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ABSTRACT

Transcription elongation factor Spt6 associates with
RNA polymerase II (Pol II) and acts as a histone chap-
erone, which promotes the reassembly of nucleo-
somes following the passage of Pol II. The precise
mechanism of nucleosome reassembly mediated by
Spt6 remains unclear. In this study, we used a hy-
brid approach combining cryo-electron microscopy
and small-angle X-ray scattering to visualize the ar-
chitecture of Spt6 from Saccharomyces cerevisiae.
The reconstructed overall architecture of Spt6 re-
veals not only the core of Spt6, but also its flexible
N- and C-termini, which are critical for Spt6’s func-
tion. We found that the acidic N-terminal region of
Spt6 prevents the binding of Spt6 not only to the Pol
II CTD and Pol II CTD-linker, but also to pre-formed
intact nucleosomes and nucleosomal DNA. The N-
terminal region of Spt6 self-associates with the tSH2
domain and the core of Spt6 and thus controls bind-
ing to Pol II and nucleosomes. Furthermore, we found
that Spt6 promotes the assembly of nucleosomes in
vitro. These data indicate that the cooperation be-
tween the intrinsically disordered and structured re-
gions of Spt6 regulates nucleosome and Pol II CTD
binding, and also nucleosome assembly.

GRAPHICAL ABSTRACT

INTRODUCTION

Spt6 is a highly-conserved protein that is known to be a
transcription elongation factor and histone chaperone, as
well as mRNA processing and DNA repair factor (1–9).
Mutations in Saccharomyces cerevisiae SPT6 cause genome-
wide changes in histone occupancy and impair several hi-
stone modifications (10–14). In the absence of functional
Spt6, transcription generates nucleosome loss and nucleo-
some misplacing, and it can be partially compensated by
the elevated activity of non-transcription-coupled histone
chaperones (6,12,15,16). Interestingly, deletion of the RNA
polymerase II (Pol II) binding domain in yeast Spt6 leads to
reduced occupancy of Spt6 throughout transcribed genes
(17). Spt6 plays several mechanistically distinct roles dur-
ing transcription and chromatin remodelling events. Cur-
rent models suggest that Spt6 accomplishes this by bind-
ing to RNA polymerase II during transcription and then
uses its multiple functional domains to coordinate the activ-
ities of transcription elongation and mRNA processing ma-
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chinery with the reassembly of chromatin after the passage
of Pol II (18). Spt6 is a 1451 amino acid residue, 168 kDa
protein (Figure 1) composed of a structured protein core
(residues 336–1219) with an acidic N-terminal region that
has sequence features of intrinsically disordered proteins,
and a C-terminal tSH2 domain bridged by a 28-residue
linker. Five domains of the core of Spt6 carry scaffold and
specific functions, including DNA binding (19,20), tSH2 is
implicated in the recognition of phosphorylated Pol II CTD
and its linker (20–23), which could be important for the re-
cruitment and/or retention of Spt6 on genes, and a disor-
dered N-terminal region. Spt6 has been shown to assemble
nucleosomes and bind histones (24–26).

To advance the mechanistic understanding of Spt6’s func-
tion, we have determined the structural basis for coopera-
tion between the intrinsically disordered and structured re-
gions of Spt6, which both contribute to the regulation of
binding to Pol II CTD and nucleosomes. We also demon-
strate that not only the histone chaperoning activity of the
acidic N-terminal region, but also the DNA-binding prop-
erties of the Spt6 core, are important to stimulate nucleo-
some assembly.

MATERIALS AND METHODS

Plasmids

pET151-D/Topo vectors containing S. cerevisiae Spt6,
Spt6-�C, or tSH2 were kindly provided by the C.P. Hill
laboratory (University of Utah School of Medicine, Salt
Lake City, United States; (19). Spt6 (lacks 238 amino-
terminal residues; 239–1451; Figure 1), �N-Spt6 (298–
1451), �N-Spt6-�C (298–1259), and mutated versions of
tSH2 (1247–1451) were generated using the polymerase
incomplete primer extension (PIPE) method (27). Plas-
mids bearing the Xenopus laevis H2A–H2B and H3–H4
genes were kindly provided by S. Bilokapic and M. Halic
(St. Jude Children’s Research Hospital, Memphis, United
States; (28). Plasmid pQTEV-ASF1A was kindly provided
by K. Buessow (Addgene plasmid #31591; http://n2t.net/
addgene:31591;RRID:Addgene 31591).

Protein expression and purification

The dimer of H2A–H2B and tetramer of H3–H4 were ex-
pressed and purified as previously described (29). The his-
tone octamer was formed by mixing the dimer and tetramer
in a 3:1 molar ratio in 25 mM HEPES/NaOH, pH 7.5, 2M
NaCl, 2 mM DTT buffer. After overnight incubation in a
cold room (4◦C), the histone octamer was purified from the
unincorporated components in a size-exclusion Superdex
200 Increase 10/300 GL column (GE Healthcare).

All the Spt6 protein variants were expressed in BL21
codon plus (RIL) E. coli cells (Stratagene). Bacterial cul-
tures were grown in an autoinduction medium containing
the appropriate antibiotics. When the OD600 reached ∼0.4,
the culture was shifted to 18◦C. After overnight expres-
sion, cells were harvested by centrifugation at 7878 × g
and resuspended in lysis buffer (50 mM sodium-phosphate,
pH 8.0, 500 mM NaCl, 20 mM imidazole, 5% (v/v) glyc-
erol, 2 mM �- mercaptoethanol, benzonase, and protease
inhibitors). Cell pellets were lysed by sonication using a

Vibra-Cell ultrasonic homogenizer (Sonics). The lysate was
cleared by centrifugation at 21 036 × g. The cleared su-
pernatants were applied to nickel agarose resin and eluted
in elution buffer (50 mM sodium-phosphate, pH 8.0, 100
mM NaCl, 300 mM imidazole, 5% (v/v) glycerol, 2 mM �-
mercaptoethanol), immediately followed by purification in
a heparin column (5 ml HiTrap Heparin; GE Healthcare).
Fractions containing Spt6 were pooled and mixed with
TEV protease. The mixtures were dialysed overnight against
cleavage buffer (50 mM sodium-phosphate, pH 8.0, 100 mM
NaCl, 5% (v/v) glycerol, 2 mM �-mercaptoethanol). The
proteins were then applied to a 5 ml HisTrap column (GE
Healthcare) equilibrated with the cleavage buffer to remove
uncleaved proteins, the cleaved His tag and TEV protease.
The flow-through was collected, concentrated, and further
purified in a size-exclusion Superdex 200 Increase 10/300
(GE Healthcare) column equilibrated with 25 mM sodium-
phosphate, pH 7.5, 300 mM NaCl, 0.5 mM EDTA, 1 mM
DTT. Pure peak fractions containing Spt6 were pooled,
concentrated, aliquoted, flash frozen and stored at − 80◦C
until use. All purification steps were performed at 4◦C. The
protein samples were analysed by 18% SDS-PAGE after
each purification step.

Histone chaperone Asf1 was expressed in BL21 Rosetta
(DE3) competent cells (Novagen). Bacterial cultures were
grown in LB medium containing the appropriate antibi-
otics. When the OD600 reached ∼0.6, the culture was shifted
to 20◦C. After overnight expression, cells were harvested by
centrifugation at 7878 × g then resuspended in lysis buffer
(20 mM TRIS-HCl, pH 8.0, 500 mM NaCl, 10 mM imi-
dazole, 0.01% (v/v) NP-40). Cell pellets were lysed by soni-
cation using a Vibra-Cell ultrasonic homogenizer (Sonics).
The lysate was cleared by centrifugation at 21036 × g. The
cleared supernatants were applied to nickel agarose resin
and eluted in elution buffer (20 mM Tris–HCl, pH 8.0, 100
mM NaCl, 300 mM imidazole), immediately followed by
application to a 1 ml HiTrap Q HP column (GE Health-
care) and elution over an NaCl gradient. Fractions contain-
ing Asf1 were pooled, concentrated and further purified in
a size-exclusion Superdex 200 Increase 10/300 (GE Health-
care) column equilibrated with 25 mM HEPES/NaOH pH
7.5, 2 M NaCl, 1 mM DTT. Peak fractions containing Asf1
were pooled, concentrated and used for the nucleosome as-
sembly assay. SDS page analyses of all purified proteins is
shown in Supplementary Figure S1. Protein concentrations
were determined by ultraviolet absorption.

DNA preparation

DNA of 149 bp for nucleosome reconstitution was PCR
amplified from a plasmid containing the Widom 601 DNA
sequence. Large-scale (10 ml) PCR reactions were per-
formed with the PCR primers listed in Supplementary Ta-
ble S1. The reaction was distributed into PCR tubes (100
�l per tube) and PCR was conducted with the following
steps: 1. 95◦C for 1 min, 2. 95◦C for 30 s, 3. 55◦C for 30
s, 4. 72◦C for 40 s, cycle between steps 2 and 4, 30 times, 5.
72◦C for 5 min, 6. pause at 4◦C. PCR products were pooled,
ethanol precipitated, and resuspended in 1 ml of 15 mM
Tris pH 7.5, 500 mM NaCl, 1 mM DTT. DNA was fur-
ther purified with a MonoQ 1ml column (GE Healthcare).
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Figure 1. Schematic representation. (A) Domain organization of Spt6 and its variants used in this study. Residues for the N’ terminus, core, tSH2 domain
and different constructs of Spt6 are indicated. The core consists of five domains: HtH, helix-turn-helix domain; YqgF, looks similar to the RuvC catalytical
domain; HhH, helix-hairpin-helix domain; DLD, death-like domain; S1 domain. Pictograms correspond to the flexible N’ terminus, core, and tSH2 domain.
(B) Cartoon representation of histones and DNA used for nucleosome reconstitution, binding and assembly assay. (C) Peptide sequences of Pol II Rpb1
linker and CTD used in binding studies. The residues of the peptides in red indicate phosphorylations

Peak fractions were pooled and concentrated by ethanol
precipitation. DNA was resuspended in 15 mM HEPES-
NaOH, pH 7.5, 2 M NaCl, 1 mM DTT. DNA of 187 bp for
the nucleosome assembly assay was purchased from Active
Motif.

Nucleosome reconstitution

Nucleosomes were reconstituted using the purified oc-
tamers and a 149 bp DNA fragment harboring the 601-
nucleosome strong positioning sequence. Histone octamer
and DNA were mixed in a 1:1.1 molar ratio and were re-
constituted using a salt gradient and double dialysis bag
as previously described (30). All nucleosome reconstitution
steps were performed at 4◦C. The reconstitution results were
analysed in a 6% native PAGE run in 0.5× TBE buffer at
120 V in the cold room. The gels were stained with SYBR
gold (Thermo Fisher Scientific). Freshly reconstituted nu-
cleosomes were concentrated with Amicon Ultra-0.5 cen-
trifugal filters MWCO 10 000 (Sigma Aldrich).

Fluorescence anisotropy binding assays

5,6-FAM-labelled peptides corresponding to the N-
terminal region of Spt6 (S.c. Spt6 residues 257–289),
phosphorylated Pol II Rpb1 linker (GGVTPpYSNESG
LVNADLDVKDELMFpSPLVDSGS), and tyrosine-
phosphorylated Pol II CTD (PSpYSPTSPSpYSPTSPS)
were purchased from Caslo ApS. Samples of all the studied
Spt6 variants were transferred to the binding buffer (15 mM
Tris/Cl pH 7.5, 100 mM NaCl, pH 7.5, 1 mM DTT) by size-
exclusion chromatography, and titrated against a constant
concentration (0.3 nM) of fluorescently labeled peptides at
25◦C, as described previously (31). The measurements were
conducted in a FluoroLog-3 spectrofluorometer (Horiba
Jobin- Yvon Edison). The instrument was equipped with
a thermostatic cell holder with a Neslab RTE7 water bath
(Thermo Scientific). Samples were excited with vertically
polarized light at 467 nm, and both vertical and horizontal
emissions were recorded at 516 nm. The experiments were
performed in technical triplicates. Anisotropy data were
plotted as a function of protein concentration and fitted
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to a single-site saturation with non-specific binding model
using GraphPad Prism Version 9.

DNA/nucleosome binding experiments

DNA or nucleosome and different variants of Spt6 were in-
cubated in an EMSA buffer (25 mM HEPES/NaOH pH
7.5, 100 mM NaCl, 1 mM DTT) for 1h on ice. Each reaction
contained 0.5 pmol DNA or nucleosome and increasing
amounts of Spt6 (0, 0.5, 1, 2, 4, 8, 16, 32 pmol). Reactions
were analyzed by native 6% 0.5× Tris–borate–EDTA (TBE)
PAGE, the final amount of DNA or nucleosome added to
the gel was 1 pmol. Gels were run at 120 V for 2h at 4◦C and
stained with SYBR Gold (Invitrogen). Identification of pro-
teins from gel bands was done using liquid chromatography
with tandem mass spectrometry (LC–MS/MS).

Nucleosome assembly experiments

Histones were mixed with increasing amounts of different
variants of Spt6 (molar ratio 1:1, 1:2, 1:4) in octamer buffer
(15 mM HEPES/NaOH pH 7.5, 2 M NaCl, 1 mM DTT),
and incubated for 30 min on ice. The mixtures were added
to 187 bp DNA in a low-salt buffer (20 mM HEPES/NaOH
pH 7.5, 100 mM NaCl, 1 mM DTT), and incubated for 10
min at 37◦C. The final molar ratio between the histones oc-
tamer and DNA was 0.4:1. Reactions were analyzed by na-
tive 6% 0.5× TBE PAGE, the final amount of DNA added
to the gel was 1 pmol. Gels were run at 120 V for 2 h at
4◦C and stained with SYBR Gold (Invitrogen). Negative
controls of nucleosome assembly assay were performed in
the same manner. The amounts and concentrations of all
components were kept the same. The concentrations of Asf1
corresponded to the concentrations of Spt6.

Microscale thermophoresis

Microscale Thermophoresis was performed in a NanoTem-
per Monolith NT.115 apparatus (NanoTemper Technolo-
gies). Histones (dimer H2A–H2B and tetramer H3–H4 pro-
tein) were labelled with the Monolith NT Protein labelling
kit RED-tris-NTA 2nd generation kit (NanoTemper Tech-
nologies) according to the manufacturer’s protocol. Either
10 �l of 10 nM labelled H2A–H2B or 10 nM labelled H3–
H4 were incubated with 10 �l of increasing concentrations
of Spt6 in 20 mM HEPES, pH 7.5. Samples were then
loaded into standard glass capillaries (Monolith NT Cap-
illaries, NanoTemper Technologies) and the MST analy-
sis was performed (the settings for the light-emitting diode
and infrared laser were 80%). The data were analyzed us-
ing the software MO.Affinity Analysis (NanoTemper Tech-
nologies).

Protein identification from 1D gel bands by LC–MS/MS

After destaining and washing procedures, the proteins in
the excised bands were subjected to reduction with dithio-
threitol, alkylation with iodoacetamide, and then incubated
with trypsin (sequencing grade; Promega) for 1 h at 40◦C.
Tryptic peptides were extracted from the gels and ana-
lyzed by LC–MS/MS using RSLCnano system connected

to Orbitrap Exploris (Thermo Fisher Scientific). MS/MS
data were searched against a custom database of relevant
protein sequences in combination with cRAP contaminant
database using an in-house Mascot search engine (Matrix-
science; version 2.6). Carbamidomethylation (C), deamida-
tion (N,Q) and oxidation (M) were set as variable modifica-
tions in all searches.

Single-particle Cryo-EM sample vitrification

The 3.5 �l of 0.15 mg/ml of Spt6 was applied to freshly
glow-discharged TEM grids (Quantifoil, Cu, 300 mesh,
R2/1) and vitrified in liquid ethane using a ThermoFisher
Scientific Vitrobot Mark IV (4◦C, 100% rel. humidity, 30 s
waiting time, 3 s blotting time). The grids were subsequently
mounted into Autogrid cartridges and loaded into a Titan
Krios (ThermoFisher Scientific) transmission electron mi-
croscope for data acquisition.

Cryo-EM data acquisition

The Spt6 data were collected using a Titan Krios (Ther-
moFirsher Scientific) transmission electron microscope op-
erated at 300 kV using SerialEM software (32). The data
was acquired at the K2 (Gatan) direct electron detector op-
erating in electron counting mode and positioned behind
the Gatan Imaging Filter (GIF). The energy-selecting slit
was set to 10 eV. The data from 5 s exposure were saved as a
set of 40 frames comprising the overall dose of 55 e/Å2. Mi-
crographs were collected at the calibrated pixel size of 0.828
Å/px and the dataset consisted of 13 807 movies.

Cryo-EM data processing

The movies were first corrected for the drift during data ac-
quisition using the program MotionCor2 (33), and the CTF
parameters were estimated using GCTF (34). The images
with astigmatism larger than 2500 Å and estimated resolu-
tion worse than 4.5 Å (based on the CTF fit analysis) were
excluded. A set of 100 micrographs was randomly selected
from the dataset for manual particle picking using the pro-
gram e2boxer.py (35). The manually picked particles were
used for generating the model for automated particle pick-
ing using the program Cryolo (36). The overall number of
160 769 particles were automatically selected and reference-
free 2D classification was used to remove most of the false-
positive picks and damaged particles using the program Re-
lion3.1 (37). From the 2D classification, 17 741 particles
were provided as input for cryoSPARC’s Template Picker
tool, and the whole dataset was further processed using the
cryoSPARC platform (38). In total 2 995 892 particles were
extracted from the full dataset and subsequent 2D classifi-
cation provided 718 639 particles that were used for initial
model determination and 3D refinement of the Spt6 elec-
tron map.

Cryo-EM model building and refinement

Initial PDB coordinates of the Spt6 structure comprising
residues 298–1248 were produced from PDBs of a crystal
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Figure 2. N-terminal region of Spt6 disrupts binding with Pol II and interacts with tSH2 domain and Spt6 core when added in trans. (A) Fluorescence
anisotropy titration of phosphorylated Rpb1 CTD and Rpb1 linker peptides with Spt6 and �N-Spt6. Left panel – Rpb1 CTD binding with Spt6 lacking
the flexible N-terminal region (cyan) KD ∼ 6.7 ± 1.56 �M; Spt6 (violet) KD ∼ n.d., not detected. Right panel – Rpb1 linker binding with Spt6 lacking the
flexible N-terminal region (cyan) KD ∼ 11 ± 2.2 nM, Spt6 (violet) KD ∼ 290 ± 70 nM. Data represent means ± SD of technical triplicates. Normalized
fluorescence anisotropy is plotted as a function of protein concentration. The data were normalized for visualization purposes and the experimental
isotherms were fitted to a single-site saturation with non-specific binding model. (B) Fluorescence anisotropy titration shows that (left panel) N’ terminus
binds to wild-type tSH2 (purple) KD ∼ 0.79 ± 0.20 �M, tSH2 variant with K1355A, K1435A double amino-acid substitutions (blue) KD ∼ 0.67 ± 0.39
�M, tSH2 variant with R1282H substitution (grey) KD ∼ n.d., not detected. �N-Spt6-�C associates with its N’ terminus (added in trans) with a KD ∼
1.5 ± 0.7 �M (black, right panel). Points represent the mean ± SD of technical triplicates. The data were normalized for visualization purposes and the
experimental isotherms were fitted to a single-site saturation with non-specific binding model

structure of Spt6, namely 3PSI and 3PSF. The PDB and
the sharpened cryo-EM density map were imported into the
program Coot (39) and the tool ‘Real Space Refine Zone’
was used to achieve optimal fit of the PDB coordinates
within the map. Low-resolution regions of the map (regions
corresponding to residues 1226–1243 and the S1 domain)
were also excluded from the PDB and were docked with a
rigid body approach using Phenix (40) once the fit of the
well-resolved regions exhibited no clashes and deviations
as identified by Coot and other validation tools (vide infra).
The conformation of the PDB coordinates was validated us-
ing the tools ‘Ramachandran Plot’, ‘Rotamer Analysis’ and
‘Density Analysis’. The structure obtained with Coot opti-
mization was subjected to further structure refinement with
Phenix software (40) and Isolde (41). MolProbity (42) was
used to provide the overall refinement and structural statis-
tics.

Small angle X-ray scattering measurements (SAXS)

The SAXS data were collected at the EMBL P12 beam-
line of the storage ring PETRA III (DESY, Hamburg, Ger-
many) using a robotic sample changer at � = 0.124 nm.

The scattering from Spt6 solutions and respective solvents
was recorded at the Pilatus 2M pixel detector, radially aver-
aged and processed using standard procedures. Twenty in-
dependent frames of a 50 ms exposure were collected for
each sample and automatically radially averaged and sol-
vent subtracted as implemented at beamline P12. Three so-
lute concentrations were measured at 15◦C or 20◦C. Data-
points with q < 0.008 and q > 3 Å–1 (where q = 4�sin(�)/�)
were truncated. The 5 mg/ml dataset was selected for fur-
ther analysis as the curve with less noise for Spt6 and Spt6-
�C. The 0.8 mg/ml dataset was selected for further analysis
for the �N-Spt6 construct, because the curve was less af-
fected by aggregation. Integral structural parameters were
determined using PRIMUS/qt ATSAS v.2.8.4 (43). The ab
initio modelling for superimposition with the atomic model
was performed with DAMMIN ATSAS v.2.8.4, where the
computation mode was set to ‘slow’, and all other param-
eters were kept at their default. Rigid body modeling was
performed with CORAL ATSAS 2.8.4 (44) using the crystal
structure of the Spt6 substructures (PDB ID: 3PSK, 3PSI,
3PSJ) as rigid bodies and amending them with chains of
dummy residues to represent the fragments not present in
the crystal. Protein flexibility was evaluated using EOM 2.0
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Figure 3. N-terminal part of Spt6 disrupts binding with DNA and nucleosome. EMSAs reveal the formation of �N-Spt6 complexes with DNA (top panel)
or the nucleosome (bottom panel). A constant amount of 1 pmol of DNA and nucleosome was used with increasing molar ratio of different Spt6 variants.
All experiments were repeated at least twice with similar results

(45). UCSF ChimeraX was used for graphical representa-
tion (46).

RESULTS

The N-terminal region of Spt6 autoregulates binding to Pol
II Rpb1 CTD and Rpb1 linker

The tSH2 of Spt6 has been shown to interact with the Pol
II Rpb1 linker (22) and with the Pol II Rpb1 CTD that
bears different phospho-patterns (23), which could be im-
portant for the recruitment and/or retention of Spt6 on
genes (17,47). Here, we probed Spt6 and Spt6 lacking the
N-terminal region (�N-Spt6; Figure 1) for Rpb1 CTD and
Rpb1 linker binding activity in a quantitative fluorescence
anisotropy binding assay (Figure 2; Supplementary Figure
S2). Spt6 has an acidic intrinsically disordered region (IDR)
at the N-terminal region that is needed for gel shift of nu-
cleosomes by Spt6 (26) and has often been removed in the
previous functional and structural studies. Here, we won-
dered whether the N-terminal region has a role in Pol II
Rpb1 CTD binding. We found that �N-Spt6 binds Rpb1
CTD with a KD of 6.7 ± 1.56 �M and Rpb1 linker with a
KD of 11 ± 2.2 nM. The binding affinities of �N-Spt6 (con-
taining the Spt6 core and tSH2) were similar to the bind-
ing affinities of isolated tSH2 domain (22,23,48). Surpris-
ingly, we also found that Spt6 exhibited an undetectable and
significantly weaker binding to the Rpb1 CTD and Rpb1
linker, respectively, when compared to �N-Spt6 (Figure 2).

This suggests that the N-terminal region of Spt6 may con-
tain sequences that cause auto-inhibition of the Spt6–Rpb1
CTD and Spt6–Rpb1 linker interactions. To better under-
stand this auto-inhibition phenomenon, we examined puri-
fied isolated tSH2 and the core of Spt6 for ability to bind
the N-terminal region of Spt6 when added in trans using
an FA assay (Figure 2). We found that tSH2 binds to the
N-terminal region of Spt6 with a KD of 0.79 ± 0.20 �M,
and that the interactions of tSH2 with the N-terminal re-
gion of Spt6 and Rpb1 CTD are mutually exclusive (Sup-
plementary Figure S2B). The tSH2 of the Spt6 domain is
composed of two SH2 domains, the N-terminal (nSH2)
and C-terminal (cSH2) domains, which pack tightly against
each other. The nSH2 domain resembles the canonical SH2
domain, including its phosphorylation recognition binding
site, while the cSH2 domain is non-canonical (19,21,23).
Surprisingly, the tSH2-R1282H variant, which perturbs the
binding of the nSH2 binding pocket, abolished interaction
with the N-terminal region of Spt6. In contrast, the tSH2-
K1355A-K1435A double variant, which perturbs the bind-
ing of cSH2 non-canonical binding pocket, has no effect on
binding affinity with the N-terminal region of Spt6 (KD ∼
0.67 ± 0.39 �M; Figure 2B). This suggests that the nSH2
of Spt6 tSH2 represents an essential site that mediates the
key contact to the N-terminal region of Spt6. Furthermore,
we performed a binding experiment between the N-terminal
region of Spt6 and the core of Spt6 (�N-Spt6-�C). Even
in the absence of the tSH2 domain, we observed a binding
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Figure 4. Spt6 promotes nucleosome assembly. EMSA reveals that Spt6 and �N-Spt6 are involved in nucleosome formation. All reactions included 1 pmol
of DNA. Nucleosome to Spt6 molar ratios are 1:1, 1:2 and 1:4. All experiments were repeated at least twice with similar results

event with a KD of 1.5 ± 0.7 �M (Figure 2B). This sug-
gests that the N-terminal region of Spt6 interacts with both
tSH2 and the core of Spt6. Taken together, our binding data
indicate that the N-terminal region of Spt6 self-associates
with the core of Spt6 and the tSH2 domain. The masking
of the tSH2 domain by the N-terminal region of Spt6 auto-
inhibits and controls binding to the Rpb1 CTD and Rpb1
linker.

The N-terminal region of Spt6 autoregulates binding to nu-
cleosomes

Spt6 has been shown to form stable complexes with nu-
cleosomes only after the nucleosomes were partially desta-
bilized by Nhp6 (26). The formation of these complexes
was inhibited by Spn1, which binds to the N-terminal re-
gion of Spt6 and thus blocks an interaction between Spt6
and nucleosomes (26). To further probe the role of the N-
terminal region of Spt6 in nucleosome binding, we exam-
ined purified Spt6 constructs for nucleosome and nucleoso-
mal DNA-binding activities in an electrophoretic mobility
shift assay (EMSA; Figure 3; Supplementary Figure S3).
We found that Spt6 lacking the N-terminal region (�N-
Spt6) does bind preformed nucleosomes and nucleosomal
DNA in our assay, whereas Spt6 does not. The acidic IDR
at the N-terminal part disrupted binding with intact nucle-
osome and nucleosomal DNA, even though it is involved in

histone recognition mechanisms as indicated by the MST
binding assay (Supplementary Figure S4). Our data are con-
sistent with previous observations that the full-length Spt6
does not bind double-stranded nucleic acids (18), and in-
dicate that the N-terminal part of Spt6 autoregulates the
binding events of the protein. It is possible that the autoin-
hibition mechanisms could be regulated by the interaction
of the acidic N-terminal stretch with the fully or partially
evicted basic histone proteins and other regulatory factors,
and also by the interaction of tSH2 with the Pol II CTD and
linker. In such a scenario, these interactions would unmask
the core of Spt6 and allow for simultaneous interactions be-
tween the core of Spt6 with DNA, and the acidic N-terminal
stretch with histones, which may facilitate the reassembly of
nucleosomes.

The N-terminal region and core of Spt6 promote nucleosome
assembly

Among other functions of Spt6 in transcription, Spt6 acts
as a histone chaperone, which promotes the reassembly of
nucleosomes after the passage of Pol II (14). To further in-
vestigate the mechanism of this primary function of Spt6,
we examined the efficiency of Spt6 at assisting in nucleo-
some formation. It is known that nucleosomes do not form
spontaneously under physiological salt concentrations, and
a number of histone chaperones have been reported to pro-

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/10/5961/6595227 by EM

BL user on 04 O
ctober 2022



5968 Nucleic Acids Research, 2022, Vol. 50, No. 10

Figure 5. Cryo-EM structure of Spt6 and comparison with other structures of Spt6. (A) Graphical representation of construct used for Cryo-EM studies.
(B) Local resolution estimation, shading from red to blue indicates local resolution according to colour gradient. Domains are identified. (C) Resolution
estimated using gold-standard FSC. Resolution is given for FSC 0.143. Flexibile regions (the N-terminal part of the central helix and associated regions)
were masked out. (D) Electron density map variability of reconstituted �N-Spt6. Overlay of two cryo-EM density maps highlighting extreme positions
of the central helix in violet and light green. The remaining parts of Spt6 are virtually identical and are shown in grey. For detailed comparison, see
Supplementary movie 1. (E) Overlay of unbound and Pol II-bound Spt6 structures. The cryo-EM structure of Spt6 bound to Pol II (violet, PDB ID:
6TED, (18)) and the crystal structure of the free form of Spt6 (light green, PDB ID: 3PSF, (19)). The largest conformational changes are observed for the
highlighted central helix, which correspond to the variability of the cryo-EM density maps shown in (D).

mote nucleosome assembly in vivo (49,50). For in vitro ex-
periments, nucleosomes can be reconstituted by a salt gradi-
ent dialysis method (51). This in vitro reconstitution method
bypasses aggregation that would occur by the direct mix-
ing of a histone octamer and DNA (52). To gain deeper in-
sights into nucleosome formation in vitro, we examined pu-
rified Spt6 constructs for nucleosome assembly activity in
an electrophoretic mobility shift assay (EMSA). We asked
whether the capability of the N-terminal region of Spt6 to
bind evicted histones and the core of Spt6 to bind DNA can
promote nucleosome assembly. In the absence of Spt6, we
indeed observed no spontaneous nucleosome formation by
the direct mixing of purified histones with DNA (Figure 4
and Supplementary Figure S5). Interestingly, increasing the
concentration of Spt6 promoted the assembly of the nucle-
osome (Figure 4) more effectively than Asf1 did in a control
experiment (Supplementary Figure S5). The moderate level
of activity of Spt6 was expected, as additional factors are re-
quired for efficient nucleosome assembly (53,54). The acidic
N-terminal region of Spt6 is likely responsible for bind-
ing the highly basic histone proteins and thus shields them

from non-specific interactions, which in turn facilitates their
deposition onto nucleosomal DNA, akin to other histone
chaperones (55–58). However, this is not the only determi-
nant promoting nucleosome assembly, as we observed nu-
cleosome formation in the presence of �N-Spt6 (Figure 4).
This suggests that the DNA-binding activities of Spt6 might
also contribute to the productive formation of nucleosomes.

Cryo-EM structure of Spt6

CryoEM data were collected on a Titan Krios microscope
equipped with a K2 Summit direct electron detector and
subsequently processed with Relion (37) and cryoSPARC
(38). After 2D and 3D classification and refinement, we ob-
tained a 3.88 Å map of Spt6 from a set of 718 639 particles.
The estimate of the average resolution improved to 3.71 Å
when the regions of the structure exhibiting large flexibility
(the N-terminal part of the central helix and associated re-
gions) were masked out (Figure 5 and Supplementary Fig-
ure S6). Both maps were used to build a molecular model
of Spt6. The statistics for cryo-EM data collection and pro-
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Table 1. Statistics for cryo-EM data collection, processing, structural re-
finement and validation for Spt6

Data collection
Microscope FEI Titan Krios
Camera Gatan K2 Summit direct electron

camera (counting mode)
Magnification 75 000
Voltage (kV) 300
Electron dose (e–/Å2) 48.8
Defocus range (�m) –1 to –2.6
Pixel size (Å) 0.828
Initial particles 2 995 892
Final particles 718 639
Model composition
Protein residues 1153
Refinement
Map resolution (Å) 3.71

FSC threshold 0.143
Map resolution range (Å)
CC mask 0.72
CC volume 0.71
CC peaks 0.54
Map sharpening B-factor (Å2) –186.2
R.M.S. deviations

Bond lengths (Å) 0.003
Bond angles (◦) 0.768

Validation
MolProbity score 1.62
Clashscore 6.03
Poor rotamers (%) 1
Ramachandran plot
Favored (%) 95.84
Allowed (%) 4.16
Disallowed (%) 0

cessing, as well as for structural refinement and validation,
are summarized in Table 1. The good quality and high res-
olution of the map allowed an accurate description at the
atomic level of the Spt6 core (Figure 5). All the Spt6 core do-
mains were resolved in the cryo-EM map and could there-
fore be modelled in the density, with the exception of the S1
domain, which was rigid-body docked in the density based
on the S1 domain structure from the Spt6 crystal structure
(19). Furthermore, no clear density was identified for the N-
terminal and C-terminal tSH2 domains, suggesting a sub-
stantial flexibility of both terminal regions. Our cryo-EM
map allowed us to identify previously missing regions in
the crystal structure, namely a linker connecting the S1 do-
main and the core of Spt6. The root-mean-square-deviation
(RMSD) between the cryo-EM and X-ray crystal structure
is 0.99 Å.

Interestingly, the cryo-EM maps show conformational
dynamics of the central helix with the largest amplitude in
the N-terminal region of the helix (Figure 5). These motions
are propagated to the protein chain wrapping around this
helix, and are largest at the tip of an overall V shape of the
Spt6 core (Supplementary Movie 1). These data suggest a
rocking motion of this part, where one extreme fits well with
the crystal structure of Spt6 (19) and the other extreme fits
well with the cryo-EM structure of Spt6 core bound to the
Rpb4/7 stalk on the Rpb1 side of Pol II (18) (Figure 5 and
Supplementary Movie 1). CryoEM data also suggest that
the rocking motion of the helix is coupled with motions of
the S1 domain on the opposite side of the molecule (Sup-
plementary Movie 1).

Small-angle X-ray scattering reveals conformations and dy-
namics of the N-terminal and tSH2 domains of Spt6

As the N-terminal and tSH2 domains were invisible to the
X-ray crystallography (19) and cryo-EM analyses here and
elsewhere (18,20), we collected SAXS data on the Spt6,
�N-Spt6 and Spt6-�C constructs. SAXS data (summa-
rized in Supplementary Table S2) indicate that all con-
structs are monomers in solution. The crystal and cryo-
EM structures of the core could be docked into the calcu-
lated ab initio molecular envelopes without difficulty. In-
terestingly, Dmax values suggest variations in particle di-
mensions, with the smallest value being for Spt6. To ob-
tain a more detailed understanding about the conforma-
tion and dynamics of N-terminal and tSH2 domains, we
performed SAXS-based rigid body modeling of the Spt6
constructs with CORAL (Figure 6). A total of 20 indepen-
dent CORAL (44) runs were performed for each Spt6 con-
struct to test the stability of the reconstruction. The result-
ing hybrid rigid body models agree well with the ab initio
shape of the constructs and fit the experimental data well
with a range of � 2 (1.03–1.39 for Spt6; 0.98–1.03 for Spt6-
�C; and 1.09–1.24 for �N-Spt6). The hybrid model of Spt6
suggests that the N-terminal domain may fold back and
contact the C-terminal tSH2 domain (Figure 6B), which
is in agreement with our binding data (see above) and the
smallest Dmax value among the three constructs. In the ab-
sence of the N-terminal region, the tSH2 domain samples
a larger conformational space around the core of Spt6. To
confirm these hybrid models, we assessed protein flexibility
using SAXS data combined with the ensemble optimiza-
tion method (45). EOM generates a large number of con-
formations using the Spt6 core and tSH2 domain structures
taking the native linker and the N-terminal region into ac-
count, calculates theoretical SAXS curves for all models,
and selects a mixture of conformers that fits the experimen-
tal SAXS data. The back-calculated scattering curves of the
resulting ensembles fit the experimental data well with a � 2

of 0.97, 0.97, and 1.08 for Spt6, Spt6 �C and �N-Spt6, re-
spectively. The resulted EOM ensembles qualitatively agree
with the CORAL hybrid models and show that the un-
structured acidic N-terminal region of Spt6 associates with
tSH2, restricting their flexibility and positioning the tSH2
domain closer to the core of Spt6. Interestingly, the commu-
nication between the N-terminal region of Spt6 and tSH2 is
not spatially restricted even when Spt6 associates with Pol
II (Figure 6D).

DISCUSSION

We have determined a cryo-EM structure of S. cerevisiae
Spt6, at a resolution of ∼3.7 Å. We then combined the ob-
tained structure with SAXS data to reveal structural infor-
mation about flexible terminal regions of Spt6, which were
invisible in the data from cryo-EM and X-ray crystallog-
raphy (18–20). The Spt6 core structure resembles the one
solved by X-ray crystallography (RMSD of 0.99 Å) and de-
fines several regions of Spt6 that have not previously been
defined in the crystal structure. CryoEM data suggest that
the motions of the central helix with the largest amplitude
are at the beginning of the helix. These motions are propa-
gated to the protein chain wrapping around this helix, and
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Figure 6. SAXS analysis of Spt6. Experimental SAXS profile of Spt6-�C (A, top), Spt6 (B, top), �N-Spt6 (C, top) and theoretical scattering (red trace)
calculated for model structures shown in bottom panels. (D) Structure of the Pol II–DSIF–PAF–SPT6 complex (20) showing mutual orientation between
the domains of SPT6 and Pol II. Pol II, pink; Rpb4, magenta; Rpb7, navy blue; Spt4, light green; Spt5, dark green; Spt6, grey; Spt6-tSH2, orange. Template
and nontemplate DNA strands shown in blue and cyan, respectively; RNA, red. Color coding of Spt4, Spt5, DNA and RNA analogous as in (20) for easier
orientation

are largest at the tip of an overall V shape of the Spt6 core
(Supplementary Movie 1). Interestingly, the extreme posi-
tions of this motion correspond either to the structure of
free Spt6 (19) or of Spt6 structure bound to Pol II (18,20).
This motion is also coupled with motions of the S1 domain
on the opposite side of the molecule (Supplementary Movie
1). In contrast to the flexibility of the central helix of Spt6
core and the S1 domain, the flexibility of both terminal re-
gions is on a faster timescale and of larger amplitudes, and
thus are invisible in the cryo-EM data (59,60).

The hybrid (cryo-EM–SAXS) structure supported by our
binding assays indicate that the acidic N-terminal region
(239–297) folds back and contacts the C-terminal tSH2 do-
main and the core of Spt6, leading to a model in which
Spt6 is autoinhibited and requires activation. The autoin-
hibition mechanism explains the previous observation that
Spt6 does not bind intact nucleosomes (26) or nucleosomal
DNA (19). Spt6 has been shown to interact with nucleo-
somes only in the presence of Nhp6 (26). We hypothesize
that Nhp6 promotes partial destabilization of nucleosomes
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and that partially evicted basic histones could activate Spt6
binding, consistent with the fact that Spt6 can bind his-
tones (both H2A–H2B dimers and H3–H4 tetramers) as ob-
served here and previously (24,25). Alternatively, the Spt6
autoinhibition could be regulated by direct interaction of
the acidic N-terminal region of Spt6 with basic Nhp6, sim-
ilar to what has been shown for FACT (61). Furthermore,
it is possible that Spt6 is activated as it undergoes dynamic
conformational changes by association with Pol II. This in-
teraction has two components–it involves the interactions
between the tSH2 of Spt6 with hyper-phosphorylated Pol
II CTD and/or CTD linker, and the interaction of the Spt6
core with the Rpb4/7 stalk on the Rpb1 side of Pol II (18–
20,22,23). This binding-induced activation model of Spt6 is
in accordance with the fact that the nucleosome reassembly
is co-transcriptional, which immediately follows the passage
of Pol II. The reversible phosphorylation of Pol II CTD
(31,62–77) is known to recruit or repel a number of regu-
latory factors, including chromatin remodelers and histone
chaperones, which disrupt or reassemble nucleosomes fol-
lowing the passage of Pol II (78).

Spt6 mutually binds DNA and histones and assists the
formation of nucleosomes. The moderate level of activity
of Spt6 observed in our in vitro assay may indicate that
additional factors are required for a more efficient assem-
bly of nucleosomes. The conformational rearrangement of
Spt6 after its association with Pol II (via the Spt6 core
and tSH2) and interaction with Spt4 and Spt5 (18,23,79)
may be required for a more robust nucleosome assembly
by Spt6 in vitro. In vivo, multiple histone chaperones, in-
cluding Spt2, Spt6, Rtt106, FACT, Vps75, Asf1 and HIRA,
as well as a number of chromatin remodelers and mod-
ifiers, are implicated in the reestablishment of chromatin
structure and maintenance of epigenetic information, af-
ter the passage of RNA polymerase II (14,80–86). How-
ever, is it unclear whether these histone chaperones act to-
gether or in distinct settings. Recent cryo-EM structures of
human FACT in complex with partially assembled subnu-
cleosomes showed that FACT is engaged in extensive in-
teractions with nucleosomal DNA and all histone variants,
which suggests that FACT maintains chromatin integrity
during polymerase passage by stabilizing intermediate sub-
nucleosomal states and promoting nucleosome reassembly
(56). As Spt6 also binds nucleosomal DNA and histones, it
is possible that it utilizes a similar mechanism to promote
nucleosome reassembly. Furthermore, the Spt6-mediated
nucleosome reassembly can be regulated by Spn1 that is
able to sequester the N-terminal region of Spt6 (26,87) in
a phosphorylation-dependent manner (88). It is also pos-
sible, that in addition to the stretch of amino acids (239–
297) that autoinhibits Spt6 binding activity, the first 238
amino acids, which are highly acidic and subject to phos-
phorylation by casein kinase II (88), may also contribute to
Spt6 function. In summary, we determined the structural
basis for the cooperation between the intrinsically disor-
dered and ordered regions of Spt6, which regulates nucleo-
some and Pol II CTD binding, as well as nucleosome assem-
bly. To elucidate the precise structural mechanism of Spt6-
mediated nucleosome reassembly, further structural studies
of Spt6 bound to histones/nucleosome and Pol II-Spt4/5
are needed.
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