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Structures of CENP-C cupin domains at regional centromeres
reveal unique patterns of dimerization and recruitment
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The successful assembly and regulation of the kinetochore are
critical for the equal and accurate segregation of genetic mate-
rial during the cell cycle. CENP-C (centromere protein C), a
conserved inner kinetochore component, has been broadly
characterized as a scaffolding protein and is required for the
recruitment of multiple kinetochore proteins to the centro-
mere. At its C terminus, CENP-C harbors a conserved cupin
domain that has an established role in protein dimerization.
Although the crystal structure of the Saccharomyces cerevisiae
Mif2€ENP-C cyupin domain has been determined, centromeric
organization and kinetochore composition vary greatly between
S. cerevisiae (point centromere) and other eukaryotes (regional
centromere). Therefore, whether the structural and functional
role of the cupin domain is conserved throughout evolution
requires investigation. Here, we report the crystal structures of
the Schizosaccharomyces pombe and Drosophila melanogaster
CENP-C cupin domains at 2.52 and 1.81 A resolutions, respec-
tively. Although the central jelly roll architecture is conserved
among the three determined CENP-C cupin domain structures,
the cupin domains from organisms with regional centromeres
contain additional structural features that aid in dimerization.
Moreover, we found that the S. pombe Cnp3°*NP-€ jelly roll fold
harbors an inner binding pocket that is used to recruit the mei-
osis-specific protein Moal. In summary, our results unveil the
evolutionarily conserved and unique features of the CENP-C
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cupin domain and uncover the mechanism by which it functions
as a recruitment factor.

Faithful chromosome segregation during cell division is
essential for survival in eukaryotes. During cell division, dupli-
cated chromosomes must segregate in an accurate and equal
manner to ensure the proper separation of genetic material. If
chromosomes fail to divide evenly, the resulting consequences
are severe and include aneuploidy, birth defects, and cancer
(1-3).

The centromere and kinetochore are two vital components
thatare required for the successful distribution of genetic mate-
rial during the cell cycle. The centromere is a unique region on
the chromosome that serves as the site of kinetochore assembly
and subsequent microtubule attachment. Budding yeasts, such
as Saccharomyces cerevisiae, possess a unique point centromere
that contains a genetically well-defined 125-bp DNA sequence,
which is essential for kinetochore assembly (4-7). However,
most other eukaryotes, including humans, Schizosaccharomy-
ces pombe, and Drosophila melanogaster, possess regional cen-
tromeres that are larger (kilobases to megabases long) and are
epigenetically specified (8).

The kinetochore is a multicomponent protein complex that
assembles on the centromere and facilitates a physical connec-
tion between the chromosome and the microtubules during cell
division. Early EM images showed that the kinetochore has a
trilaminar structure with two clear electron-dense regions (9).
These two electron-dense regions are now known as the inner
and outer kinetochores, named the constitutive centromere-
associated network (CCAN)? and the Knl1-Mis12—-Ndc80 net-
work, respectively (10, 11). CENP-C, one of the first centro-
mere-associated proteins to be discovered, is a vital CCAN
component and functions as a scaffolding protein by specifi-
cally recognizing centromere-specific CENP-A nucleosomes

3 The abbreviations used are: CCAN, constitutive centromere-associated net-
work; R.M.S., root mean square; PDB, Protein Data Bank; SAD, single-wave-
length anomalous diffraction; DS, domain-swapped region; SV-AUC, sedi-
mentation velocity analytical ultracentrifugation; MBP, maltose-binding
protein; TBZ, thiabendazole; DSC, differential scanning calorimetry; TCEP,
tris(2-carboxyethyl)phosphine; APS, Advanced Photon Source; AEl, amy-
lose elution gel band intensity; IF, immunofluorescence.
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and subsequently recruiting other CCAN components to the
centromere (12-16). The functional significance of CENP-C
is apparent from its remarkable evolutionary conservation.
Notably, D. melanogaster and Caenorhabditis elegans kin-
etochores lack the vast majority of known CCAN compo-
nents, yet CENP-C homologs are clearly present in these
organisms (17, 18). The N-terminal region of CENP-C serves
as a recruitment platform for multiple kinetochore proteins
including, the Mis12, the CENP-H-I-K-M, and the CENP-
L-N complexes, which are critical for building a strong con-
nection to the outer kinetochore and microtubules (see Fig.
1A) (16, 19-24). Although the protein sequence of the
CENP-C N-terminal region has diverged among organisms,
the CENP-C C-terminal region features two conserved
domains: the CENP-C motif and the cupin domain. The
CENP-C motif is the hallmark of CENP-C homologs and is
required for CENP-A nucleosome recognition (15). The
C-terminal end of the protein contains the cupin domain,
which is known to homodimerize (25).

The crystal structure of the S. cerevisiae Mif2“*N"" (hereaf-
ter referred to as ScMif2¥NP-) cupin domain revealed a
homodimeric complex where each monomer is comprised of a
nine-stranded jelly roll fold (see Fig. 1B) (25). However, the
structural significance of the cupin jelly roll fold is yet to be
addressed. In particular, S. cerevisiae point centromeres are
genetically specified by conserved DNA elements (CDEI,
CDEII, and CDEIII) that are essential for establishing a plat-
form for kinetochore assembly. The composition of the
S. cerevisiae inner kinetochore significantly differs from that of
higher eukaryotes with no apparent homolog for the CBF3
complex identified at regional centromeres (26). Interestingly,
even organisms with regional centromeres have dramatically
different inner kinetochore compositions, because D. melano-
gaster inner kinetochores only seem to consist of CENP-C, with
no orthologs for any other CCAN proteins identified to date
(18). Therefore, although CENP-C is highly conserved in
eukaryotes, its structure and physiological role may vary to
accommodate differences in centromere and kinetochore com-
position. By comparing CENP-C cupin domain structures from
organisms with point centromeres (S. cerevisiae) against those
with regional centromeres and differing kinetochore composi-
tions (S. pombe and D. melanogaster), we sought to delineate
the conserved and unique structural features among cupin
domains and further elucidate their functional relevance in kin-
etochore assembly.

In addition to its role in promoting dimerization, the
CENP-C cupin domain can function as a centromere-
recruiting factor for key kinetochore components. A former
yeast two-hybrid study has demonstrated that the S. pombe
Cnp3“ENP-C (hereafter referred to as SpCnp3“™™F€) cupin
domain interacts with Moal, a key meiosis [-specific protein
and functional equivalent of human MEIKIN, and recruits it to
centromeres (23, 27, 28). It is known that kinetochores behave
differently in mitosis and meiosis. During meiosis I, sister kin-
etochores attach to microtubules emanating from the same
spindle pole, and centromeric cohesion is maintained to ensure
the separation of homologous chromosomes. Moal is respon-
sible for monopolar attachment during meiosis I and indirectly
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recruits Shugoshin to ensure consequent protection of centro-
meric cohesion (27, 29). The exact details of the interaction
between the SpCnp3“*N"" cupin domain and Moal, including
the binding interface and relevant residues, have remained
elusive.

Here, we present the crystal structures of the SpCnp
and D. melanogaster CENP-C (hereafter referred to as
DmCENP-C) cupin domains at 2.52 and 1.81 A resolution,
respectively. Although we find a conserved dimeric core struc-
ture within each cupin domain, we find that both the
SpCnp3°ENP-C and DmCENP-C cupin domains possess addi-
tional and unique structural features. Particularly, the
SpCnp3“ENP-C cupin domain features a distinct B-hairpin at
the N-terminal side of the jelly roll core, which is essential for
maintaining the stability of the dimeric state in vitro and has
mitotic roles in vivo. Additionally, the SpCnp3<FNF-< cupin
domain features a binding pocket for the meiosis-specific pro-
tein Moal. Thus, our results further reveal a structural role for
the SpCnp3“FNP-< C terminus in meiosis.

3CENP—C

Results

Structural determination of the S. pombe and
D. melanogaster CENP-C cupin domains

To elucidate the evolutionarily conserved and/or differen-
tiating features of the CENP-C cupin domain between
organisms with point and regional centromeres, we deter-
mined the crystal structures of CENP-C cupin domains
belonging to two organisms with regional centromeres:
S. pombe (SpCnp3°NC) and D. melanogaster (DmCENP-
C). The crystal structure of the SpCnp3“*N""“ cupin domain
(residues 489 —643) was determined by single-wavelength
anomalous diffraction (SAD) with selenomethionine-substi-
tuted protein to calculate initial phases. The electron density
map at 2.52 A resolution was used for model building, and
the final model was refined at R, /Ry... values of 0.217/
0.251, respectively (Fig. 1C and Table 1). Residues 489 —493
of the SpCnp3“ "¢ cupin domain structure were not visi-
ble because of their flexible nature. The initial model of
DmCENP-C cupin domain (residues 1244 —1411) was built
based on the 2.63 A resolution electron density map calcu-
lated from SAD phases using selenomethionine-labeled pro-
tein. This model was then used for molecular replacement
against a 1.81 A native data set collected from crystals of a
longer DmCENP-C cupin domain construct (residues 1190 —
1411). The electron density for additional residues was visi-
ble after molecular replacement. After building the addi-
tional residues, the final model was refined at R, /R cc
values of 0.196/0.232 (Fig. 1D and Table 1).

Structural comparison of CENP-C cupin domains at point and
regional centromeres

The structural core of both the SpCnp3“™ "¢ and
DmCENP-C cupin domains shows a dimeric complex where
each monomer forms a jelly roll fold consisting of nine
B-strands that form two antiparallel 8 sheets (Fig. 2A4). The
five-stranded sheet (B1-B5) participates in dimerization,
whereas the remaining four strands (81'—f4') complete the
jelly roll fold to form the characteristic shape of the cupin

SASBMB
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domain. We find that the core nine-stranded fold of the
CENP-C cupin domains from organisms possessing point cen-
tromeres (ScMif2“"F-< cupin domain; PDB code 2VPV) is
well-preserved evolutionarily with those with regional centro-
meres (SpCnp3“™*-< and DmCENP-C), showing Ca R.M.S.
differences of 2.02 A (ScMif2“EN""C versus SpCnp3©ENP-<
(532—625; 158 Ca residues)) and 1.93 A (ScMif2<ENP-C yersus
DmCENP-C (1320-1411; 161 Ca residues)) (Fig. 2B). In both
SpCnp3“FNPC and DmCENP-C cupin domains, the two
B-sheets (81-5 and B1'—p4') within the jelly roll fold create a
pocket-like surface that is often used as a site for metal ion
binding in other cupin proteins (30-32).

SASBMB

SpCnp3CENP-C

Figure 1. Side and aerial views of CENP-C cupin domain crystal structures. A, classified domains of human CENP-C and their respective binding partners
indicated by double-headed arrows. B, crystal structure of the ScMif2<ENP< cupin domain (PDB code 2VPV) (25). Monomers are colored green and light green. C,
crystal structure of the SpCnp3“ENP"< cupin domain (PDB code 602D). Monomers are colored in purple and pink. D, crystal structure of the DmCENP-C cupin
domain (PDB code 602K). Monomers are colored in blue and cyan. lllustrations of protein structures used in all figures were generated with PyMOL (Delano
Scientific, LLC). Both N and C termini are labeled.

DmCENP-C

Although the core jelly roll folds are conserved, the CENP-C
cupin domains from organisms with regional centromeres
exhibit additional features at their N- and C-terminal ends. The
SpCnp3“*™P-€ cupin domain features a B-hairpin and a short
a-helix at its N-terminal side and an additional a-helix on the
C-terminal end of the jelly roll (Fig. 2). The DmCENP-C cupin
domain possesses two extra a-helices and an extra 3-strand at
the N-terminal side of the jelly roll (Fig. 2). These additional
features have not been observed in the ScMif2“*™NF-< cupin
domain. Because the ScMif2“*"© cupin domain construct
that was used for crystallization (residues 365—530) was longer
than that within the determined structure (residues 437-530),

J. Biol. Chem. (2019) 294(38) 14119-14134 14121
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Table 1
Data collection and refinement statistics
The values in parentheses are for the highest-resolution shell. NA, not available.

SpCnp3“¥NP-€ cupin domain

Cnp3 cupin (489 - 643)

DmCENP-C cupin domain

SeMet CENP-C Native CENP-C
cupin (1244 -1411) cupin (1190-1411)

Data collection

Wavelength (A) 0.9786 0.9786 0.9786
Space group P4,2,2 P3,21 P2,2,2,
Cell dimensions
a, b, c (A) 55.16, 55.16, 206.64 86.24, 86.24, 112.24 51.93,61.72, 87.92
a By () 90, 90, 90 90, 90, 120 90, 90, 90
Resolution 34.44-2.52 (2.59-2.52) 40.25-2.63 (2.70-2.63) 30.86-1.81 (1.86-1.81)
merge 0.056 (0.578) 0.257 (2.327) 0.041 (0.469)
i 0.016 (0.156) 0.056 (0.502) 0.020 (0.257)
/ol 32.9 (5.0) 11.8 (1.9) 21.6 (2.8)
Completeness (%) 99.6 (99.3) 99.9 (100.0) 99.6 (99.4)
Redundancy 13.2 (14.5) 21.8 (22.3) 4.8 (4.2)
Refinement
Resolution (A) 33.07-2.52 30.86-1.81
No. reflections 11,475 25,138
R/ Rivee 0.217/0.251 0.196/0.232
No. atoms
Protein 2246 2224
Ligand/ion NA NA
Water 5 128
B-factors
Protein (average B-factor) 71.68 29.59
Ligand/ion NA NA
Water 62.60 28.27
R.m.s. deviations
Bond lengths (A) 0.008 0.007
Bond angles (°) 1.248 0.902
Ramachandran plot (%)
Favored 97.43 98.14
Allowed 2.57 1.86
Outliers 0.00 0.00
PDB code 602D 602K

residues 365-436 of the ScMif2“*™P"< cupin domain are likely
to be disordered.

Additionally, despite the high level of conservation in the
overall architecture of the jelly roll fold, the primary sequence
of residues within the dimer interface is not well-preserved
among the three CENP-C cupin domain structures (Fig. S1).
The ScMif2“*NP€ cupin domain mainly relies on hydrophobic
interactions along the interface for dimer formation. In con-
trast, the SpCnp3-*N"" and DmCENP-C cupin domains pri-
marily rely on hydrogen bond interactions formed by their
additional secondary structures outside of the jelly roll fold to
maintain their dimeric state.

Taken together, although the overall structural features of
the ScMif2“*N""C (point centromere) cupin domain are well-
preserved in the SpCnp3“**-<and DmCENP-C (regional cen-
tromere) cupin domains, the interactions at the dimer interface
are not conserved. The cupin domains from organisms with
regional centromeres also have additional structural compo-
nents. We propose that these additional features may further
reinforce the dimerization in the CENP-C cupin domains at
regional centromeres.

Additional secondary structures in the CENP-C cupin domains
from organisms with regional centromeres contribute to
dimerization and protein stability

The structural comparison of ScMif2“*™*- cupin domain
with the SpCnp3“*™P“ and DmCENP-C cupin domains
revealed that organisms with regional centromeres encode
CENP-C cupin domains that possess secondary structures in
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addition to the jelly roll folds (Fig. 2). Two B-strands at the N
terminus of the SpCnp3“*™F-< cupin domain form a B-hairpin
structure and then participate in domain swapping between
monomers. This unexpected domain-swapped region (DS) is
likely to further enforce the dimerization of the SpCnp3<*NF~<
cupin domain. This is evidenced by the formation of multiple
hydrogen bonds between the backbones of the DS2 B-strand
and the adjacent B5-strand of the opposing chain (Fig. 3A).
Specifically, the backbones of residues Tyr-524 and Val-522 in
DS2 hydrogen bond to the backbones of residues Val-599 and
Ile-601 in B5-strand, respectively. DS1 residues Glu-505 and
Leu-507 also hydrogen bond with nearby loops via the side
chains of Asn-588 and Asn-606, respectively. Additionally, the
backbones of Leu-526 and Asp-597, residues that are located in
adjacent loops, also participate in hydrogen bonding (Fig. 3A4).
Thr-628, Asp-627, and Arg-634, residues within the C-terminal
helical region of the SpCnp3“*N*"“ cupin domain, further con-
tribute to the dimeric state by interacting with residues along
the opposite chain.

A similar domain-swapping feature is also observed within
the DmCENP-C cupin domain as a loop in place of the B-hair-
pin at its corresponding position. Although not as structurally
well-defined as the SpCnp3<¥NF"< B-hairpin, this loop struc-
ture may similarly contribute to stabilizing dimerization with
several hydrogen bond interactions through a combination of
side chain and backbone interactions between the overlapping
loop and the adjacent B-strands of the opposing chain. Ser-
1305 and Ser-1307 respectively hydrogen bond with Glu-1387

SASBMB
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Figure 2. CENP-C cupin domains from point and regional centromeres share a core jelly roll fold. A, secondary structure representations of the
ScMif2<ENP-€, SpCnp3“ENPC, and DmCENP-C cupin domains. The conserved jelly roll fold is comprised of nine B-strands. 8-Strands 1-5 participate in dimeriza-
tion, whereas B-strands 1'-4’ complete the rest of the conserved jelly roll fold (dashed boxes). The regional centromere CENP-C cupin domains of S. pombe and
D. melanogaster possess additional secondary structures shown in cylinders (a-helix) and arrows (B-strand) with bold outlines. B, the core jelly roll fold of the
ScMif2<ENP€ cupin domain (residues 437-530) overlays well with the core fold of the SpCnp3“ENP*¢ cupin domain (residues 532- 625, Cae R.M.S. deviation = 2.02
A) as well as with the core fold of the DmCENP-C cupin domain (residues 1320-1411, Ca RM.S. deviation = 1.93 A).

and Met-1385 of 85 of the opposing chain. Asn-1303 hydrogen
bonds with His-1377 and Ser-1378 of strand 84’, whereas Ser-
1298 and Ser-1300 both interact with Val-1379 of strand p4'.
Ala-1297, Ser-1308, and Ala-1309 all form hydrogen bonds
with loop regions adjacent to strands 5 and B4’ (Fig. 3B).
Lastly, residues Asp-1274, Glu-1277, and Arg-1288, from the
N-terminal DmCENP-C helical region contribute to dimeriza-
tion through interactions with surrounding loops via Lys-1402,
Arg-1288, and Glu-1277, respectively (Fig. 3C).

The calculated surface area of the dimer interface of the
ScMif2€ENP-C cupin domain is 720.4 A2 per monomer (33). The
corresponding surface areas within the SpCnp3“*N""< and
DmCENP-C cupin domainsare 2711.2 and 1804.9 A2 per mono-
mer, respectively (Fig. 4) (33). The differences in interface sur-
face area between CENP-C cupin domains from organisms

SASBMB

with point versus regional centromeres strongly indicate that
the dimerization of CENP-C cupin domains at regional centro-
meres needs to be further strengthened by the additional sec-
ondary structure components.

The dimeric state of the CENP-C cupin domain is evolutionarily
conserved in vitro

To analyze the oligomeric state of the SpCnp3“*N*"< and
DmCENP-C cupin domains, sedimentation velocity analytical
ultracentrifugation (SV-AUC) was employed. SV-AUC analysis
of purified SpCnp3“*™""“ and DmCENP-C cupin domains
each showed a single peak with estimated molecular masses of
34 kDa (expected molecular mass of the monomer is 16.8 kDa)
and 52 kDa (expected molecular mass of the monomer is 24.9
kDa), respectively (Fig. 5). This demonstrates that both cupin

J. Biol. Chem. (2019) 294(38) 14119-14134 14123
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Figure 3. CENP-C cupin domains from organisms with regional centromeres possess additional interactions mediated by their extra secondary
structure features. A, zoom in of the SpCnp3“ENP-¢ domain-swapped region to highlight the interactions (dashes) and interacting residues (sticks) between the
B hairpin (purple) and the B-strands of the opposite chain (gray). B, zoom in of the DmCENP-C N-terminal region to highlight the interactions (dashes) and
interacting residues (sticks) between the loop region (blue) and the B-strands of the opposite chain (gray). C, zoom in of the DmCENP-C N-terminal helices to
highlight the residues (sticks) and interactions (dashes) between the two chains (blue and cyan).

14124  Biol. Chem. (2019) 294(38) 14119-14134 SASBMB
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Figure 4. CENP-C cupin domains at regional centromeres (SpCnp3“E"*“ and DmCENP-C) possess more expansive dimer interfaces than that at point
centromeres (ScMif2°*"P-¢), One monomer in each structure is represented as a cartoon, and interfacing residues are colored accordingly within the
gray surface representation of the opposite monomer. Dimer interface areas were calculated using PISA at the European Bioinformatics Institute

(http://www.ebi.ac.uk/pdbe/prot_int/pistart.html).*
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Figure 5. CENP-C cupin domains encoded by organisms with regional centromeres are dimeric in vitro. SV-AUC analysis of the SpCnp3<¥"PC (left panel)
and DmCENP-C (right panel) cupin domains shows that both are dimeric in vitro. The colors represent samples of differing concentrations. The expected
molecular mass of the SpCnp3<ENP< cupin monomer is 16.8 kDa. The expected molecular mass of the DmCENP-C cupin monomer is 24.9 kDa.

domains form homodimers in solution, similarly to the
ScMif2<FNP-C cupin domain (25).

The domain-swapped region is essential to maintain the
dimeric state and structural integrity of the SpCnp3“FNF-¢
cupin domain

To further investigate the functional role of the unique
SpCnp3“FNP-C B-hairpin structure, an N-terminally truncated
construct of the SpCnp3-*N-< cupin domain was generated by
removing the domain-swapped region (Cnp3 Cupin®"%; resi-
dues 532- 643) and subsequently subjected to SV-AUC analysis
(Fig. 6A). Analysis of maltose-binding protein (MBP)-tagged
Cnp3 Cupin®PS shows distinct peak shifts compared with
MBP-tagged WT SpCnp3“*N""€ cupin domain (residues 489 —
643) with a lower molecular mass population as well as a higher
molecular mass population (Fig. 6B). The latter is likely to be
higher molecular mass aggregates. Notably, cleavage of the
MBP tag from MBP-tagged Cnp3 Cupin®"* for further purifi-
cation resulted in protein aggregation that was unable to be
further purified. This is in stark contrast to the tag cleavage and
purification of the WT SpCnp3“ "< cupin domain (residues
489 — 643) that could be purified in large amounts and crystal-
lized without any issues with protein stability.

SASBMB

To investigate whether the domain-swapped region is
required for SpCnp3<*NP"C function in vivo, we generated
S. pombe strains expressing internally truncated mutants of
SpCnp3°FNP-< from the cnp3 endogenous locus. cnp32+93-°31
cells expressed the otherwise full-length SpCnp3<¥-< protein
selectively missing the domain-swapped region alone, i.e.
residues 493-531, which form part of the N terminus within
the solved SpCnp3<FNP-C cupin domain structure. Similarly,
cnp32+787531 cells expressed the otherwise full-length
SpCnp3“ NP protein missing residues 478 —531, which we
predicted would additionally eliminate the disordered region
preceding the domain-swapped region. A strain expressing a
C-terminally truncated mutant cnp32*%°"¢ eliminating the
entire cupin domain of SpCnp3“™FC, je. residues 489 — 643,
was also generated as a control. Although cnp3°*°3~>3! and
cnp3*+78-531 cells displayed very little cold sensitivity when
compared with cnp3A cells, they showed hypersensitivity to the
microtubule depolymerizing drug thiabendazole (TBZ), much
like cnp3A cells, suggesting that mitotic chromosome segrega-
tion is disrupted in the absence of the domain-swapped region
within SpCnp3“*NP-< (Fig. 6C). This effect could at least in
part be attributed to the significantly diminished ability of
Cnp3249%-°31 and Cnp34*78 23! to localize to fission yeast cen-
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Figure 6. The DS region (B-hairpin) is required for maintaining the dimeric state in vitro and promotes SpCnp3“""-“ function in vivo. A, the MBP-
tagged SpCnp3<ENP-C Cupin®PS construct (residues 532-643) does not contain the N-terminal 3 hairpin (yellow) of the SpCnp3“ENP< cupin domain. This
construct was used for SV-AUC analysis to determine the significance of the SpCnp3<ENP-C DS region. B, SV-AUC analysis of the purified MBP-tagged
SpCnp3<ENP-C CupinPS protein (orange, yellow) reveals that it sediments as higher molecular mass aggregates. MBP-tagged SpCnp3“EN-< cupin (purple, pink)
continues to sediment as a dimeric population. Expected molecular mass of the MBP-tagged SpCnp3“EN"“ cupin monomer is 62.4 kDa. C, cnp3247¢-3" and
cnp32493-531 DS truncation mutants display hypersensitivity to TBZ but show little cold sensitivity compared with cnp3A cells. 5-fold serial dilutions of cells of
the indicated genotypes were spotted on YES medium supplemented with or without the indicated concentrations of TBZ and incubated at the indicated

temperatures for 3-7 days. Two independent isolates of each genotype (cupin domain truncation) are shown. Also see Fig. S2.

tromeres, as found by live cell imaging and co-immunofluores-
cence assays (Fig. S2). These results collectively suggest that the
domain-swapped region within the cupin domain is essential
for SpCnp3<ENP-< function in vivo.

Taking these results together, we conclude that unlike the
ScMif2“FNP"C cupin domain, the jelly roll fold architecture
alone is not sufficient to maintain the stability of the
SpCnp3“™NP-< cupin dimer. The domain-swapped region at
the N terminus of the SpCnp3“*™ "< cupin domain plays an
important role in stabilizing and maintaining the dimeric state
of the SpCnp3“¥N"" cupin domain and is essential for its func-
tion in vivo.
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Moal binds to the inner pocket of the SpCnp3“ENP-¢

domain

A previous study has demonstrated an association between
the SpCnp3“ENP-€ cupin domain and the meiosis-specific pro-
tein Moal (23). To elucidate the structural role of the cupin fold
and map the binding region required for Moal recruitment to
centromeres, we introduced 10 point mutations within the
SpCnp3“FNP-< cupin domain that can be broadly classified into
two categories: those within the pocket (N572S, K546D,
M574T, A552T, H624A, and F541A) and those on the surface
(Y607C, S609R, T586A, and V566A) of the cupin domain (Fig.
7A). Mutations Y607C, T586A, M574T, and A552T were used

cupin
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Figure 7. Moa1 associates with the inner binding pocket of the SpCnp3“EN"-< cupin domain. A, point mutations were designed to determine the Moal
binding interface in the SpCnp3“EN""< cupin domain. The mutations (stick side chains) were split into two categories: pocket mutations (red) and surface
mutations (blue). B, amylose affinity pulldowns were performed with the His-MBP-tagged WT and mutant SpCnp3“¥"“ cupin domains to determine the
binding interface used for His-tagged Moa1 binding. Cobalt affinity column elutions (CE) show the initial expression levels of both components of the complex.
Amylose affinity column elutions (AE) show the amount of Moa1 that was able to form a complex with the SpCnp3“E""C cupin domain within each sample.
Mutations that have been previously shown to disrupt Moa1 recruitment in vivo are not shown in bold (23). C, quantification of the AE pulldown band intensity
ratios of each mutant relative to WT. Five SpCnp3“¥" cupin domain point mutations, Y607C, M574T, A552T, H624A, and F541A, significantly reduce complex
formation between His-MBP Cupin and His-Moa1. Four of these mutations are located within the cupin domain inner pocket (red). Points not shown in bold are
controls that have been shown to disrupt Moa1 recruitment in vivo (23). One-way analysis of variance (n = 4, means with S.D.) was used. *, p < 0.05; **, p < 0.01;
**¥% p =< 0.0001. One outlier was removed from S609R analysis using Grubbs's test.

3CENP»C

as controls for the binding experiments, because they have indicate that the pocket within the SpCnp cupin

already been shown to inhibit SpCnp3<FN- interaction with
Moal in vivo (23). His-MBP-tagged SpCnp3“*N""C cupin (WT
or mutated) and His-tagged Moal were co-expressed using a
polycistronic construct and subsequently subjected to amylose-
resin affinity pulldowns to determine the relative amount of
mutant complex formation compared with WT protein (Fig.
7B). Moal was only stably expressed and remained soluble
when it was co-expressed with the SpCnp3“*™¢ cupin
domain. Five SpCnp3“*N""“ cupin domain mutations were
found to significantly reduce Moal binding: Y607C, M574T,
A552T, H624A, and F541A, and notably the latter four muta-
tions are all positioned within the cupin domain-binding
pocket (Fig. 7C). Therefore, the affinity pulldown experiments
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domain is responsible for Moal interaction.

Differential scanning calorimetry (DSC) experiments were
performed to confirm that disrupted Moal complex formation
observed in a subset of SpCnp3“¥*- cupin mutants is due to
the mutation of critical residues required for the interaction
and not due to improper cupin domain folding. DSC experi-
ments show that WT cupin domain has a denaturation temper-
ature of 48.34 °C, whereas the mutations that significantly dis-
rupted Moal binding, Y607C, M574T, A552T, H624A, and
F541A, have denaturation temperatures of 47.34, 42.08, 48.62,
51.13,and 47.14 °C, respectively (Fig. S3). Thus, the DSC exper-
iments indicate that mutations that significantly disrupt the
association of the SpCnp3“*™°- cupin domain with Moal do
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Figure 8. Point mutations within the SpCnp3“""-“ cupin domain exclusively affect its function in meiosis, through disruption of Moa1 recruitment to
centromeres. A, SpCnp3“EN"C cupin domain point mutants (pocket and surface) largely display no TBZ or cold sensitivity when compared with cnp3A cells
(note that moaTA cells also display no TBZ or cold sensitivity). 5-fold serial dilutions of cells of the indicated genotypes were spotted on YES medium
supplemented with or without the indicated concentrations of TBZ and incubated at the indicated temperatures for 3-7 days. Two independent isolates of
each genotype (cupin domain mutant) are shown. Point mutants unique to this study are in bold, whereas previously described mutants are not (23). B, point
mutations within the SpCnp3<EN" cupin pocket (F541A, A552T, and M574T) and surface (V566A, T586A, and Y607C) result in failure to recruit Moa1 to
centromeres during meiosis |. Homothallic (h®°) fission yeast cells of the indicated genotypes expressing GFP-tagged Moa were induced into meiosis at 32 °C
and arrested in meiotic prophase | using a mei4A allele. DNA was stained with 4',6’-diamino-2-phenylindole, following which cells were imaged live. Point
mutants unique to this study are in bold, whereas previously described mutants are not (23). Scale bar, 10 um. Also see Fig. S4. DIC, differential interference

contrast.

not disturb the structural integrity of the cupin domain, suggesting
that they exclusively affect Moal binding. Notably, the M574T
mutant does exhibit a lower denaturation temperature compared
with the WT protein and other point mutants. We have verified
that this mutant maintains a dimeric state (data not shown). How-
ever, we cannot rule out the possibility that this pocket mutation
may destabilize the cupin domain in another manner.

A subset of the 10 mutations listed above were also tested
for their effects on SpCnp3“*NP~C function and Moal local-
ization in vivo, because Cnp3CENILC has been shown to
recruit Moal to centromeres during S. pombe meiosis (23).
Mutations F541A, A552T, M574T (pocket), or Y607C,
V566A (surface) were introduced into the endogenous cnp3
genomic locus. A552T and Y607C served as controls because
they have been previously shown to specifically disrupt
SpCnp3“™NP-C function in meiosis but not mitosis. Cells
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expressing Cnp3*°°?T or Cnp3¥°°’“ display neither cold
sensitivity nor TBZ sensitivity while being unable to recruit
Moal to centromeres during meiosis I (Fig. 8) (23). We
observed very similar phenotypes for cells expressing
Cnp3°*'4 (pocket) and Cnp3Y?°%* (surface), despite V566A
only mildly affecting Moal binding in vitro. Cnp3™°>7*T-ex-
pressing cells additionally displayed mild TBZ sensitivity as
has been previously demonstrated (Figs. 7C and 8 and Fig.
S4) (23). Together, these results suggest that mutations in
the SpCnp3“*NP"C cupin domain, mainly in the pocket
region, disrupt Moal association in vitro, and consequently
Moal recruitment to centromeres during meiosis in vivo.
On the other hand, mutations in the cupin domain have
largely no effects on nonmeiotic functions of SpCnp3<=NP-C,
thus highlighting a largely meiosis-specific role for the
SpCnp3“™™NP-< cupin fold pocket in S. pombe.
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Discussion

Here, we present and analyze the structures of CENP-C
cupin domains from two evolutionarily distinct organisms with
regional centromeres: S. pombe Cnp3“*™*"< and D. melano-
gaster CENP-C. Along with the previously published crystal
structure of the S. cerevisiae Mif2™ "€ cupin domain, these
three structures originate from organisms with diverse centro-
mere architecture and kinetochore composition. We sought to
define and distinguish the conserved and unique structural fea-
tures of the CENP-C cupin domain at two different types of
centromeres, point and regional, to gain a better understanding
of the evolutionary conservation of CENP-C cupin domain
function.

Through structural comparison, we found that the core nine-
stranded jelly roll fold is conserved among these structures.
However, the mechanisms of dimerization differ between cupin
domains associating with regional versus point centromeres
because of the former relying on secondary structures addi-
tional to the jelly roll fold and thus creating a larger dimeriza-
tion interface.

We further discovered that the cupin domain contains an
inner pocket, which plays an important role in recruiting key
binding partners such as Moal in S. pombe. Through structure-
guided mutagenesis of the SpCnp3“N" cupin domain, we
revealed that the inner binding pocket is essential for associa-
tion with Moal. We further demonstrated that mutation of key
pocket residues in vivo leads to failure in recruiting Moal to
centromeres in meiosis L.

Comparison of the CENP-C cupin domain dimer interface in
organisms with point and regional centromeres

One clear distinction between CENP-C cupin domains at
point and regional centromeres is the interactions at the dimer
interface. The ScMif2“* "~ (point centromere) cupin domain
forms a dimer through the jelly roll fold, which is likely suffi-
cient to form the ScMif2*NP-< dimer (Fig. 1B). Although it is
possible that the ScMif2“¥™""“ cupin domain contains extra
structural features at its C-terminal end, it is unlikely that the
ScMif2“FNP-€ cupin domain contains any additional secondary
structure features at its N-terminal region. The construct used
for crystallization of the ScMif2“""© cupin domain consisted
of extra residues on the N-terminal side that were not present in
the final structure and are therefore, likely to be unstructured.
CENP-C cupin domains at regional centromeres, however,
seem to require additional secondary structures to form a stable
dimer, with a larger dimer interface surface (Figs. 1, B—D, and
4). The SpCnp3-™-< cupin domain possesses an additional
secondary structure element, namely a B-hairpin (domain-
swapped region) N-terminal to the jelly roll fold. Our experi-
ments both in vitro and in vivo demonstrate that this additional
secondary structure element is essential for the stability and
function of SpCnp3“FN""C, Deletion of the Mif2“*N""“ cupin
domain in S. cerevisiae results in a temperature-sensitive phe-
notype (25). Analogously, deletion of the Cnp3“*™*"< cupin
domain (cnp32489-°Y) in S, pombe results in mild cold sensi-
tivity and hypersensitivity to thiabendazole, suggesting that
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dimerization mediated by the cupin domain is essential for
SpCnp3“FNP=< function in vivo (Fig. 6C).

Similar to SpCnp3“P-<, the D.melanogaster CENP-C
cupin domain also contains additional loop and helical struc-
tures to aid in dimerization. The comparison of dimer inter-
faces across the three analyzed orthologous CENP-C cupin
domains further supports our observation that the cupin
domains associated with regional centromeres possess di-
merization interfaces over twice the size of the ScMif2“*NP-©
interface (point centromere) (Fig. 4). Additional structural
analyses of CENP-C cupin domains from other organisms will
be required to determine whether extra secondary structures
and a larger dimerization interface are consistent features of
CENP-C cupin domains found at regional centromeres.

The point centromere has a well-defined centromeric DNA
sequence bound by a single CENP-A“*** nucleosome, whereas
the regional centromere is composed of a larger centromeric
DNA sequence (several kilobases to several megabases) with
multiple CENP-A nucleosomes sporadically incorporated
together with canonical histone H3 nucleosomes (34—36). In
fact, CENP-A nucleosomes have been shown to cluster toward
the centromeric surface to maximize their accessible surface
area for inner kinetochore recognition (35, 37). Accordingly,
several models have been proposed to explain how CENP-A
and H3 centromeric nucleosomes are organized (38). The
potential role of CENP-C in organizing CENP-A nucleosomes
at the regional centromere has been proposed in an earlier
study (14). In this model, CENP-C utilizes its CENP-A recog-
nition domain and cupin domain to function as a bridge to
connect neighboring CENP-A nucleosomes. Compared with
the point centromere, bridging of CENP-A nucleosomes at
the regional centromere may require a larger and stronger
dimerization interface. Indeed, former studies have shown that
CENP-C depletion in HeLa cells affects the size, shape, and
structural integrity of the inner kinetochore plate in electron
micrographs (39).

The S. pombe Cnp3“ENP-C cupin fold forms a functional
binding pocket for Moa1

Using the SpCnp3<*NP-< cupin domain, we further demon-

strate that the characteristic cupin fold has structural signifi-
cance beyond dimerization, by forming a pocket for binding
partners. Although the majority of residues within the pocket
are not structurally conserved among determined CENP-C
cupin domain structures, they all possess a similar pocket that
is internally lined with predominantly hydrophobic and aro-
matic residues. Notably, the crystal packing observed in the
SpCnp3°ENP-€ cupin domain revealed that the C-terminal tail
of an adjacent symmetry mate fits within the pocket opening,
likely mimicking the pocket binding with its partner (Fig. S5A).
The utilization of the cupin pocket is not unique to
SpCnp3“F™P-“and has been shown to bind metals and sugars in
other cupin proteins (Fig. S5B) (32, 40). It is therefore likely that
the residues along the interior of the cupin pocket may be spe-
cifically tailored to its respective binding partner(s) to optimize
partner binding.

Here, we show that the interaction between the
SpCnp3° NP cupin domain and meiosis-specific protein
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Moal occurs at this internal cupin domain pocket. Our in vitro
pulldowns as well as in vivo recruitment studies demonstrate
that Moal no longer interacts with the cupin domain and fails
to localize to the centromere in meiosis I when key residues
within the cupin inner pocket are mutated (Figs. 7 and 8 and
Fig. S4). However, when these pocket mutants are monitored
during mitosis in vivo, they display no abnormal phenotypes,
further suggesting that the SpCnp3“*™""© cupin-binding
pocket is specific for Moal recruitment during meiosis I (Fig.
8). A former study already showed that two mutations A552T
and Y607C in the SpCnp3“*N""< cupin domain severely affect
meiotic chromosome segregation (23). Interestingly, in our
pulldown studies, Y607C, a surface mutation, significantly
decreased Moal binding. Because Y607C is the only surface
mutation tested to significantly affect Moal binding in vitro, it
is likely that Moal uses this residue as a secondary contact point
for additional interactions. Interestingly, another tested surface
mutation, V5664, significantly disrupted centromere localiza-
tion of Moal in vivo while only mildly affecting Moal interac-
tion in vitro, much like T586A as previously demonstrated
(Figs. 7 and 8B) (23). These observations further support the
likelihood of the cupin domain surface being involved in
mediating secondary interactions between SpCnp3<NP-¢
and Moal.

The CENP-C cupin pocket is likely to mediate crucial
interactions in metazoans

The SpCnp3“¥™""¢ cupin—Moal interaction may be con-
served in vertebrates because MEIKIN, the functional mouse
homolog of Moal, has been shown to bind to the C-terminal
region of mouse CENP-C (28). Therefore, it is likely that
MEIKIN binds to the cupin domain of CENP-C via the con-
served cupin pocket during meiosis. Additionally, there is evi-
dence to suggest that the D.melanogaster CENP-C cupin
pocket likely binds Call, an evolutionarily distinct CENP-A
chaperone with functions in both mitosis and meiosis (41).

In summary, our study uncovers crucial details about the
structure and function of the conserved cupin domain of
CENP-C in organisms with point and regional centromeres.
Our findings provide insights into how CENP-C proteins might
have evolved to interact with and recruit binding partners to
centromeres in a wide range of eukaryotes. Our results have
important implications for understanding how CENP-C, one of
the mostly highly conserved centromere proteins, regulates
chromosome segregation in both mitosis and meiosis.

Experimental procedures
Purification of S. pombe Cnp3 cupin domain

N-terminal His-MBP tagged Cnp3 489 —643 was cloned into
the pET3a vector and expressed in Escherichia coli Rosetta (DE3)
cells using PA-5052 (native protein) or PASM-5052 (selenium-
labeled protein) auto-inducible medium (42). Harvested cells were
resuspended in 30 mum Tris-HCI (pH 8.0), 500 mm NaCl, and 3 mm
B-mercaptoethanol with protease inhibitor cocktails. After soni-
cation on ice for 2 min, soluble lysate was recovered by centrifuga-
tion at 34,541 X g for 1 h. Lysate was applied to a cobalt affinity
column (Takara) pre-equilibrated with buffer A (30 mm Tris-HCl,
pH 8.0, 500 mm NaCl, 3 mm B-mercaptoethanol). The resin was
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subsequently washed with buffer A, a high salt buffer (30 mm Tris-
HCI, pH 8.0, 1 M NaCl, 3 mm B-mercaptoethanol), and once more
with buffer A before eluting with the elution buffer (30 mm Tris-
HCI, pH 8.0, 500 mm NaCl, 300 mm imidazole, and 3 mm -mer-
captoethanol). The N-terminal His-MBP tags were cleaved by
tobacco etch virus protease (1:100 ratio) while dialyzing in 30 mm
Tris-HCl (pH 8.0), 100 mM NaCl, 1 mmDTT at4 °C overnight. The
cleaved tags were removed with secondary cobalt and amylose
(New England Biolabs) affinity columns. The amylose column flow
through fraction was applied to the HiTrap Q HP anion exchange
column (GE Healthcare) with a NaCl gradient (50 mMm to 1 M
NaCl), and fractions containing the S. pombe Cnp3 cupin domain
were pooled. Pooled fractions were concentrated using an Amicon
centrifugal filter (Millipore Sigma) and applied to a HiLoad 16/600
Superdex 200-pg size exclusion chromatography column (GE
Healthcare) pre-equilibrated with 30 mm Tris-HCl (pH 8.0), 100
mMm NaCl, 1 mwm tris(2-carboxyethyl)phosphine (TCEP). Desired
fractions were pooled and applied to a final amylose column to
remove any remaining MBP, and the collected flow through was
concentrated for crystallization and subsequent biochemical
assays.

Purification of D. melanogaster CENP-C cupin domain

The overall cloning and protein expression procedure of
native and selenomethionine-substituted D. melanogaster
CENP-C cupin domains (residues 1244 —1411 and 1190-1411)
was the same as the S. pombe Cnp3 cupin domain, described
above. The native CENP-C 1190 -1411 protocol did not require
the HP-Q column before being applied to the Superdex 200
column.

Crystallization and structure determination of the S. pombe
Cnp3 cupin domain

Crystals of the S. pombe Cnp3 cupin domain were grown
using the hanging-drop diffusion method at room temperature.
Plate-shaped crystals were obtained by mixing purified proteins
(12.7 mg/ml) with 0.1 m HEPES (pH 7.0), 20% PEG 3350, and 6%
(w/v) trimethylamine N-oxide dihydrate in a 1:1 ratio (v/v). The
reservoir solution was made up of 0.25 M potassium fluoride,
0.125 m HEPES (pH 7.0), and 25% PEG 3350. Crystals were
cryo-protected in reservoir solution with a final concentration
of 35% PEG 3350 and flash-frozen in liquid nitrogen. A 2.52 A
data set of a selenomethionine-substituted S. pombe Cnp3
cupin domain crystal was collected at Advanced Photon Source
(APS) on Beamline 21-ID-G (LS-CAT) at the wavelength of the
selenium anomalous peak position (A = 0.9786 A). The data set
was indexed and scaled using XDS, and it belonged to the space
group of P 4,2,2 with the unit cell size ofa = 55.16 A, b = 55.16
A, ¢ =206.64 A, a =B =+y=90° (43, 44). The electron density
map was generated via PHENIX.autosol (45). The initial model
was built using PHENIX.autobuild, and the model building and
structure refinement were done using the programs COOT and
PHENIX refine, respectively (46 —48). The final refined model
has R, /Rge. values of 0.217/0.251, and the Ramachandran
analysis was done using MolProbity with the result of 97.43
(favored), 2.57 (allowed), and 0.00% (outlier) (49).
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Crystallization and structure determination of
D. melanogaster CENP-C cupin domains

Purified native D. melanogaster CENP-C cupin domain pro-
tein (residues 1244 —1411) at 19.7 mg/ml was used for crystal-
lization using the hanging-drop diffusion method. Ridged oval-
shaped crystals were obtained by mixing proteins with 0.2 M
NaCl, 0.1 M MES (pH 6.0), 15% (v/v) pentaerythritol propoxy-
late (5/4 PO/OH) in a 1:1 ratio (v/v). Selenomethionine-substi-
tuted crystals of this short CENP-C cupin domain were grown
in the same condition by providing native crystals as micro-
seeds. These crystals were then cryo-protected in 0.2 M NaCl,
0.1 M MES (pH 6.0), 15% (v/v) pentaerythritol propoxylate (5/4
PO/OH) containing 20% glycerol as a cryo-protectant and
quickly frozen in liquid nitrogen. The 2.63 A SAD data set of the
D. melanogaster CENP-C cupin domain (residues 1244 -1411)
was collected at APS using Beamline 21-ID-G at the wavelength
of 0.9786 A. The collected data were further processed using
Mosflm and Aimless (50, 51). The diffracted crystal belonged to
the space group P3;21 with the unit cell dimensions of a =
86.24 A, b = 8624 A, c=112.24 A, a = y=90°, and B = 120°.
The initial SAD map was generated using PHENIX.autosol (45).
Using PHENIX.autobuild, an initial model was obtained and
was further manually built and refined using the program
COOT and PHENIX refine, respectively (46 —48). The obtained
model was used for molecular replacement against the native
data set of D. melanogaster CENP-C cupin domain (residues
1190-1411), which diffracted to 1.81 A resolution.

The native crystals of the D. melanogaster CENP-C cupin
domain (residues 1190-1411) were grown by mixing purified
proteins (21 mg/ml) and the precipitation solution (0.1 M
MOPS (pH 7.0) and 12% (w/v) PEG 4000) in a 1:1 ratio (v/v)
using the hanging-drop diffusion method at room temperature.
The crystals were further cryo-protected with a final concen-
tration of 35% (w/v) PEG 4000 and frozen in the liquid nitrogen.
The data set was collected at a 0.9786 A wavelength under cryo-
genic conditions at APS using Beamline 21-ID-G. The 1.81 A
native data set of the space group P2,2,2, and unit cell dimensions
ofa=5193A,b=6172A,c=8792A, a0 = B =y =90 was
indexed and scaled using the program XDS (43, 44). The initial
phases were calculated by molecular replacement (Phaser) using
the model built from the short construct of the D. melanogaster
CENP-C cupin domain (residues 1190—1411) as a search model
(52). Further model building and the refinement were done using
the programs COOT and PHENIX.refine, respectively (47, 48).
Residues 1190 -1269 were likely proteolytically cleaved during the
crystallization process and were not visible within our structure.
The R, and Ry, values of the final refined model of D. melano-
gaster CENP-C cupin domain (residues 1190-1411) were 0.196
and 0.232, respectively. The final model has the Ramachandran
plot of favored/allowed/disallowed with 98.14/1.86/0.00% based
on MolProbity (49).

Cupin Moa1 binding assays

N-terminal tagged His-MBP Cupin and His Moal were
cloned as a polycistronic construct into the pET3a vector using
ligation-independent cloning (53). Point mutations were intro-
duced to the cupin domain via QuikChange II XL site-directed
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mutagenesis kit (Agilent). The proteins were subsequently
expressed in 1 liter of E. coli Rosetta (DE3) cells using PA-5052
auto-inducible medium (42). Harvested cells were resuspended
in 30 ml of buffer consisting of 30 mm Tris-HCI (pH 8.0), 500
mM NaCl, 5% glycerol, and 3 mm 3-mercaptoethanol with pro-
tease inhibitor cocktails. After sonication and subsequent spin
down, the lysate was applied to affinity columns. Both columns
were equilibrated with buffer B (30 mm Tris-HCI, pH 8.0, 500
mMm NaCl, 5% glycerol, 3 mm -mercaptoethanol) before sam-
ple loading. 15 ml of cell lysate was loaded onto 3 ml of cobalt
resin (Takara) and allowed to drain through. The resin was then
washed with 20 ml of buffer B, and then bound protein was
eluted with 10 ml of elution buffer (30 mm Tris-HCI, pH 8.0, 500
mM NacCl, 5% glycerol, 300 mm imidazole, and 3 mm B-mercap-
toethanol). The remaining 15 ml of cell lysate was rocked with 2
ml of amylose resin (New England Biolabs) at room tempera-
ture for 1 h. The resin was subsequently washed with 20 ml of
buffer B, and protein-eluted with 5 ml of elution buffer (30 mm
Tris-HCI, pH 8.0, 500 mm NaCl, 20 mm maltose, 5% glycerol, 3
mMm B-mercaptoethanol). The assay was replicated four times
for WT cupin domain and each point mutant. Amylose elution
gel band intensities (AEIs) were quantified using ImageJ (54).
His MBP Cupin AEI/His Moal AEI ratios were calculated for
each sample. WT AEI ratios were then divided by the AEI ratio
for each sample, and this value was subsequently used in
GraphPad Prism 7.00 for Windows (GraphPad Software, La
Jolla, CA) to run statistical analysis.

Differential scanning calorimetry

The denaturation temperature of WT Cnp3 cupin domain
and each significant point mutant was measured using a Nano
DSC (TA Instruments). Nano DSC was first conditioned with
0.3 ml of buffer made of 30 mm Tris-HCI (pH 8.0), 500 mm
NaCl, and 1 mMm TCEP in both reference and sample cells. Pro-
gram for conditioning run consisted of a temperature range of
25 °Cto 80 °C, a scan rate of 2 °C/min, pressure set at 3 atm, and
a 60-s equilibration. The same buffer samples were used for a
subsequent baseline run with a temperature range of 25 to
80 °C, a scan rate of 1 °C/min, pressure set at 3 atm, and a 60-s
equilibration. Protein sample concentrations ranged from 0.66
to 3.17 mg/ml in a buffer consisting of 30 mm Tris-HCI, pH 8.0,
500 mMm NaCl, and 1 mm TCEP. 1 ml of protein sample was
degassed under vacuum for 15 min before loading. Sample cell
was loaded with 0.3 ml of protein, and the same program con-
ditions were used as baseline run. The data were processed
using NanoAnalyze Software (TA Instruments).

SV-AUC

SV-AUC was carried out using 420 ul of sample loaded into
two-sector Epon centerpieces with a 1.2-cm path-length (Beck-
man Coulter, Indianapolis, IN) in an An60Ti rotor in a Beck-
man Optima XI-I analytical ultracentrifuge and run at 22 or
6 °C. The sedimentation was initiated after at least 2 h of tem-
perature equilibration. Measurement was completed in inten-
sity mode. Sedimentation was monitored by absorbance at 280
nm at 42,000 rpm. The samples were prepared as mentioned.

AllSV-AUC data were analyzed using UltraScan III software,
version 4.0, and fitting procedures were completed on XSEDE
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clusters at the Texas Advanced Computing Center (Lonestar,
Stampede, jetstream) through the UltraScan Science Gateway
(https://www.xsede.org/web/guest/gateways-listing)* (55). The
partial specific volume (vbar) of each species was estimated
within UltraScan III based on the protein sequence. Raw inten-
sity data were converted to pseudo-absorbance by using the
intensity of the air above the meniscus as a reference and edited.
Next, 2D sedimentation spectrum analysis was performed to
subtract time-invariant noise, and the meniscus was fit using 10
points in a 0.05-cm range (56). A sedimentation coefficient dis-
tribution of 1-20 for the DmCENP-C cupin domain, 1-50
for MBP SpCnp3““NP-< Cupin, or 0.5-5 for the untagged
SpCnp3“FNP-C cupin domain was fitted. The arrays were fitted
using an S range of 1-20, 1-50, or 0.5-5 S, an {/f0 range of 1-4
with 64 grid points for each, 10 uniform grid repetitions, and
400 simulation points. 2D sedimentation spectrum analysis was
then repeated at the determined meniscus to fit radially invari-
ant and time-invariant noise together using 10 iterations.

His-MBP tagged Cnp3 Cupin“®S purification

N-terminal His-MBP tagged Cnp3 489 — 643 was cloned into
the pET3a vector and expressed in E. coli Rosetta (DE3) cells
using PA-5052 (42). Harvested cells were resuspended in 30 mm
Tris-HCI (pH 8.0), 500 mm NaCl, and 3 mMm 3-mercaptoethanol
with protease inhibitor cocktails. After sonication on ice for 1.5
min, soluble lysate was recovered by centrifugation at 34,541 X
g for 1 h. The lysate was applied to a cobalt affinity column
(Takara) pre-equilibrated with buffer A (30 mm Tris-HCl, pH
8.0, 500 mm NaCl, 3 mM B-mercaptoethanol). The resin was
subsequently washed with buffer A, a high salt buffer (30 mm
Tris-HCI, pH 8.0, 1 M NaCl, 3 mm B-mercaptoethanol) and
once more with buffer A before eluting with the elution buffer
(30 mm Tris-HCI, pH 8.0, 500 mMm NaCl, 300 mm imidazole, and
3 mm B-mercaptoethanol). The elution was concentrated using
an Amicon centrifugal filter (Millipore Sigma) and applied to a
HiLoad 16/600 Superdex 200-pg size exclusion chromatogra-
phy column (GE Healthcare) pre-equilibrated with 30 mm Tris-
HCI (pH 8.0), 500 mm NaCl, 1 mm TCEP. Desired fractions
were diluted to differing A,g, values for AUC analysis. The
purification protocol was identical for the MBP Cnp3 Cupin®PS
samples.

S. pombe strains and growth assays

Standard methods were used for fission yeast growth, genet-
ics, and manipulation (57). Gene deletion, tagging, and
mutagenesis were carried out by either the lithium acetate
transformation method or electroporation. Mutations within
the SpCnp3“*™"C cupin domain (truncations and point
mutants), as well as C-terminally GFP-tagged alleles of
SpCnp3“FNP"C, were generated by PCR-based methods and
integrated at the endogenous cnp3 genomic locus using either a
ura4, natMX, or kanMX selection marker targeted to the
3'-UTR of cnp3 (58). 5-fold serial dilutions of the indicated
strains were spotted onto YES medium supplemented with or
without the indicated concentrations of TBZ and incubated at

“Please note that the JBC is not responsible for the long-term archiving and
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the indicated temperatures for 3—7 days. Genotypes of S. pombe
strains used in this study are listed in Table S1.

Western analyses of GFP-tagged Cnp3 mutants expressed in
vivo

Whole-cell extracts from cells expressing GFP-tagged WT or
truncation mutants of SpCnp3“*N""© were prepared by TCA
precipitation as previously described (59). Proteins in whole-
cell extracts were analyzed on Western blots probed with
monoclonal anti-GFP antibody (7.1/B.1, Roche). Anti-cdc2
antibody (y100.4, Abcam) was used for loading control.

Cytology

For fluorescence imaging of GFP-tagged SpCnp3-N""C, the

indicated S. pombe strains were grown in liquid PMG medium
overnight. The cells were imaged live using a Deltavision Elite
microscope (GE Healthcare) equipped with a sCMOS camera
and solid-state light-emitting diodes controlled by Softworx. A
FITC filter was used for imaging GFP fluorescence. Deconvolution
was performed using Softworx software. 10 Z sections for GFP
(Cnp3) signals were converted into single two-dimensional images
by projecting the maximum signal at each pixel position using Icy
software (Institut Pasteur). For immunofluorescence (IF), cells
were fixed in 3.7% formaldehyde for 15 min at room temperature.
Immunolocalization was performed as previously described (60).
Primary antibodies used for IF were anti-GFP A11122 (1:200)
(Thermo Fisher/Invitrogen) and anti-Cnp1“*™"# antiserum
(1:2000) (gift from R. Allshire). Alexa Fluor 488- and 594—
coupled secondary antibodies were used at 1:1000 dilution
(A21441 and A11016 from Thermo Fisher/Invitrogen). To induce
meiosis, homothallic fission yeast cells (4°°) expressing GFP-
tagged Moal in WT or cnp3 mutant backgrounds were grown to
exponential phase in YES, resuspended in 20 g/liter leucine, and
spotted onto SPAS medium. Following incubation at 32 °C for 24 h
to allow the mei4A mutation to arrest cells in meiotic prophase I
(27), the cells were either imaged live using Vectashield with 4',6"-
diamino-2-phenylindole (Vector Laboratories) as mounting
medium or processed for IF. Fluorescence imaging of GFP-Moal
(live and IF) and Cnp3-GFP (IF) was performed using a Zeiss Axio-
imager Z2 microscope (Carl Zeiss AG, Germany) equipped with a
Zeiss Colibri LED illumination system and Hamamatsu digital
camera C11440. Ten Z sections for GFP (Moal or Cnp3) and RFP
(Cnp1“*N""4) signals acquired using Zen software (Zeiss), as
applicable, were converted into single two-dimensional images by
projecting the maximum signal at each pixel position using Icy
software (Institut Pasteur).
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