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The SET3 complex (SET3C) is a seven-subunit histone deacetylase complex

that is capable of transcriptional regulation. Methylated histone 3 marks recruit

SET3C to the nucleosome, and the SET3C catalytic subunits deacetylate the

histone 3 and 4 tails. There is very limited structural knowledge of the SET3C

subunits, with most subunits having unknown structures or functions. Here, a

catalytically active SET3 complex was endogenously purified from Saccharo-

myces cerevisiae and utilized for negative-stain electron microscopy (EM) to

determine an apo model for the holo complex. The negative-stain EM 3D model

revealed a three-lobe architecture, with each lobe extending from a central

point.

1. Introduction

Epigenetic regulation at the nucleosome level heavily relies on

the post-translational modification of histone tails. Some of

the most widely studied modifications are histone methylation

and acetylation, which are involved in recruiting transcription

regulatory factors. Histone acetylation is typically associated

with open chromatin and therefore active transcription, while

methylation is associated with closed chromatin, although

there are exceptions (Struhl, 1998; Zhang & Reinberg, 2001;

Kouzarides, 2002). The placement and removal of histone

methylation and acetylation marks are tightly coordinated to

ensure proper transcription regulation through the accessi-

bility of chromatin to the transcriptional machinery. In yeast,

the SET [Su(var)3–9, enhancer-of-zeste and trithorax] family

of chromatin modifiers consist of complexes responsible for

histone methylation, typically through their characteristic SET

domains (Jenuwein, 2006). Set1 is a methyltransferase that is

known to interact with RNA polymerase II (Pol II) and to

deposit methylation marks after Pol II has transcribed through

a nucleosome (Ng et al., 2003; Terzi et al., 2011; Bae et al.,

2020). The monomethylation, dimethylation and trimethyl-

ation of H3 lysine 4 (H3K4) by Set1 serve to recruit SET3C for

histone deacetylation (Kim & Buratowski, 2009).

SET3C consists of Set3, Snt1, Sif2, Hos4, Cpr1 and two

deacetylase subunits: Hst1 and Hos2. Hst1 is an NAD-

dependent histone deacetylase, while Hos2-catalyzed de-

acetylation is NAD-independent (Pijnappel et al., 2001). The

Set3 subunit has two known domains: SET and PHD (plant

homeodomain). The PHD finger of Set3 binds dimethylated

H3K4 with high affinity (Kim & Buratowski, 2009). The

function of the Set3 SET domain is currently unknown.

However, SET domains typically serve as catalytic centers for

histone modifications and the mediation of protein–protein
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interactions (Rozenblatt-Rosen et al., 1998; Dillon et al., 2005;

Leng et al., 2021). The functions of Hos4 and Cpr1 within

SET3C are not fully understood, but these subunits are likely

to serve to stabilize and regulate the complex. A more

complete understanding of the architecture and function of

SET3C is needed to determine the specific roles of the various

SET3C subunits. In this study, we provide a structural model

of SET3C using negative-stain electron microscopy and use

predicted secondary structures and known domains to

propose a model for SET3C organization.

2. Materials and methods

2.1. SET3C purification

SET3C was purified from a yeast strain obtained from the

High Throughput Analysis Laboratory at Northwestern

University and contained a tandem affinity purification (TAP)

tag on the Set3 subunit (Ghaemmaghami et al., 2003). A TAP

procedure was performed as described previously (Han et al.,

2020) with a few modifications. The yeast strain was grown to

an OD600 of 4–5 in 16 l YPD broth (containing 2% glucose).

Cells were collected by centrifugation and washed with 320 ml

cold TAP extraction buffer (40 mM Tris pH 7.9, 250 mM

ammonium sulfate, 1 mM EDTA, 10% glycerol, 0.1% Tween-

20). The washed cells were resuspended in 200 ml cold TAP

extraction buffer consisting of 5 mM DTT, 2 mM PMSF,

0.31 mg ml�1 benzamidine, 0.3 mg ml�1 leupeptin, 1.4 mg ml�1

pepstatin and 2 mg ml�1 chymostatin. The cell resuspension

was lysed with glass beads in a BeadBeater (Biospec Products)

for 15 rounds of 30 s on and 1 min off. Cell debris was removed

by centrifugation at 14 000g at 4�C for 1.5 h. 3 ml IgG

Sepharose beads (GE Healthcare) were incubated with the

cleared lysate at 4�C overnight. The IgG column was washed

with TAP extraction buffer and cold TEV cleavage buffer

(10 mM Tris pH 8, 150 mM NaCl, 0.1% NP-40, 0.5 mM EDTA,

10% glycerol). For cleavage, the IgG beads were resuspended

in 6 ml TEV cleavage buffer and 30 mg TEV protease at room

temperature for 1 h with gentle shaking. After TEV cleavage

on the IgG column, the beads were washed with three column

volumes of cold calmodulin-binding buffer (cbb; 15 mM

HEPES pH 7.8, 1 mM magnesium acetate, 1 mM imidazole,

2 mM CaCl2, 0.1% NP-40, 10% glycerol, 300 mM KCl, 5 mM

DTT, 2 mM PMSF, 0.31 mg ml�1 benzamidine, 0.3 mg ml�1

leupeptin, 1.4 mg ml�1 pepstatin, 2 mg ml�1 chymostatin).

Calcium chloride was added to the combined IgG eluate to

reach a final concentration of 2 mM and it was then incubated

with calmodulin affinity resin (Agilent Technologies) at 4�C

for 1.5 h. The calmodulin beads were then washed with cold

cbb and calmodulin wash buffer (cwb; the same as cbb but

with 0.05% NP-40). Bound protein complexes were eluted at

room temperature with calmodulin elution buffer (ceb; 15 mM

HEPES pH 7.8, 1 mM magnesium acetate, 1 mM imidazole,

2 mM EGTA, 10% glycerol, 0.05% NP-40, 300 mM KCl).

Fractions containing SET3C were identified using SDS–

PAGE, aliquoted, flash-frozen in liquid nitrogen and stored at

�80�C.

2.2. Domain graphs and deacetylase activity assay

All domain graphs were generated using code available

on GitHub (https://github.com/avibpatel/domainsGraph). The

available code combines ConSurf, PSIPRED, DISOPRED

and PFAM data into single images (Ashkenazy et al., 2010,

2016; Buchan & Jones, 2019; Celniker et al., 2013; Jones, 1999;

Jones & Cozzetto, 2015; Mistry et al., 2021).

Activity assays were performed as described previously

(Marcum & Radhakrishnan, 2019; Schultz et al., 2004) with

slight modifications. An acetylated peptide containing an

aminocoumarin (AMC) moiety, Ac-Gly-Ala-Lys(Ac)-AMC,

was purchased from Bachem Americas and resuspended in

deacetylase reaction buffer (50 mM HEPES pH 7.4, 100 mM

KCl, 0.005% Tween-20, 5% DMSO). Reactions were

performed in 96-well plates with 40 mM AMC peptide,

0.8 mM recombinant human HDAC8 (Novus Biologicals) or

SET3C, 200 nM trypsin and deacetylase reaction buffer at

room temperature for 1 h. There is roughly a 40-fold differ-

ence between the abundance of HDAC8 and the catalytically

active subunits of SET3C. We estimate that 0.8 mM of our

purified SET3C contains about 0.02 mM Hos2 and Hst1.

Fluorescence was quantified using a Gemini EM fluorescence/

chemiluminescence plate reader with excitation and emission

wavelengths set to 360 and 460 nm, respectively. Two tailed

heteroscedastic t-tests were performed to determine the

statistical significance between the negative control and

HDAC8 or SET3C averaged fluorescence.

2.3. Negative-stain electron microscopy

Purified SET3C was diluted 100-fold in calmodulin elution

buffer and cross-linked with 0.05% glutaraldehyde for 30 min

at 4�C. A carbon-coated 400 mesh copper grid was plasma-

cleaned with a Gatan Solarus for 10 s at 25 W before applying

the cross-linked SET3C and incubating for 10 min at high

humidity in a homemade humidity chamber. The grid was

stained with 2% uranyl formate by massaging the grid on four

50 ml droplets for 5, 10, 15 and 20 s. Excess stain was blotted

away with filter paper (Whatman No. 1) and the grids were

stored until imaging. All negative-stain images were collected

with a JEOL 1400 120 kV TEM and a 4K � 4K CCD camera

using Leginon 3.2 for automated data collection (Suloway et

al., 2005; Cheng et al., 2021).

Images were captured at 30K magnification with a pixel size

of 3.71 Å and CTF-corrected with CTFFIND3 (Mindell &

Grigorieff, 2003). 17 594 particles were picked reference-free

using the DoG picker and were aligned to generate 2D class

averages with a box size of 96 pixels and a circular mask with a

diameter of 40 pixels using iterative MSA/MRA (Voss et al.,

2009; Ogura et al., 2003). An additional 66 836 particles were

automatically picked using RELION 2.1 and an ab initio

reference was generated with cryoSPARC 2.0 (Kimanius et al.,

2016; Punjani et al., 2017). The final model was refined with

EMAN2 and low-pass filtered to 15 Å (Tang et al., 2007). The

images in Fig. 3 were generated using the volume and coloring

tools within UCSF Chimera (Pettersen et al., 2004; Goddard et

al., 2007).
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3. Results and discussion

3.1. SET3C is composed of highly ordered subunits

Yeast SET3C consists of seven subunits that are all highly

ordered and contain significantly conserved sequences in

either their known or predicted domains (Fig. 1). The one

exception is Snt1, which is predicted to be highly disordered

outside the two Myb DNA-binding domains (Fig. 1). Snt1 is

known to interact with Sif2, which is believed to exist within

the complex as a dimer or tetramer (Pijnappel et al., 2001),

which is consistent with the relatively stronger band that

corresponds to it during biochemical characterization (Fig. 2a).

Sif2 has an N-terminal LisH domain that mediates oligomer-

ization and its interaction with Snt1 (Cerna & Wilson, 2005). It

is unknown whether the observed Sif2 dimer or tetramer is

biologically relevant on its own or how the oligomerization

state of Sif2 affects the incorporation of Snt1. However, the

stoichiometry of Sif2 and Snt1 has previously been shown to

be 1:1, which suggests that either two or four copies of Snt1

would be incorporated to match Sif2 (Pijnappel et al., 2001).

The C-terminal WD40 repeats of Sif2 are capable of mediating

interactions with other subunits and may act as a scaffold for

Snt1 and Set3 interactions (Stirnimann et al., 2010; Jain &

Pandey, 2018). Set3 is required for Sif2 and Snt1 to be incor-

porated into SET3C (Pijnappel et al., 2001). The SET domain

of Set3 potentially functions to mediate protein–protein

interactions, since Hos2 and Hst1 are known to be SET3C

deacetylases and the Set3 PHD domain binds the methylated

tails of histone 3 (Pijnappel et al., 2001; Kim & Buratowski,

2009; Gatchalian et al., 2017). The Set3 PHD and Snt1 Myb

DNA-binding domains, stabilized by Sif2 and the Set3 SET

domain, can therefore make up the nucleosome-binding

region of SET3C.

Hst1 is a Sir2 class NAD-dependent histone deacetylase

(Fig. 1). Hst1 is suggested to be incorporated into SET3C by

Hos4, but it is not essential for complex integrity and can

function independently of SET3C (Pijnappel et al., 2001).

Hos2 is a class I histone deacetylase, similar to Rpd3, and is

potentially required for complex integrity (Wang et al., 2002;

Pijnappel et al., 2001). The incorporation of Cpr1, the smallest

subunit within SET3C, is mediated by Hos2, Sif2 and Snt1, but

its function is still not fully understood (Arévalo-Rodrı́guez et

al., 2000). It has been established that Cpr1 is essential for

regulating Rpd3, a histone deacetylase that is related to Hos2

(Arévalo-Rodrı́guez & Heitman, 2005). Cpr1 may play a

similar regulatory role for Hos2 within SET3C. A recent study

suggests that Cpr1 is involved in SET3C recruitment to

nucleosomes through a sumoylation interacting motif (Ryu et

al., 2020). Lastly, Hos4 is essential for the stability of SET3C

and its multiple Ank domains can mediate interactions

between proteins within SET3C (Fig. 1). Considering its

necessity for complex integrity, Hos4 potentially functions as a

bridge between the histone deacetylases Hos2 and Hst1 and

the nucleosome-binding region consisting of Set3, Cpr1, Sif2

and Snt1.

3.2. SET3C activity and architecture

To determine the molecular architecture of SET3C, we

purified the full-length endogenous complex from yeast using

the well established tandem affinity purification (TAP)

method. The TAP tag on the Set3 subunit allowed the co-

purification of all complex components (Fig. 2a). Consistent

with previous reports, Hos2 and Hst1 run together on the

denaturing gel, with Hos2 likely to be in excess relative to

Hst1. Cpr1 is the smallest and least intense band, which is
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Figure 1
SET3C domain maps. Cartoon representation of the seven subunits that constitute SET3C. Each map contains the protein length in amino acids, the
identification of known or predicted domains, sequence conservation, secondary-structure prediction and biophysical properties for each residue within
the respective protein. The keys show the color spectrum for sequence conservation, secondary-structure prediction and biophysical properties. Domains
with known 3D structures are underlined with black lines. Domain maps were generated using sequences, conservation scores, structure prediction and
domain identification from UniProt, ConSurf, PSIPRED 4.0, DISOPRED3 and PFAM.



consistent with a previous publication revealing the low stoi-

chiometry of Cpr1 within SET3C (Pijnappel et al., 2001). A

few contaminants are present in the final purified product,

which is consistent with previous reports of nonspecific

contamination by various heat-shock and glycolysis proteins

under the purification conditions described above (Fig. 2a;

Pijnappel et al., 2001; Kim & Buratowski, 2009).

To determine the deacetylase ability of purified SET3C, we

used an acetylated peptide that mimics histone tails with an

AMC moiety on the C-terminal end. Upon lysine deacetyl-

ation, trypsin can cleave AMC, allowing fluorescence from the

freed moiety to be detected. For each reaction condition, the

substrate, trypsin and enzymes were incubated for 60 min

before fluorescence readings were taken (Fig. 2b). We used

reconstituted human HDAC8 as a positive control since it was

previously determined to work well with the AMC peptide

(Schultz et al., 2004). In the presence of HDAC8, the relative

fluorescence reading significantly increases compared with a

negative control, signifying that HDAC8 efficiently deacetyl-

ates the peptide. While SET3C is not as efficient at deacetyl-

ating the AMC peptide as HDAC8, SET3C also shows a

significant increase in fluorescence over the negative control

(Fig. 2b).

Next, we used negative-stain electron microscopy to

determine the overall architecture of functional SET3C

(Fig. 3). A reference-free 2D classification of SET3C particle

images reveals multiple orientations, with SET3C having three

lobes (Fig. 3a). The three distinct lobes of SET3C were

confirmed upon 3D classification and model refinement

(Figs. 3b and 3c). Our model shows that SET3C adopts a

Y-shaped architecture, with lobes 2 and 3 having extra density

extending from the ends that does not interact with lobe 1

(Fig. 3c). We used the measure volume tool within UCSF

ChimeraX to estimate the volume of the full density depicted

in Figs. 3(b) and 3(c) (Pettersen et al., 2021; Goddard et al.,

2018). The total volume was calculated to be 7.04� 105 Å3 at a

threshold of 2.59. To determine the theoretical volume of

SET3C, we utilized the AlphaFold fetch command within

UCSF ChimeraX and depicted the predicted structure of each

subunit as a surface using the molmap command, before

measuring the volumes (Jumper et al., 2021). Since the

molmap command generates density maps for atomic struc-

tures that are proportional to the resolution of the structure,

we calculated the volumes of maps generated at 4.5, 10 and

15 Å resolution. Assuming that SET3C contains two Sif2–Snt1

heterodimers, the theoretical volumes of SET3C based on

AlphaFold structures were calculated to be 1.04 � 106, 1.61 �

106 and 1.78 � 106 Å3 at 4.5, 10 and 15 Å resolution, respec-

tively (Supplementary Table S1). Given these calculations,

about 40–68% of SET3C is predicted to fit into our 3D

reconstruction. However, the predicted AlphaFold structures

do not consider how the inter-subunit interactions within
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Figure 2
SET3C protein purification and activity. (a) Tris–glycine denaturing gel (4–12%) obtained by silver staining of the SET3C TAP purification final product.
Since Set3 still has the calmodulin tag, it runs on the gel closer to 100 kDa rather than the expected 85 kDa. Unlabeled bands correspond to common
nonspecific contaminants, including Ssa2, Ssb1, HSP60 and enolase 2. (b) Fluorescence-based deacetylase assay. Negative-control, HDAC8 and SET3C
reaction conditions all contain 40 mM AMC peptide and 200 mM trypsin and were incubated for 60 min at room temperature. Standard deviations are
shown as error bars. Asterisks indicate statistically significant differences between conditions with p-values less than 0.05. Previous work has tested the
ability of NAD to enhance histone deacetylation by SET3C (Pijnappel et al., 2001). However, our assay did not show any significant difference in
deacetylation in the presence of NAD (data not shown). This discrepancy is likely to be due to Hos2 being in excess relative to the NAD-dependent Hst1.
The similar SET3C activity seen in the presence or absence of NAD can therefore be caused by the prominence of Hos2-mediated deacetylation.



SET3C may change the conformations of the large, disordered

regions during complex assembly. Nor do the corresponding

maps account for the likelihood that disordered regions are

not visible in our negative-stain reconstruction. Assuming that

disordered regions are not visible in our negative-stain density,

we removed large, disordered regions within the AlphaFold

structures of Hos4, Snt1, Sif2 and Set3 and used these clipped

models to estimate the volumes of SET3C at different reso-

lutions (Supplementary Table S1). We found that 60–99% of

SET3C without large, disordered regions fitted into our 3D

reconstruction. Further structural investigation with cryo-EM

will improve the resolution, allowing atomic model building

and identification of the various subunits within the model.

The negative-stain model and deacetylase assay presented

here reveal that the apo structure of SET3C is stable and

active. However, incorporating a methylated and acetylated

mononucleosome into the EM sample preparation will

provide more information regarding the binding and catalytic

abilities of SET3C.
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Figure 3
3D reconstruction of SET3C. (a) Representative micrograph and 2D class averages generated from reference-free alignment by iterative MSA/MRA.
(b) Auto-refinement of the most populated 3D model identified through 3D classification using an ab initio reference model. (c) Multiple views of the 3D
reconstruction of SET3C, with each lobe differentiated by color.
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