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Cells use specific mechanisms such as histone chaperones to abrogate the inherent barrier that the nucleosome
poses to transcribing polymerases. The current model postulates that nucleosomes can be transiently disrupted to
accommodate passage of RNA polymerases and that histones H3 and H4 possess their own chaperones dedicated to
the recovery of nucleosomes. Here, we determined the crystal structure of the conserved C terminus of human
Suppressors of Ty insertions 2 (hSpt2C) chaperone bound to an H3/H4 tetramer. The structural studies demonstrate
that hSpt2C is bound to the periphery of theH3/H4 tetramer,mimicking the trajectory of nucleosomal-boundDNA.
These structural studies have been complemented with in vitro binding and in vivo functional studies on mutants
that disrupt key intermolecular contacts involving two acidic patches and hydrophobic residues on Spt2C.We show
that contacts between both human and yeast Spt2Cwith theH3/H4 tetramer are required for the suppression of H3/
H4 exchange as measured by H3K56ac and newH3 deposition. These interactions are also crucial for the inhibition
of spurious transcription from within coding regions. Together, our data indicate that Spt2 interacts with the
periphery of the H3/H4 tetramer and promotes its recycling in the wake of RNA polymerase.
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In the context of transcription elongation, earlier studies
suggested that nucleosomes are disassembled in front
of RNA polymerase II and recovered immediately after
its passage (Kireeva et al. 2002; Belotserkovskaya et al.
2003). The appropriate redeposition of histones upon
RNA polymerase II passage depends on histone chaper-
ones and histone marks (Smolle and Workman 2013). A
defect in this function leads to inaccurate transcription
from within coding regions, a significant change in the
transcription profile, and the production of thousands of
cryptic transcripts (Rufiange et al. 2007; Smolle and
Workman 2013). Interestingly, in transcribed regions,
H2A/H2B exchange rates are substantially higher (at least
20-fold) than H3/H4 exchange rates (Kimura and Cook
2001; Thiriet and Hayes 2005), suggesting that nucleo-
somes could be transiently disrupted to accommodate
the passage of RNA polymerases and that histones H3

andH4 have their own recyclingmechanisms during tran-
scription elongation (Dion et al. 2007). Recently, several
reports confirmed that the majority of H3/H4 tetramers
aremaintained, rarely split, and recycled back during tran-
scription (Xu et al. 2010; Katan-Khaykovich and Struhl
2011). Importantly, several classes of histone chaperones
are involved in histone H3/H4 dynamics on transcribed
genes, including Asf1, HIRA, FACT (facilitates chromatin
transcription complex), Spt6 (encoded by Suppressors of
Ty insertions gene family 6), and Spt2 (Orphanides et al.
1999; Kaplan et al. 2003; Nourani et al. 2006; Jamai
et al. 2009; Avvakumov et al. 2011; Osakabe et al. 2013).
Most of these conserved factors are essential to the main-
tenance of nucleosomal structure and the redeposition of
H3/H4 within coding regions of genes (Avvakumov et al.
2011; Thebault et al. 2011; Smolle and Workman 2013).
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However, themechanismofH3/H4 recycling by these fac-
tors during transcription elongation remains unclear. The
histone chaperones Asf1 (English et al. 2006; Natsume
et al. 2007) and Daxx (Elsasser et al. 2012; Liu et al.
2012) have been cocrystalized with H3/H4, with their
structures confirming earlier biochemical studies indicat-
ing that these histone chaperones interactwith, exchange,
and deposit H3/H4 dimers (English et al. 2006; Natsume
et al. 2007; Elsasser et al. 2012; Liu et al. 2012). Here
we focused on the newly discovered histone chaperone
hSpt2 (Osakabe et al. 2013) and its complex with histone
H3/H4 from a combined structural and functional per-
spective. Spt2 protein functions in the remodeling and/
or maintenance of chromatin structure during transcrip-
tion through its ability to bind chromatin in vivo (Nourani
et al. 2006). We solved the crystal structure of the human
histone chaperone hSpt2 C-terminal domain (hSpt2C)
bound to theXenopus histoneH3/H4 tetramer. Our struc-
tural results identify a novel mode of chaperone histone
recognition and intermolecular contacts between hSpt2C
and the H3/H4 tetramer that are distinct from those ob-
served in previous structural studies of H3/H4 dimers
bound by chaperones Asf1 (English et al. 2006; Natsume
et al. 2007) and DAXX (Elsasser et al. 2012; Liu et al.
2012). This finding expands on previous nonstructural ob-
servations suggesting that histone chaperones Nap1 and
Vps75 can also bind to H3/H4 in a tetrameric conforma-
tion (Bowman et al. 2011). Interestingly, we identified
two acidic patches and several hydrophobic residues in
hSpt2C that play key roles inH3/H4 tetramer recognition,
with in vivo functional studies highlighting that these
conserved hSpt2C residues are essential for recovery of
the old H3/H4 in the wake of RNA polymerase II read-
through during transcription in yeast.

Results

Generation of a stable hSpt2C–H3/H4 complex

Previous studies established that full-length hSpt2 bound
to both H2A/H2B and H3/H4 under low-salt (0.15 M
NaCl) conditions as monitored by gel shift assays (Osa-
kabe et al. 2013). Furthermore, The C terminus (571–
685) of hSpt2, but not its N-terminal counterpart (1–570),
bound His-tagged H3/H4 under low-salt conditions as
monitored by pull-down assays (Osakabe et al. 2013). We
independently confirmed that the C terminus (571–685)
of GST-tagged hSpt2 bound H3/H4 under low-salt condi-
tions as monitored by pull-down assays (data not shown).
Thus, our structural efforts focused on the generation

and crystallization of hSpt2C bound to H3/H4, and, in or-
der to facilitate formation of a stable complex, studies
were undertaken under high-salt (2.0MNaCl) conditions,
which also favor H3/H4 tetramer formation. Size exclu-
sion chromatography (SEC) established that hSpt2C
(571–685) forms a stable complex with Xenopus histone
H3/H4, allowing for generation and purification of the
complex for crystallization trials (Supplemental Fig.
S1A,B). Xenopus and human histone H3 differ at only
two residue positions, whereas histone H4 is identical be-

tween the two species (Supplemental Fig. S2A,B). GST
pull-down assays verify that hSpt2C binds similarly to
Xenopus and human H3/H4 (Supplemental Fig. S2C).

Crystallization and structure determination of the
hSpt2C–H3/H4 tetramer complex

Crystallization trials were undertaken on various hSpt2C
and H3/H4 constructs as listed in Supplemental Table S1,
with the best-diffracting crystals obtained for hSpt2(571–
685) and H3(27–135)/H4(1–102). The structure of this
complex was determined at 3.3 Å using the H3/H4 tetra-
mer in the nucleosome (Protein Data Bank [PDB] code
1AOI) (Luger et al. 1997) as a search model during molec-
ular replacement carried out using the program Phaser
(McCoy et al. 2007) as implemented in the Phenix suite
(Adams et al. 2010). The model building was carried out
manually by using the program Coot (Emsley et al.
2010), and the structure was refined using Refmac (Mur-
shudov et al. 1997). Given the modest 3.3 Å resolution
and the fact that phases were obtained via molecular re-
placement method, 4.6 Å Se-Met data (details of data pro-
cessing outlined in the Materials and Methods) were used
to validate the registry of chain tracing of bound hSpt2C in
the complex. The X-ray data statistics for native and Se-
Met data are listed in Supplemental Table S2.
Two views of the complex containing hSpt2C in a rib-

bon representation and histone H3/H4 in ribbon and sur-
face representations are shown in Figure 1, B and C,
respectively. We were able to trace 308 of the 379 side
chains (81.3%) in the complex. A key feature of this com-
plex is that hSpt2C binds to the H3/H4 tetramer. In the
structure, one hSpt2Cmolecule adopts a two-α-helical (la-
beled αC1 and αC2) fold (positions 607–675), while only
αC1 (positions 604–626) could be traced in the second
hSpt2C molecule of the complex (Fig. 1B,C). This implies
that αC2 of the second hSpt2Cmolecule ismost likely dis-
ordered in the structure of the complex. Notably, no den-
sity was observed connecting the long and short hSpt2C
helices between adjacent complexes in the crystal lattice
(Supplemental Fig. S3A,B). We are able to trace α1, α2, and
α3 of both H3 (positions 60–135) and H4 (positions 26–95)
but not the αN of H3 (positions 45–56), which was disor-
dered in the complex (Fig. 1B,C).
There is room for accommodation of only one αC2 helix

of hSpt2Cwithin theH3/H3 four-helix bundle interface of
the H3/H4 tetramer as shown in Figure 1D,E. Thus, it is
likely that the αC1 of the second molecule of hSpt2C
that appears to be involved in the stabilization of the com-
plex could reflect a contribution from crystal-packing in-
teractions. We monitored the contribution of αC1 and
αC2 helical segments within hSpt2C to binding with the
H3/H4 tetramer by isothermal titration calorimetry
(ITC). hSpt2C (637–685) composed of only αC2 binds the
H3/H4 tetramer with a Kd of 2.3 μM and ΔH of −38.9
Kcal/mol (N = 1), while hSpt2C (610–644) composed of
only αC1 binds the H3/H4 tetramer with a reduced Kd of
55.6 μM and a much lower ΔH of −9.2 Kcal/mol (Supple-
mental Figs. S6, S7; Supplemental Table S3), thereby high-
lighting the major contribution of αC2 of hSpt2C, which
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interacts with the tip of the H3/H3 four-helix bundle
made up of the α2 and α3 helices of H3 (Fig. 1B).

In order to establish the stoichiometry of the complex in
solution, we used gel filtration experiments coupled with
multiple-angle light scattering (SEC-MALS) to measure
the molecular mass of the complex under high-salt (2 M
NaCl) crystallization conditions. The molecular mass of
H3–H4wasmeasured at 55.8 kDa (error 4%, expected his-
tone H3/H4 tetramer mass was 53.4 kDa), that of hSpt2C
(571–685) was measured at 14.2 kDa (error 10%, expected
monomer mass was 14.3 kDa), and that of the complex of
hSpt2C(571–685)–H3/H4wasmeasured at 65.9 kDa (error

2%, expected complexof onehSpt2Cbound toonehistone
H3/H4 tetramermasswas 67.7 kDa) (Fig. 2A,C). The same
stoichiometry of one chaperone bound per H3/H4 tetra-
mer was also observed for binding of SUMO-tagged
hSpt2C(571–685) to the H3/H4 tetramer (Fig. 2B,C).

Intermolecular contacts in the hSptC–H3/H4
tetramer complex

We observed extensive intermolecular contacts between
αC2, adjacent linker (Fig. 3A; electron density in Supple-
mental Fig. S8A), and αC1 (Fig. 3B) of bound hSpt2C and

Figure 1. Crystal structure of human Spt2 histone-binding domain 571–685 (hSpt2C) bound to the histone H3/H4 tetramer in the
hSpt2C–H3/H4 tetramer complex. (A) Schematic of α-helical distributionwithin the histone-binding domain of chaperone hSpt2 (magen-
ta) and histones H3 (blue) andH4 (green). (B,C ) Ribbon and surface views of theH3/H4 tetramer in the crystal structure of hSpt2C–H3/H4
tetramer complex. The complex contains one hSpt2C molecule where the density can be traced for αC1–linker–αC2 and a second mole-
culewhere the density can be traced solely for αC1. (D,E) Ribbon (D) and surface (E) views of the interaction of αC2 and the tip of theH3/H3
four-helix bundle in the crystal structure of the hSpt2C–H3/H4 tetramer complex. (F ) Superposition of the structures of the hSpt2C–H3/
H4 tetramer complex andmononucleosomes (PDB code 1AOI) (only DNA shown in silver) highlighting the clash between αC2 of hSpt2C
and nucleosomalDNA. (G) Interaction between αC1of hSpt2C andH3/H4 in the complex. (H) The same interface following superposition
of the structures of the hSpt2C–H3/H4 tetramer complex (in color) and mononucleosomes (PDB code: 1AOI) (in silver) highlighting the
clash between αC1 of hSpt2C and H2A/H4.
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segments spanning the periphery of the H3/H4 tetramer
in the structure of the hSpt2C–H3/H4 tetramer complex.
Intermolecular hydrophobic contacts were observed in-
volving M641 within the linker of hSpt2C, with hydro-
phobic side chains of H4 (V43 and methylene side
chains of R35 and R39) in the complex (Fig. 3C; Supple-
mental Fig. S8C). In addition, adjacent E642 is involved
in a hydrogen-bonding interaction with the tyrosine hy-
droxyl of Y51 of H4 (Fig. 3D; Supplemental Fig. S8D). In-
termolecular hydrogen bonds are also formed by a pair of
acidic patches on hSpt2C involving residues E651 and
E652 toward theN terminus of αC2 (Fig. 3E,F; Supplemen-
tal Fig S8E,F) and E662 and D663 toward the center of αC2
(Fig. 3G,H; Supplemental Fig. S8G,H) with basic and
polar side chains of the H3/H4 tetramer in the complex.
The importance of these intermolecular contacts has
been probed by ITC binding studies of hSpt2C(637–685)
amino acidmutants potentially impacting on the recogni-
tion process. ITC data established that the M641A muta-
tion involved in hydrophobic interactions as well as dual
mutations of hSpt2C acidic patch residues E651A/
E652A (designated patch 1) and E662A/D663A (patch 2)
involved in hydrogen-bonding interactions and L658A/
G659N resulted in complete loss in binding affinity (Fig.
3I). In contrast, non-histone-interacting Spt2C residue
mutations K650A and E671A had minimal impact on

hSpt2C–H3/H4 tetramer complex formation (Supplemen-
tal Fig. S9).
Pull-down assays using full-length wild-type and mu-

tant hSpt2 demonstrate observable but weaker H3/H4
binding of mutants E651A/E652A, L685A/G659N, and
E662A/E663A, with further reduced binding for the
M641A mutant (Supplemental Fig. S10). This result im-
plies that weak interactions are likely to exist between
full-length hSpt2 and H3/H4 that are outside the hSpt2C
637–685 segment. We also monitored the ability of full-
length wild-type and mutant hSpt2 in the presence of all
four histones to convert open circular (OC) to supercoiled
(SC) ϕX174 RF DNA. We observed a significant decrease
in supercoiling for mutants E651A/E652A and E662A/
D663A and an evenmore pronounced decrease formutant
M641A (Supplemental Fig. S11), paralleling our observa-
tions in pull-down experiments mentioned above for the
same full-length hSpt2 mutants.
There are other critical contacts in the hSpt2C–H3/H4

tetramer complex between the αC1–linker segment of
bound hSpt2C and the H3/H4 tetramer as shown in Figure
3B.Thus,Y625ofhSpt2Cparticipates inhydrophobic inter-
actions (Fig. 3J; Supplemental Fig. S8J), while E633 of
hSpt2C participates in hydrogen-bonding interactions (Fig.
3K; Supplemental Fig. S8K). Notably, αC1 of hSpt2C is an-
chored in a groove between α2 of H3 and α3 of H4 (Fig. 3B).
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Green: hSpt2C-SUMO
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Figure 2. SEC-MALS analysis of the hSpt2C–histone H3/H4 complex. (A) Analysis of histone H3/H4 (blue), hSpt2(571–685) (green), and
H3/H4–hSpt2(571–685) (red) under 2 MNaCl conditions. Reyleigh ratio in continuous lines as a function of the elution volume. The cal-
culated molecular mass is shown as a dashed line in the corresponding color with the secondary scale at the right. (B) Analysis of histone
H3/H4 (blue), SUMO-tagged hSpt2(571–685) (green), H3–H4–hSpt2(571–685)SUMO (red) under 2 M NaCl conditions. Reyleigh ratio in
continuous lines as a function of the elution volume. The calculated molecular mass is shown as a dashed line in the corresponding color
with the secondary scale at the right. (C ) Tables of mass measurements by SEC-MALS.
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Comparison of the Spt2–H3/H4 tetramer complex
with the nucleosome

The H3/H4 tetramers exhibit a root mean square devia-
tion (RMSD) of 1.67 Å following superposition of the
structures of the hSpt2C–H3/H4 tetramer complex with
that of the Xenopus mononucleosome (PDB code 1AOI)
(stereo pair in Supplemental Fig. S12A; Luger et al.
1997). Nevertheless, and keeping in mind the limitations
in interpretation associated with the resolution (3.3 Å)
of the Spt2 complex, differences were observed in the
alignment of helices α3 (Supplemental Fig. S12B) and α2
(Supplemental Fig. S12C) of H4 following comparison be-
tween structures. It should be noted that hSpt2C bound
along the periphery of the H3/H4 tetramer would result
in a steric clash between its αC2 helix and nucleosomal
DNA bound around the histone octamer core (Fig. 1F).
This implies competition between DNA and the αC2
helix of hSpt2C for the H3/H3 four-helix bundle. To ad-
dress this question, we used a gel shift assay thatmonitors
binding of DNA to H3/H4 to form a tetrasome. The ex-
perimental data in Supplemental Figure S13 support
DNA-mediated tetrasome formation, which cannot be
disrupted with increasing concentrations of hSpt2C. Our

data imply that hSpt2 can bind the H3/H4 tetramer only
when it is off the DNA. It is conceivable that Spt2 is
able to/could trap any H3/H4 tetramer that comes off
the DNA during transcription. This implies that Spt2 is
not in competition with DNA but instead suggests that
Spt2 could absorb or stabilize the tetramers as they
come off the DNA during transcription.

The alignment of αC1 of hSpt2C relative to the H3/H4
tetramer in the complex is shown in Figure 1G. Indeed,
αC1 occupies the same position as a pair of adjacently
aligned β sheets formed by C-terminal segments of H2A
and H4 in the structure of the nucleosome (Fig. 1H), and
hence αC1 of bound hSpt2C in the complex would clash
with the H2A/H4 interaction in the nucleosome.

hSpt2C forms a complex with the H3/H4 tetramer
under physiological salt conditions

The hSpt2C–H3/H4 tetramer complex for structure deter-
mination was assembled under high-salt conditions to fa-
cilitate stable complex formation (Supplemental Fig. S1),
as were crystallization conditions (see the Materials and
Methods). It is known that the H3/H4 dimer–tetramer

Figure 3. Intermolecular contacts between the segment spanning αC1–linker–αC2 of hSpt2C and the histone H3/H4 tetramer in the
structure of the hSpt2C–H3/H4 tetramer complex. (A,B) Overview of intermolecular contacts involving linker–αC2 segment (A) and
αC1–linker segment (B) in the hSpt2C–H3/H4 tetramer complex. (C–H) Expanded views labeled C–H associated with A are outlined be-
low. Intermolecular contacts between residue M641 (C ) and E642 (D) of hSpt2C and residues within H4, between residues E651 (E) and
E652 (F ) of hSpt2C and residues within H3, and between E662 (G) and D663 (H) of hSpt2C and residues within H3 in the complex. Hy-
drogen-bonding interactions are indicated by blue dashed lines together with bond distance. (I ) ITC binding curves for wild type and mu-
tants of human hSpt2C (637–685; linker-αC2) to histone H3/H4 tetramer in 0.5 M NaCl solution. (J,K ) Expanded views labeled J and K
associated with B are outlined below. Intermolecular contacts between residues Y625 (J) and E633 (K ) of hSpt2C and residues within H4.
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equilibrium shifts toward the tetramer under high-salt
conditions (Banks and Gloss 2003), and hence we needed
to independently establish that the hSpt2C–H3/H4 tetra-
mer complex also formed under physiological salt (0.15M
NaCl) conditions. To address this issue, we undertook
disuccinimidyl suberate (DSS)-mediated cross-linking
experiments on both the αC1–αC2-containing hSpt2C
(571–685)–H3/H4 complex (Fig. 4A) and the αC2-contain-
ing hSpt2C(637–685)–H3/H4 complex (Fig. 4B). In Figure
4, A and B, control lanes 1–6 and complex formation lanes
8–10 are in 0.15 M NaCl, while lane 7, which is a control
marker for H3/H4 tetramer formation, is in 0.5 M NaCl.

Our DSS-mediated cross-linking data establish that
hSpt2C(571–685) containing αC1–αC2 forms a complex
with the H3/H4 tetramer (Fig. 4A, lanes 8,9), as does
hSpt2C(637–685) containing only αC2, which also forms
a complex with the H3/H4 tetramer (Fig. 4B, lanes 8–10)
under physiological salt conditions.
In contrast, hSpt2C(610–644) containing only αC1 does

not facilitate histone H3/H4 tetramer formation (Supple-
mental Fig. S14A) under physiological salt conditions.
We also investigated complex formation between hSpt2
(571–685) containing αC1–αC2 and H3(L126E/I130E)/H4,
a double H3 mutant that disrupts H3/H4 tetramer forma-
tion. We observed very weak bands corresponding to the
formation of a complex of hSpt2(571–685) with the H3
(L126E/I130E)/H4 dimer under 0.15 M NaCl conditions
(Supplemental Fig. S14B).
Collectively, these data establish that hSpt2C con-

structs containing αC1–αC2 and αC2 alone, but not αC1
alone, facilitate the transition of H3/H4 from a dimer to
a tetramer, thereby generating hSpt2C–H3/H4 tetramer
complex formation.

Yeast Spt2C interacts with H3/H4 tetramer in vitro
and in vivo

The αC1–αC2 segment of hSpt2C(571–685) shares se-
quence homology with the Saccharomyces cerevisiae
Spt2 protein (ySpt2/Sin1) (Fig. 5A; Sternberg et al. 1987;
Osakabe et al. 2013). Most of the hSpt2C residues in-
volved in intermolecular recognition of the complex
with H3/H4 are conserved in S. cerevisiae (ySpt2C) (desig-
nated by an asterisk in Fig. 5A). In contrast to its hSpt2C
counterpart, ySpt2 function has been extensively studied
(Nourani et al. 2006; Thebault et al. 2011). It promotes
recycling ofH3/H4 in transcribed regions, inhibits replica-
tion-independent H3/H4 exchange, stabilizes nucleo-
somes, and thereby contributes to the repression of
spurious transcription (Nourani et al. 2006; Thebault
et al. 2011). These functions could be associated with a
possible interaction with the H3/H4 tetramer. To investi-
gate the role of the ySpt2–H3/H4 interaction domain, we
prepared stable H3/H4 complexes with ySpt2C(259–333)
containing the αC1–αC2 domains (Supplemental Fig.
S15), known to favor H3/H4 tetramer formation, and per-
formed ITC studies (Fig. 5B; Supplemental Fig. S7). While
wild-type ySpt2C(259–333) binds the H3/H4 tetramer
with a Kd of 1.5 μM and ΔH of −19.2 Kcal/mol (Fig. 5B),
the corresponding acidic patch residue dual mutants
E299A/E300A (patch 1) and E310A/D311A (patch 2) as
well as linker residues mutants M289A/E290A complete-
ly lose binding affinity (Fig. 5B). These results indicate
that it is very likely that hSpt2C and ySpt2C chaperones
target the H3/H4 tetramer in a similar manner. We next
wanted to confirm these in vitro data and asked whether
yeast Spt2 interacts with histone H3 in vivo. For that,
we conducted coimmunoprecipitation experiments on
nuclear extracts expressing wild-type Spt2 tagged with
the myc epitope. To avoid interactions through DNA,
these extracts were first digestedwith benzonase nuclease
and subsequently incubated with anti-myc antibodies. In

Figure 4. DSS-mediated cross-linking assays of hSpt2C(571–
685) and hSpt2C(637–683) to histone H3/H4 under physiological
salt (0.15 M NaCl) condition. (A) DSS cross-linking assays of
hSpt2C(571–685) to histone H3/H4. (Lane 1) Input of hSpt2C
(571–685) protein. (Lanes 2–4) Cross-linking of hSpt2C(571–685)
alonewith the indicated concentrations. (Lane 5) Input of histone
H3/H4. (Lane 6) Cross-linking of histone H3/H4 alone under 0.15
M NaCl salt condition. (Lane 7) Cross-linking of histone H3/H4
alone under 0.5 M NaCl salt condition. (Lanes 8–10) Cross-link-
ing of the indicated concentrations of hSpt2C(571–685) to histone
H3/H4 under 0.15MNaCl salt condition. (LaneM ) Proteinmark-
er. (B) DSS cross-linking assays of hSpt2C(637–685) to histone
H3/H4. (Lane 1) Input of hSpt2C(637–685) protein. (Lanes 2–4)
Cross-linking of hSpt2C(637–685) alone with the indicated con-
centrations. (Lane 5) Input of histone H3/H4. (Lane 6) Cross-link-
ing of histone H3/H4 alone under 0.15 M NaCl salt condition.
(Lane 7) Cross-linking of histone H3/H4 alone under 0.5 M
NaCl salt condition. (Lanes 8–10) Cross-linking of the indicated
concentrations hSpt2C(637–685) to histone H3/H4 under 0.15
M NaCl salt condition. (Lane M ) protein marker.
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the absence of DNA, as indicated in Supplemental Figure
S16, we observed an interaction with histone H3 (Fig. 5C).
Interestingly, this binding is reduced by mutations of H3/
H4 interaction residues, as shown for the acidic patch
E299/E300 mutants as well as linker residue M289A/
E290Amutants (Fig. 5C). This is consistent with the in vi-
tro data and indicates that ySpt2 interactswith histoneH3
in vivo, and the residues identified by the structural data
play a major role in this interaction.

The interaction of ySpt2 with H3/H4 is required
for regulation of the H3K56ac level and replication-
independent H3/H4 exchange in coding regions

We next analyzed, in vivo, the contribution of the ySpt2–
H3/H4 tetramer interaction interface to the function of
ySpt2 in the regulation of H3/H4 exchange. The replica-
tion-independent H3/H4 turnover is tightly associated
with the H3K56ac level (Rufiange et al. 2007). Thus, we
assessed by chromatin immunoprecipitation (ChIP) the
level of H3K56ac in G1-arrested cells expressing wild
type or the ySpt2 mutants tested above. The ySpt2 mutat-

ed in residues important for the interaction with the H3/
H4 tetramer are generally associated with higher specific
incorporation of new H3K56ac specifically in the coding
regions of transcribed genes (Fig. 6A; Supplemental Fig.
S17). In contrast, no such effect was observed in the non-
transcribed geneAZR1 (Fig. 6A) or the intergenic region of
chromosome V (NoORF) (Supplemental Fig. S17). Consis-
tent with the ITC assays (Fig. 5B), theM306A/A307Nmu-
tation in yeast (equivalent to L658A/G659N in humans)
does not have a striking effect on H3K56ac. Finally, it
should be mentioned that mutations in Spt2 do not chan-
ge the chaperone’s levels inG1-arrested cells used in these
ChIP assays, as indicated in Supplemental Figure S18.

We also tested directly the H3 exchange (Supplemental
Fig. S19) by measuring the level of newly synthesized his-
tone H3 incorporation at various locations as described
previously in G1-arrested cells (Rufiange et al. 2007). Sim-
ilar to H3K56ac, mutations of residues important for H3/
H4 tetramer interaction resulted in higher incorporation
of new Flag-H3 into coding regions of active genes. To-
gether, these data indicate that the Spt2–H3/H4 tetramer
interaction interface is crucial for the recycling of old
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Figure 5. The yeast Spt2 protein interacts in vitro and in vivo with H3/H4. (A) Sequence alignment highlighting conserved domains of
human hSpt2C(571–685) and yeast ySpt2C(259–333). Key conserved Spt2C amino acids are shown in a red background. Mutated residues
in hSpt2C are indicated by asterisks. (B) ITC binding curves for wild-type and mutants of yeast ySpt2C(259–333) to histone H3/H4 tetra-
mer in 0.5MNaCl solution. The Kd values, whenmeasurable, are shown in the figure, while nonmeasurable values are indicated by ND.
(C ) Mutations in the ySpt2C H3/H4 interaction interface affect the in vivo binding of ySpt2 to histone H3. Coimmunoprecipitation ex-
periment using nuclear extracts from yeast cells expressing different versions of Spt2 tagged with Myc epitope. To avoid interaction
through binding to DNA, we digested the nuclear extracts with benzonase nuclease. As shown in Supplemental Figure S10, after benzo-
nase treatment, DNA was undetected in the extracts used for coimmunoprecipitation. The immunoprecipitations were performed with
anti-Myc antibodies cross-linked to protein-A sepharose beads. The proteins were analyzed with anti-myc and anti-H3 Western blots.
Spt2–H3 coimmunoprecipitation was affected by mutations in Spt2 residues that are important for the interaction with H3/H4 in vitro.
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H3/H4 tetramers in transcribed regions of active genes.
Importantly, as shown in Supplemental Figure S20 by
Western blots and ChIP assays, mutating Spt2–tetramer

interaction residues has no effect on the production of
ySpt2 or its recruitment to the sites of its function but in-
stead hinders its ability to chaperone the H3/H4 tetramer.

Figure 6. The Spt2–H3/H4 tetramer interaction interface is required for the regulation of replication-independent H3/H4 exchange and
spurious transcription in coding regions. (A) ChIPs assessing the H3K56ac level in G1-arrested cells expressing different versions of Spt2.
The values shown representH3K56ac levels relative to histoneH3 occupancy. The coding regions of different geneswere tested, and Rpb1
association (shown in the left panel) indicates the transcription level of each gene. H3K56ac level was used as a surrogate of H3/H4 ex-
change. ChIP experiments were done at least in triplicates. (∗) P-value < 0.05; (∗∗) P-value < 0.01; (∗∗∗) P-value < 0.001. (B) Growth tests
on the indicated media of cells expressing different versions of Spt2 and containing the FLO8-HIS3 spurious transcription reporter or
the Lys2-128δ SPT reporter. Growth of these cells on −histidine (galactose) or −lysine medium indicates a loss of Spt2 function in the
refolding of chromatin structure at transcribed regions. (C ) ChIPs assessing the H3K56ac level in G1-arrested cells expressing wild-
type Spt2 and mutants (Spt2E298A and Spt2L318A) of αC2 residues that are not in contact with H3/H4 histones. As for A, the values
shown represent H3K56ac levels relative histone H3 occupancy in the coding regions of different genes. The H3K56ac level was used
as a surrogate of H3/H4 exchange. ChIP experiments were done at least in triplicates. (D) Growth tests on the indicated media of cells
expressing different versions of Spt2, including mutants in αC2 residues (Spt2-E298A and Spt2-L318A) that are not in contact with H3/
H4 histones. These strains contain the FLO8-HIS3 spurious transcription reporter or the Lys2-128δ SPT reporter. Growth of cells on −his-
tidine (galactose) or −lysine medium indicate a loss of Spt2 function in the refolding of chromatin structure at transcribed regions.
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The interaction of ySpt2 with H3/H4 is required for the
regulation of spurious transcription from within coding
regions

The deletion of the SPT2 gene derepresses spurious tran-
scription fromwithin coding regions and suppresses the ef-
fect ofTyand δ insertionmutations (Spt−phenotype) in the
HIS4 or LYS2 promoters (Simchen et al. 1984; Winston
et al. 1984; Nourani et al. 2006). We examined the conse-
quence of mutating ySpt2 residues that are crucial to
ySpt2–tetramer interaction on the repression of internal
spurious transcription from the FLO8 cryptic promoter
that is fused to a HIS3 reporter (Fig. 6B, left panel) and in
the suppression of Ty insertion at LYS2 (Fig. 6B, right pan-
el). The expression from the FLO8 cryptic promoter, as
measured by growth in the absence of histidine, indicates
spurious transcription, reflecting a defect in chromatin re-
folding during transcription (Cheung et al. 2008). Impor-
tantly, most of the mutants have phenotypes (Spt− and
FLO8 spurious transcripts) indicating a loss of Spt2 chro-
matin function. Consistent with the other assays, the
M306A/A307Nmutant retains some of the Spt2 function
(Fig. 6B). The H3K36 methyltransferase Set2 and the his-
tone chaperone Asf1 play a crucial role in the regulation
of histone H3 exchange in yeast. Deletion of SET2 and
ASF1 in strains expressing ySpt2 mutants did not change
theSpt−or the cryptic transcriptionphenotypes associated
with spt2 alleles (Supplemental Fig. S21). In addition, spt2
mutant phenotypes are associated with an equal produc-
tion of Spt2 protein, as shown in Supplemental Figure S18.

Our data strongly suggest that Spt2 residues that con-
tact histone H3/H4 play a crucial role in the maintenance
of the H3/H4 tetramer in coding regions. However, it is
still possible that Spt2 αC2 is a sensitive structure, and
any change of residues in this part of the chaperone could
lead to a loss of function. To address this important issue,
we mutated other residues of αC2, E298, and L318 (corre-
sponding to residues K650 and E671 in human Spt2
protein via sequence alignment, as shown in Fig. 5A),
which are not predicted to contact the H3/H4 tetramer.
As described earlier, mutating the human K650 and
E671 had no effect on the in vitro binding of hSpt2C to
the H3/H4 tetramer (Supplemental Fig. S9). For the yeast
mutants, we first tested H3/H4 turnover as measured by
the H3K56ac level. As shown in Figure 6C, in the absence
of yeast Spt2, the level of H3K56ac is increased at coding
regions of active genes ACT1, FSK1, and PMA1. Interest-
ingly, similarly to yeast Spt2 wild type, expressing Spt2-
E298A and Spt2-L318A suppresses specifically H3K56ac
incorporation at these loci. This indicates that mutating
two different residues in αC2 that are not predicted to con-
tact histone H3/H4 does not affect Spt2 function in rescu-
ing old H3/H4 tetramers and inhibiting the incorporation
of newly synthesized histone H3/H4. We next asked
whether Spt2-E298A and Spt2-L318Amutants are capable
of inhibiting spurious transcription from the FLO8 cryptic
promoter. We expressed these two proteins (Spt2-E298A
and Spt2-L318A) in a strain bearing the FLO8-HIS3 report-
er and compared the growth with strains expressing wild
type and histone H3/H4 contact mutants. Interestingly,

while cells expressing Spt2 histone contact mutants
grow very well in the absence of histidine, this was not
the case for strains producing wild-type Spt2, Spt2-
E298A, and Spt2-L318A. This indicates clearly that
Spt2-E298A and Spt2-L318A mutants repress spurious
transcription, as does thewild-type protein.We also found
that Spt2-E298A and Spt2-L318A suppress the Spt− phe-
notype of the spt2Δ mutant in contrast to Spt2 histone
contact mutants. Altogether, our data rule out the possi-
bility that the phenotypes of Spt2 histone interactionmu-
tants are associated with a sensitivity of the αC2 structure
to any change of residues. Thus, we conclude that the
Spt2–H3/H4 interaction interface in αC2 is required for
the normal refolding of chromatin structure in the coding
regions of transcribed genes.

Human Spt2C suppresses the incorporation of newly
synthesized histone H3 in the coding regions of active
genes and inhibits spurious transcription in yeast

We next analyzed the human hSpt2C chaperone domain
in the functional assays described earlier. For that, we re-
placed the ySpt2C chaperone domain (257–333) with the
hSpt2 chaperone domain (571–685) and tested the level
of histone H3K56ac as described in Figure 6A. Interesting-
ly, the human domain suppresses new H3 incorporation,
as measured by H3K56ac levels, at the transcribed genes
(Fig. 7A; Supplemental Fig. S22A). Interestingly, this is as-
sociated with the restoration of Spt2 chromatin function
shown by the suppression of growth on histidine-lacking
medium of strains containing the FLO8-HIS3 reporter
(Fig. 7B, left panel, fourth lane; Supplemental Fig. S22B).
Thus, addition of the human Spt2 chaperone domain to
the yeast protein lacking the same domain restores the in-
hibition of spurious transcription from the FLO8 cryptic
promoter. We also tested the suppression of the pheno-
type associated with Ty insertion at LYS2 (Fig. 7B, right
panel, fourth lane; Supplemental Fig. S22C). Similar to
cryptic transcription, we found that the human Spt2 chap-
erone domain inhibits growth on the lysine-lackingmedi-
um, indicating a restoration of Spt2 function in yeast. This
clearly indicates that the human Spt2 histone chaperone
is functionally related to the yeast protein and suppresses
in vivo the loss of its chaperone domain.

Next, we mutated human Spt2C residues assayed earli-
er by ITC (Fig. 3I) and tested themutants similarly towild-
type hSpt2C for H3K56ac levels. Importantly, we found
that while the fusion of the human chaperone domain to
yeast Spt2 decreases the incorporation of H3K56ac in cod-
ing regions of transcribed genes, mutating any of the resi-
dues that are important to the interaction with H3/H4
tetramer abolishes this suppression and leads to a higher
deposition of newly synthesized histone H3 (Fig. 7A).
This indicates that the human Spt2 histone H3/H4 in-
teraction interface is crucial to the functional comple-
mentation and the recycling of old tetramers by the
fusion protein. We next asked whether the human H3/
H4 interaction residues identified in our structure are re-
quired for the suppression of H3 exchange, spurious tran-
scription, and the spt− phenotype (Fig. 7A,B). Importantly,
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we found thatmutations of all human Spt2C residues that
are crucial in the interaction with the H3/H4 tetramer led
to increasedH3K56ac; growth on histidine- or lysine-lack-
ing medium, indicating a failure in the repression of
H3 exchange; the inhibition of spurious transcription;
and a loss of insertion suppression. Therefore, the human
Spt2 residues that contact the histone H3/H4 tetramer are
required for the in vivo function of hSpt2C in the suppres-
sion of H3 turnover and Ty insertion and the repression of
spurious transcription. Altogether, our in vivo data show
that hSpt2 and ySpt2 histone H3/H4 tetramer interaction
determinants are important for the maintenance of low
H3/H4 exchange in coding regions, for H3/H4 tetramer in-
tegrity, and for repression of spurious transcription.

Discussion

Conclusions from a structural perspective

Our results highlight the ability of chaperone hSpt2C to
bind selectively to the H3/H4 tetramer. This conclusion
holds for X-ray studies on the complex generated under
high-salt conditions (Fig. 1) as well as from cross-linking
studies undertaken under physiological salt conditions
(Fig. 4). The αC2 helix of hSpt2 is positioned over a four-
helix bundle associated with the H3/H3 interface, which
can be generated only on H3/H4 tetramer formation
(Fig. 1D,E). This four-helix bundle interface can accom-
modate only one αC2 helix of hSpt2, and hence the stoi-
chiometry of the complex was one hSpt2C bound per

H3/H4 tetramer (Fig. 4). Our studies also establish that
αC2 makes a greater contribution than αC1 of hSpt2C to
recognition of the H3/H4 tetramer (Supplemental Fig. S6).
The hSpt2C–H3/H4 tetramer complex is stabilized by

both electrostatic and hydrophobic intermolecular inter-
actions (Fig. 3). Indeed, mutation of residues lining a pair
of acidic patches on Spt2C results in impaired binding to
the H3/H4 tetramer, a feature common for both human
(Fig. 3I) and yeast (Fig. 5B) chaperones.
Our demonstration of selective binding of the hSpt2C

chaperone to the H3/H4 tetramer contrasts with earlier
examples of selective binding of Asf1 (English et al.
2006; Natsume et al. 2007) and Daxx (Elsasser et al.
2012; Liu et al. 2012), chaperones to the H3/H4 dimer.
Thus, while hSpt2C binds to the periphery of the H3/H4
tetramer (Fig. 1B,C) in part by overlapping with the trajec-
tory of nucleosomal DNA (Fig. 1F), Asf1 targets the H3/
H4 dimer by binding to the H3/H4 tetramerization inter-
face (English et al. 2006; Natsume et al. 2007), and DAXX
generates an all-α-helical scaffold to envelop the H3.3/H4
dimer (Elsasser et al. 2012; Liu et al. 2012). This Spt2 tet-
ramermode of interaction provides new insights into how
the H3/H4 tetramer could be recycled in cells.

Spt2 interaction with H3/H4 contributes to the rescue
of the H3/H4 tetramer upon RNA polymerase II passage

The H3/H4 tetramer contains most of the functionally
important histone epigenetic marks, and the question of
how tetramers are formed and maintained is a primary

Figure 7. Expression of human Spt2C in yeast suppresses ySpt2C mutation. (A) ChIPs assessing the H3K56ac level in G1-arrested cells
expressing different versions of Spt2 deleted or not in the H3/H4 interaction C-terminal domain (258–333). This domain was replaced by
the human Spt2C(571–685) that interacts with H3/H4 (fourth lane) and by different hSpt2Cmutants tested in vitro in Figure 3I. ChIP ex-
perimentswere done at least in triplicates. (∗) P-value < 0.05; (∗∗) P-value < 0.01; (∗∗∗) P-value < 0.001. (B) Growth tests on the indicatedme-
dia of cells expressing different versions of Spt2 fused or not towild-type andmutants of hSpt2-C(571–685) and containing the FLO8-HIS3
spurious transcription reporter or the Lys2-128δ SPT reporter.
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issue. It has long been known that nucleosome assembly
on DNA during replication and transcription involves
the redeposition of old H3/H4 tetramers without splitting
them into two dimers (Annunziato 2005; Xu et al. 2010;
Katan-Khaykovich and Struhl 2011). However, these ob-
servations have been difficult to reconcile with the cur-
rently characterized mechanisms of histone chaperone
systems involving interactions with dimers that are con-
sistent with splitting of tetramers (English et al. 2006;
Natsume et al. 2007; Elsasser et al. 2012; Liu et al.
2012). One possible way of reconciling the persistence of
H3/H4 tetramers during transcription and replication is
the existence of alternatemodes of interactionwith differ-
ent classes of histone chaperones. Interestingly, previous
elegant nonstructural studies using pulsed electron dou-
ble resonance (PELDOR) measurements and protein
cross-linking indicated that histone chaperones Nap1
and Vps75 can bind to H3/H4 in a tetrameric conforma-
tion (Bowman et al. 2011). These important observations
suggested the existence of alternatemode of histone inter-
action that could contribute to the maintenance of his-
tone tetramer integrity during cycles of nucleosome
reassembly. However, to date, a precise mechanism ex-
plaining how histone chaperones could interact with the
H3/H4 tetramer and rescue this important oligomer in
vivo has never been reported.

In the present study, we provide evidence that the new
class of conserved histone chaperone Spt2 binds directly
to the H3/H4 tetramer. In vivo analyses indicate that
this interaction is required for the recycling of H3/H4 in
the wake of transcription and therefore suggests a new
mechanism of maintaining the H3/H4 tetramer during
transcription. Interestingly, two conservative acidic
patches involving E651/E652 and E662/D663 positioned
within αC2 in hSpt2C and conserved in ySpt2 directly
bind to SIN (SWI/SNF-independent) mutational residues
R116 and T118 located at the tip of the four-helix bundle
formed by H3/H3′. Spt2 is also called Sin1, and the gene
encoding for this protein was found in the same genetic
screen that identified SIN mutations in histones genes
(Sternberg et al. 1987). When mutated in yeast, R116
and T118 led to similar spt2/sin1 loss-of-function muta-
tion phenotypes (Kruger et al. 1995; Luger et al. 1997). Ad-
ditionally, the conserved M641 in hSpt2 (M289 in ySpt2)
interacts with V43 of H4, which is also a SIN mutation
residue, indicating that H4 stabilization is also important
forH3/H4 tetramer recognition by Spt2C. Thus, our struc-
tural data give important new insights into the under-
standing of the Spt2–H3/H4 functional link that was
discovered almost three decades ago.

Spt2 interacts functionally and physically with the his-
tone chaperone Spt6 (Nourani et al. 2006; Thebault et al.
2011; Bhat et al. 2013). Evidence linking these two pro-
teins led to the proposition that Spt2 may simply assist,
with its DNA-binding activity, Spt6 during the reaction
of histone redeposition in thewake of transcription (Nour-
ani et al. 2006; Bhat et al. 2013). Our new observations ad-
vance further the understanding of Spt2’s role during
transcription elongation and show that Spt2 interacts
directly with the H3/H4 tetramer. Importantly, this inter-

action is required for the control of H3/H4 recycling.
Thus, without excluding other possibilities, we propose
that Spt2 travels with RNA polymerase II, interacts with
the H3/H4 tetramers that are displaced, and deposits
them behind the transcription machinery. Alternatively,
Spt2 could simply stabilize the H3/H4 tetramer on DNA
after awave of transcription. In the absence of this protein,
the H3/H4 tetramer would come off the DNA, split into
H3/H4 dimers, join the free pool of histones, and mix
with new H3/H4 dimers. In any case, with its H3/H4 tet-
ramer interaction, Spt2 inhibits H3/H4 turnover and
maintains the old oligomers during transcription. In the
absence of Spt2, this function is impaired, leading to the
modification of chromatin structure with important con-
sequences on spurious transcription.

Finally, our identification of Spt2 as a histone chaper-
one that targets the H3/H4 tetramer expands on earlier
studies of chaperones Asf1 (English et al. 2006; Natsume
et al. 2007) and Daxx (Elsasser et al. 2012; Liu et al.
2012) binding to H3/H4 dimers. Thus, H3/H4-binding
chaperones use different folding topologies to target differ-
ent surfaces and oligomerization states of H3/H4, thereby
highlighting their functional diversity.

Materials and methods

Protein expression and purification

The gene of hSpt2 was PCR-amplified from a human brain pool
and has a sequence identical to that of Homo sapiens SPT2
cDNA NM194285. The C-terminal domains of hSpt2 protein
hSpt2C (residues 571–685, 585–685, 610–644, 637–685, and
610–685) were expressed as fusion proteins with an N-terminal
hexahistidine tag plus a yeast Sumo tag in Escherichia coli strain
BL21 (DE3) RIL (Stratagene). The cells were cultured at 37°C until
OD600 reached 0.8, after which the medium was cooled to 20°C,
and IPTGwas added to a final concentration of 0.4 mM to induce
protein expression overnight at 20°C. The cells were harvested by
centrifugation at 4°C and disrupted by sonication in bufferW (500
mMNaCl, 20 mM imidazole, 50 mMTris-HCl at pH 8.0) supple-
mented with 1 mM phenylmethylsulfonyl fluoride (PMSF) prote-
ase inhibitor and 2 mM β-mercaptoethanol. After centrifugation,
the supernatant was loaded onto a HisTrap FF column (GE
Healthcare). After extensive washing by buffer W, the target pro-
tein was eluted with buffer W supplemented with 300 mM imid-
azole (pH 8.0). The hexahistidine-Sumo tag was cleaved by Ulp1
protease and removed by further elution through a HisTrap FF
column. Individual pooled target proteins were further purified
by passage through a Hiload 16/60 Superdex 200 column (GE
Healthcare) with buffer E (200 mM NaCl, 20 mM Tris-HCl at
pH 8.0, 5 mM DTT).
GST-tagged proteins were overexpressed with pGEX-6p-1 vec-

tor (GE Healthcare) in E. coli strain BL21 (DE3) cells in LB medi-
um. The cells were induced by 0.4 mM IPTG when OD600

reached a value of 0.8 and were cultured overnight at 20°C in a
shaker. The cell extract was prepared using Emulsiflex C3 ho-
mogenizer (Avestin). The proteins were first purified from the
soluble fraction by glutathione sepharose 4 Fast Flow (GEHealth-
care) in 1× PBS buffer (137 mMNaCl, 10 mM phosphate, 2.7 mM
KCl at pH 7.4) followed by further purification using HiTrapHep-
arin HP columns (GE Healthcare) with buffer containing 20 mM
Tris-HCl (pH 7.5), 1 mM dithiotheritol, and 200mMNaCl. All of
the mutants were constructed using a QuikChange mutagenesis
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kit (Stratagene) and purified with the same protocol as the wild-
type protein.

Reconstitution of the hSpt2C–histone complex

We used previously publishedmethods withmodifications for re-
constitution of hSpt2C (571–685) with H3/H4 (Dyer et al. 2004).
Briefly, Xenopus histones H3/H4 were produced and purified by
gel filtration and HPLC/ion exchange chromatography under
denaturing conditions. The purified H3/H4 histones were dia-
lyzed against water, freeze-dried, and stored at −80°C. For gener-
ation of the hSpt2C–H3/H4 tetramer complex, purified histone
H3 (residues 27–135), histone H4 (full-length), and hSpt2C pro-
teins were dissolved at 1:1:1 stoichiometry under denaturing con-
ditions containing 7M guanidine-HCl, 20mMTris-HCl (pH 7.5),
and 10mMDTT. Themixtures were then dialyzed for 8 h against
2 M NaCl buffer containing 10 mM Tris-HCl (pH 7.5), 1 mM
EDTA, and 5mM β-mercaptoethanol at least three times. The re-
constituted complexes were fractionated by Hiload 16/60 Super-
dex 200 (GE Healthcare) gel filtration chromatography under 2 M
NaCl buffer containing 10 mM Tris-HCl (pH 7.5), 1 mM EDTA,
and 1 mM DTT and analyzed with NuPAGE Novex 4%–12%
Bis-Tris Gel (Invitrogen). For generation of the Se-Met-labeled
complex, hSpt2C(571–685, Se-Met, I615Mmutant) was reconsti-
tuted with native H3 (residues 27–135) and H4 (full-length) his-
tones at 1:1:1 stoichiometry under similar refolding conditions.

Crystallization and data collection

The reconstituted hSpt2C–H3/H4 tetramer complex was collect-
ed by pooling Hiload 16/60 Superdex 200 (GE Healthcare) gel fil-
tration chromatographic peak fractions to a concentration of 5
mg/mL for crystallization trials. Crystals of the hSpt2C–H3/H4
tetramer complex were grown from a solution containing 0.02
MNaCl (Fluke), 0.2MHEPES 7.5 (Sigma-Aldrich), and 1.5M am-
monium sulfate (Sigma-Aldrich) at 20°C using the hanging drop
vapor diffusion method. For data collection, crystals were flash-
frozen (100 K) in the above reservoir solution supplemented
with 2 M Li-sulfate (Sigma-Aldrich). A diffraction data set was
collected to 3.3 Å resolution at wavelength 0.9798 Å on NE-
CAT beam line 24ID-E at the Advanced Photon Source, Argonne
National Laboratory. Crystals of the hSpt2C(Se-Met, I615M)–H3/
H4 tetramer complex were grown under conditions similar to
that of the native complex from a solution containing 0.02 M
NaCl (Fluke), 0.2MHEPES 7.5 (Sigma-Aldrich), and 1.6Mammo-
nium sulfate (Sigma-Aldrich) at 20°C using the hanging drop va-
por diffusion method. For data collection, crystals were flash-
frozen (100 K) in the above reservoir solution supplemented
with 20% glycerol (Sigma-Aldrich). A diffraction data set was col-
lected to 4.6 Å resolution at wavelength 0.9792 Å on NE-CAT
beam line 24ID-E at the Advanced Photon Source, Argonne Na-
tional Laboratory.

Structure determination and refinement

The X-ray data set on the hSpt2C–H3/H4 tetramer complex was
processed using HKL2000 (Otwinowski andMinor 1997), and the
structurewas solved using the structure of theH3/H4 tetramer in
the nucleosome (PDB code 1AOI) as a searchmodel duringmolec-
ular replacement carried out using the program Phaser (McCoy
et al. 2007) as implemented in the Phenix program suite (Adams
et al. 2010). The model building was carried out manually by us-
ing the program Coot (Emsley et al. 2010). Of 379 residues
(81.3%), 308 could be placed with side chains in the complex
structure. The validation of the hSpt2C structure was performed

with the Se-Metmethod following the introduction of the I615M
mutation.
The X-ray data set on the hSpt2C(Se-Met, I615M)–H3/H4 tetra-

mer complex was indexed and integrated using the program
HKL2000 (Otwinowski and Minor 1997). The data extended to
4.6 Åwith an averagemultiplicity of 6, counting the Bijvoet pairs
separately. Overall completeness was 99%, with 89% of the re-
flections measured at the highest-resolution shell (4.68–4.6 Å).
Analysis of χ2 values indicated the presence of anomalous signal
up to a resolution of ∼5 Å. Four selenium sites were located using
the program SHELXD (Sheldrick 2010). Phases after 100 cycles of
density modification with SHELXE clearly displayed the overall
architecture of the molecule, with tubular density for helices.
We were able to place the molecule (H3, H4, and Spt2C) in the
electron density map deduced from SHELXE (Sheldrick 2010) us-
ing the programMOLREP (Vagin and Teplyakov 2010). Next, we
used the selenium sites and the MOLREP-derived model in
Phaser (McCoy et al. 2007) for experimental phasing with phase
combination with the known model. Phaser was able to locate
one additional Se-Met site. The anomalous difference Fourier
map calculated from these phases showed five peaks above the
5σ cutoff. These account for the five expected Se-Met sites (Se-
Met615, Se-Met641, Se-Met660, Se-Met667, and Se-Met674) for
one molecule of Spt2C and unequivocally fix the orientation of
Spt2C. The statistics of the diffraction data and refinement are
summarized in Supplemental Table S2.

Pull-down assays

GST-tagged hSpt2C(571–685) was expressed as fusion proteins
with anN-terminal GST tag in E. coli strain BL21 (DE3) RIL (Stra-
tagene). The cells were cultured at 37°C until OD600 reached 0.8,
after which themediumwas cooled to 20°C, and IPTGwas added
to a final concentration of 0.4 mM to induce protein expression
overnight at 20°C. Glutathione resins (GenScript) were used for
pull-downs with purified proteins. Eight micrograms of purified
GST-tagged hSpt2 full-length protein, 20 μg of GST-tagged
hSpt2C, or 20 μg of GST protein (control) was mixed with 3 μg of
H3/H4 tetramer in binding buffer (20 mM Tris-HCl at pH 7.6,
700 mM NaCl, 1 mM dithiotheritol). The glutathione resins
were added to the reactionmixture, and the sampleswere then in-
cubated for1hat4°C.After incubation,glutathioneresinmixtures
were pelleted and washed three times with wash buffer (1% Tri-
ton-X100, 20mMTris-HCl atpH7.6, 700mMNaCl, 1mMdithio-
theritol). The proteins captured by glutathione resins were
analyzed by NuPAGE Novex 4%–12% Bis-Tris gel (Invitrogen).
The bands were visualized by Coomassie Brilliant blue staining.

ITC measurements

All of the binding experiments were performed on aMicrocal ITC
200 calorimeter at 20°C. First, hSpt2(610–685) protein, hSpt2
(610–644), hSpt2(637–685) samples, ySpt2 (259–333), ySpt2
(282–333), and mutants were dialyzed for 3 h against buffer A
(0.5 M NaCl, 2 mM β-mercaptoethanol, 20 mM HEPES at pH
7.5) at room temperature, and the histone H3/H4 tetramer sam-
ples were diluted in the same buffer. The exothermic heat of
the reaction was measured by 17 sequential 2.2-μL injections of
600 μMSpt2 protein into 200 μL of 35 μMhistoneH3/H4 solution
(calculated asH3/H4 tetramer), spaced at intervals of 250 sec. The
heat of dilution was obtained by injecting assay buffer into the
histone H3/H4 solution and was subtracted from the heat of reac-
tion before the fitting process. Binding curves were analyzed by
nonlinear least squares fitting of the data using Microcal Origin
software.
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Supercoiling assays for nucleosome assembly activity

The supercoiling assay (topological assay) was performed accord-
ing to the method described previously (Osakabe et al. 2013).
H2A/H2B (10 ng/μL) and 10 ng/μL H3.1/H4 were preincubated
with the indicated amounts of full-length hSpt2 for 15 min at
37°C. To initiate the reaction, 10 ng/μL relaxed ϕX174 RF1
DNA (Thermo Scientific), prepared by an incubation with 0.8 U
of wheat germ topoisomerase I (Promega) per 100 ng of DNA for
150min at 37°C, was added to the reactionmixture, and the reac-
tions were continued in 20 μL of 20 mM Tris-HCl buffer (pH 8.0)
containing 140 mM NaCl, 2 mM MgCl2, and 5 mM DTT for 60
min at 37°C. The samples were then incubated for 60 min at
42°C, and the proteins were removed by incubation with 60 μL
of a proteinase K solution (20 mM Tris-HCl at pH 8.0, 20 mM
EDTA, 0.5%SDS, 0.5mg/mLproteinase K) for 15min at 37°C fol-
lowed by phenol-chloroform extraction. During DNA extraction,
the reaction mixture was diluted with 280 μL of H2O, and extract
was diluted with an equal volume of phenol:CHCl3:isoamyl alco-
hol (25:24:1). Next, the samples were spun for 15 min at room
temperature followed by addition of 0.5 μg of 20mg/mL glycogen,
40 μL of 3 M sodium acetate (pH 7.0), and 800 μL of ethanol into
340 μL of supernatant and left for 15min on ice. The sampleswere
then collected via spinning for 15 min at 4°C. The pellets were
dried briefly and dissolved with 15 μL of H2O. The samples
were then analyzed by 1% agarose gel electrophoresis in 1×
TAE buffer (40 mM Tris acetate, 1 mM EDTA) at 4.4 V/cm for
4 h and visualized by ethidium bromide (Bio-Rad) staining.

DSS-mediated cross-linking assays

hSpt2C [including hSpt2(571–685), hSpt2(637–685), and hSpt2
(610–644)] proteins were purified, and the histone (H3/H4)2 tetra-
mer and histone H3(L126E/I130E)/H4 dimer were refolded as pre-
viously described, except the Tris-HCl buffer was replaced with
HEPES-Na (pH 7.5) buffer. Cross-linker DSS was dissolved in
DMSO at 12.5 mM concentration. First, histones and hSpt2C [in-
cluding hSpt2(571–685), hSpt2(637–685), and hSpt2(610–644)]
proteins were mixed with the indicated final concentration at
0.15 M NaCl and 10 mM HEPES-Na (pH 7.5) buffer for 15 min
at room temperature. Next, DSS were added into protein mix-
tures with a 1.25 mM final concentration, and the reaction mix-
ture was incubated at room temperature for 20 min. Adding 1
M Tris 7.5 to a final concentration of 50 mM quenched the reac-
tions. Samples were analyzed by NuPAGE Novex 4%–12% Bis-
Tris Gel (Invitrogen). The bands were visualized by Coomassie
Brilliant blue staining. It should be noted that histone tetramer
cross-linking samples (Fig. 3, all lanes 7; Supplemental Fig. S8)
were mixed and reacted under 0.5 M NaCl and 10 mM HEPES-
Na (pH 7.5) buffer.

SEC-MALS

For molar mass determination, purified proteins or protein com-
plexes were analyzed using an ÄKTA-MALS system. Note that
200 μg of protein solution was injected on Superdex 200 10/300
GL (GE Healthcare) equilibrated in 10 mM Tris 7.5, 0.5 mM
DTT, 0.5 mM EDTA (pH 8.0), and 2 M NaCl at a flow rate of
0.3mL perminute. Separation and ultraviolet detectionwere per-
formed using an ÄKTA system (GE Healthcare), light scattering
was monitored using a miniDAWNTREOS system (Wyatt Tech-
nology), and concentration was measured by an Optilab T-rEX
differential refractometer (Wyatt Technology). Molar masses of
proteins were calculated using the Astra 6.1 program (Wyatt
Technology) with a dn/dc value of 0.185 mL/g.

S. cerevisiae media, strains, and plasmids

Strains were constructed using standard geneticmethods, are iso-
genic to S288C (Winston et al. 1995), and are listed in Supplemen-
tal Table S4. The plasmid pRS415 containing thewild-type SPT2,
SPT2-Myc, SPT2-Flag, or the fusion ySpt2–hSpt2C gene was de-
scribed before (Bhat et al. 2013). Mutagenesis was done on these
constructs with the QuikChange mutagenesis kit from Strata-
gene and the instructions therein. The yeast plasmids used in
this study were all checked by sequencing. Yeast cells expressing
different spt2 alleleswere constructed by transformation of SPT2-
deleted strains with pRS415 plasmid containing the indicated al-
leles. In the coimmunoprecipitation experiments, the Spt2-Myc
isoforms were expressed from a p426-GAL1 overexpression plas-
mid. In the phenotypic assays (Fig. 6B,D), growth of different
strains was monitored by spot tests on the indicated medium.
In Figure 6D, the Gal-Histidine medium contained 1 mM 3-AT.

Coimmunoprecipitation experiments

Coimmunoprecipitations were conducted on yeast nuclear ex-
tracts treated with benzonase (Millipore, 71205-25KUN) at 200
U/mL during 15 min. The extracts were clarified by centrifuga-
tion and incubated overnight with 10 μL of anti-Flag M2 beads
(Sigma, A2220) or 30 μL of anti-Myc (Covance, MMS-150R) pro-
tein-A sepharose beads (GE, 17-0780-01). The immunoprecipitat-
ed proteinswere subsequently analyzed by anti-Flag, anti-myc, or
anti-H3 Western blots.

ChIP

ChIP experiments were performed as described previously
(Rufiange et al. 2007). Efficient G1 arrest (at least 95%) of yeast
cells was achieved by adding 500 ng/mL α factor for 2–3 h. Immu-
noprecipitation of Rpb1 was performed using 2 μL of the 8WG16
anti-CTD antibody per immunoprecipitation (Covance). The
immunoprecipitations of H3 and H3K56ac were done with 0.5
μL of rabbit anti-H3 antibody per immunoprecipitation (Abcam,
1791) and 0.2 μL of anti-H3K56 antibody per immunoprecipita-
tion (Millipore, 07-677-I), respectively. Finally, the Flag ChIPs
were done using 10 μL of anti-Flag agarose beads per immunopre-
cipitation (Sigma, A2220), andMycChIPswere done using 1 μL of
anti-Myc 9E10 per immunoprecipitation (Covance monoclonal
antibodies, MMS-150R). All ChIP experiments were done at least
in triplicates; P-value < 0.05 (∗), P-value < 0.01 (∗∗), and P-value <
0.001 (∗∗∗).

Accession numbers

The coordinates and structure factors for the hSpt2(571-685)–H3/
H4 tetramer and the SeMet- hSpt2(571-685)–H3/H4 tetramer
complexes have been deposited in the PDB under accession num-
bers 5BS7 and 5BSA, respectively.
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