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Background: The budding yeast transcription factor Aft1 has been implicated in chromosome stability.
Results: Aft1 interacts with the kinetochore protein Iml3 and is required for promoting pericentromeric cohesin.
Conclusion:We have identified a new factor impacting the pericentric chromatin spring.
Significance: This discovery explains why Aft1 mutants display chromosome segregation defects and sheds light on how the
Ctf19 complex promotes pericentric cohesin.

The Saccharomyces cerevisiae iron-responsive transcription
factor, Aft1, has a well established role in regulating iron home-
ostasis through the transcriptional induction of iron-regulon
genes. However, recent studies have implicated Aft1 in other
cellular processes independent of iron regulation such as chro-
mosome stability. In addition, chromosome spreads and two-
hybrid data suggest that Aft1 interacts with and co-localizes
with kinetochore proteins; however, the cellular implications of
this have not been established. Here, we demonstrate that Aft1
associateswith the kinetochore complex through Iml3. Further-
more, like Iml3, Aft1 is required for the increased association of
cohesin with pericentric chromatin, which is required to resist
microtubule tension, and aft1� cells display chromosome seg-
regation defects inmeiosis. Ourwork defines a new role for Aft1
in chromosome stability and transmission.

In the budding yeast, Saccharomyces cerevisiae, iron levels
are regulated by the transcription factor Aft1 (reviewed in Ref.
1). Iron depletion activates Aft1 to induce the expression of
�25 genes referred to as the “iron-regulon” by binding the con-
sensus sequence 5�-YRCACCCR-3� present in iron-responsive
elements of these target genes (2, 3). This subset of genes is
involved in the uptake, compartmentalization, and utilization
of iron with the end result of increasing iron levels and remod-
eling cellular metabolism to survive low iron conditions.
Although Aft1 has an established role as an iron-responsive

transcription factor,many studies have implicatedAft1 in other
cellular functions, including chromosome stability, cell cycle
regulation, DNA damage, cell wall stability, and mitochondrial
function (4–10). Evidence implicating Aft1 in chromosome
stability first originated from synthetic genetic array studies
that determined aft1� mutants could not tolerate either over-

expression or loss-of-function of kinetochore genes (6). More-
over, chromosome transmission fidelity assays determined
that aft1� mutant cells have defects in maintaining artificial
chromosome fragments (4, 6, 7), and aft1� cells were shown
to be hypersensitive to benomyl treatment (4). Benomyl is a
microtubule-destabilizing drug, and many mutants with
defects in chromosome stability share the same sensitivity
(11). In contrast to most chemical sensitivities and phenotypes
of aft1� cells, neither the benomyl sensitivity nor chromosome
transmission fidelity defects of aft1� mutant cells can be res-
cued by increased extracellular iron in media (4). Furthermore,
the paralog of AFT1, AFT2, and other iron-regulon genes were
not identified in the genome-wide studies that implicated Aft1
in chromosome stability (4, 6, 7) nor are aft2� mutant cells
sensitive to benomyl treatment (4). Overall, this suggests that
the role of Aft1 in chromosome stability is not related to regu-
lation of the iron-regulon or iron homeostasis.
Many lines of evidence suggest that Aft1 has a role at the

kinetochore. The kinetochore complex consists of many mul-
tiprotein subcomplexes that assemble in a hierarchical fashion
onto centromeric (CEN) DNA physically linking the chromo-
somes to microtubule spindles (reviewed in Ref. 12). Aft1 was
found to co-localize with kinetochore proteins using chromo-
some spreads (6), and Aft1 has been shown to interact with the
kinetochore protein Iml3 by yeast-two hybrid assays (13, 14).
Iml3 is a peripheral member of the Ctf19 complex that is com-
posed of the COMA subcomplex (Ctf19, Okp1, Mcm21, and
Ame1) along with Chl4 and Iml3 (15, 16). Studies investigating
the hierarchical dependences of the kinetochore proteins have
established that Iml3 localization to the kinetochore is depen-
dent on its interacting partner, Chl4,which in turn is dependent
onCtf19 (Fig. 1A) (15). Although very little is known about Iml3
or associated Ctf19 complex function, it has been shown that
these proteins are required for the increased association of
cohesin (reviewed in Refs. 17, 18) at the pericentromere and
centromere regions in both mitosis and meiosis (5, 19–21).
Contrary to its role in embracing sister chromatids at the arms,
cohesin, along with condensin, functions at pericentric DNA to
form an intramolecular loop with the centromere as its apex
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(22). This establishes a pericentromeric chromatin spring-like
structure that counterbalances microtubule forces during
metaphase (23) and ensuring sister chromatid bi-orientation
(reviewed in 24). Despite the importance of pericentric cohesin,
the molecular mechanism by which the Ctf19 complex recruits
cohesin has yet to be ascertained.
In this study we further investigate the role of Aft1 in chro-

mosome stability and its interaction with the kinetochore. Sur-
prisingly, we discover that Aft1 interacts with Iml3 and has a
role in promoting pericentric cohesin.

EXPERIMENTAL PROCEDURES

Yeast Strains—Yeast strains used in this study are listed in
Table 1. Deletion strains and epitope tag integrations made for
this study were designed using a standard PCR-mediated gene
insertion technique (25) and confirmed by PCR analysis.
Whole-cell Extract Co-immunoprecipitation—Cells were

grown in 200 ml of YPD at 30 °C to mid-log phase (A600 �0.6–
0.8) and harvested. Cell pellets were resuspended in Tackett
extraction buffer (20 mM HEPES, pH 7.4, 0.1% Tween 20, 2

mM MgCl2, 200 mM NaCl, and protease inhibitors (Sigma,
P-8215)) and an equal volume of glass beads (BioSpec Prod-
ucts, 11079105). Cells were lysed through vortexing (five
1-min blasts with incubation on ice between vortexing) fol-
lowed by centrifugation at 3000 rpm for 15 min to isolate
whole-cell extract. Samples were normalized by protein con-
centration and incubated end-over-end for 2 h at 4 °C with
magnetic Dynabeads (Dynal, Invitrogen, 143-01) crossed-
linked to rabbit immunoglobulin G (IgG) (Chemicon, PP64)
or with magnetic protein G Dynabeads (Invitrogen,
100.03D) cross-linked tomouse HA.11monoclonal antibody
(Covance, MMS-101P). Dynabeads were collected with a
magnet, washed three times with 1ml of cold Tackett extrac-
tion buffer, and resuspended in 25 �l of modified 1� loading
buffer (50 mM Tris, pH 6.8, 2% SDS, 0.1% bromphenol blue,
10% glycerol). Purified and co-purified proteins were eluted
from the beads at 65 °C for 10 min and transferred to a new
tube. �-Mercaptoethanol was added to a final concentration of
200 mM, and samples were placed at 95 °C for 10 min. Immu-
noprecipitates were subjected to SDS-PAGE andWestern blot-

TABLE 1
Strains used in this study

Strain Auxotrophies Ref. or Source

YKB779 MATa ura3-52 lys2-801 ade2-101 trp1-�63 his3-�200 leu2-�1 51
YKB780 MAT� ura3-52 lys2-801 ade2-101 trp1-�63 his3-�200 leu2-�1 51
YKB2020 MAT� his3 leu2 ura3 AFT1-TAP::HIS This study
YKB2019 MATa ade2-101 his3-�200 lys2-801 leu2-�1 ura3-52 trp1-�63 IML3-Myc::kanMX This study
YKB2023 MATa his3 leu2 ura3 AFT1-TAP::HIS IML3-Myc::kanMX This study
YKB2285 MATa leu2 ura3 AFT1-TAP::HIS IML3-Myc::kanMX ctf19�::HIS3 This study
YKB2639 MATa his3 leu2 ura3 AFT1-TAP::HIS IML3-Myc::kanMX chl4�::TRP1 This study
YKB2281 MATa his3 leu2 ura3 AFT1-TAP::HIS CHL4-Myc::TRP1 This study
YKB2284 MATa his3 leu2 ura3 CHL4-Myc::TRP1 This study
YKB2287 MATa his3 leu2 ura3 AFT1-TAP::HIS CHL4-Myc::TRP1 iml3�::kanMX This study
YKB2640 MATa his3 leu2 ura3 AFT1-TAP::HIS CHL4-Myc::TRP1 ctf19�::kanMX This study
YKB2283 MATa his3 leu2 ura3 CTF19-Myc::TRP1 This study
YKB2282 MAT� his3 leu2 ura3 AFT1-TAP::HIS CTF19-Myc::TRP1 This study
YKB2289 MATa his3 leu2 ura3 AFT1-TAP::HIS CTF19-Myc::TRP1 iml3�::kanMX This study
YKB2641 MAT� his3 leu2 ura3 AFT1-TAP::HIS CTF19-Myc::TRP1 chl4�::kanMX This study
YKB2766 MATa his3�1 leu2�0 met15�0 ura3�0 IML3-TAP::HIS TAP collection
YKB2767 MATa his3�1 leu2�0 met15�0 ura3�0 IML3-TAP::HIS aft1�::kanMX This study
YKB2768 MAT� ade2-101 his3-�200 lys2-801 leu2-�1 ura3-52 trp1-�63 CTF19-Myc::kanMX This study
YKB2769 MAT� ade2-101 his3-�200 lys2-801 leu2-�1 ura3-52 trp1-�63 CHL4-Myc::kanMX This study
YKB2770 MAT� his3 leu2 ura3 IML3-TAP::HIS CTF19-Myc::kanMX This study
YKB2772 MATa his3 leu2 ura3 IML3-TAP::HIS CTF19-Myc::kanMX aft1�::kanMX This study
YKB2777 MAT� ura3-52 lys2-801 ade2-101 his3-�200 leu2-�1 trp1-�63 IML3-3HA::kanMX 15
YKB2776 MATa ura3-52 lys2-801 ade2-101 his3-�200 leu2-�1 trp1- �63 IML3-3HA::kanMX CHL4-Myc::TRP1 15
YKB2902 MATa ura3-52 lys2-801 ade2-101 his3-�200 leu2-�1 trp1-�63 IML3-3HA::kanMX CHL4-Myc::TRP1 aft1�::kanMX This study
YKB236 MATa pep4�::LEU2 ura trp ade his SCC1–6HA::HIS3 52
YKB2764 MATa ura trp ade his SCC1–6HA::HIS3 aft1�::kanMX This study
YKB2765 MATa ura trp his SCC1–6HA::HIS3 iml3�::kanMX This study
Strains used in growth assays
YKB1095 MAT� ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 aft1�::kanMX This study
YKB157 MATa ura3-52 lys2-801 ade2-101 his3-�200 trp1-�63 scc1-73 32
YKB90 MATa trp1-1 ade2-101 can1-100 leu2-3,112 his3-11,15 ura3 scc2-4 32
YKB227 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 smc3-42 32
YKB2138 MATa pep4�::G418 ura3-52 leu2-3,112 his3-11,15 bar1 GAL� eco1-203 33
YKB2274 MAT� his3 leu2 ura3 iml3�::kanMX This study
YKB2749 MAT� ura3-52 lys2-801 ade2-101 his3-�200 trp1-�63 scc1-73 aft1�::kanMX This study
YKB2752 MAT� his3 ura3 scc1-73 iml3�::kanMX This study
YKB2753 MAT� trp ade2-101 leu2 his3 ura3 scc2-4 aft1�::kanMX This study
YKB2755 MAT� his3 leu2 ura3 scc2-4 iml3�::kanMX This study
YKB2757 MAT� ade2 trp1 leu2 his3 ura3 smc3-42 aft1�::kanMX This study
YKB2759 MAT� his3 leu2 ura3 smc3-42 iml3�::kanMX This study
YKB2761 MAT� ura3-52 leu2 his3 eco1-203 aft1�::kanMX This study
YKB2762 MAT� his3 leu2 ura3 eco1-203 iml3�::kanMX This study

Strains used in mitotic cohesion assay
YKB2635 MATa ura3 trp1 leu2 his3-11 MET-CDC20::URA3 promURA3::tetR::GFP::LEU2, cenIV::tetOx448::URA3 19
YKB2636 MATa ura3 trp1 leu2 his3-11 MET-CDC20::URA3 promURA3::tetR::GFP::LEU2, cenIV::tetOx448::URA3 iml3�::kanMX 19
YKB2637 MATa ura3 trp1 leu2 his3-11 MET-CDC20::URA3 promURA3::tetR::GFP::LEU2, cenIV::tetOx448::URA3 aft1�::kanMX This study
YKB2638 MATa ura3 trp1 leu2 his3-11 MET-CDC20::URA3 promURA3::tetR::GFP::LEU2, cenIV::tetOx448::URA3 iml3�::kanMX6 aft1�::TRP1 This study
YKB2903 MATa ura3 trp1 leu2 his3-11 MET-CDC20::URA3 promURA3::tetR::GFP::LEU2, cenIV::tetOx448::URA3 aft1-TAD�-Myc::TRP1 This study

Strains used in meiotic cohesion assay
YKB2589 MATa/� ho::LYS2 (lys2?) ura3 leu2 his4X trp1::hisG promURA3-TetR-GFP::LEU2 TETOx224-URA3 19
YKB2590 MATa/� ho::LYS2 (lys2?) ura3 leu2 his4X trp1::hisG promURA3-TetR-GFP::LEU2 TETOx224-URA3 aft1�::kanMX This study
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ting. Primary antibodies used are as follows: anti-TAP (Thermo
Scientific, CAB1001, 1:5000), anti-Myc (Roche Applied Sci-
ence, 11667149001, 1:800), and anti-HA (Covance,MMS-101P,
1:1000). Secondary antibodies were HRP-linked, goat anti-rab-
bit IgG (Chemicon, AP307P, 1:5000), and goat anti-mouse IgG
(Bio-Rad, 170–6516, 1:5000).
Dot Assays and Growth Conditions—Yeast strains were

grown in YPD at 25 °C to mid-log phase and then spotted in
10-fold serial dilutions (A600 � 0.1, 0.01, 0.001, and 0.0001)
onto YPD plates and incubated at 25, 30, and 33 °C for 2 days
before epi-white imaging using the Molecular Imager Chemi-
Doc XRS System (Bio-Rad). Dot assay experiments were
repeated in triplicate using different isolates of each strain.
Chromatin Immunoprecipitation (ChIP)-Multiplex PCR and

qPCR3—ChIP was carried out as described previously (15).
Immunoprecipitated DNAwas amplified using multiplex-PCR
with the following primer pairs: CEN3 forward (5�-GCGAT-
CAGCGCCAAACAATATGG) and CEN3 reverse (5�-GAG-
CAAAACTTCCACCAGTAAACG) were obtained from Ref.
26; FET3 forward (5�-GGTCCCTACAGTACGCTGAG) and
FET3 reverse (5�-GGATCGACTGTTTGAGTGCATCC). PCR
products were resolved on a 3% agarose gel and visualized with
ethidiumbromide. For qPCR-ChIP, cellswere grown at 25 °C to
mid-log phase and arrested as described previously (19). qPCR
was performed in a 10-�l EvaGreen (Bio-Rad, 172-5201) reac-
tion using the Bio-Rad MiniOpticon real time PCR system.
ChIP enrichment/input values were calculated as described
previously (19). Primer sequences were obtained from Ref. 19,
and the pericentromere, centromere, and arm primers corre-
spond to primer pairs P2, C1, and A3, respectively. The primer
sequences used are as follows: pericentromere forward (5�-
ATTGTTTAGAAACGGGAACA) and reverse (5�GTTCAAC-
TCTCTGCATCTCC); centromere forward (5�-ACACGAGC-
CAGAAATAGTAAC) and reverse (5�-TGATTATAAGCAT-
GTGACCTTT); and arm forward (5�-GAAAGCGACCAGCT-
AGATTA) and reverse (5�-CAAACGCTTTAACACACAAG).
Cohesion Assays and Microscopy—The mitotic cohesion

assay was performed as described previously (19). For the mei-
otic cohesion assay, sporulation was performed at 30 °C as
described previously (27). Cells for both assays were fixed as
described previously (28). Microscopy was performed on a
Leica DMI6000B fluorescent microscope (Leica Microsystems
GmbH, Wetzler Germany), equipped with a Sutter DG4 light
source (Sutter Instruments), Ludl emission filter wheel with
Chroma band pass emission filters (Ludl Electronic Products
Ltd.), and Hamamatsu Orca AG camera (Hamamatsu Photon-
ics, Herrsching am Ammersee, Germany). Images were col-
lected and analyzed using Velocity 4.3.2 Build 23 (PerkinElmer
Life Sciences). Analysis was performed on images collapsed
into two dimensions using the “extended focus” in Velocity.

RESULTS

Aft1 Interacts with the Kinetochore Protein Iml3—To eluci-
date the function of Aft1 in chromosome stability, we first
sought to identify the individual kinetochore protein or protein
subcomplex that interacts with Aft1. As Iml3 was found to

interact with Aft1 by yeast two-hybrid (13, 14), we decided to
confirm this physical interaction by a secondary method. Co-
immunoprecipitation experiments with strains containing
TAP-tagged Aft1 and Myc-tagged Iml3, Chl4, or Ctf19 con-
firmed that Aft1-TAP can co-purify proteins of the Ctf19 sub-
complex (Fig. 1, B–D, lanes 4).

To further dissect the Aft1-kinetochore interaction, we sys-
tematically created deletion mutant strains based on the estab-
lished hierarchical dependences of the Ctf19 complex (Fig. 1A)
(15). We first investigated whether the Aft1-Ctf19 interaction
(Fig. 1B, lane 4) is dependent on Chl4 or Iml3. In a chl4� back-
ground that abolishes the Iml3-Ctf19 interaction (15), theAft1-
Ctf19 interaction was disrupted (Fig. 1B, lane 5) indicating that
this interaction was either through Chl4 or Iml3. In an iml3�
background thatmaintains theChl4-Ctf19 interaction, albeit in
a reduced fashion (15, 19), the Aft1-Ctf19 interaction was also
disrupted (Fig. 1B, lane 6). These results suggest that Aft1 is
co-purifying Chl4 and Ctf19 through Iml3. To confirm this, we
next examined the effect of ctf19� and iml3� mutations on the
Aft1-Chl4 interaction (Fig. 1C, lane 4). In a ctf19� background
that maintains the Iml3-Chl4 complex (15), the Aft1-Chl4
interaction was preserved (Fig. 1C, lane 5) indicating that Aft1
interacts with either Chl4 or Iml3 but not Ctf19. In an iml3�
background that maintains the Chl4-Ctf19 interaction, Aft1
could not co-immunoprecipitate Chl4 anymore (Fig. 1C, lane
6), indicating that this interaction was through Iml3. Our last
experiment looked directly at the consequence of ctf19� and
chl4� mutations on the Aft1-Iml3 interaction (Fig. 1D, lane 4).
These results confirmed the findings of the previous two exper-
iments, as we show that in both ctf19� and chl4� mutant back-
grounds Aft1 can still co-immunoprecipitate Iml3 (Fig. 1D,
lanes 5 and 6). Therefore, our results confirmed the Aft1-Iml3
two-hybrid interaction and indicated that Aft1 is interacting
with kinetochore COMA complex subunits through Iml3.
Iml3 Kinetochore Localization Is Not Dependent on Aft1—To

determine whether Aft1 impacts the localization of Iml3 to the
CEN, we performed a chromatin immunoprecipitation (ChIP)
assay using an untagged control, Iml3-TAP, and Iml3-TAP
aft1� strains (Fig. 2A). TAP-tagged Iml3 was immunoprecipi-
tated from formaldehyde cross-linked whole-cell extracts, and
co-precipitated DNA was subjected to multiplex PCR with
primers specific to the centromere of chromosome 3 (CEN3)
and the promoter of FET3 (negative control). Our results indi-
cate that Aft1 does not impact the centromeric localization of
Iml3 (Fig. 2B). To further confirm our results, we carried out
protein co-immunoprecipitation experiments to investigate if
Iml3-Ctf19 and Iml3-Chl4 interactions are dependent on Aft1.
Our results demonstrate that the Iml3-Ctf19 and Iml3-Chl4
interactions are not disrupted in an aft1� background (Fig. 2,C
and D). Taken together, our results indicate that Aft1 is not
regulating Iml3 localization toCENsor interactionwithCOMA
proteins.
aft1� and iml3� Display Similar Synthetic Genetic Interac-

tions with Cohesion Mutants—Given that Iml3 has been impli-
cated to function in the cohesion pathway (5, 19, 29, 30) and
that genetic interactions predict functional relationships (31),
we wanted to determine whether aft1� and iml3�mutants dis-
play synthetic genetic interactions with temperature-sensitive3 The abbreviation used is: qPCR, quantitative PCR.
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mutants of the sister chromatid cohesion pathway: scc1-73,
scc2-4, smc3-42 (32), and eco1-203 (33). Scc1 and Smc3 are part
of the tripartite cohesin ring that physically links sister chroma-

tids until the onset of anaphase. Scc2 is part of the Scc2-Scc4
cohesin loader complex, whereas Eco1 functions through
acetylation of Smc3 to establish sister chromatid cohesion

FIGURE 2. Aft1 does not impact the kinetochore localization and protein interactions of Iml3. A, presence or absence of Aft1 does not impact the
purification of Iml3-TAP. Western blot analysis of Iml3-TAP purified by ChIP (IP) and whole-cell extract (WCE). B, Iml3 localization to the centromere is not
affected by Aft1. Traditional ChIP performed using untagged, Iml3-TAP, and Iml3-TAP aft1� strains. Total or immunoprecipitated DNA was subjected to
multiplex PCR amplification using primers specific to the centromere of chromosome 3 (CEN3) and the negative control FET3. C, Iml3-Ctf19 co-purification is not
affected by Aft1. Anti-TAP immunoprecipitations were performed with strains containing different combinations of TAP-tagged Iml3 and Myc-tagged Ctf19 in
the presence or absence of Aft1. D, Iml3-Chl4 interaction is not affected by Aft1. Anti-HA immunoprecipitations were performed with strains containing
different combinations of HA-tagged Iml3 and Myc-tagged Chl4 in the presence or absence of Aft1. For all immunoprecipitations, 50% of the eluate was loaded
in the TAP or HA blot, whereas 50% of the eluate was loaded in the Myc-blot.

FIGURE 1. Aft1 interaction with Ctf19 kinetochore complex is dependent on Iml3. A, schematic diagram of the budding yeast kinetochore highlighting the
hierarchical dependences of the Ctf19 subcomplex. B, Aft1 co-purification with the kinetochore protein Ctf19 is dependent on Chl4 and Iml3. Anti-TAP immunopre-
cipitations were performed with strains containing different combinations of TAP-tagged Aft1 and Myc-tagged Ctf19 in the presence or absence of Chl4 and Iml3.
C, Aft1 co-purification with the kinetochore protein Chl4 is dependent on Iml3 but not Ctf19. Anti-TAP immunoprecipitations were performed with strains containing
different combinations of TAP-tagged Aft1 and Myc-tagged Chl4 in the presence or absence of Ctf19 and Iml3. D, Aft1 co-purification with the kinetochore protein Iml3
is independent of Ctf19 and Chl4. Anti-TAP immunoprecipitations were performed with strains containing different combinations of TAP-tagged Aft1 and Myc-
tagged Iml3 in the presence or absence of Ctf19 and Chl4. For all immunoprecipitations, 10% of the eluate was loaded in the TAP blot, and 90% of the eluate was loaded
in the Myc blot. IP, immunoprecipitations; WCE, whole-cell extract.
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(reviewed in Ref. 18). As expected, we found that iml3�
mutants display negative genetic interactions with all the tem-
perature-sensitive cohesion mutants at 25 °C. Similarly, we
found that aft1� in combination with the cohesion mutants
also resulted in synthetic genetic interactions; however, the
strength of the interactions varied by temperature and was not
as pronounced as with iml3� (Fig. 3). This suggests that like
Iml3, Aft1 may have a role in sister chromatid cohesion.
DefectiveMitotic Pericentromeric Cohesion in aft1�Mutants—

It has been shown previously that Iml3 and other Ctf19 com-
plex proteins exhibit defects in resisting microtubule pulling
forces (19) and increased spindle length in metaphase (23). To
determine whether Aft1 displays similar defects, we used
strains that express TetR-GFP and have tetO arrays integrated
2.4 kb from the CEN of chromosome 4 (�2.4CEN4-GFP), and
we asked if sister chromatids aremore frequently separated in a
metaphase arrest (Fig. 4A). Wild-type, iml3�, aft1�, and
aft1�iml3� cells under the control of a methionine-repressible
promoter (MET-CDC20) were released from a G1 �-factor
block into methionine-rich media. This induces a metaphase
arrest through depletion of Cdc20 (required for the metaphase
to anaphase transition) (34). Sister chromatids in this meta-
phase arrest remain under tension from the microtubule pull-
ing forces (Fig. 4A), and the separation of sister pericentric

regions were scored by counting the number of cells that have 1
or 2 GFP foci (Fig. 4B). Consistent with previous studies (19),
our results show that �30% of wild-type cells exhibit GFP dot
separation, and this increases to 60% in iml3� cells that exhibit
defects in counter-balancing spindle forces (Fig. 4C). Approxi-
mately 55% of aft1� cells have separated GFP foci indicating
that Aft1, like Iml3, is required for establishing pericentric
cohesion in mitosis. As aft1�iml3� cells did not display addi-
tive defects, it suggests that Aft1 and Iml3 function together to
establish pericentric chromatin that can balancemitotic forces.
We were then interested to determine which domain of Aft1

is responsible for this phenotype. Previous studies havemapped
the transactivation domain ofAft1 to theC-terminal region and
within amino acids 413–690 (35), and the N-terminal region
contains theDNAbinding domain (36). As such, we deleted the
transactivation domain of Aft1, or amino acids 413–690, to
create the truncated aft1-TAD� (Fig. 4D) and asked whether
we observed the same phenotype as aft1� cells. Our results
show that the aft1-TAD� strain displays defects in resisting
microtubule tension similar to aft1� cells (Fig. 4C) indicating
that the transactivation domain of Aft1 is contributing to reg-
ulate spindle length dynamics.

FIGURE 3. aft1� and iml3� mutants display negative genetic interactions
with cohesion mutants. Cells were plated in 10-fold serial dilutions (A600 �
0.1, 0.01, 0.001, and 0.0001) onto YPD plates and incubated for 2 days at the
indicated temperatures.

FIGURE 4. aft1� mutants exhibit pericentromeric cohesion defects in
mitosis. A, schematic showing the separation of GFP-marked chromosomes
2.4 kb to the right of CEN4 in a metaphase arrest while maintaining microtu-
bule tension in a strain with adequate pericentric cohesin (top panel) and
decreased pericentric cohesin (bottom panel). Spindle axis is along the hori-
zontal plane. GFP is represented by green dots. Cohesin is represented by
circles. B, representative images of cells at 120 min after release from G1 show-
ing one or two GFP foci (left and right panel, respectively). C, sister centrom-
eres are more frequently separated in aft1�, iml3�, and aft1-TAD� mutants.
Wild-type (WT), aft1�, iml3�, and aft1-TAD� cells that have GFP-labeled chro-
mosome 2.4 kb to the right of CEN4 and MET-CDC20 were arrested in G1 with
�-factor and released into media containing methionine to induce a meta-
phase arrest while maintaining tension between sister chromatids. Meta-
phase arrest was confirmed by bud count, and the frequency of GFP separa-
tion was assayed by microscopy. Results are the mean of three experiments in
which 200 cells were scored. D, removal of the transactivation domain does
not impact protein levels. Western analysis of whole-cell extract from wild-
type (no tag), Aft1-Myc, and aft1-TAD�-Myc cells.
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Aft1 Is Required for Faithful Chromosome Segregation during
Meiosis—After the first meiotic division in which homologous
chromosomes are segregated, sister chromatids lack all arm
cohesion and depend only on pericentromeric cohesion
(reviewed in Ref. 37). As such, defects in pericentromeric cohe-
sin results in chromosomenondisjunction following the second
meiotic division. Previous reports have shown that iml3�
mutants display defects in chromosome segregation in meiosis
(5, 19, 29, 30), and genome-wide screens identified aft1� as
having mild chromosome segregation defects during meiosis
(5). To confirm the role of Aft1 in meiotic chromosome segre-
gation, we monitored the fate of GFP-labeled chromosomes in
wild-type and aft1� diploids after sporulation (Fig. 5A). The
strains used have GFP labels located at URA3 (38.4 kb from
CEN5) on both copies of chromosome 5 (tetR-GFP::LEU2
URA3::tetOx224). Using the same strains, a previous report
showed the following GFP segregation pattern for iml3�
mutants as follows: �60% had GFP dots in all four spores,
�32% in three of four spores, and �8% in two of four spores
(19). Our results indicate that aft1� mutants display GFP dot
segregation patterns similar to iml3� mutants after meiosis
(Fig. 5B). We demonstrate that aft1� mutants have the follow-
ing GFP segregation pattern: �65% had GFP dots in all four
spores, �27% in three of four spores, and �8% in two of four
spores. Therefore, Aft1, like Iml3, is required for proper chro-
mosome segregation during meiosis, suggesting a role for Aft1
in promoting pericentric cohesin like Iml3.

Aft1 Is Required for Increased Cohesin at the Pericentromere
and Centromere—Increased separation of sister chromatids at
the pericentromere are indicative of cohesion defects that are
required to resist the microtubule pulling forces (19). To assess
whether Aft1 is required for increased cohesin binding at the
pericentromere, we employedChIP followed by real time qPCR
to examine the enrichment level of the cohesin subunit
Scc1-HA at three different sites on chromosome 4 that had
previously been shown to be enriched for cohesin as follows:
along the chromosomal arm, pericentromere, and centromere
regions (19). Wild-type, iml3�, and aft1� cells that express
HA-tagged Scc1 along with an untagged control strain were
arrested in metaphase following treatment with the microtu-
bule-depolymerizing drugs nocodazole and benomyl. This gen-
erated a metaphase arrest whereby sister chromatids are not
under tension from themicrotubule-pulling forces. HA-tagged
Scc1 was then immunoprecipitated from formaldehyde cross-
linked extracts (Fig. 6A) upon which the co-precipitated DNA
was subjected to qPCR analysis, and enrichment/input values
were calculated as described previously (19). Our results indi-
cate that there is reduced Scc1 enrichment at the pericentrom-
ere and centromere regions in iml3� and aft1� mutants as
compared with wild-type cells (Fig. 6B). In contrast, Scc1 levels
were comparable between wild-type, iml3�, and aft1� cells at
the chromosomal arm location. Therefore, Aft1, like Iml3, plays
a role in promoting cohesin association at the centromere and
pericentromere.

DISCUSSION

Several genome-wide studies identified Aft1 as a potential
regulator in chromosome stability (4, 5, 7, 13, 14). In this study,
we demonstrate that Aft1 interacts with kinetochore proteins
Ctf19 and Chl4 through Iml3, and like these members of the
Ctf19 complex, we found that Aft1 contributes to the enrich-
ment of cohesin at the pericentromere. The mechanism by
which Iml3 and other Ctf19 complex members promote cohe-
sin enhancement at the centromere and pericentromere
remains unknown. It is speculated that the Ctf19 complex
enriches the Scc2-Scc4 cohesin loader complex at the centro-
mere, which in turn loads the cohesin complex that subse-
quently spreads bidirectionally throughout the pericentromere
(19–21). As Iml3 is the most peripheral Ctf19 complex subunit
(15), and pericentromeric cohesion defects of Ctf19 complex
mutants are not additive (19), Iml3 is likely the key protein
controlling this process. The pericentromeric separation of
mitotic sister chromatids displayed by aft1�iml3�mutant cells
is comparable with the single mutants (Fig. 4C). As Aft1 does
not impact the interaction of Iml3 with the kinetochore (Fig. 2),
it suggests that one role Iml3may be playing is to recruit Aft1 to
the kinetochore, which in turn aids in the recruitment of peri-
centric cohesin. However, as the strength of the genetic inter-
actions of aft1� mutants with the cohesion pathwaymutants is
not as pronounced as iml3� mutants (Fig. 3), it suggests that
Iml3 plays additional roles in the cohesion pathway not shared
by Aft1.
Although Aft1 has not been linked to the transcription of

genes implicated in chromosome stability or benomyl resis-
tance (4), we cannot eliminate the possibility that part of the

FIGURE 5. Aft1 is required for proper chromosome segregation during
meiosis. A, schematic showing the segregation of chromosome 5 labeled
with GFP. Sister chromatid cohesion is represented by black lines between
sister chromatids. GFP is represented by black dot. B, aft1� cells display mei-
otic chromosome segregation defects. Wild-type (WT) and aft1� diploids that
have GFP-labeled chromosome 5 (tetR-GFP::LEU2 URA3::tetOx224) at URA3
(38.4 kb from the centromere) were induced to sporulate at 30 °C. GFP dot
segregation patterns in tetra-nucleate cells were scored and represented as
percentages. Results are the mean of three experiments in which 100 tetra-
nucleate cells were scored for GFP segregation patterns.
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role Aft1 plays in chromosome stability is mediated through
transcription. With that said, the physical interaction between
Aft1 and Iml3 (Fig. 1) (13, 14) and the co-localization of Aft1 with
kinetochore proteins (6) strongly argues for a role forAft1 directly
at the kinetochore. Aft1 has not been identified in the numerous
proteomic studies of the kinetochore (12, 16) but only via two-
hybrid screens (13, 14) suggesting that Aft1 interaction with the
kinetochoremay be transient (38). Indeed, wemay have been able
to detect the Aft1-Iml3 interaction because our purifications uti-
lized low speed centrifugation, which has been shown to increase
the solubility of chromatin-associated proteins (39).
What are the possible roles for Aft1 at the kinetochore? One

possibility is that Aft1 is physically interacting with and recruiting
membersof the cohesin complexor theScc2-Scc4 loader complex
to the centromere; however, like Iml3, no physical interaction
betweenAft1 and these subunits hasbeen reported.Analternative
possibility is that the kinetochore is harnessing the ability of tran-
scription factors to recruit chromatin remodelers or modifiers to
the centromere where they specifically position or add epigenetic
marks to pericentromeric histones which in turn recruit Scc2-
Scc4. There is precedent for this idea as during DNA damage
repair cohesin is enriched at sites flanking the DNA break in a
manner dependent on histone H2A phosphorylation (40, 41).
Indeed, histone modifications dependent on a functional

kinetochore have been reported at the centromere, and these
modifications contribute to chromosome segregation (42).
Also, establishment of cohesion has been linked to numer-
ous chromatin regulators and histone modifications (43–
47), and chromatin-remodeling complexes were also found
to interact with kinetochore proteins and localize to the cen-
tromere (13, 48, 49). Could Aft1 be recruiting such factors to
the centromere? The transactivation domain of Aft1, which
is believed to recruit chromatin remodelers and modifiers to
iron-regulon promoters (35), is required for resisting micro-
tubule pulling forces (Fig. 4C). Furthermore, affinity-capture
mass spectrometry studies have demonstrated Aft1 co-puri-
fying with protein subunits of the SWI/SNF chromatin
remodeler (39) and the lysine acetyltransferases SAGA (50)
and NuA4 (39); all three have been implicated in chromo-
some stability and/or cohesion defects (5, 26, 49). Exactly
how Aft1 contributes to the structure and function of the
pericentric chromatin spring will require additional study.
However, as numerous other transcription factors have been
shown to interact with kinetochore proteins (13), the role of
transcription factors in pericentromeric chromatin may not
be limited to Aft1 but rather to a general mechanism that
aids in the establishment of the unique chromatin environ-
ment of the pericentromere.

FIGURE 6. Levels of Scc1– 6HA are reduced at the pericentromere and centromere in aft1� mutants. A, presence or absence of Aft1 does not impact the
amount of Scc1– 6HA purified by ChIP. Western blot analysis of Scc1– 6HA purified by ChIP (IP) and whole-cell extract (WCE) in wild-type, aft1�, and iml3�
mutants. B, analysis of Scc1– 6HA association in cells arrested in metaphase of mitosis in the absence of microtubules. Wild-type (no tag), SCC1– 6HA, iml3�
SCC1– 6HA, and aft1� SCC1– 6HA cells were arrested in metaphase in the presence of microtubule-depolymerizing drugs nocodazole and benomyl. Metaphase
arrest was confirmed by bud count. qPCR analysis of Scc1– 6HA levels were performed at three different regions of chromosome 4, and results are the mean of
three independent experiments; error bar indicates 1 S.D.
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