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ARTICLE INFO ABSTRACT

Edited by Bauke W. Dijkstra Euchromatic histone-lysine N-methyltransferase 1 (EHMT1; G9a-like protein; GLP) and euchromatic histone-
lysine N-methyltransferase 2 (EHMT2; G9a) are protein lysine methyltransferases that regulate gene expres-
sion and are essential for development and the ability of organisms to change and adapt. In addition to ankyrin
repeats and the catalytic SET domain, the EHMT proteins contain a unique cysteine-rich region (CRR) that
mediates protein-protein interactions and recruitment of the methyltransferases to specific sites in chromatin.
We have determined the structure of the CRR from human EHMT2 by X-ray crystallography and show that the
CRR adopts an unusual compact fold with four bound zinc atoms. The structure consists of a RING domain
preceded by a smaller zinc-binding motif and an N-terminal segment. The smaller zinc-binding motif straddles
the N-terminal end of the RING domain, and the N-terminal segment runs in an extended conformation along one
side of the structure and interacts with both the smaller zinc-binding motif and the RING domain. The interface
between the N-terminal segment and the RING domain includes one of the zinc atoms. The RING domain is
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partially sequestered within the CRR and unlikely to function as a ubiquitin ligase.

Introduction

Euchromatic histone-lysine N-methyltransferase 2 (EHMT2; also
known as G9a) (Brown et al., 2001; Milner and Campbell, 1993) and the
closely related euchromatic histone-lysine N-methyltransferase 1
(EHMT1; G9a-like protein; GLP) (Ogawa et al., 2002) are protein lysine
methyltransferases that regulate gene expression and are essential for
development and the ability of organisms to change and adapt. They
play a role in many processes including cellular differentiation, immune
response, behavior and cognition (Benevento et al., 2015; Casciello
etal., 2015; Kramer, 2016; Scheer and Zaph, 2017; Shankar et al., 2013;
Shinkai and Tachibana, 2011). They are primarily responsible for
dimethylation of K9 in histone H3 in euchromatic regions, which is
associated with transcriptional repression (Ogawa et al., 2002; Tachi-
bana et al., 2001, 2002, 2005); they also methylate other lysine residues
in both histone and non-histone proteins and have functions that are
independent of their methyltransferase activity (Deimling et al., 2017;
Scheer and Zaph, 2017; Shankar et al., 2013; Tachibana et al., 2001).

Human EHMT2 (hEHMT2) protein comprises 1210 residues and can
be divided into several distinct regions: the N-terminal one third that is
predicted to be mostly disordered, a cysteine-rich region (CRR), eight
ankyrin repeats, and a SET domain at the C-terminus, flanked by pre-SET
and post-SET regions (Fig. 1A). Human EHMT1 (hEHMT1) is organized
in a similar manner. The SET domain together with the pre-SET and
post-SET regions is responsible for the lysine methyltransferase activity,
and a number of structures with bound products and various inhibitors
are available (Chang et al., 2009; Wu et al., 2010). The ankyrin repeats
bind to histone-like sequences that are mono- or dimethylated, and
structures with and without a bound dimethylated peptide have also
been determined (Collins et al., 2008; Dong et al., 2018).

The CRR was reported to mediate interaction of EHMT2 with cyclin
D1 (Li et al., 2019), the MED12 subunit of the Mediator complex (Ding
et al., 2008), and the neuron restrictive silencer factor (NRSF), also
known as REl-silencing transcription factor (REST) (Roopra et al.,
2004). Recruitment of EHMT2 by cyclin D1 is required for association of
chromatin with nuclear lamina (Li et al., 2019), and targeting to neuron
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restrictive silencer elements (NRSE) by NRSF/REST leads to silencing of
neuron-specific genes in non-neuronal cells (Roopra et al., 2004). In
addition, the C-terminal portion of the CRR was shown to bind to
ZNF200, a transcription factor that contains five zinc fingers (Nishida
et al., 2007).

We now present the structure of the CRR, which we determined by X-
ray crystallography. We show that the CRR adopts an unusual compact
fold that contains an embedded RING domain. We also discuss impli-
cations of the structure for the function of the RING domain and analyze
the conservation of the CRR.

Results
The CRR binds zinc and adopts a compact globular structure

In our initial studies of the CRR, we focused on residues G380-D552
of hEHMT2, which are relatively well conserved (55% identical) in
hEHMT2 and hEHMT1 proteins (Fig. 1B). This stretch of residues is
flanked by sequences that do not show any similarity between hEHMT2
and hEHMT1 (Fig. 1B) and are predicted to be disordered (Erdds and
Dosztanyi, 2020; Kelley et al., 2015).

The CRR contains an array of conserved cysteine and histidine resi-
dues (Fig. 1B), suggesting that it binds metal ions. Zinc content analysis
confirmed that hEHMT2(380-552) indeed binds zinc, with a stoichi-
ometry of 4 moles of zinc per mole of protein. The two-dimensional (2D)
415N heteronuclear single quantum correlation (HSQC) spectrum of
hEHMT2(380-552) showed well-dispersed signals, consistent with a
folded protein (Supplementary Fig. S1A). However, the HSQC spectrum
also contained a number of strong signals that exhibited negative or only
weakly positive TH-15N nuclear Overhauser effect (NOE) (Supplemen-
tary Figs. S1B and S2), which is characteristic of dynamic residues.
These strong signals were readily assigned using standard 3-dimensional
(3D) triple resonance experiments and were found to be from residues
G380-E422 and G551-D552 (Supplementary Fig. S2).

A second construct with a different N-terminus, hEHMT2(419-552),
was also prepared and characterized. hEHMT2(419-552) retains the
structured portion and all the conserved cysteine and histidine residues, but
it lacks most of the residues that are dynamic in hEHMT2(380-552) and is
therefore better suited for structural studies. hEHMT2(419-552) is a
monomer in solution, as determined by size-exclusion chromatography
combined with multi-angle light scattering (SEC-MALS) (results not shown).
The signals from the disordered N-terminal residues that were observed in
the 2D 'H-">N HSQC spectrum of hEHMT2(380-552) are absent in the 2D
TH15N HSQC spectrum of hEHMT2(419-552) but signals from other resi-
dues are not significantly affected (Supplementary Fig. S1C).
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hEHMT2(419-552) was crystallized, and its structure was solved at
1.9 A resolution using single-wavelength anomalous diffraction (SAD)
arising from the protein-bound Zn atoms (Table 1). The asymmetric unit
contained four molecules of hEHMT2(419-552), with well-defined
electron density for residues G419-R550 in chains A and C and for resi-
dues G419-D552 in chains B and D. The conformations of all four mol-
ecules are very similar, with average pairwise root-mean-square
deviation (RMSD) between backbone atom positions of residues L423-
R550 0.52 + 0.13 A (Fig. 2A). The CRR adopts a compact fold and,
consistent with the zinc content analysis, contains four bound zinc atoms,
which we refer to as Zn(a), Zn(b), Zn(c), and Zn(d) (Figs. 1B, 2 and 3).

The CRR contains a RING domain

When we compared the structure of the CRR with structures of other
proteins using the Dali server (Holm, 2019), similarity was detected
between the C-terminal half of the CRR and the really interesting new
gene (RING) domain fold. This was not completely unexpected as ho-
mology between the C-terminal portion of the CRR and RING domains
(sequence identity ~ 20-30%) was also detectable by the Phyre2 protein
fold recognition server (Kelley et al., 2015) (our unpublished results)
and had been noted previously by others (Nishida et al., 2007; Roopra
et al., 2004). However, we have not identified any RING domains that
are part of a larger structure similar to the CRR. With its unique N-ter-
minal half and a total of four bound zinc atoms, the CRR therefore
represents a novel zinc-binding motif.

The similarity between the CRR and RING domains is illustrated
using the RING domain from human RING1b (hRING1b) protein, which
is also known as RING2 (Taherbhoy et al., 2015) (Fig. 4). The backbone
RMSD for the 55 residues in the CRR and hRING1b that were identified
as structurally equivalent by the Dali server is 2.94 A; only 10 of these
residues (18%) are identical (Fig. 4).

The core of the RING domain consists of a short three-stranded anti-
parallel p-sheet (formed by p-strands p1, p2 and 3 in hRING1b, and $3,
4 and 7 in the CRR), a helix immediately following the second f-strand
(a-helix labeled o in hRING1b, and a single turn of 3;¢ helix in the CRR),
and two characteristic loops, L1 and L2 (Fig. 4). The RING domain
contains two zinc atoms that are bound in an interleaved manner
referred to as the cross-brace (Barlow et al., 1994; Budhidarmo et al.,
2012): the first and the third pair of zinc-binding residues coordinate
one zinc atom (Zn(I) in hRING1b and Zn(c) in the CRR; red in Fig. 4A),
and the second and the fourth pair of zinc-binding residues coordinate
the other zinc atom (Zn(Il) in hRING1b and Zn(d) in the CRR; blue in
Fig. 4A). The first zinc-binding site is formed by a CXXC motif in loop L1
and a CXXC motif located at the N-terminal end of helix a in hRING1b
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Fig. 1. The cysteine-rich region (CRR) in hEHMT2. (A) A schematic drawing of hREHMT2 with the CRR colored blue, the ankyrin repeats yellow, the SET domain red,
and the pre-SET and post-SET regions orange. (B) Alignment of the CRR and adjacent sequences from hEHMT2 (UniProt Q96KQ7) and hEHMT1 (UniProt Q9H9B1).
Residues that are identical in both proteins are colored blue, and all cysteine and histidine residues are highlighted in black. Secondary structure that is observed in
hEHMT2(419-552) is diagramed above the sequences. The dashed line represents additional residues that were present in the hREHMT2(380-552) construct and were
found to be disordered. Letters a, b, ¢, and d below the sequences denote residues that coordinate Zn(a), Zn(b), Zn(c) and Zn(d), respectively.
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Table 1
X-ray crystallography data collection and refinement statistics.

Data set Set #1 Set #2
Data collection
Beamline APS 19-BM SSRL 12-2
Wavelength (A) 0.98 1.28
Temperature (K) 100 100
Detector ADSC Quantum q201r Pilatus 6M
Rotation range per image (°) 0.5 0.2
Total rotation range (°) 360 360
Exposure time per image (s) 4.0 0.3
Transmission (%) 100 20
Resolution range (A)* 25.00-1.90 (1.93-1.90)  25.00-2.40 (2.49-2.40)
Space group P1 P1
Unit cell dimensions

a, b, c(A) 48.0, 54.4, 59.3 48.1, 54.3, 59.7

a, B,y (°) 91.7, 100.9, 96.9 91.5, 101.0, 96.8
Unique reflections* 43,911 (4011) 20,534 (1900)
Redundancy* 2.2 (1.9) 7.2 (6.1)
Completeness (%)* 95.4 (89.9) 88.6 (89.2)
Mean /o (I)* 7.6 (1.6) 19.5 (7.5)
Wilson B-factor 16.7 327
Rsymf'* 0.12 (0.73) 0.11 (0.36)
CCI/ZT’* 1.0 (0.90) 1.0 (0.95)
Refinement
Ruorkc ™ 0.1774 (0.3049)
Rfree"* 0.2173 (0.3373)
Number of total atoms

protein 4093

Zn ions 16

solvent 579
Total protein residues 550
RMS deviations

Bonds lengths A 0.005

Bond angles (°) 0.83
Ramachandran favored (%) 99
Ramachandran outlier (%) 0
Average B-factor

Macromolecules 29.51

Zn ions 18.95

Solvent 37.90
Clashscore'! 5.23

* Data for the highest resolution shell are given in brackets. ' Reym=hit 3i |
Li(hkD — (I(hkD)|/ Y i Li(hkD), where Ii(hkD) is the ith observation of the
intensity of the reflection hkl. * Correlation coefficients: CC = =; ((x; — (x))(y; —
YN/ (i (x5 — ())*(yi — (YN, where x; and y; are the ith of n observations of
quantities whose mean values are (x) and (y); for CCy /o, X;, and y; correspond to
intensity measurements derived from each of two randomly selected half-data
sets from the set of unmerged data. ° Ryork=> "t ||Fobs|—|Featel |/ Shkt |Fobsl>
where F,s and Fq are the observed and calculated structure-factor amplitudes
for each reflection hkl. R was calculated with 5% of the diffraction data that
were selected randomly and excluded from refinement. ' Calculated using
MolProbity (Chen et al., 2010).

(or an HXXC motif encompassing the 31¢ helical turn in the CRR). The
second zinc-binding site is formed by a CXH motif that precedes p2 in
hRING1b (or a CX7H motif that precedes p4 in the CRR) and a CXXC
motif in loop L2 (Fig. 4).

Zn(b)-binding motif (“zinc claw”)

The RING domain in the CRR is preceded by a zinc-binding fold that
we refer to as the Zn(b)-binding motif, or the zinc claw. This motif
consists of a short a-helix (al), a p-hairpin formed by -strands 1 and
f2, an extended loop, and another a-helix (a2) that is shared with the
RING domain (Figs. 1B and 2). Zn(b) is coordinated by C446 and C459,
which are located in the linkers connecting the 1-p2 hairpin to the rest
of the CRR, and C481 and H484 at the N-terminal end of a2 (Figs. 1B, 2
and 3C). The p-hairpin and the extended loop act like two claws that grip
the top of the RING domain (Fig. 2B).
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Fig. 2. The structure of the CRR. (A) Superimposed cartoon models of the four
hEHMT2(419-552) molecules (chains A-D) in the asymmetric unit. The models
are colored using a rainbow spectrum, i.e. the color changes smoothly from blue
at the N-terminus through green and yellow to red at the C-terminus. The zinc
atoms are shown as grey spheres. Both the zinc atoms and the elements of
secondary structure are labeled as in Fig. 1. (B) Organization of the CRR. In a
cartoon model of the CRR, the N-terminal segment is colored cyan, the Zn(b)-
binding motif (including «2, which is shared with the RING domain)
magenta, and the RING domain orange. The RING domain interacts extensively
with the Zn(b)-binding motif and the N-terminal segment.

Zinc-binding motifs with similar folds are also part of other protein
structures, for example the zinc-binding domain in subunit 2 of the
general transcription factor IIH (TFIIH) (PDB ID 50BZ chain B, F384-
D504) (Radu et al., 2017) (not shown), endonucleases from the HNH
family (Biertiimpfel et al., 2007) (Supplementary Fig. S3A-D), and plant
homeodomain (PHD)-like domains (PDB ID 5Z28, 5YUG, and 5YUH),
which are found in the VP1/ABI3-LIKE (VAL) family of plant tran-
scription factors (Suzuki et al., 2007) (Supplementary Fig. S3E-H). In the
PHD-like domains, the zinc-binding motif and a PHD domain form a
compact structure that resembles the structure formed by the Zn(b)-
binding motif and the RING domain in the CRR (Supplementary Infor-
mation and Supplementary Fig. S3E-H).

The N-terminal segment (“zinc strap”)

The sequence N-terminal of ol runs along the concave side of the
CRR and is mostly in an extended conformation (Fig. 2). It interacts with
the B5-p6 hairpin and the L2 loop in the RING domain, the C-terminal
end of a2, and the extended loop in the Zn(b)-binding motif. Its inter-
action with the RING domain is stabilized by Zn(a), which is coordinated
by C426 and C428 from the N-terminal segment, H491, which is posi-
tioned between a2 and loop L1 in the RING domain, and H535 in loop L2
of the RING domain (Figs. 1B, 2 and 3A).

Conservation of the CRR sequence

The degree to which an amino acid position is evolutionarily
conserved among related proteins strongly depends on its structural and
functional importance. Amino acids in positions that are important for
structure or function, e.g. for interaction with other molecules, are
typically more conserved than others. We therefore evaluated the degree
of evolutionary conservation in the CRR using the ConSurf server
(Ashkenazy et al., 2016) and analyzed the conservation in the context of
the CRR structure.

The CRR is unique to vertebrate EHMT1 and EHMT2 proteins and
their single ortholog in invertebrates. The cysteine and histidine resi-
dues that coordinate the four zinc atoms are strictly conserved in EHMT
proteins in all species (Fig. 5 and Supplementary Fig. S4), and the zinc-
binding pattern and overall structure of the CRR are therefore also likely
to be conserved. However, there are few other amino acid positions in
the CRR that are invariant across all EHMT proteins.
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Fig. 3. Close-up view of the four zinc-binding sites in the CRR. (A) Zn(a) is coordinated by C426, C428, H491, and H535 (upper part), and Zn(d) is coordinated by
C509, H517, C533, and C536 (lower part). The zinc atoms are depicted as grey spheres. The protein backbone is shown as sticks and is colored as in Fig. 2B, i.e. the N-
terminal segment is cyan, the Zn(b)-binding motif magenta, and the RING domain orange. Side chains are displayed only for the zinc-coordinating residues and are
colored grey. (B) A 2mFo-DFc map contoured at 1.0 ¢ (grey mesh) for Zn(a) and Zn(d) atoms and the residues that coordinate them. The view is the same as in panel
A. The zinc atoms and the zinc-coordinating residues are colored as in Fig. 2B. (C) Zn(b) is coordinated by C446, C459, C481, and H484. (D) Zn(c) is coordinated by
C494, C497, H520, and C523. The coloring scheme in panels C and D is the same as in panel A.
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Fig. 4. Similarity between the C-terminal portion of the CRR and RING domains. (A) Structure-based alignment of sequences from the CRR and the RING domain
from hRING1b (PDB ID 4S30 chain B) (Taherbhoy et al., 2015). Residues identified by the Dali server (Holm, 2019) as structurally equivalent are shown in upper
case. Residues that are identical in both proteins are highlighted with black fill, and cysteine and histidine residues that coordinate zinc are denoted with colored
circles. Elements of secondary structure are diagramed next to each protein sequence and labeled; loops L1 and L2 are also labeled and are marked with blue
rectangles. (B-D) Cartoon models of the CRR (B), the RING domain from hRING1b (C), and the two models superimposed (D). The orientation of the models in the
side-by-side view (B and C) is the same as in the overlay (D). The regions that have similar structures (C481-R550 in the CRR and P42-L109 in hRING1b) are colored
orange, and elements of secondary structure within these regions are labeled. The rest of each cartoon model is colored grey. In the overlay (D), the RING domain
from hRINGI1D is colored light orange to make it distinguishable from the CRR.

In vertebrate EHMT2 proteins, the residues in the core of the CRR Discussion

structure, in particular those in 3, p4 and loops L1 and L2 in the RING

domain, are highly conserved (Fig. 5 and Supplementary Fig. S4). These
residues are likely to be important for structural integrity. In addition,
residues at or near the concave surface are also conserved. This includes
residues in the N-terminal segment and the portions of a2 and the
extended loop in the Zn(b)-binding motif that interact with it. The
convex surface is less conserved, and the residues in ol and the linker
connecting the B1-p2 hairpin with the extended loop in the Zn(b)-
binding motif (at the top of the CRR structure in Fig. 5) are the most
variable. Some of these trends are also observable in vertebrate EHMT1-
like proteins and, to a lesser extent, in invertebrate EHMT proteins;
however, especially in the latter, the CRR is highly divergent (Supple-
mentary Fig. S4).

The RING domain in the CRR and ubiquitin ligase activity

Most RING domains function as protein ubiquitin ligases (E3),
catalyzing transfer of ubiquitin from a ubiquitin-conjugating enzyme
(E2) to a lysine side chain in a target protein (Buetow and Huang, 2016;
Deshaies and Joazeiro, 2009). To facilitate the transfer, the RING
domain binds to the ubiquitin~E2 conjugate (in which the ubiquitin is
attached to a cysteine residue in the active site of the E2 via a thioester
bond) and stabilizes the conjugate in a reactive conformation (Buetow
and Huang, 2016; Dou et al., 2012b; Plechanovova et al., 2012; Pruneda
et al.,, 2012; Zheng and Shabek, 2017). The E2 enzyme interacts with
loops L1 and L2 and the a-helix in the RING domain (Budhidarmo et al.,
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Fig. 5. Conservation of the CRR. Cartoon (A) and contact surface (B) models of the CRR are colored according to conservation (Ashkenazy et al., 2016) in vertebrate
EHMT?2 proteins. The color changes from magenta in the most conserved positions to cyan in the most variable positions. The two views in each panel are related by a

180° rotation around the vertical axis.

2012; Deshaies and Joazeiro, 2009), as shown in Fig. 6A for a complex
containing the RING domain from hRING1b and the UbcH5c E2 enzyme.
In the CRR, however, loops L1 and L2 interact with the extended loop in
the Zn(b)-binding motif and with the N-terminal segment and are
therefore not accessible (Figs. 2B, 4B and 6B).

Some RING domain E3 ubiquitin ligases adopt autoinhibited con-
formations, in which the E2 binding site is sequestered by interactions
with other parts of the protein until a stimulus triggers structural rear-
rangement (Buetow and Huang, 2016; Dickson et al., 2018; Dou et al.,
2012a; Dueber et al., 2011; Fiorentini et al., 2020). The structure of the
CRR that we obtained may therefore correspond to such an auto-
inhibited state. However, it should be noted that in order for loops L1
and L2 to become exposed, some of the coordination bonds involving Zn
(a), which is positioned at the interface between the loops and the N-
terminal segment, would need to break (Figs. 2B and 3A).

In addition to being partially sequestered, the RING domain in the
CRR lacks several features that are found in many RING domain ubig-
uitin ligases. In particular, RING domain ubiquitin ligases typically
contain a long aliphatic residue (isoleucine, leucine or valine) in the
position that immediately precedes the second zinc-coordinating residue
in loop L1; this residue forms hydrophobic contacts with a conserved
proline in E2 (Deshaies and Joazeiro, 2009). However, the CRR contains
a glycine (G496) in this position. RING domain ubiquitin ligases also
frequently contain an arginine in the position that follows the last zinc-
coordinating residue; this arginine serves as a “linchpin”, interacting
with both the E2 and ubiquitin moieties of the E2~ubiquitin conjugate
(Pruneda et al., 2012). The CRR contains a glycine (G537) in this posi-
tion (Fig. 4A). Overall, our observations suggest that the RING domain in
the CRR is unlikely to function as a ubiquitin ligase.

RING domain heterodimerization

Many RING domains form homo- or heterodimers. The RING domain
from hRING1b, for example, heterodimerizes with the RING domains
from Polycomb group RING finger proteins (PCGF) 1-6 (Buchwald et al.,
2006; Li et al., 2006; Taherbhoy et al., 2015). The PCGF RING domains

do not directly interact with an E2 enzyme but are required for full E3
ligase activity of hRING1b (Buchwald et al., 2006). The organization of
the complex between the RING1b:PCGF5 heterodimer and the UbcH5c
E2 enzyme (Taherbhoy et al., 2015) is illustrated in Fig. 6A. Dimeriza-
tion between the RING domains is mediated by the core f-sheet and the
structural elements flanking the core (a-helices labeled aN and aC in
hRING1b) (Budhidarmo et al., 2012), which are on the opposite side of
the RING domain than loops L1 and L2 (Fig. 6A). In the CRR, the core
B-sheet and the sequences flanking the RING domain core (a2 and the C-
terminal end) are exposed and hence available for potential interactions
(Fig. 6B). EHMT1 and EHMT2 were previously detected in complexes
that contained several other RING domain proteins including RINGla
(also known as RING1), RING1b, PCGF6, and the tripartite motif-
containing protein 28 (TRIM28; also known as KRAB-associated pro-
tein 1, KAP1, and transcription intermediary factor 1f, TIF1p) (Ogawa
etal., 2002; Rowbotham et al., 2011); however, it is currently not known
whether the EHMT proteins directly interact with these or any other
RING domain proteins.

The role of the CRR in chromatin regulation

Experimental evidence available so far suggests that the CRR medi-
ates interactions with several other proteins, namely cyclin D1, NRSF/
REST, the Mediator complex, and ZNF200, and that these interactions
result in recruitment of EHMT proteins to specific chromatin loci (Li
et al., 2019; Roopra et al., 2004; Ding et al., 2008; Nishida et al., 2007).
The CRR therefore most likely functions as a novel protein-binding
domain. Little information is currently available about how the CRR
interacts with its binding partners, but the concave surface on the CRR
is, because of its evolutionary conservation, the most likely candidate for
a binding site (Fig. 5).

RING domains whose function is unrelated to ubiquitination are
uncommon (Deshaies and Joazeiro, 2009), and we are not aware of any
RING domains that serve as a building block in a larger protein-binding
fold. We believe that the CRR is unique in this respect.

The structures of the ankyrin repeats and the SET domain had been
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Fig. 6. RING domain interactions. (A) A cartoon model of the RING domain from hRING1b (yellow) bound to the RING domain from human PCGF5 (green) and the
UbcH5c ubiquitin-conjugating enzyme (cyan) (PDB ID 4S30) (Taherbhoy et al., 2015). Residues N-terminal of L36 in hRING1b, which wrap around PCGF5 in an
extended conformation, are omitted for clarity. (B) Comparison with the CRR. The RING domain from hRING1b (yellow) bound to UbcH5c (cyan) is displayed and
oriented as in panel A, and the CRR (orange) is shown superimposed on hRING1b for comparison. Elements of secondary structure in hRING1b (panel A) and the CRR
(panel B) are labeled. The L1 and L2 loops, which form the E2-binding site in RING E3 ligases, are partially occluded in the CRR (right side of the CRR in panel B). The
surface that is used by RING domains for dimerization (left side of the CRR in panel B; compare with the dimerization interface in panel A) is accessible.

determined previously (Collins et al., 2008; Wu et al., 2010), and the
CRR thus remained the only part of the EHMT proteins that was ex-
pected to be ordered but whose structure was not available (Fig. 7). The
structure that we present here now fills this gap. We expect that our
structure will provide a molecular framework for future studies of the
function and interactions of this portion of the EHMT proteins.

Materials and methods

Cloning, expression and purification of hREHMT2(419-552) and hEHMT2
(380-552)

hEHMT2(419-552) was expressed as a fusion protein with an N-
terminal glutathione transferase (GST) tag followed by a tobacco etch
virus (TEV) protease cleavage site. To generate the vector for expres-
sion of the fusion protein, the DNA sequence coding for residues
419-552 of hEHMT?2 was amplified by polymerase chain reaction (PCR)
from the Mammalian Gene Collection (MGC) hEHMT2 cDNA (Genbank
BC018718; Open Biosystems/Dharmacon) and cloned into the pDEST
15 vector using Gateway Recombination Technology (Life Technolo-
gies). The TEV site was introduced by primers during the PCR. To
improve the yield of soluble protein, expression was carried out in
Escherichia coli BL21 ArcticExpress (DE3) RIL cells (Agilent Technolo-
gies) at 12 °C. The fusion protein was isolated from cell lysates by af-
finity chromatography on a glutathione-agarose resin. The hEHMT2
(419-552) moiety was then released by on-resin cleavage with a TEV
protease and was further purified by anion exchange chromatography
on a HiTrap Q HP column (GE Healthcare Life Sciences) and by size-
exclusion chromatography (SEC) on Superdex 75 resin (GE Health-
care Life Sciences). To prepare samples for crystallization, the SEC step
was performed in HEPES buffer (25 mM HEPES, pH 7.5, 100 mM NacCl,
5% w/v glycerol, 0.025% w/v NaNs, 1 mM TCEP, and 10 pM ZnSOy);
when preparing samples for NMR spectroscopy experiments, SEC was
performed in phosphate buffer (20 mM potassium phosphate, pH
7.0-7.2, 50 mM KCl, and 2 mM p-mercaptoethanol). hEHMT2
(380-552) was cloned, expressed and purified in a similar manner.
After cleavage with TEV protease, the sequences of hREHMT2(380-552)
and hEHMT2(419-552) were GSgGPSE...PRGD and gsGFEE...PRGD,
respectively, with residues that differ from hEHMT2 sequence (UniProt
Q96KQ7) shown in lower case. Protein concentration was calculated
from absorbance at 280 nm (Pace et al., 1995).

Zinc content analysis

Total zinc concentration in a sample of hEHMT2(380-552) and in a
buffer control was determined using PerkinElmer ELAN DRC-e induc-
tively coupled plasma mass spectrometry (ICP-MS) instrument accord-
ing to EPA method 200.8. The analysis was performed by the
Environmental Biogeochemistry Laboratory at the University of
Montana.

NMR spectroscopy

Samples for NMR spectroscopy typically contained ~ 0.3 mM °N- or
13C. and !>N-labeled proteins in phosphate buffer supplemented with
10% 2H20. The experiments acquired for hEHMT2(380-552) included
2D 'H-1°N HSQC, 2D 'H-'>N NOE, and 3D HNCACB, C(CO)NH, HNCO
and HN(CA)CO. In addition, a 2D 158 HSQC spectrum was also ac-
quired for hEHMT2(419-552). All data were collected at 25 °C on a
Varian 600 MHz NMR System equipped with a triple-resonance probe
and were processed and analyzed with Felix 2004 (Felix NMR Inc.).
Chemical shift assignments for the flexible region in hREHMT2(380-522)
were established using standard procedures.

SEC-MALS

Molar mass of hEHMT2(419-552) in solution was determined by
SEC-MALS using a miniDAWN TREOS II MALS detector and an Optilab
T-rEX refractometer (Wyatt Technology) connected to a Superdex 75
10/300 column (GE Healthcare Life Sciences). The experiment was
performed at room temperature in HEPES buffer without glycerol. The
protein was loaded on the column in a volume of 500 pL and at a con-
centration of 5 mg/mL. The data were analyzed with ASTRA 7.1 soft-
ware (Wyatt Technology).

Crystallization of hEHMT2(419-552) and structure determination

Crystals were grown in sitting drops that were prepared by mixing 1
pL of 18 mg/mL hEHMT2(419-552) in HEPES buffer with 1 pL of
reservoir solution (0.1 M HEPES, pH 8.0, 0.2 M potassium sodium
tartrate, and 18% PEG 3350) and equilibrated in a sealed well over the
reservoir solution at 20 °C. The crystals were harvested in a cryopro-
tectant consisting of 30% w/v glycerol and 10 pM ZnSOy in the reservoir
solution and flash-cooled in liquid nitrogen. A 1.9 A resolution data set
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Fig. 7. Structured domains in EHMT proteins. Structures of (A) the CRR (cyan), (B) the ankyrin repeats (yellow; PDB ID 3B95 and 6BY9) (Collins et al., 2008; Dong
et al., 2018), and (C) the SET domain with the pre-SET and post-SET regions (orange; PDB ID 3HNA and 5JIN) (Jayaram et al., 2016; Wu et al., 2010). The ankyrin
repeats bind to sequences that contain mono- or dimethylated lysine (green sticks; side chain shown only for the dimethyllysine residue). The SET domain catalyzes
transfer of a methyl group from S-adenosyl-L-methionine (SAM; blue) to the lysine e-amino group in a substrate peptide (green). (D and E) Predicted disorder (Erdos
and Dosztanyi, 2020) in hREHMT1 (D) and hEHMT2 (E). The CRR, the ankyrin repeats, and the SET domain with the pre-SET and post-SET regions are colored cyan,
yellow and orange respectively as in panels A-C. The rest of each protein is colored grey and is predicted to be mostly disordered (disorder score > 0.5).

(Set #1) was collected at the Advanced Photon Source (APS) SBC-CAT
19-BM beamline (Argonne, IL), and a 2.4 A resolution data set (Set
#2) with a wavelength of 1.2827 A, which corresponds to the peak of the
Zn absorption edge, was collected at the Stanford Synchrotron Radiation
Lightsource SSRL-SMB 12-2 beamline (Melon Park, CA) (Table 1). The
diffraction images were indexed, integrated, and scaled with HKL-2000
(Otwinowski and Minor, 1997).

The structure of hEHMT2(419-552) was determined using SAD
arising from the protein-bound Zn atoms. The positions of the Zn atoms
were identified with the HYSS program; initial phases were calculated
with SOLVE/RESOLVE (Terwilliger, 2003) and further improved by
density modification in the AutoSol program in the PHENIX software
suite (Adams et al., 2010). The resulting electron density map was
readily interpretable, and approximately 75% of residues in each protein
molecule were built and refined automatically. The higher resolution
data set (Set #1) was then used for iterative model rebuilding with
COOT (Emsley et al., 2010) followed by refinement of atomic positions
and isotropic B-factor parameters in PHENIX. Water molecules were

added progressively, and in later stages of refinement, TLS parameters
were employed. The data collection and refinement statistics are listed
in Table 1. Figures depicting the protein structures were prepared with
the PyMOL Molecular Graphics System version 1.7.6.5 (Schrodinger,
LLQ). The final atomic coordinates and structure amplitudes have been
deposited in the Protein Data Bank (PDB ID: 6MM1).
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