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ABSTRACT Survivin, a subunit of the chromosome passenger complex (CPC), binds the N-
terminal tail of histone H3, which is phosphorylated on T3 by Haspin kinase, and localizes the
complex to the inner centromeres. We used x-ray crystallography to determine the residues
of Survivin that are important in binding phosphomodified histone H3. Mutation of amino
acids that interact with the histone N-terminus lowered in vitro tail binding affinity and re-
duced CPC recruitment to the inner centromere in cells, validating our solved structures.
Phylogenetic analysis shows that nonmammalian vertebrates have two Survivin paralogues,
which we name class A and B. A distinguishing feature of these paralogues is an H-to-R
change in an amino acid that interacts with the histone T3 phosphate. The binding to histone
tails of the human class A paralogue, which has a histidine at this position, is sensitive to
changes around physiological pH, whereas Xenopus Survivin class B is less so. Our data dem-
onstrate that Survivin paralogues have different characteristics of phosphospecific binding to
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threonine-3 of histone H3, providing new insight into the biology of the inner centromere.

INTRODUCTION

Before chromosomes are segregated during anaphase, microtu-
bules of the mitotic spindle must attach to each mitotic chromo-
some in a bipolar manner (Tanaka et al., 2002). The chromosome
passenger complex (CPC) releases kinetochore microtubule at-
tachments that do not generate proper pulling forces, generating
a spindle checkpoint signal that prevents anaphase onset until
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each chromosome is properly attached (Biggins et al., 1999;
Biggins and Murray, 2001; Kallio et al., 2002; Tanaka et al., 2002).
It is unclear how the CPC, which is predominantly localized to the
inner centromere, regulates kinetochores, which can be hundreds
of angstroms away. The CPC contains Survivin (baculoviral inhibi-
tor of apoptosis protein [IAP] repeat-containing protein 5),
INCENP, Dasra/Borealin, and the Aurora B kinase (Cooke et al.,
1987; Adams et al., 2000; Bolton et al., 2002; Romano et al., 2003;
Gassmann et al., 2004; Sampath et al., 2004). The Survivin and
Dasra/Borealin proteins bind the N-terminal helical fragment of
INCENP, forming a triple coiled-coil (Jeyaprakash et al., 2007),
and are required for CPC inner centromere targeting. The Aurora
B kinase binds the C-terminus of INCENP (Adams et al., 2000;
Bolton et al., 2002). The INCENP subunit has a long coiled-coil
motif (Mackay et al., 1993), and therefore tethered CPC may
stretch ~400 A from the inner centromere to allow Aurora B to
phosphorylate proteins in the outer kinetochore. Alternatively,
soluble gradients of Aurora kinase activity have been recently
measured emerging from inner centromeres (Tan and Kapoor,
2011; Wang et al., 2011). This suggests a model by which Aurora
B is released from inner centromeres to phosphorylate kineto-
chore substrates.
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FIGURE 1: Crystal structure of human Survivin with the N-terminal tail of histone H3 phosphorylated on T3. (A) Two
orientations of Survivin rotated 90° relative to each other. Survivin is shown in green, and its surface is marked in gray. The
peptide molecule is represented with red sticks. Insets show interactions between H3T3ph and Survivin. Inset shows the
hydrogen bond network. H3T3ph carbon, nitrogen, oxygen, and phosphorus atoms are shown in dark red, blue, light red,
and orange, respectively. Survivin carbon, nitrogen, and oxygen atoms of peptide-binding residues are shown as green, blue,
and light red sticks, respectively. Water molecules are presented as light red spheres. Dashes depict probable hydrogen
bonds. Marked residues are important in peptide binding. (B) Electrostatic potential on the Survivin surface near the peptide-
binding groove. Negatively charged amino acids are marked in red, positively charged ones in blue. (C) Hydrophobicity level
of binding pocket for H3T3ph mapped on the Survivin surface. Progressive color change from green to red indicates
changes in amino acid hydrophobicity from hydrophilic (arginine [Arg]) to hydrophobic (isoleucine [lle]).

During mitosis the complex localizes to condensing chromo-
somes and then concentrates at the inner centromere region that
lies between sister kinetochores until anaphase, when it relocates to
midzone microtubules and generates gradients of soluble kinase
activity to direct cytokinesis (Cooke et al., 1987; Adams et al., 2000;
Uren et al., 2000; Gassmann et al., 2004; Fuller et al., 2008). An im-
portant step is the localization of the CPC to the inner centromere,
which is an event that is directed by the histone code. Histones are
the major component of chromatin, and especially their tails are
subject to numerous posttranslational modifications, such as phos-
phorylation, acetylation, or methylation (Berger, 2007; Kouzarides,
2007). Specialized binding proteins often bind these modified tails.
Bub1 at kinetochores phosphorylates histone H2A on T120, which
recruits Shugoshin proteins that recruit the CPC (Tanno et al., 2010;
Tsukahara et al., 2010; Yamagishi et al., 2010). In addition, the Haspin
kinase phosphorylates histone H3 on T3 (Dai et al., 2005), which is
directly bound by a baculoviral IAP repeat (BIR) domain in the Sur-
vivin subunit, providing a binding site for CPC on mitotic centrom-
eres (Kelly et al., 2010; Wang et al., 2010; Yamagishi et al., 2010).

Survivin belongs to the IAP family. These proteins were first de-
scribed in baculovirus (Crook et al., 1993), as they were able to in-
hibit defensive host cell death after viral infection. Proteins from this
family contain one or more BIRs and are present in a wide variety of
organisms. The BIR domain is an ~70-amino acid fold containing a
zinc ion coordinated by histidine and cysteine residues (Hinds et al.,
1999). Vertebrate Survivins contain a single BIR domain, whereas
lower eukaryotic homologues often contain tandem BIR domains.
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We used a combination of structural and biophysical methods to
describe the molecular basis of the interaction between human Sur-
vivin (hSurvivin) and histone H3. By mutational and biological analy-
sis we determined the residues important for interaction between
Survivin and histone H3 and crucial for recognition of the phospho-
modified T3. Phylogenetic analysis revealed that two Survivin paral-
ogues are present in nonmammalian vertebrates, which, as we dem-
onstrated by biophysical binding studies, differ in apparent specificity
to modified T3 of histone H3.

RESULTS

Structure of hSurvivin:H3T3ph complex identifies amino
acids crucial for histone tail binding

We determined the crystal structure of human Survivin bound to a
four-amino acid peptide ARTphK (H3T3ph(1-4)), which is the se-
quence of the N-terminus of the histone H3. The complex crystal-
lized in 1222 space group with one monomer in an asymmetric unit
and diffracted to 2.18 A. We were able to determine positions of all
four peptide amino acids. The histone H3 tail binds to the BIR do-
main on a face that is adjacent to the extended C-terminal a-helix
that is responsible for interaction with Borealin and INCENP (Figure
1A; Jeyaprakash et al, 2007). The peptide occupies a surface
groove formed between the B3 strand, helix D, and the loop in be-
tween. The interaction decreased solvent accessible area by 337 A2
for Survivin and 434 A2 for the H3 tail. We also determined the crys-
tal structure complexed with a 12-amino acid peptide ARTph-
KQTARKSTG (H3T3ph(1-12)) to 2.7-A resolution (space group C2),
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but we were able to unequivocally model only the same four amino
acids of the peptide, suggesting that histone H3 recognition is me-
diated primarily by its four N-terminal amino acids (Supplemental
Figure S1).

A small hydrophobic pocket is formed by Lé4, E76, and W67 that
appears too tight to fit large amino acids. The pocket has an acidic
environment formed by D71 from a loop region and E76 from helix
D that anchor A1 by hydrogen bonds (Figure 1). Survivin residue
H80 also contributes to anchoring of the peptide N-terminus by
forming a hydrogen bond to the carbonyl of A1 (Figure 1, A and B).
A comparison to other proteins from the IAP superfamily showed
that recognition of the N-terminal alanine is highly conserved among
BIR domain—containing proteins (Supplemental Figure S2A). Not
only does histone residue R2 form hydrogen bonds between the
carbonyl oxygen and the side chain of E65, but also aliphatic frag-
ments of R2 participate in hydrophobic interactions with the E65
side chain. E65 is not conserved in other BIR domain proteins and
provides specificity for the histone H3 interaction.

Survivin binds the phosphothreonine through side chains of H80
and K62 that are hydrogen bonded with adjacent oxygens of the
phosphate. Most BIR domains have a W in the position of Survivin's
H80 (Supplemental Figure S2A). Replacement of this W with H cre-
ates space for and allows hydrogen bonding to the phosphate while
preserving the hydrogen bond with A1 (Supplemental Figure S2B).
K62 is also not conserved among other BIR domain—containing pro-
teins, which often have a glycine residue at this position.

The K4 side chain of histone H3 forms hydrophobic interactions
with both E51 and E63 and may form a weak hydrogen bond with
E63. Neither of these amino acids is conserved among other BIR
domain-containing proteins.

Structure of hSurvivin wild type and K62A in complex

with unphosphorylated H3 peptide

We also solved the crystal structure of the hSurvivin:H3(1-12) com-
plex to 2.45 A. We observed that the unphosphorylated peptide is
bound in the same pocket as the phosphorylated peptide, preserv-
ing similar interactions with Survivin, except for those interacting
specifically with the phosphate (Figure 2A). The phosphate binding
residues do not change conformation substantially in the absence of
phosphate.

Because hSurvivin can bind both the phosphorylated and un-
phosphorylated H3 tail, we generated a set of mutants to examine
the relative contributions of particular amino acids to these two
binding reactions. We selected H80 and Ké2, which form hydrogen
bonds with the phosphate moiety, for mutational analysis. In addi-
tion, we mutated E65, since it appeared to be important for peptide
binding regardless of T3 phosphorylation. We crystallized and
solved structures of H80A (Protein Data Bank [PDB] ID, 3UEH), K62A
(PDB ID, 3UEG), and E65A (PDB ID, 3UEl) and confirmed that the
proteins were fully folded, and mutations did not change the confor-
mation of other residues in peptide-binding groove. Cocrystalliza-
tion of hSurvivin mutants with both peptides was successful only for
the K62A mutant. We solved the crystal structure of this mutant in
complex with the unmodified H3 peptide. The determined structure
shows that there are no striking differences in the H3(1-12) binding
by wild type and hSurvivin K62A. However, the resolution of the
data from the K62A:H3 crystal does not allow for unambiguous de-
termination of T3 orientation. The side-chain hydroxyl of the un-
phosphorylated T3 either could be turned away from H80, poten-
tially allowing a hydrophobic interaction between the T3 Cy and
Survivin, or could form a weak hydrogen bond with the H80 side
chain (Figure 2B).
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FIGURE 2: Survivin interacts with the unmodified H3 tail in similar

way as with H3T3ph. (A) Superposition of the crystal structure of
wild-type Survivin with H3T3ph(1-4) (red lines) on the structure of
wild-type Survivin (gray; cartoon representation) with H3(1-12)
peptide (green in stick representation). For clarity, only D71, D76,
H80, E65, and both peptides are shown in line or stick representation.
Figures are in stereo representation. (B) Superposition of the crystal
structure of wild-type Survivin with H3T3ph(1-4) (red lines) on the
structure of K62A Survivin (gray; cartoon representation) with
H3(1-12) peptide (green in stick representation). For clarity only, D71,
D76, H80, E65, and both peptides are shown in line or stick
representation. T3 Oy can form a weak hydrogen bond with the H80
side chain if present in the modeled orientation. Alternatively, the
hydrophobic interactions between T3 Cy and Survivin may be formed
if T3 adopts a different orientation (not shown). Determination of the
prevailing orientation of T3 was not possible due to the low quality of
its corresponding electron density. Figures are in stereo
representation.

Mutational analysis of Survivin histone H3-binding region
We measured the dissociation constants (Ky) between hSurvivin
K62A, H80A, and E65A mutants and H3T3ph(1-4) and H3(1-4) tail
by isothermal titration calorimetry (ITC). We conducted the experi-
ments at pH 7.8 to rule out the influence of histidine side-chain
protonation, which, as described in next paragraph, affects binding
affinities.

Phosphobinding was undetectable for hSurvivin H80A and K62A
mutants using ITC, which verifies the importance of these residues
in histone tail recognition (Table 1). In addition, binding of H3T3ph
peptide was also defective for Survivin E65A. This is not surprising,
since this residue forms hydrophobic interactions, as well as hydro-
gen bonds with R2, providing a significant contribution to complex
formation.

The hSurvivin wild-type structure suggests that the side chain
of hSurvivin H80 forms hydrogen bonds with both the phosphate
and the carbonyl oxygen of A1. Mutations of either E65 or H80 to
alanine abolished detectable binding to unphosphorylated H3
peptides as measured by ITC (Table 1), which is consistent with
the observed contacts of these amino acids with unphosphory-
lated portions of H3. In contrast, Survivin K62A bound the
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N Kgq (M)  AH (cal/mol) -TAS (cal/mol) N Ky (pM) AH (cal/mol) -TAS (cal/mol)

Protein H3T3ph(1-4) H3T3(1-4)
hs wt 1.05+£0.05 61.7+£85 -2120%£210 -3640 1.27 £0.03 60.6+4 -3160 £ 120 -2600
hs E65A n/b n/b n/b n/b n/b n/b n/b n/b
hs H80A n/b n/b n/b n/b 0.99 £0.27 236+50  -3300+ 1200 -1670
hs K62A n/b n/b n/b n/b 1.22+0.02 31.3+£2.0 -4610£120 —1540

H3T3ph(1-12) H3T3(1-12)
hs wt 1.35+0.06 29.6+54 -670+50 -5510 1.56+0.02 21.0+1.8 -1890+40 —-4500
hs H80R 1.32+£0.05 60.2+5.8 -2750%150 -3010 n/b n/b n/b n/b
x| wt 1.15+0.01 10.6+0.5 -2800+ 30 -3990 n/b n/b n/b n/b
x| R89H 1.04+£0.01 48+05 -870+15 —6380 1.34+£0.02 129+14 -2720+60 -3960

Measurements were performed in 25°C in a buffer containing 50 mM Tris, pH 7.8, 50 mM NaCl, and 10 mM B-mercaptoethanol. AH, enthalpy change; AS, entropy
change; hs, human Survivin; Ky, dissociation constant; N, stoichiometry; n/b, no binding; T, temperature; wt, wild type; x|, X. laevis class B Survivin.

Thermodynamic parameters of interaction between human or Xenopus Survivin and histone H3 peptide.

unphosphorylated peptide well (Ky = 31 + 2 uM) but could not
bind the phosphorylated peptide.

Chromosomal passenger complex shows improper
localization in cells expressing hSurvivin mutants

We confirmed that the residues that were important for peptide
binding in vitro were also required to localize the CPC to inner cen-
tromeres in cells. We generated Hela cell lines stably expressing
either wild-type or mutant Survivin proteins with C-terminal Myc
tags, depleted the endogenous protein by small interfering RNA

(siRNA) transfection, and performed immunofluorescence with anti-
Myc, anti-Aurora B, and anti-centromere (ACA) antibodies. Both
wild-type Survivin and Aurora B were localized predominantly to
centromeres after depletion and replacement (Figure 3). All mutants
were incorporated into the CPC (Supplemental Figure S3A) and al-
lowed localization of the CPC to the central spindle in anaphase
(Supplemental Figure S3B). In contrast, exogenous Survivin proteins
could not localize efficiently to centromeres if they were mutated at
amino acids that interact with A1 or R2 of histone H3 and therefore
prevented both phosphorylated and unphosphorylated histone
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Chromosomal passenger complex delocalization in prometaphase in cells expressing mutant Survivin-myc
proteins and depleted of endogenous Survivin by siRNA treatment. (A) Hela cells stably expressing vector alone or
Survivin-myc containing the indicated mutations were transfected with siRNA as shown, synchronized by double
thymidine block and then released into fresh medium for 12 h, followed by immunostaining with anti-myc epitope
antibody (green), anti-Aurora B antibody (red), and ACA. Scale bar, 5 ym. (B) For cells treated as in A, Aurora B
localization classified by immunofluorescence microscopy in ~100 cells in each condition is shown on the left. Means £
SD (n = 3). Right, the ratio of centromere to chromosome arm fluorescence intensity for Aurora B and Survivin-myc.
Means + SD (n = 5). ***p < 0.001, **p < 0.01, *p < 0.05 compared with cells expressing Survivin-myc WT by one-way
analysis of variance followed by Bonferroni’s multiple comparison test. ND, not determined.
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FIGURE 4: Comparison between class A and class B Survivin paralogues. (A) Evolutionary relationships between
Survivin proteins. The cladogram of Survivin protein based on sequence alignment in B. The evolution history was
deduced using the minimum evolution method. The cladogram is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the cladogram. Numbers show bootstrap values at the nodes.

(B) Sequence alignment of Survivin BIR domains from selected organisms. Residues involved in zinc finger motif
formation are marked in yellow. Residues H and R, which distinguish class A and B Survivin, are marked in red.
Progressive dark shading indicates identity between 80 and 100%. Numbers on the left side of the alignment indicate
the residue from which the alignment begins; numbers on the right are the last residues taken into alignment. Numbers
in parentheses are the number of amino acids present in insertions that were removed from alignment. Numbers above
the alignment indicate the residue numbering in hSurvivin. Letters from A to D mark helices, and black arrows
numbered from 1 to 3 mark B-strands. Residues that form hydrogen bonds with H3 peptide are marked by blue
rectangles. N-terminal and C-terminal variable regions and insertions were removed from alignment for clarity.

(C) Superposition of the crystal structure of wild-type hSurvivin (gray) and homology model of xSurvivin-B (green carbon
atoms). Mutated residues in Survivin (human H80 and Xenopus R89) and histone H3T3ph(1-4) residues are marked.
Green dashes depict probable hydrogen bonds between the homology model of xSurvivin-B and H3T3ph(1-4) peptide.

binding (E65A and a mutant that we previously characterized, D70A/
D71A; Wang et al., 2010). Instead, these proteins, together with Au-
rora B, were found mostly on chromosome arms. One function of
Aurora B at inner centromeres is to recruit the microtubule depoly-
merase MCAK (Andrews et al., 2004; Lan et al., 2004; Ohi et al.,
2004). Cells expressing either Survivin E65A or D70A/D71A also
poorly recruited MCAK to centromeres (Supplemental Figure S3, C
and D). The H80A mutant that loses interactions both with A1 and
the T3 phosphate was defective in peptide binding and gave a re-
sult similar to E65A in both Aurora B localization and MCAK recruit-
ing activity (Figure 3 and Supplemental Figure S3, C and D).

The K62A mutant that bound the unphosphorylated peptide
specifically was deficient at binding centromeres, confirming that
phosphobinding is important for CPC targeting (Figure 3). Of
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interest, however, the K62A mutant allowed weak but consistent re-
sidual binding of the CPC to centromeres above that seen with the
other mutants (Figure 3).

Two distinct classes of Survivin are present in vertebrates

We performed a phylogenetic analysis of Survivin in a set of model
organisms (Figure 4A). We found that mammals have a single Sur-
vivin, whereas nonmammalian vertebrates, like Xenopus laevis
(Song et al., 2003), have two distinct variants. We name the paral-
ogue that includes the mammalian proteins class A, and the other,
class B. We looked for class-specific differences in residues impor-
tant for peptide binding. Of interest, all class A Survivins have H at
position 80 (numbered in the human), whereas all class B family
members have R at this position (R89 in xSurvivin-B; Figure 4B).

Histone H3 binding by Survivin paralogues | 1461



Similarly, in the Schizosaccharomyces pombe homologue, which
has dual BIR domains, one of the BIR domains has H at the position
and the other has R.

To investigate the consequences of the presence of either histi-
dine or arginine in the histone tail-binding region of Survivin, we
generated hSurvivin H80R and xSurvivin-B R89H mutant proteins
and performed ITC binding assays at pH 7.8. For further discussion,
we define Survivin phosphospecificity as a ratio of Survivin affinity
toward H3T3ph to affinity toward H3 peptide. Wild-type hSurvivin
bound both phosphorylated and unphosphorylated histone tail
peptides with comparable affinities, showing a lack of phospho-
specificity at pH 7.8 (Table 1). In contrast the wild-type Xenopus
Survivin-B showed distinct phosphospecificity, and binding could
only be detected to the H3T3ph-modified peptide. Survivin's be-
havior was reversed by mutations in the H/R residue that binds the
phosphate (H80/R89). Although it displayed lower affinity for
H3T3ph(1-12) peptide, hSurvivin H80R gained phosphospecificity.
Moreover, xSurvivin-B R89H lost phosphospecificity, even though
the affinity for H3T3ph(1-12) peptide was increased twofold in com-
parison to wild-type xSurvivin-B protein (Table 1). We conclude that
the presence of H or R in the phosphobinding pocket is an impor-
tant determinant of binding characteristics, and we propose that
this difference distinguishes the two Survivin paralogues.

Biochemical differences between class A and class B
Survivins

Because the pKa of histidine is around neutral, we hypothesized that
the binding of class A Survivins to histone tails might be responsive
to pH. To test this, we investigated the effect of pH and temperature
on the Survivin-histone tail interaction. ITC binding assays were car-
ried out within the pH range 6.8-8.2 at 25°C. In general, hSurvivin
bound phosphorylated histone tails with higher affinity at lower pH.
hSurvivin phosphospecificity for histone tails is pH sensitive within
the range of screened pH. At pH 6.8, binding to H3T3ph(1-12) pep-
tide is eightfold better than to unmodified H3(1-12). H3T3ph bind-
ing affinity decreases when the pH increases, and the rate of this
change is faster than for H3(1-12). At pH 7.8, hSurvivin loses phos-
phospecificity, having similar binding affinities for both peptides,

A —=u=hSurvivin + H3T3ph
—e— hSurvivin + H3
90+ —A— xSurvivin + H3T3ph
804 —v—xSurvivin + H3
704
604
50 1
404
30
20
10
0

dissociation constant - K, [uM]

T T T T T T T T 1
66 68 70 72 74 76 7.8 80 82 84
pH

and at pH 8.2, it binds unphosphorylated peptide preferentially
(Figure 5, A and B). In addition, we observed about threefold-better
binding to H3T3ph than H3 peptides, using differential scanning
fluorimetry assays (Niesen et al., 2007) at pH 7.5 (K4 = 52 + 8 pM
phosphorylated vs. 171440 uM unphosphorylated peptide; Supple-
mental Figure S4), and in a parallel study twofold-better binding was
observed using ITC at pH 7.5 (Du et al., 2012). We compared bind-
ing at 25 and 37°C at pH 6.8, but no major effect of temperature on
hSurvivin phosphospecificity was noted. In contrast, xSurvivin-B
binds H3T3ph peptides with similar affinity (K4 around 6 pM) within
6.8-7.8 pH range. XSurvivin-B was phosphospecific at all measured
pH values (Figure 5, A and B, and Table 2). However, in contrast to
hSurvivin, the phosphospecificity increased with pH, which was
caused by decrease in affinity toward the unphosphorylated pep-
tide, a finding for which we do not have a good explanation.

Our mutational analysis of the histone tail-binding region showed
that both xSurvivin-B and the hSurvivin H80R mutant bind H3T3ph
and H3T3 peptides with lower affinity than wild-type hSurvivin.
Moreover, xSurvivin-B R89H binds both forms of the histone tail with
higher affinity than wild-type xSurvivin-B or hSurvivin-A. These bind-
ing experiments, performed on both Survivin classes, suggest that
histidine can contribute more strongly than arginine to formation of
a histone tail-binding pocket.

DISCUSSION

We determined the structure of hSurvivin bound to modified and
unmodified histone H3 peptide. Our crystal structures reveal resi-
dues important for peptide binding (E65, D71, and H80) and recog-
nition of phosphorylation on T3 of histone H3 (H80 and Ké2). E65,
H80, and K62 are not conserved in other BIR domains, and muta-
tional analysis of these residues confirmed their importance for H3
peptide binding, both in vitro and for proper centromeric localiza-
tion of the CPC in cells.

We found that many vertebrates have two Survivin paralogues
and that they differ in their interactions with histone H3 tails. We
identified an amino acid that contacts the phosphate that can distin-
guish these classes. The Survivin homologue in S. pombe has dual
BIR domains, and one domain has H and the other has R at the
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FIGURE 5: pH dependence of histone-binding affinity and phosphospecificity of class A and class B Survivins. (A)
Differences in affinity of Survivin class A and class B toward H3T3ph(1-12) and H3(1-12) peptides depending on pH
changes. Survivin class A is represented by hSurvivin, and Survivin class B is represented by xSurvivin. (B) Differences in
phosphospecificity between Survivin class A (Homo sapiens) and class B (X. laevis) within pH range 6.8-8.2.
Phosphospecificity is displayed as a ratio of the Survivin affinity to H3T3ph peptide to the affinity to H3 peptide,

(1/K4H3T3ph)/(1/K4H3).
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—_TAS —TAS
N Ky (M)  AH (cal/mol)  (cal/mol) N Kgq (M)  AH (cal/mol)  (cal/mol)

Protein H3T3ph(1-12) pH H3(1-12)

hs wt 1.13+£0.001 1.45+£0.03 -5640+20 -2320 6.8 1.26 £0.01 11.8+£1.0 -2490+60 -4220
hs wt 1.03+0.002 2.31+0.08 -4880<+30 —-2800 7.2 1.29+0.01 9.67+0.31 -2790+20 -4040
hs wt 1.12+0.01 6.29+0.31 -4650+50 -2440 7.6 136+0.01 13.3+0.7 -3210+50 -3430
hs wt 1.20+0.01 15.6+0.6 -4720+ 60 -1830 7.8 1.33+0.01 17.1+0.8  -3320+50 -3180
hs wt 1.23+£0.02 464 +£52 -4130+220 -1780 8.2 1.32+0.01 30.2+£1.2 -3430%50 -2730
hs H80R 1.02+£0.01 263+2.0 -3030+90 -3210 6.8 n/b n/b n/b n/b
hswt37°C  1.01+0.002 2.85+0.06 -6850+20 -706 6.8 1371004 21.4+32 -4320+230 -2080
x| wt 0.82+0.01 6.79+0.67 -3050+80 -3990 6.8  0.9740.03 28.7+59 -1840+150 —-4350
xl wt 1.06+0.01 6.47+0.47 -3080=50 -4000 7.2 1.24+0.03 38.4+53 -2260+140 -3760
xI wt 1.21£0.004 6.80+0.24 -3580+30 -3460 7.6 1.31+0.05 562+11.1 -2730+270 -3060
x| wt 0.94+0.01 6.31+0.58 -3900+80 -3190 7.8 1.04+0.02 73.9+122 -3680+380 -1950
x| wt 1.04 £0.02 19.9+£2.4 4480+ 210 -1990 8.2 n/b n/b n/b n/b
x| R89H 1.09+0.004 1.01+£0.09 -4570+40 -3600 6.8 1.15+0.01 521+0.39 -2690+40 -4510

Unless stated (hs wt 37°C), measurements were performed at 25°C in a triple-component buffer containing HEPES:citric acid:Ches and 10 mM B-mercaptoethanol.
AH, enthalpy change; AS, entropy change; hs, human Survivin; Ky, dissociation constant; N, stoichiometry; n/b, no binding; T, temperature; wt, wild type; xI, X. laevis

class B Survivin.

TABLE 2: Thermodynamic parameters of interaction between human or Xenopus Survivin and histone H3 peptide within pH range 6.8-8.2.

phosphate-binding position, which suggests the evolutionary con-
servation of the importance of the two classes working together to
properly localize the CPC.

In this study we showed that interaction between hSurvivin and
the phosphorylated tail of histone H3 is pH sensitive and enhanced
at pH 6.8. The likely reason for this pH dependence is protonation
of the side chain of H80. In the investigated pH range, the phos-
phate of the phosphothreonine is most probably unprotonated
(Hoffmann et al., 1994) and is likely to act as a hydrogen bond ac-
ceptor, as is the carbonyl oxygen of A1. In our structure we observed
that the two nitrogen atoms in the imidazole ring of H80 are in posi-
tions suitable for forming hydrogen bonds with the A1 carbonyl oxy-
gen and the T3 phosphate (Figure 1). Only a histidine carrying pro-
tons on both nitrogens of its side chain can act as a donor for two
hydrogen bonds in this environment. This form of H80 will also be
positively charged and favor an interaction with the negatively
charged phosphate moiety. Thus we propose that lower pH will fa-
cilitate protonation of H80 to allow proper binding of phosphothre-
onine and that the absence of a charged histidine at higher pH may
account for the pH sensitivity of hSurvivin in phosphospecific bind-
ing of the H3 tail. This also explains the less-pH-dependent phos-
phopeptide binding of xSurvivin-B, as the charge of R89 is not ex-
pected to be affected by pH in the investigated range.

Under certain conditions both hSurvivin and xSurvivin-B R89H
bind phosphorylated histone tails better than the corresponding
proteins with arginine. However, the cost of better binding appears
to be pH sensitivity, since, at pH 7.8, hSurvivin and xSurvivin-B R89H
have decreased phosphospecificity. In contrast, xSurvivin-B and
hSurvivin H80R bind phosphorylated histone tails with lower affinity
than the corresponding proteins with a histidine in the binding re-
gion, but they retain phosphospecificity across the investigated pH
range. We believe that this observed difference in pH dependence
may be an important class A versus B distinction. Although it is inter-
esting to speculate that binding of the class A Survivins to inner
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centromeres might be sensitive to local changes of pH, another ex-
planation might be that intracellular pH differs in different organisms
or cell types. Most measurements in Xenopus eggs yield a pH of 7.7
(Webb and Nuccitelli, 1981), whereas the intracellular pH of human
cells has been measured between pH 7.0 and 7.3 (Roos and Boron,
1981), with more recent values around pH 7.2 (Llopis et al., 1998).
However, the local chromatin pH value remains unknown. Thus, in
species that have two Survivin paralogues, the relative amounts of
each may reflect pH differences in different cell types.

We do not fully understand why Survivin with an arginine in the
binding pocket would bind H3 peptides with lower affinities than
Survivin with a histidine. We speculate that, in the nonbound state,
arginine in class B Survivins blocks the peptide binding cleft because
its longer side chain allows it to form hydrogen bonds and electro-
static interactions with E85 on one side of the pocket and electro-
static interactions with E74 on the other side (see homology model
in Supplemental Figure S5, residue numbering for xSurvivin-B).
Therefore the side chain of R89 must break these interactions and
change its conformation to accommodate the peptide. Itis possible
that the interaction with the negatively charged phosphate would
facilitate this conformational change and favor formation of intermo-
lecular hydrogen bonds with the phosphorylated peptide. The intra-
molecular interactions of R89 in the tail-binding pocket may be too
strong to be broken by interaction with T3 of an unmodified histone
tail, which could explain why class B Survivins poorly bind unphos-
phorylated peptides. In the case of hSurvivin, the histidine in the
corresponding position does not form intramolecular hydrogen
bonds, and thus its observed better affinity may result from forma-
tion of new hydrogen bonds upon binding of phosphorylated pep-
tide without breaking prior intramolecular bonds.

During preparation of this article, two reports were published that
also describe the interaction between hSurvivin and histone H3T3ph
(Jeyaprakash et al., 2011; Du et al., 2012). The structures presented
by both groups have the same crystal forms as ours, and the authors
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denote the same histone tail-binding groove and point to the same
amino acids that participate in the interaction between Survivin and
the phosphorylated N-terminal peptide from histone H3. Of interest,
Du et al. (2012) also describe the binding between Survivin and a
Smac/DIABLO N-terminal fragment, suggesting a common mecha-
nism for the dual role for Survivin in mitosis and apoptosis.

The apparent lack of phosphospecificity of human Survivin at pH
7.8, as well as the modest phosphospecificity at pH 7.5, pointed out
in arecentarticle (Du etal., 2012) was initially a surprise. This brought
into doubt that Haspin phosphorylation of histone H3 is critical for
Survivin binding. The solution to this conundrum is likely to be the
pH dependence, since at pH 6.8 human Survivin bound phosphory-
lated peptides with almost eightfold higher affinity than unmodified
peptides. A second minor difference between the studies concerns
the properties of the Survivin K62A mutant. Du et al. (2012) reported
that this mutant loses the modest phosphospecificity they detect for
wild-type Survivin, but that it still binds H3T3ph peptides. In con-
trast, we have been unable to detect any binding of Survivin K62A
to H3T3ph-modified peptides using the structural and biochemical
analysis described earlier, though in both articles this mutant retains
binding affinity for unmodified tails in vitro. We find that Survivin
K62A is strongly compromised in localization to centromeres in cells,
attesting to the likely importance of phosphospecificity in vivo.

A number of recent publications have provided important insight
into the pathways that target the CPC to inner centromeres. To-
gether they suggest that the CPC is targeted by at least two mecha-
nisms that emanate from the histone codes of the inner centromere.
First, the CPC indirectly reads the histone code through Shugoshin.
Recruitment of Shugoshin to centromeres requires phosphorylation
of histone H2A on T120 by the Bub1 kinase (Yamagishi et al., 2010),
although whether the interaction is direct or indirect requires further
investigation. Shugoshin from S. pombe binds the CPC after CDK1
phosphorylation (Tsukahara et al., 2010), and it has been proposed
that these mechanisms are conserved in vertebrates (Yamagishi
et al., 2010). Moreover, it has been recently suggested, based on in
vitro studies, that the N-terminus of Sgo1 could directly bind Sur-
vivin in the same pocket that we describe (Jeyaprakash et al., 2011).
Second, the CPC also directly binds histone H3 tails in the inner
centromere after they are phosphorylated by Haspin kinase. It will
also be important in the future to understand on the molecular level
how Shugoshin is recruited to histone H2A and binds the CPC.

MATERIALS AND METHODS

Protein purification

Recombinant human Survivin wild-type and mutated proteins were
overexpressed in Escherichia coli strain BL21-CodonPlus (DE3) RIL
(Stratagene, Santa Clara, CA) using the pHIS8 expression vector in-
cluding N-terminal octahistidine tag with thrombin cleavage site.
Amino acid mutations were introduced using QuikChange Site-Di-
rected Mutagenesis Kit (Stratagene). Bacteria were induced at OD 2.0
with 0.6 mM isopropyl-B-b-thiogalactoside followed by adding 80 uM
ZnCl, per 1 | of Terrific Broth (TB) medium. Cells were incubated with
shaking for 16 h at 18°C. Cells were harvested, and pellets were sus-
pended in buffer A (50 mM Tris, pH 7.9, 500 mM NaCl, 5% glycerol,
10 mM B-mercaptoethanol) containing 10 mM imidazole and Com-
plete Inhibitor Protease Cocktail (Roche, Indianapolis, IN). After soni-
cation, lysates were ultracentrifuged at 30,000 rpm for 40 min at 4°C.
The supernatants were incubated with Ni?* resin at 4°C. Beads were
washed in buffer A containing 25 mM imidazole, and proteins were
eluted with buffer A containing 250 mM Imidazole. The octahistidine
tag was removed by thrombin digestion during dialysis in buffer (50
mM Tris, pH 8.0, 500 mM NaCl, and 10 mM B-mercaptoethanol).
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Protein was loaded on Superdex200, and desired fractions were dia-
lyzed to 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)-Na, pH 7.5, and 10 mM B-mercaptoethanol buffer. Recombi-
nant Xenopus Survivin wild-type and mutated proteins with uncleav-
able C-terminal hexahistidine tag were overexpressed in E. coli strain
BL21-CodonPlus (DE3) RIL (Stratagene) using the pET28a expression
vector and purified following the same protocol as for human Sur
vivin, except for proteolytic digestion.

Crystallization, data collection, structure refinement,

and analysis

Crystals of hSurvivin were grown in hanging drops at 16°C using
EasyXtal Tools crystallization plates. The drop was composed of 1 pl
of protein mixed with 1 pl of mother liquor solution. Peptides ART-
phK, ARTK, ARTphKQTARKSTG, and ARTKQTARKSTG (GenScript,
Piscataway, NJ) were used in crystallization experiments. Before
flash cooling in liquid nitrogen, crystals were cryoprotected in crys-
tallization buffer containing 33% ethylene glycol. Crystallization
conditions are presented in Supplemental Table S1. Structure of
hSurvivin with H3T3ph(1-4) was obtained by using a single-wave-
length anomalous dispersion technique using bound Zn?* ions.
Structures of hSurvivin wild type with H3T3ph(1-12), hSurvivin with
H3T3(1-12) peptide, and hSurvivin K62A with H3T3(1-12) peptide
were solved by molecular replacement using wild-type structure as
a model. Data collection was performed on 191D or 211D beamline
at Argonne National Laboratory (Argonne, IL). Data processing and
model building were done with HKL-3000 (Minor et al., 2006) inte-
grated with SHELXD and SHELXE (Sheldrick, 2008), MLPHARE (Ot-
winowski, 1991), DM (Cowtan and Main, 1993), and ARP/wARP
(Perrakis et al., 1999). Molecular replacement was performed using
HKL-3000 and MOLREP (Vagin and Teplyakov, 1997). The resulting
model was further refined with REFMACS5 (Murshudov et al., 1997)
and COOT (Emsley et al., 2010). Structure was validated using
MOLPROBITY (Chen et al., 2010) and ADIT (Yang et al., 2004) tools.
Refinement statistics are presented in Supplemental Table S2. Fig-
ures were prepared using PyMOL (www.pymol.org). Electrostatic
potential was calculated for the hSurvivin H3T3ph(1-4) model with-
out the peptide using APBS (Baker et al., 2001). Preparation of the
model was done with PDB2PQR (Dolinsky et al., 2007).

Isothermal titration calorimetry

Binding experiments were performed in buffer (50 mM Tris, pH 7.5,
50 mM NaCl, and 10 mM B-mercaptoethanol) using an iTC200 iso-
thermal titration calorimeter (MicroCal, Northampton, MA). First
titration was carried out using 0.5 pl of 1.2 mM peptide, followed by
fifteen 2.5-pl injections applied 180 s apart. Protein concentration
was 0.1 mM. Titration experiments were conducted at 25 or 37°C. A
binding isothermal fit was done with Origin software using a single-
binding-site model with stoichiometry, AH (enthalpy change), and
K, as variable. The citric acid-Ches-HEPES buffer system was used
to screen pH within the range 6.8-7.2. Buffers were prepared as
described (Newman, 2004) and adjusted to desired pH. Single data
sets were fitted to a single-site ITC binding model using a baseline
offset parameter to account for heats of dilution.

Cell lines and transfection

Hela cell lines stably expressing human Survivin and its mutants
were established by transfection with pEF6-Survivin-myc-His (Yixian
Zheng, Carnegie Institution of Washington, Washington, DC; Vong
et al., 2005) and selection in 2 pg/ml blasticidin (Wang et al., 2010).
Survivin siRNA targeting the endogenous 3’ untranslated region
from Applied Biosystems/Ambion (Austin, TX; s1458) was introduced
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into cells with Oligofectamine (Invitrogen, Carlsbad, CA). Cells were
typically analyzed 48 h after siRNA transfection. Where indicated,
cells were synchronized at G1/S by treatment with 2 mM thymidine
(Calbiochem, La Jolla, CA). In some cases, cells were additionally
arrested in prometaphase by treatment with 200 ng/ml nocodazole
(Sigma-Aldrich, St. Louis, MO).

Fluorescence microscopy and antibodies

Fluorescence microscopy was carried out as described (Wang et al.,
2010). Briefly, cells were fixed with 2% paraformaldehyde in phos-
phate-buffered saline (PBS) for 10 min, followed by extraction with
0.5% Triton X-100 in PBS for 5 min, at room temperature. After block-
ing in extraction buffer containing 5% milk, primary and secondary
antibodies were diluted in blocking buffer and incubated at room
temperature for 1-2 h. Imaging was performed using a 60x Plan Apo
(numerical aperture 1.40) oil immersion objective lens and a TE2000-
U inverted microscope (Nikon, Melville, NY) equipped with a SPOT-
RT charge-coupled device system. Mouse monoclonal antibodies
used were to myc-tag (?E10) and sheep antibodies were to Aurora B
(Stephen Taylor, University of Manchester, United Kingdom; Ditchfield
et al., 2003). Human centromere autoantibodies were from Immuno-
Vision (Springdale, AZ). Secondary antibodies were donkey anti-
sheep immunoglobulin G (IgG)-Alexa 488 (Invitrogen); anti-mouse
IgG-Cy3; and anti-human 1gG-Cy5 (Jackson ImmunoResearch, West
Grove, PA). ImageJ (National Institutes of Health, Bethesda, MD) was
used to determine centromere autoantigen intensity within 10 x 4
pixel-ellipses encompassing paired centromere dots. After back-
ground correction, the ratio of Aurora B or Survivin-myc to centrom-
ere autoantigen intensity was calculated independently for each of 16
centromeres per cell. After background subtraction, the average in-
tensity of Aurora B or Survivin-myc within 10 x 4—pixel ellipses at three
locations on chromosome arms was normalized to the average cen-
tromere autoantigen intensity in the same cell. The average centrom-
ere/arm intensity ratio was then calculated for each cell.

Evolutionary relationships among Survivins

The evolutionary history was inferred using the minimum evolution
method (Rzhetsky and Nei, 1992). The optimal tree with the sum of
branch length of 9.95 is shown. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test
(500 replicates) is shown next to the branches (Felsenstein, 1985).
The cladogram is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer the phylo-
genetic tree. The evolutionary distances were computed using the
JTT matrix-based method (Jones et al., 1992) and are in the units of
the number of amino acid substitutions per site. The ME tree was
searched using the close-neighbor-interchange algorithm (Nei and
Kumar, 2000) at a search level of 0. The neighbor-joining algorithm
(Saitou and Nei, 1987) was used to generate the initial tree. The
analysis involved 15 amino acid sequences. All ambiguous positions
were removed for each sequence pair. There were a total of 133
positions in the final data set. Evolutionary analyses were conducted
in MEGAS5 (Tamura et al., 2011).

Sequence alignment of Survivin's BIR domain and homology
modeling of Xenopus Survivin class B

Sequence alignment of Survivin's BIR domain was performed with
CLUSTALW?2 at EBI server using default parameters and then refined
manually The homology model of Xenopus Survivin class B was gen-
erated on the basis of the alignment presented in Figure 4C using the
SWISS-MODEL server (Armold et al., 2006) with the PDB:2QFA (Jey-
aprakash et al., 2007) model as a template. H3T3ph peptide was in-
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troduced from the PDB:3UEC model, and the geometry of the mod-
els was optimized in the OPLS-AA force field using GROMACS (Van
Der Spoel et al., 2005). Parametrization of unprotonated phospho-
threonine was derived from previous studies (Homeyer et al., 2006).
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