells were seeded in four-well
chamber slides (LabTek). After transfection with GFP-SA2
plasmids for 7 h, cells were transfected again with the Naa50
siRNA. Cells were first extracted with PHEM buffer containing
0.5% Triton X-100 for 5 min and then fixed in 2% paraformal-
dehyde for 15 min. After washing with PBS, cells were blocked
in PBS containing 2% BSA for 1 h and incubated with the anti-
GFP and anti-tubulin antibodies in PBS containing 0.2% Triton
X-100and 3% BSA overnight at 4 °C. After washing 3 times with
PBS containing 0.05% Tween 20, cells were incubated with flu-
orescent secondary antibodies in PBS containing 0.2% Triton
X-100 and 3% BSA for 1 h at room temperature. The cells were
again washed 3 times with PBS containing 0.05% Tween 20 and
stained with 1 ug/ml DAPI in PBS for 5 min. After the final
washes, slides were mounted and viewed with a 100X objective
on a DeltaVision fluorescence microscope. Image processing
and quantification were performed with Image].

For chromosome spreads, mitotic cells were swelled in 55
mm KCI and fixed with methanol/acetic acid (v:v = 3:1) for 20
min at room temperature. Cells were dropped onto microscope
slides, dried at room temperature, and stained with DAPIL. The
slides were mounted, sealed, and analyzed as described above.

FISH—A commercial FISH probe (BAC clone RP11-4461.19
from the RPCI collection Locus 21q22.3) was ordered from
Empire Genomics. Cells were fixed with methanol/acetic acid
(v:v = 3:1) and dropped onto microscope slides. After being
dried at room temperature, slides were treated successively
with the denaturation buffer (70% formamide, 2X SSC, pH
7.0-8.0) at 73 °C and at 70%, 85%, and 100% ethanol at room
temperature. Slides were dried on a warmer at 45 °C. Cells were
incubated with the probe in a sealed humidified chamber with
50% formamide in 2X SSC with humidity control at 37 °C for
16 h and subsequently treated with WS1 (0.4X SSC plus 0.3%
Nonidet P-40) at 73 °C and WS2 (2X SSC plus 0.1% Nonidet
P-40) at room temperature. DNA was counterstained and
mounted with mounting solution containing 1 ug/ml DAPI,
and slides were visualized with a 100X objective on a Delta-
Vision fluorescence microscope. Distance measurements were
performed in Image J.

Flow Cytometry—Cells were harvested and fixed in 70% cold
ethanol overnight. After washing with PBS, cells were permea-
bilized with PBS containing 0.25% Triton X-100 on ice for 5
min. Then cells were incubated with the MPM2 antibody in
PBS containing 1% BSA for 3 h at room temperature. After
washing with PBS containing 1% BSA, cells were incubated with
a fluorescent secondary antibody (Invitrogen) for 30 min. After
washing with PBS, cells were resuspended in PBS containing
RNase A and propidium iodide and then analyzed with a flow
cytometer. Data were processed with Flow]o.

FRAP—HeLa Tet-On cells stably expressing human GFP-
Smcl were used in this experiment. Cells were seeded in a four-
well chamber coverglass (LabTek). Expression of GFP-Smcl
was induced by the addition of 2 ug/ml doxycycline. Cells were
then depleted of Naa50 by RNAi and synchronized at G,/S by
thymidine treatment. Cells were imaged with a 100X objective
on a custom-built spinning disk confocal/total internal reflec-
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tion fluorescence microscope (BioVision). An image was
acquired before bleaching. A circular region in the cell nucleus
was then bleached with a 405-nm laser at 100% intensity. Thirty
images were then acquired at 20-s intervals after bleaching.
Average intensities of GFP-Smcl signals were measured at the
bleached site with Image] and normalized as described (32).
The half-time of recovery (£1;) was calculated with Prism.
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