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ABSTRACT: In eukaryotes, different chromatin states facilitate or repress gene N C
expression and restrict the activity of transposable elements. Post-translational . .. / P ' SUVR4
: g : g " 3 q 3 quitin S8 wivip
modifications (PTMs) of amino acid residues on the N-terminal tails of histones are LV‘ &L T domain
suggested to define such states. The histone lysine methyltransferase (HKMTase) v
SU(VAR)3-9 RELATED4 (SUVR4) of Arabidopsis thaliana functions as a repressor of
transposon activity. Binding of ubiquitin by the WIYLD domain facilitates the addition of
two methyl groups to monomethylated lysine 9 of histone H3. By using nuclear magnetic resonance (NMR) spectroscopy, we
identified SUVR4 WIYLD (S4WIYLD) as a domain with a four-helix bundle structure, in contrast to three-helix bundles of other
ubiquitin binding domains. NMR titration analyses showed that residues of helix a1 (Q38, L39, and D40) and helix a4 (N68,
T70, A71, V73, D74, 176, S78, and E82) of S4WIYLD and residues between the first and second f-strands (T9 and G10) and on
P-strands 3 (R42, G47, K48, and Q49) and 4 (H68, R72, and L73) undergo significant chemical shift changes when the two
proteins interact. A model of the complex, generated using HADDOCK, suggests that the N-terminal and C-terminal parts of
S4WIYLD constitute a surface that interacts with charged residues close to the hydrophobic patch of ubiquitin. The WIYLD
domains of the closely related SUVR1 and SUVR2 Arabidopsis proteins also bind ubiquitin, indicating that this is a general
feature of this domain. The question of whether SUVR proteins act as both readers of monoubiquitinated H2B and writers of
histone PTMs is discussed.

! I ' ranscription of eukaryotic genes is dependent on not only modify (their substrate specificity) and the number of methyl
transcription factors and RNA polymerase but also the groups they add (their product specificity).

state of the chromatin. The basic unit of chromatin is the To elucidate how post-translational modifications (PTMs)
nucleosome where the DNA double helix is wound twice are established and function in the epigenetic shaping of
around an octamer of histone proteins with two copies each of chromatin states, it is crucial to understand the substrate and
histones H2A, H2B, H3, and H4. Amino acid (aa) residues on product specificities of HKMTases at an atomic level, their
the N-terminal histone tails, which protrude from the crosstalk with other PTMs, and their targeting mechanisms. In
nucleosomes, can be modified in a number of ways, including animals, proteins similar to SU(VAR)3-9 confer trimethylation
acetylation, phosphorylation, ubiquitination, and methylation. of histone H3 lysine 9 (H3K9me3) and are involved in
Different combinations of such modifications are found in the heterochromatinization and suppression of the activity of
loosely structured gene-rich euchromatin compared to the transposable elements (TEs)."® In Arabidopsis, heterochroma-
tightly packed gene-poor but repeat-rich heterochromatin."? Of tin is associated with H3K9mel/me2 and is controlled by
particular interest are mono-, di-, and trimethylation of different SU(VAR)3-9 HOMOLOG (SUVH) proteins.7_9

lysine residues that contribute to heterochromatinization and to In addition to 10 SUVH genes, Arabidopsis has five
open or compact states that either facilitate or repress SU(VAR)3-9 RELATED (SUVRI-SUVRS) genes.4 SUVR
transcriptional activity in euchromatin. Aside from DOTI proteins differ from SUVH proteins in their domain structure,
that modifies histone H3 lysine 79 (K79),®> histone lysine and SUVRI, SUVR2, and SUVR4 contain the plant-specific
methyltransferases (HKMTases) are enzymes with a catalytic WIYLD domain of ~60 aa, named after its most conserved
SET domain. The genome of the model plant Arabidopsis residues.'® This domain was recently shown to interact with
thaliana encodes nearly 40 different SET domain proteins that

can be assigned to evolutionarily conserved classes found in Received: October 22, 2013

both animals and plants.*> These proteins serve different Revised: ~ March 13, 2014

functions depending on the position of the lysine residue they Published: March 13, 2014
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Figure 1. WIYLD domains bind ubiquitin. (A) Multiple-sequence alignment of plant WIYLD domains and three-helix bundle ubiquitin binding
domains from yeast, human (Hs), rat, and fish (Fugu) with conserved amino acids. Numbering refers to residues 21—83 of S4WIYLD. Highly
conserved residues are highlighted in black and gray. The secondary structure is shown for WIYLD above and for the other UBDs below the
alignment. Mutated amino acids are colored red. The positions of two short conserved motifs found in many UBDs are indicated by red lines.
Abbreviations: Mt, Medicago truncatula; Gm, Glycine max; Zm, Zea mais; S, Solanum lycopersicum; Os, Oryza sativa indica; Vv, Vitis vinifera. (B) The
domains of the Arabidopsis SUVR1, SUVR2, and SUVR4 proteins include the conserved SET domain with pre-SET and post-SET motifs and a
conserved WIYLD domain at the N-terminus. Nuclear localization signals (NLSs) have been identified in SUVRI and SUVR4. (C) Yeast two-hybrid
interaction test between WIYLD domains from SUVRI1, SUVR2, and SUVR4 (SIWIYLD, S2WIYLD, and S4WIYLD, respectively) and full-length
UBQJ, as well as the N-terminal ubiquitin (Ub) and C-terminal ribosomal L40 moieties of UBQl. —L/—T, medium selective for diploid colonies.
—L/=T/—H +3 AT and TDO, medium selective for protein—protein interactions. AD, control mating with an empty prey vector. BD, control
mating with an empty bait vector. (D) Titrated amounts of GST-tagged WIYLD domains were added to ubiquitin coated in ELISA wells. GST alone
was included as a negative control. Bound GST and GST—WIYLD fusion proteins were detected using an HRP-conjugated anti-GST antibody. The
data are presented on a logarithmic scale. The results are representative of three independent experiments (N = 3). (E) Quantification of the ELISA
results for STIWIYLD and S2WIYLD relative to S4WIYLD, which was set to 1.

both free ubiquitin and monoubiquitinated histone H2B chromatin state 1 (CS1) in Arabidopsis, representative of
(H2Bubl) in vitro."" Interestingly, the presence of free transcribed genes. The latter three marks are also associated
ubiquitin enhanced the enzymatic HKMTase activity of with actively transcribed genes in animals.'”'®> The establish-
SUVR4 in a WIYLD-dependent manner and shifted the ment of combinations of histone marks designating specific
SUVR4 product specificity from di- to trimethylation in vitro. chromatin states requires crosstalk between the histone tail-
In vivo, SUVR4 was shown to direct H3K9me3 to transposable modifying enzymes. Ubiquitin is a small protein of 76 aa, but
elements marked with H3K9mel and to suppress their large compared to other histone PTMs, and no reader of
activity."! H2Bubl has been identified to date.'”'* Ubiquitin has a

SUVR4 is the first HKMTase identified in plants conferring diversity of functions; for instance, proteins covalently
H3K9me3 activity.'' Aside from transposons, H3K9me3 is connected to chains of ubiquitin linked via lysine 48 (Lys48)
prevalent in euchromatin in Arabidopsis.” Together with can be targeted for proteasomal degradation, while proteins

H3K4me3, H3K36me3, and H2Bubl, this PTM constitutes with Lys63-linked chains are involved in cell signaling, and
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monoubiquitinated proteins may be involved in regulation of
chromatin remodeling and transcription.'> Both free ubiquitin
and ubiquitinated proteins can be recognized by ubiquitin
binding domains (UBDs) found in a number of proteins.16_19
In general, ubiquitination facilitates conformational changes
and creates modified surfaces that can be recognized and
promote noncovalent protein—protein interactions with
UBDs."” A hydrophobic patch formed by the p-sheet of
ubiquitin is usually involved in such interactions, while it is the
C-terminus of ubiquitin that is linked to other proteins in
ubiquitin conjugates.”'®***" UBDs that recognize conjugated
ubiquitin normally interact with the C-terminus."®

To improve our understanding of how ubiquitin and
H2Bubl influence SUVR4 function, we have determined the
three-dimensional (3D) structure of the SUVR4 WIYLD
(S4WIYLD) domain by using NMR spectroscopy. We present
a model for the S4WIYLD—ubiquitin interaction based on the
solution structure, mutational analysis, and chemical shift
perturbations (CSPs) upon binding.

B EXPERIMENTAL PROCEDURES

Yeast Two-Hybrid Experiments. Yeast two-hybrid (Y2H)
interaction studies were performed as described in ref 11. The
gene fragments encoding SUVR1, SUVR2, and SUVR4 WIYLD
domains (SIWIYLD, S2WIYLD, and S4WIYLD, respectively)
in pDONR/Zeo were recombined into pGBKT7-GW,*> while
UBIQUITIN EXTENSION PROTEINI (UBQI), ubiquitin,
and L40 sequences were recombined into pGADT7 (Clontech)
using Gateway technology. Direct interactions were tested by
mating pGADT7-UBQ1, pGADT7-ubiquitin, and pGADT7-
L40 with pGBKT7-SIWIYLD and pGBKT7-S2WIYLD using
pGBKT7-S4WIYLD and the empty pGBKT?7 vector as positive
and negative controls. Diploid colonies were selected on SD
—L/-T and then streaked out on SD —L/-T/—H +3 AT
medium selective for protein—protein interactions.

Generation of Constructs for Expression of Recombi-
nant Proteins. S4WIYLD with mutations in the codons for aa
32, 37, 61, and 74 was generated with the QuikChange II Site-
Directed Mutagenesis Kit (Stratagene).11 To create glutathione
S-transferase (GST) fusion proteins for an enzyme-linked
immunosorbent assay (ELISA), wild-type and mutant
S4WIYLD cDNA fragments were recombined into pGEX-AB-
GW."° Ubiquitin cDNA was recombined into pHMGWA™ to
generate maltose binding protein (MBP)-tagged ubiquitin. The
protein used for structural analysis of S4WIYLD contained an
N-terminal His tag followed by an enzyme cleavage site to
make it suitable for expression and purification. The numbering
of aa residues in the S4WIYLD domain refers to their position
in the full-length SUVR4 protein (Figure 1A).

Circular Dichroism (CD). CD spectra were recorded using
a Jasco J-810 spectropolarimeter (Jasco International Co.). All
measurements were taken using a quartz cuvette (Starna) with
a 0.1 cm path length. Samples were scanned five times at a rate
of 50 nm/min with a bandwidth of 0.5 nm and a response time
of 2 s over the wavelength range of 190—260 nm. The data
were averaged, and the spectrum of a sample-free control was
subtracted. The a-helical content of the peptides was
determined by application of the spectral fitting methods
CONTIN/LL,** CDSSTR,* and SELCON3,?® in the CDpro
package,”” and the single-point method using the mean residual
ellipticity at 222 nm ([0],,,) and the equation

fy = 100% X [0],/[—40000(1 — 2.5n)] (1)

2093

where fy; is the a-helical content in percent and n the number
of residues.”® Two or more repetitions of each measurement
were done.

Enzyme-Linked Immunosorbent Assay (ELISA). Wells
were coated with 100 yL of MBP-ubiquitin in 1X PBS (10 ug/
mL) overnight at 4 °C and then blocked with 4% skim milk
(skm; Acumedia) for 1 h at room temperature. The wells were
then washed four times with a PBS/0.005% Tween 20 mixture
(PBS/T) (pH 7.4) before 100 uL of titrated amounts of GST-
fused SUVR proteins was added to the wells (50.0—0.3 ug/mL)
in PBS/T. GST alone was used as a negative control. After
incubation for 2 h at room temperature, wells were washed as
described above. Bound SUVR proteins were detected by
adding 100 pL of an HRP-conjugated polyclonal anti-GST
antibody from goat (1:5000; GE Healthcare), diluted in a 4%
skm/PBS/T mixture and incubated for 1 h at room
temperature. Following the washes described above, 100 uL
of the substrate TMB (Calbiochem) was added to each well
and incubated for 45—60 min before 100 uL of 0.25 M HCI
was added. The absorbance was measured at 450 nm using a
Sunrise TECAN spectrophotometer (TECAN, Maennedorf,
Switzerland). Binding of titrated amounts (12.5—0.03 yg/mL)
of a His-tagged variant of S4WIYLD protein was measured
essentially as described above except that binding was detected
using an HRP-conjugated anti-His antibody (Serotec).

NMR Sample Preparation. *C- and '*N-labeled
S4WIYLD protein was expressed in Escherichia coli BL21-Star
DE3 cells and purified to at least 90% purity, estimated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis,
and prepared for NMR essentially as previously described.”
The cells were grown to an ODgy, of 0.7 in unlabeled rich LB
medium at 37 °C, harvested by centrifugation, washed, and
finally transferred into '*N- and "C-labeled M9 defined
medium [using [*N]NH,Cl and ["*Clglucose (Sigma)].
Cells from 1 L of LB medium were transferred into 500 mL
of M9 medium and incubated for 1 h to adapt the cells to the
new medium and deplete the unlabeled metabolites. Protein
expression was then induced by addition of 1 mM IPTG. After
overnight incubation, the cells were harvested by centrifugation,
resuspended in Tris buffer (lysis buffer) [SO mM Tris-HCI (pH
7.5), 400 mM NaCl, 100 mM KCl, 1 mM DTT, 1 mM EDTA,
0.5% Triton X-100, 20 mM imidazole, and protease inhibitor],
and lysed using Ex-press. After centrifugation (14000 rpm), the
supernatant containing recombinant protein was filtered
through 0.45 um filters and prepared for affinity purification.
His-S4WIYLD fusion protein was affinity-purified by Ni-NTA
affinity chromatography using a HisTrap FF S mL (GE
Healthcare) column in the AKTA purifier essentially as
described in ref 11, yielding ~2—5 mg (GST-tagged proteins)
and ~8—10 mg (His- and MBP-tagged proteins) per liter of
bacterial culture. The proteins were concentrated to 10.4 mg/
mL using Amicon 10000 NMWL centrifugal concentrators.
NMR experiments were performed with samples containing
0.6—0.8 mM S4WIYLD in 20 mM sodium phosphate (pH 6.5),
50 mM NaCl, 1 mM DTT, and 0.2 mM DSS in a 95:5 H,O/
D,O mixture. Labeled and nonlabeled ubiquitin was purchased
from ASLA biotech.

NMR Spectroscopy. The following NMR experiments
were performed to assign the backbone chemical shifts and
determine structural restraints: N HSQC, '*C HSQC, “N
NOESY-HSQC, *C NOESY-HSQC, HNHA, HNCA, CBCA-
coNH, CBCANH, HNCO, HNcaCO, HNcoCA, (H)-
CCcoNH, HcccoNH, HBHAcoNH, HBHANH, and HCCH-

dx.doi.org/10.1021/bi401436h | Biochemistry 2014, 53, 20912100
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Figure 2. ""N HSQC spectrum of S4WIYLD obtained by NMR spectroscopy: (top) assignment of the full spectrum and (bottom) expansion of the
central region. Assignment labels are with regard to the full sequence, including the N-terminal tag of 20 amino acids.

TOCSY.***' 'H-'N NOESY with a mixing time of 3 s was
performed to investigate the relaxation properties of the
protein.*” All experiments were conducted on a 600 MHz
Bruker Avance II spectrometer with four channels and a S mm
TCI cryo probe at 25 °C. 'H—""N HSQC experiments were
also conducted at 10, 15, 20, 25, and 30 °C.

Data were processed using Topspin version 2.1 (Bruker
Biospin). DSS was used as a chemical shift standard, and *C
and "N data were referenced using frequency ratios as
described previously.>® For visualization and assignment,
CARA* was used.

The "*N and *C NOESY-HSQC spectra were manually peak
picked using SPARKY.>®> NOESY upper distance constraints
were generated by the CANDID routine in CYANA version
3.0.%° Torsion angle constraints were determined from the
chemical shifts by the application of TALOS+;*” 100 structures
were calculated using CYANA version 3.0, and the 20

structures with the lowest energy were kept in the structural
ensemble. The structures have been deposited in the Protein
Data Bank (PDB) as entry 2Ixe and the NMR data in the
Biomagnetic Resonance Bank (BMRB) as entry 18672.
Unlabeled ubiquitin was added to '*N-labeled S4WIYLD
domain protein stepwise from a 1:1 ratio to a final molar ratio
of 5:1. Similarly, unlabeled S4WIYLD domain protein was
added stepwise to '*N-labeled ubiquitin from a '/,:1 ratio to a
5:1 ratio. The 'H and N chemical shifts changes in the
S4WIYLD domain were monitored via the two-dimensional
"H-""N HSQC spectrum. The changes of amide 'H and "*N

chemical shifts were averaged by using the formula®®

1 ) N
AS,, = {EI:(AéH) + (O.ZAEN) ]}

dx.doi.org/10.1021/bi401436h | Biochemistry 2014, 53, 2091-2100
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Figure 3. Short-range interactions suggest a mainly a-helical structure of S4WIYLD. Sequence plot of S4WIYLD with short-range correlations used
in the structure calculation illustrated with lines and the existence of torsion angle restraints from TALOS symbolized with stars. The thicknesses of
the lines are related to NOE cross-peak intensities.

The dissociation constant (K;) was determined from the To compare the ubiquitin binding capacity of the SUVR
changes in chemical shifts upon addition of S4WIYLD to variants, a sensitive ELISA was established, which demonstrated
ubiquitin by applying the formula® that SIWIYLD (0.65 + 0.12) and S2WIYLD (1.23 + 0.13)
bound slightly weaker and stronger, respectively, than
A5, = A&avmax[Kd+ (L], + [P], S4WIYLD (Figure 1D,E). Thus, the Y2H and ELISA
’ experiments confirm that ubiquitin binds specifically and

2 selectively to the SUVR variants.
VK + L) + [P))* - 4(Lh[P), ]/Z[P} (©) The S{JVR4 WIYLD Domain Consists of a Four-Helix
) . Bundle That Is Structurally Similar to Three-Helix
where [P], and [L], are the concentrations of the protein and Bundle UBDs. In general, UBD structures responsible for

ligand, respectively, and Ad,,p, is the maximal change in noncovalent ubiquitin binding can be divided into four

chemical shift that can be realized upon addition of ligand to categories: (1) a-helices, (2) zinc fingers, (3) plekstrin
protein. Ky and Ad,, ... were free parameters during the fit to homology (PH) domains, and (4) ubiquitin-conjugating
the experimental data. L (Ubc)-like domains (reviewed in ref 43). PhDsec and JPRED

Docking for the S4WIYLD—UquUIt.In Complex. The secondary structure predictions suggest that the WIYLD
NMR structure of the S4WIYLD domau}m and the crystal domain consists of three a-helices.'® To test this, we obtained
structure of ubiquitin (PDB entry 1UBQ™) were used to and analyzed the CD spectrum of S4WIYLD (Figure S1 of the

model the S4WIEIIJD —ubiquitin complex employing the Supporting Information), which demonstrated that the domain
HA_‘DD OCK SEIver. From the PDB files, t_he solvent-exposed is mainly o-helical with CDSSTR giving the best fit to the
residues were identified by PYMOL. The residues that had CSP experimental data, predicting an a-helical content of $3%, in

changes above thedth;eshold were ﬁltere‘(:.1 accorcﬁngf tlcl) thelr good agreement with the secondary structure predictions
water exposure and chosen as active residues. The following mentioned above.

active residues were used: Q38, D40, N68, T70, D74, Y77, S78, To determine the 3D solution structure of the S4WIYLD
D81, E82, and N83 for S4WIYLD agd T9’ G10, R_4.2’ G47, domain, NMR spectroscopy was employed using a His-tagged
K48, Q49, H68, R72, and L73 for ubiquitin. In addition, the B3C- and "N-labeled protein. The protein was assigned using

following solvent-exposed residues, R37, L66, D67, V79, and . .
ES0 of SAWIYLD and K6, L8, K11, T12, A46, L71, R74, G75, standard methoFls, and structural restram?s were obtaln.ed and
used to determine the structure as described in Experimental

and G76 for ubiquitin, close to the active residues, were used as Procedures. The assigned SN HSQC spectrum is shown in

passive residues for dochng. The. interface residues that were Figure 2, and the short-range interactions typically found in a-
allowed to move during the docking and water refinement for . . .
helices are shown in Figure 3. The number and type of

S4 D were R37-K45 and D67-N83, with full flexibility structural restraints and the structural statistics are listed in

gcr)lrdtélées(jé?rémyn‘li; Eif%;xljiﬁ ) ?:rdézrgf]g;lgltslﬁnijjgat}si Table 1. In agreement with the CD experiments, NMR analysis
; v ’ revealed a predominantly helical structure. The N-terminal part

. . e 42
docking of p47 to ubiquitin. of the protein before residue 21 was found to be unstructured,

in agreement with the results of '"H—""N NOE experiments

B RESULTS (Figure S2 of the Supporting Information). The structured part
WIYLD Domains Bind Ubiquitin. The ubiquitin binding of the molecule (residues 21—83) consists of a four-helix

property of S4WIYLD was discovered through a yeast two- bundle (Figure 4A,B), with highly conserved hydrophobic

hybrid (Y2H) screen where it was found to interact with the N- residues in helices a1, a2, and a4 (Figure 1A).

terminal ubiquitin moiety of UBIQUITIN EXTENSION To relate the structure of S4WIYLD to those of other UBDs,

PROTEINI (UBQ1), but not the C-terminal ribosomal protein we identified UBD proteins with sequences similar to those of
L40 part of UBQL."" Different plant species have two or three WIYLD domains (Figures 1A and 4C—F). These UBDs, e.g,,
closely related genes encoding SUVR proteins with a WIYLD p47, BMSC-UbP, and hHR23A, all have a predicted three-helix

domain® (Figure 1A,B). To confirm that ubiquitin binding is a structure.**** Comparison of 3D structures demonstrates
common feature of WIYLDs, the corresponding domains of the that the overall fold of three helix-bundle UBDs and the
Arabidopsis SUVR1 and SUVR2 proteins (SIWIYLD and S4WIYLD domain is similar, although instead of the varying
S2WIYLD, respectively) (Figure 1B) were tested and shown to length of helix a2 and a loop prior to the last helix, there is an
interact with ubiquitin in the Y2H assay previously used for extra turn and helix in the S4WIYLD structure (Figure 4). The
S4WIYLD (Figure 1C). interhelical angles fall in a relatively small range for the

2095 dx.doi.org/10.1021/bi401436h | Biochemistry 2014, 53, 2091-2100



Biochemistry

Table 1. NMR Structure Determination Statistics for the
SUVR4 WIYLD Domain

no. of experimental restraints

total distance 1641
intraresidual 429
sequential (li — jl = 1) 470
medium-range (2 < li — jl < 4) 496
long-range (li —jl > S) 246
dihedral angle 110
total 1751
Structure Statistics
energy (A) 1.85 + 0.24
constraint violations
distance constraint of >0.1 A 6+2
angle constraint of >5° 0

0.0081 + 0.001S
0.7122 + 0.0427

distance constraints (A)

angle constraints (deg)

maximal distance violation (A) <035

maximal angle violation (deg) <$
coordinate precision (A),” residues 25—81

backbone (N, Ca, CO) 0.39 + 0.10

heavy atoms 0.94 + 0.16
Ramachandran analysis (%)

residues in most favored regions 80.6

residues in additionally allowed regions 194

residues in generously allowed regions 0.0

residues in disallowed regions 0.1

“The coordinate precision is defined as the average root-mean-square
deviation among the final 20 structures.

A C
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o3 N-tefm
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al

N-term p47 BMSC hHR23

Figure 4. Solution structure of the S4WIYLD domain that is a four-
helix bundle distinct from three-helix bundle UBDs. (A) Ca trace
representing the superimposition of 20 S4WIYLD domain structures
of aa residues 25—81. (B) Ribbon representation of the lowest-energy
structure of the S4WIYLD domain. (C) Structure of selected three-
helix bundle UBDs for comparison to S4WIYLD superimposed on one
another (S4WIYLD, green). (D—F) Ribbon representation of the
UBDs of human proteins (D) p47 (PDB entry 1V92, blue), (E)
BMSC (PDB entry 2CWB, magenta), and (F) hHR23 (PDB entry
1IFY, orange).

S4WIYLD domain and other UBDs between helices al and a2
(127°, 110°, 125°, and 125°) and between helix @2 and the last
helix (113°, 113°, 102°, and 107°) in S4WIYLD, p47, BMSC,
and hHR23, respectively, whereas the differences in angles
between the first and last helices are more diverse (60°, 40°,
43°, and 72° in S4WIYLD, BMSC, p47, and hHR23,
respectively).
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Several UBDs contain a Met/Leu-Gly-Tyr/Phe motif in turn
1 and an Asn-X-polar motif between helices @2 and a3 that
form a conserved solvent-accessible surface with hydrophobic
patches involved in ubiquitin binding.**** A conserved Leu-
Gly-lle motif (Leu39-Asp40-Ile41l in S4WIYLD) is similarly
present in turn 1 of plant WIYLD domains, and an Asn-Tyr-
Polar motif (Asn68-Tyr69-Thr70 in S4WIYLD) is found to the
N-terminal side of helix a4 (Figure 1A). The presence of these
conserved motifs in corresponding positions in WIYLD and
UBDs suggests similar functional significance for the interaction
of WIYLD with ubiquitin.

Titration Analysis Implicates Helix a1, Turn 1, Turn 3,
and Helix @4 of SAWIYLD in the Binding of Ubiquitin. To
substantiate whether the mode of binding to ubiquitin was
similar to that of three-helix bundle UBDs, 'SN-labeled
S4WIYLD was titrated with unlabeled ubiquitin, and likewise,
“N-labeled ubiquitin was titrated with unlabeled S4WIYLD.
The changes in chemical shifts upon binding, which signify the
local chemical and conformational changes at the backbone
amide nitrogen and proton atoms, were monitored using
HSQC spectra (Figure SA—D). Such chemical shift perturba-
tions (CSPs) point to the amino acid residues that are
potentially important for the protein—protein interaction.

The combined CSPs for the backbone N and 'H
resonances of both labeled S4WIYLD and labeled ubiquitin
were mapped onto the respective sequences (Figure SB,C).
Residues of S4WIYLD with CSPs greater than or equal to a
cutoff value of 0.10 included the conserved motifs mentioned
above, ie., Leu39—Ile41 of turn 1 and C-terminal residues
Lys68—Glu82 (Figure SB). The S4WIYLD solution structure
showed that the side chains of Leu39—Ile4l are in the
proximity of helix a4 (Figure SE), suggesting its involvement in
ubiquitin binding in cooperation with turn 1, as hypothesized
previously.

Analyses of the CSPs of ubiquitin (BMRB entry 5387)
indicated that the residues between Thr7 and Ile13, Leu42 and
LeuS0, and His68 and Gly7S, positioned between the first and
second p-strands and on pf-strands 3 and 4, respectively, are
important for protein—protein interaction (Figure SC,F).
These residues are close to but not the same as those observed
for other ubiquitin binding domains, for which binding involves
the hydrophobic patch that consists of residues Leu8, Ile44, and
Val70 of the ubiquitin f-sheet and the surrounding
region.44’47’48 For the binding to S4WIYLD, we have observed
more pronounced changes in the chemical shifts of charged and
polar residues than for the hydrophobic residues, indicating that
the interaction may be more electrostatic in nature than
hydrophobic.

The change in chemical shifts upon addition of S4WIYLD to
ubiquitin (Figure SD) was used to determine the dissociation
constant (K;) for the interaction between the two proteins
(Experimental Procedures, eq 3). The K, was calculated to be
virtually the same as that reported for CUE2-1 (157 + 12 and
155 + 9 uM,* respectively) and ~10-fold weaker than those
for BMSC-UbP (17 uM) and DSK2 (14.8 uM).**

Docking of S4WIYLD to Ubiquitin Together with
Mutational Analyses Suggests Binding via Electrostatic
Interactions. To obtain a model of the WIYLD—ubiquitin
protein complex, the NMR structure of S4WIYLD obtained
here and the structure of ubiquitin (PDB entry 1UBQ) were
docked using HADDOCK. The results from the CSP titration
analyses for S4WIYLD and ubiquitin (Figure SB,C) were
employed as described in Experimental Procedures. The top 10

dx.doi.org/10.1021/bi401436h | Biochemistry 2014, 53, 2091-2100



Biochemistry

soner
A TN GINH o
121 - 43"‘ H \3;)N-H
16N-H
51N-H
TONH 4
82 80
©5-™H (ppm)
B WIYLD
D40
'>.€
) N68sc
S
8 K
g o3 oo
s “2 8, E82
£ 8
n w
g 02 E *
g -
2
© 01 ——agp-"Hip - ----~ ‘I
. |I.IIII il ||II||I|||..|.|||I| I |||..

Resndue number

(9]

Ubiquitin
K48
04 :
Q49 R72

T7 |13

P |

Residue number

55 e 5 £

Chemical shift deviation (5av)

o

Chemical shift deviation (5av)

Molar ratio

Figure S. CSP analyses and docking suggest binding between the S4WIYLD domain and ubiquitin via electrostatic interactions. (A) Expansion of
parts of the "N HSQC spectrum of S4WIYLD (red), with the S4WIYLD:ubiquitin ratio increasing to 1:5. The labels indicate the assignments of
peaks with regard to the S4WIYLD sequence in the '*N HSQC spectrum of S4WIYLD. The arrows indicate the direction of the peak motion. (B and
C) Sequence dependence of the combined chemical shift deviations for the backbone N and 'H resonances of the (B) labeled S4WIYLD in the
presence of ubiquitin to a molar ratio 1:5 and (C) labeled ubiquitin in the presence of S4WIYLD to a molar ratio 1:5. sc represents side chain. The
dashed lines indicate the chemical shift change that was used as a threshold value (0.10 ppm). The positions of a-helices and f-strands are indicated
below the X-axes. (D) Changes in chemical shift for ubiquitin upon titration with S4WIYLD for selected amino acids. The lines indicate the best fit
to the K value. (E and F) Residues with backbone combined '"H—"°N chemical shift deviation values greater than or equal to the threshold value
(blue), mapped onto a ribbon representation of (E) the S4WIYLD structure and (F) the ubiquitin structure. Selected side chains of interacting
ubiquitin and S4WIYLD residues, as well as S4WIYLD aa subjected to mutational analyses, are shown. The a-helices, f-strands, and N- and C-
termini are indicated. (G) Superimposition of the 10 best docking models obtained for S4WIYLD and ubiquitin using HADDOCK. a-Helices, f-
strands, and N- and C-termini are indicated, as well as selected amino acids. (H) Docking model of S4WIYLD with ubiquitin. Representation of the
interaction surface between ubiquitin (surface in firebrick and red; gray residue numbers) and S4WIYLD domain residues interacting with ubiquitin
(green ribbon with sticks for side chains; black residue numbers).

docking results are superimposed in Figure SG, and the best and Asp74 (Figure 1A)] and shown that R37A abolished and
docking model is shown in Figure SH. W&61A and D74A inhibited the binding to H2Bubl in a pull-

We have previously generated mutations in four residues down assay."' We screened the mutants for binding to MBP-
highly conserved in all WIYLD domains [Ala32, Arg37, Trp61, tagged ubiquitin in an ELISA. The A32E mutation reduced the
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binding affinity by 37%, and the W61R mutation resulted in a
75% reduction (Figure 6); however, neither the CSP analyses
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Figure 6. Identification of S4WIYLD residues crucial for binding to
ubiquitin. (A) Titrated amounts of GST-tagged wild-type and mutant
variants of S4WIYLD were added to ubiquitin coated in ELISA wells.
Bound GST-WIYLD fusion proteins were detected using an HRP-
conjugated anti-GST antibody. The data are presented on a
logarithmic scale. The results are representative for three independent
experiments (N = 3). (B) Quantification of the ELISA results relative
to that of wild-type S4WIYLD, which was set to 1.

nor the docking model indicated that Ala32 or Trp61 interacts
directly with ubiquitin (Figure SC,F,H). They may instead be
important for the maintenance of the tertiary structure of
S4WIYLD. According to our solution structure, Ala32 is located
in helix al with the side chain pointing into the hydrophobic
core of the protein, and Trp61 at the N-terminus of S4WIYLD-
unique helix a3, with its prominent aromatic side chain
positioned between helices 1 and a2 (Figure SE). Exchange of
either the hydrophobic side chain of Ala32 with a charged
residue or the long aromatic side chain of Trp61 with the long
positively charged side chain of Arg may change the spatial
relation of helices a1—a3. We therefore evaluated the structural
integrity of S4WIYLD containing the A32E mutation by NMR.
The peaks of the HSQC spectrum of A32E-WIYLD were
relatively undispersed, suggesting that the mutation disrupts the
entire domain structure and providing an explanation for its
reduced affinity for ubiquitin (Figure S3 of the Supporting
Information).

In agreement with the CSP analyses, the docking model
indicated that S4WIYLD residues at the end of helix al
(Arg37—Asp40) and most of the C-terminal end (especially
Asp74, Tyr77, Glu80, and Glu82 of helix a4) are important for
the interaction with ubiquitin (Figure SH). Mutation of Arg37
to Ala has previously been shown to have a strong negative
effect on the binding to H2Bubl;'" however, Arg37 showed
low CSP values (Figure SB), and the mutation resulted in an
only 29% reduction in the capacity of binding to ubiquitin
(Figure 6). During binding, Asp40 and Asp74 of S4WIYLD
move to interact with Arg72 and Lys48 of ubiquitin,
respectively. Mutation of Asp74 of S4WIYLD to Ala weakens
the binding ability to ubiquitin by 56% according to an ELISA
(Figure 6), consistent with the weakened binding to histone
H2Bubl shown earlier by an in vitro pull-down assay."'
Furthermore, several residues of S4WIYLD (Ser78, Asp81, and
Glu82) may interact with His68 of ubiquitin. In addition, Glu82
may bind Lys6, Glu80 ends up close to Arg42, and Tyr77 of
S4WIYLD inserts into a pocket on the ubiquitin surface close
to Ile44 and may possibly interact with GIln49 of ubiquitin.
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Taken together, our model indicates that S4WIYLD has the
center of interaction close to Arg42 of ubiquitin and suggests
that the closely positioned N- and C-terminal parts of
S4WIYLD, including helix a1, turn 1, and helix o4, constitute
an interacting surface that makes electrostatic interactions with
charged residues on the surface of ubiquitin.

B DISCUSSION

This work provides a description of the solution structure of a
WIYLD domain, which reveals a novel four-helix bundle
configuration. To the best of our knowledge, the S4WIYLD
domain is the first UBD found to consist of four helices. The
extra helix is a hallmark for the WIYLD domains that
distinguish them from other UBDs. The ubiquitin binding
capacity of this domain, demonstrated for three different SUVR
proteins, and the strong sequence conservation of the domain
in different plant species argue that all WIYLD domains bind
ubiquitin. The likely interaction surface between WIYLD and
ubiquitin was identified by CSP, mutagenesis, and docking
model analyses. The f-sheet of ubiquitin is facing the
S4WIYLD domain, and binding involves the movement of
residues surrounding Leu8, Gly47, and Val70 of ubiquitin. The
major sites of contact with ubiquitin for three-helix bundle
UBDs, like CUE (PDB entry 10TR) and UBA (PDB entries
2DEN, 2JY6, and 1WR1), are confined to the hydrophobic
surface centered at Ile44."> In comparison, our results taken
together suggest that the binding site of S4WIYLD is shifted
slightly away from the hydrophobic patch of the f-sheet. This
shift in binding site may result from the large fraction of
charged residues involved in the S4WIYLD—ubiquitin inter-
action.

The C-terminal Gly76 of ubiquitin provides the covalent
bridge to a lysine residue of proteins conjugated to ubiquitin,*’
and recognition of the C-terminus of ubiquitin is common for
proteins regulating ubiquitin conjugation and deubiquitina-
tion.* > SUVR4 binds H2Bubl in vitro, and intriguingly,
mutation in Arg37, which according to our docking model is
situated close to Gly76, has a major negative effect on
H2Bub1—S4WIYLD binding. One may therefore speculate that
Arg37 is important for the recognition of ubiquitinated H2B,
but less important for the binding of free ubiquitin.

SUVR4 targets transposon chromatin, which has a low level
of H2Bubl and a high level of the preferred HKMTase
substrate, H3K9mel. SUVR2 has, like SUVR4, been implicated
as a regulator of transposon activity and DNA methylation." In
Arabidopsis, a high level of H2Bubl and a moderate level of
H3K9me3 are associated with transcriptionally active euchro-
matic genes.'"** Ubiquitination and deubiquitination of histone
H2B are implicated in transcriptional elongation as well as
repression of transposons in yeast, animals, and plants.">'* It is
not known whether SUVR4 or the other SUVR proteins with a
WIYLD domain in vivo prefer binding to free ubiquitin or also
act as readers of H2Bubl or interact with ubiquitin conjugated
to other proteins, three scenarios that might have different
implications for the chromatin-modulating role of SUVR
proteins (Figure 7). It remains to be determined whether the
euchromatic PTM context is suitable for any of the SUVR
proteins and what relevance WIYLD domain binding of
H2Bubl has for the in vivo function of SUVR4 or other
SUVR proteins. As the SUVR1, SUVR2, and SUVR4 proteins
are very similar, double or triple suvr mutants may be needed to
address this topic.
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Figure 7. Scenarios for WIYLD binding of ubiquitin and SUVR
HMTase function. (A) Binding of WIYLD to free ubiquitin shifting
the SUVR HKMTase from adding one methyl group to adding two
methyl groups to monomethylated H3K9. (B) Binding of WIYLD to a
ubiquitin-conjugated protein that targets SUVR to specific genes or
regions in the genome where it can methylate H3K9mel. (C) WIYLD
functioning as a reader of monomethylated H2B facilitating
methylation of H3K9mel on the same or neighboring nucleosomes.
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CD spectrum of S4WIYLD (Figure S1), "H—"N NOE effects
(Figure S2), and HSQC spectrum of A32E-WIYLD (Figure
S3). This material is available free of charge via the Internet at
http://pubs.acs.org.
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