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Summary

Chromatin-binding proteins play vital roles in the assembly and recruitment of multi-subunit
complexes harboring effector proteins to specific genomic loci. MRG15, a chromodomain-
containing chromatin-binding protein, recruits diverse chromatin-associated complexes that
regulate gene transcription, DNA repair, and RNA splicing. Previous studies with Pf1, another
chromatin-binding subunit of the Sin3S/Rpd3S histone deacetylase complex, defined the sequence
and structural requirements for interactions with the MRG15 MRG domain, a common target of
diverse subunits in the aforementioned complexes. We now show that MRGBP, a member of the
Tip60/NuA4 histone acetyltransferase complex, engages the same two surfaces of the MRG
domain as Pf1. High-affinity interactions occur via a bipartite structural motif including an FxLP
sequence motif. MRGBP shares little sequence and structural similarity with Pf1, yet, targets
similar pockets on the surface of the MRG domain, mimicking Pf1 in its interactions. Our studies
shed light into how MRG domains have evolved to bind diverse targets.

Introduction

The chromatin not only serves to compact the genome but also functions as a signaling
platform, regulating many essential processes, including transcription, replication,
recombination, and repair. Chromatin-binding proteins, including ‘readers’ of diverse post-
translational histone modifications, play a critical role in interpreting these signals and in
recruiting downstream effector proteins (Gayatri and Bedford, 2014; Lalonde et al., 2014;
Musselman et al., 2014). The readers often feature one or more of a relatively small number
of recurring structural motifs that function as chromatin-binding modules. These modules,
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either in isolation or in combination with similar or disparate motifs within the same protein
or within associated proteins of a multi-protein complex, facilitate the recognition of a broad
array of histone signals (Wang and Patel, 2011). A few chromatin-binding proteins,
including the chromodomain-containing protein MRG15, are co-opted by disparate multi-
protein complexes to regulate diverse chromatin-centric processes (Chen et al., 2010), yet
the structural basis for this is poorly understood.

The mortality family of transcription factors (MORF) comprises three proteins, two of
which (MRG15 and MRGX) promote cell proliferation while the third, MORF4, is involved
in replicative senescence (Chen et al., 2011; Chen et al., 2009; Tominaga et al., 2005).
MRG15 is found in a number of transcriptional coregulator complexes including the Rb-
associated MAF1 complex, the histone acetyltransferase (HAT)-associated Tip60/NuA4 and
MAF2 complexes and the histone deacetylase (HDAC)-associated Sin3S/Rpd3S complex
(Carrozza et al., 2005; Doyon et al., 2004; Jelinic et al., 2011; Pardo et al., 2002; Yochum
and Ayer, 2002). Going beyond its role in transcription regulation, MRG15 also associates
with a BRCA complex that is involved in homologous recombination-mediated DNA repair
and a complex that promotes alternative RNA splicing (Hayakawa et al., 2010; Luco et al.,
2010; Sy et al., 2009). Additionally, MRG15 has been implicated in interactions with
condensin to regulate chromosome condensation during interphase (Smith et al., 2013). In
line with its varied roles, MRG15 deletion in mouse causes embryonic lethality with
profound defects in cell proliferation, differentiation, and organ development and impaired
DNA-damage response (Garcia et al., 2007; Tominaga et al., 2005). In the worm, proper
control of the levels of MRG-1 (homologue of MRG15) is required for regulating stem cell
proliferation (Gupta et al., 2015).

MRG15 harbors two conserved domains including a chromodomain and an MRG domain at
the N- and C-termini, respectively (Figure 1A). The chromodomain is atypical and is absent
in the other two MORF family members. This domain recognizes the H3K36me,,3 signal
found in the intragenic regions of actively transcribed genes, albeit with millimolar affinity
(Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al., 2005; Kumar et al., 2012; Sun et
al., 2008; Xu et al., 2008).

The MRG domain is found only in a handful of proteins including all three members of the
MORF family and the MSL3 protein, which is a subunit of the dosage compensation
complex that regulates expression of X-linked genes. The MRG15 MRG domain is the
known site of interaction with diverse proteins including MRGBP, MRFAP1, Pf1, and
PALB2 in the aforementioned complexes (Cai et al., 2003; Hayakawa et al., 2010; Leung et
al., 2001; Sy et al., 2009; Xie et al., 2012; Yochum and Ayer, 2002). Crystallographic and
NMR studies have shown that the domain is predominantly helical with a core comprising
two orthogonal helical hairpins (Bowman et al., 2006; Xie et al., 2012; Zhang et al., 2006).
We previously characterized the interaction between MRG15 and Pf1, and in the process,
defined the sequence and structural requirements for efficient interactions with MRG
domains (Xie et al., 2012). Our studies revealed a bipartite structural motif within Pfl
comprising a helix and a segment containing an FXLP sequence in an extended conformation
that target adjacent surfaces of the MRG domain. Both structural motifs are critical for the
nanomolar affinity interaction, since each segment contributes equivalently to the total
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binding energy. Although all the aforementioned MRG interactors share the FXLP motif, a
Pf1-like helical motif is not obvious from sequence analysis, implying potential diversity in
MRG-recognition mechanisms and, conversely, the multi-specificity of the MRG domain
for engaging diverse targets.

Here we structurally and functionally characterize the interaction between MRG15 and
MRGBP, a subunit of the Tip60/NuA4 complex (Cai et al., 2003). Like the Sin3S/Rpd3S
complex, the Tip60/NuA4 complex is conserved from yeast to human (Doyon and Cote,
2004). Pf1 and MRGBP orthologs in these species exhibit distinct patterns of sequence
conservation but share little sequence similarity with each other at the level of individual
domains or sequence motifs (with the exception of the FXLP motif). Our studies reveal that,
like Pf1, MRGBP not only interacts with the MRG domain of MRG15 with high affinity,
but also engages the same two surfaces of the MRG domain. Despite sharing little similarity
with Pf1 at both the sequence and structural levels, MRGBP targets similar pockets on the
surface of the MRG domain like Pf1, engaging in a type of molecular mimicry.

Results and Discussion

Biochemical and NMR Studies of the MRG15-MRGBP Interaction

Analysis of the sequences of MRGBP orthologs revealed the presence of two conserved
domains in the protein with the more C-terminal domain spanning approximately 50
residues and harboring an FXLP motif. Two helical segments were predicted in this region
on either side of the motif (Figure S1A). Because the ~40-residue N-terminal domain was
also predicted to be poor in secondary structural elements with only two helices, constructs
spanning both domains or only the C-terminal domain were co-expressed with the MRG15
MRG domain, co-purified via affinity chromatography, and subjected to size exclusion
chromatography (SEC). Since both constructs eluted in lock-step with the MRG15 MRG
domain (Figure S1B), implying the formation of stable complexes, the C-terminal domain
was deemed the minimal MRG-binding domain (MBD). The NMR spectrum of MRG15
MRG exhibited significant chemical shift perturbations for many resonances in the presence
of an equivalent amount of MRGBP MBD, consistent with the formation of a specific
complex (Figure S2). The changes in the NMR spectrum of MRGBP MRG were even more
striking with most resonances, barring a few at the N-terminus, showing large-scale
chemical shift perturbations. These changes considerably improve the chemical shift
dispersion of the amide proton resonances in the bound state (Figure S2), characteristic of a
folding transition occurring within the MBD upon binding the MRG domain.

The NMR spectra of the MRG15 MRG-MRGBP MBD complex were of sufficiently high
quality to permit almost complete resonance assignments using standard approaches. The
structure of the complex was determined via solution NMR making use of distance restraints
derived from 1H-IH NOEs and dihedral angle restraints from backbone chemical shifts.
Structures of reasonable precision and good covalent geometry with no significant distance
or dihedral angle violations (>0.5 A and >5°, respectively) were obtained (Figure 1B; Table
1). Except for the lower precision at the N- and C-termini of both proteins and an internal
loop spanning R204 to K210 for the MRG15 MRG domain, the structures were well-
defined.
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Structure of the MRG Domain in the MRG15-MRGBP Complex

The overall structure of the MRG domain in complex with MRGBP is similar to those
reported previously in complex with Pf1 or in the apo-form and comprises nine helices and
two short B-strands (Figure 1B; (Bowman et al., 2006; Xie et al., 2012; Zhang et al., 2006)).
Further underscoring this point, the backbone atomic root-mean-square deviations (RMSDs)
following best-fit superposition of the MRGBP-loaded MRG with the Pf1-loaded and the
apo MRGs were 1.45 and 1.30 A, respectively; for comparison, the RMSD between the Pf1-
loaded and the apo MRG was 1.28 A. These best-fit superpositions excluded loops
exhibiting conformational diversity including those between a2 and a3, a4 and a5, and a6
and a7. Among these, the latter loop is situated in close proximity to or is part of the
protein-protein interface and its conformation diversity likely plays a role in multi-
specificity (see below).

MRGBP Binds to Similar Surfaces of MRG15 MRG Domain Targeted by Pfl

The MRGBP MBD, on the other hand, forms three helices designated aA, aB, and aC
spanning residues W78-T83, Q88-S93, and E109-R116, respectively (Figure 1C). The aA
and aB helices pack against each other to form a helical sub-domain while the segment C-
terminal to it leading up to and including the FXLP motif adopts an extended conformation
followed immediately by the aC helix. The helical sub-domain and the C-terminal segment
thus form a bipartite structural motif that wraps around the MRG domain engaging two
discrete surfaces, designated Site I and Site 11, respectively. These are broadly the same
surfaces targeted by the Pf1 MBD in the MRG15-Pf1 complex (Figure 1D; (Xie et al.,
2012)). However, unlike the single helix used by Pf1 to engage Site I, the MRG15 MRG
deploys two helices to engage Site | and an additional helix to engage Site II.

The MRG15-MRGBP complex is stabilized primarily by hydrophaobic interactions (Figure
S3). The W78 side chain in the MRGBP helical sub-domain functions as a key organizing
center (Figure 2A), not only engaging a deep hydrophobic pocket in the MRG domain but
also nucleating a hydrophobic core formed within the sub-domain by the side chains of 177,
L81, M87, H91, L96, and F98, all of which also engage the predominantly hydrophobic
MRG surface. The protein-protein interface is extended by the side chains of MRGBP H80,
M84, Y85, and L90, which target a more peripheral surface of the MRG domain; these
interactions are hydrophobic in character with the exception of H80, which engages in
electrostatic interactions with E216 (Figures 2 & S3). Consistent with their critical roles in
stabilizing the complex, each of the aforementioned residues are highly or completely
conserved in MRGBP orthologs (Figure 2B).

As expected, residues comprising the MRGBP FxLP motif including F105, L107, and P108
target an identical sub-surface of the MRG domain within Site Il as in the MRG15-Pf1
complex. The side chain of F105 is completely buried in a deep pocket along with the side
chain of L107 while P108 interacts with the surface immediately adjacent to this pocket
(Figures 2 & S3). Residues in the MRGBP aC helix including 1111, 1112, and V115 engage
in hydrophobic interactions while E110, E114, and R116 engage in electrostatic and/or
hydrogen bonding interactions with K157, K165, and D173, respectively (Figures 2 & S3).
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Although some of the residues in this region are conserved in MRGBP orthologs, residues
beyond 1112 show greater sequence diversity (Figure 2B).

Functional Analysis of MRG15-MRGBP Interactions

To clarify the role of individual residues towards the stability of the MRG15-MRGBP
complex, residues in both proteins at the interface were mutated and evaluated for binding
via isothermal titration calorimetry (ITC) assays (Figure 3). The wild-type MRG15 MRG
and MRGBP MBD proteins bound with an equilibrium dissociation constant (Kq) ~60 nM in
this assay which is comparable to that measured for the wild-type proteins in the MRG15
MRG-Pf1 MBD complex (Kq ~20 nM; (Xie et al., 2012)). The high-affinity of the MRG15-
MRGBP interaction is consistent with the size of protein-protein interface (~1260 A2),
which is comparable to that in the MRG15-Pf1 complex. Mutations of the invariant MRGBP
residues W78 and F105 to alanine had the most dramatic consequences, with little or
virtually no detectable binding, implying almost complete abrogation of the interaction
(Figure 3 & Table S1). These results are consistent with their critical roles suggested by the
NMR structure. On the other hand, alanine mutations of M84 and 1112, which engage in
more peripheral interactions, were less deleterious with decreases in binding affinities of
about three- and thirteen-fold, respectively, relative to wild-type.

Alanine mutations of MRG15 L168 and W172, which form the pocket targeted by MRGBP
L107 in addition to serving as interaction surfaces for MRGBP 1111 and 1112 (Figure 2 &
S3), were most deleterious with reductions in binding affinity of about seven- to eight-fold
(Figure 3 & Table S1). Mutation of M273, which is located at the periphery of Site | and
interacts marginally with F98, exhibited binding comparable to the wild-type protein. Rather
unexpectedly, the alanine mutation of L287, which forms the wall of the pocket targeted by
MRGBP W78 side chain had only a little over two-fold effect on binding (Figure 3 and
Table S1). We surmise that the bulky tryptophan side chain adapts its conformation to take
advantage of the additional space created by the mutation in the pocket, resulting in a
closely (re)packed interface. Collectively, the results of our functional analysis of mutant
MRG15 MRG and MRGBP MBD proteins provide support for our structural model for the
MRG15-MRGBP interaction.

Conserved and Disparate Themes in MRG Recognition and the Basis for Multi-Specificity

Thus far, three high-resolution structures of MRG domains in complex with three disparate
targets have been described. These include the structures of human MRG15 MRG domain in
complex with Pf1 and MRGBP MBDs and that of human MSL3 MRG domain in complex
with MSL1 MBD (Figure 1C-E; (Kadlec et al., 2011; Xie et al., 2012)). MRG15 and MSL3
MRG domains share 35% sequence identity and 56% sequence similarity. However, they
share close structural similarity with backbone RMSD of 1.37 A following a best-fit
superposition. Like Pf1 and MRGBP, MSL1 binds the MSL3 MRG domain via a bi-partite
structural motif that includes an FXLP sequence motif that engages Site 11 in an extended
conformation. However, unlike Pf1 and MRGBP, which deploy helices for engaging Site I,
MSL1 deploys a turn-like conformation and a beta-hairpin motif to engage Site I. Another
striking feature of these complexes is the diversity of conformations adopted by the a6’
helix, the loop following this helix, and the N-terminus of a7 that contribute to Site I (helix
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designations follow Xie et al. 2012, Figure S3). This segment is relatively closed in the
MSL3-MSL1 complex and also in the ‘apo” MRG15 structure where it engages the same
segment of another protomer, but is progressively more open in the MRG15-Pf1 and
MRG15-MRGBP complexes, correlating with the bulkiness of the MBD making close
contacts with the surface (Figure 4A). In contrast, Site | is largely conformationally
homogeneous with the exception of only a few residues in the a6 helix adopting a slightly
altered conformation in the different structures. The conformational homogeneity perhaps
explains why this region has evolved to bind a considerably restricted set of sequences, all
bearing the FXLP motif.

Notwithstanding the diversity in backbone conformations of the structural motifs engaging
Site | in the different MRG complexes, conserved side chains maintain similar dispositions
targeting the same pockets on the surface of the MRG domain (Figure 4B—C). The following
pairs of residues in MRGBP and Pf1 thus appear to be structurally equivalent: W78/F210;
L81/L206; M84/P204; H91/P209; L96/1214. Although most of the side chains that comprise
Site | maintain similar conformations, the side chain of MRG15 Y224 adopts strikingly
different conformations in the two complexes, presumably to eliminate clashes with L213 in
the Pf1 complex and to allow for optimal side chain packing in the MRGBP complex.

The aforementioned similarities extend even to the MSL3-MSL1 complex (Kadlec et al.,
2011), despite the fact that only a small subset of residues in Site | are invariant in the
MRG15 and MSL3 MRG domains. Equivalencies can be established for the following pairs
of MRGBP and MSL1 residues: W78/F577; L81/F556; M84/V553; L96/L581 (Figure 4D).
This suggests that some of the key features of MRG domains for engaging targets are shared
despite the early evolutionary divergence of the paralogs.

Implications for Other MRG15 Complexes

To gain insight into the possible mode of MRG15 MRG recognition by these proteins, we
analyzed the sequence conservation profiles of the four known interactors of the MRG15
MRG domain (Figure 4E). As expected, the sequences of Pf1 and MRGBP orthologs from
yeast to human showed very disparate patterns of conservation, consistent with their
different modes of engaging the MRG domain. By way of contrast, we analyzed the
sequences of MSL1 orthologs (which interact with the MSL3 MRG domain) from fly to
human and these sequences also showed a distinct pattern of sequence conservation.
However, all five interactors shared an FXLP motif with residues in three out of the four
positions essentially invariant in all the orthologs examined.

Analysis of PALB2 orthologs from zebrafish to human revealed a high level of sequence
conservation for residues in the vicinity of the FXLP motif (Figure 4E). Unlike in Pfl and
MRGBP, conservation N-terminal to this segment is remarkably poor, suggesting either that
this segment is not required for binding or that PALB2 binds MRG15 with much lower
affinity. To evaluate the affinity of PALB2 MBD (spanning residues 579 to 629) for
MRG15 MRG domain, we conducted ITC analyses, which revealed a high-affinity
interaction between these polypeptides (K4 ~20 nM; Figure S4; Table S1). This implies that
high-affinity binding is possible exclusively via Site 11 alone or that interactions involving
Site | are diverse even among PALB2 orthologs. This contrasts with the findings for the Pf1
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MBD interaction with MRG15 MRG domain in which only about half of the total binding
energy was provided by the interaction of Site Il with the C-terminal segment bearing the
FxLP motif (Xie et al., 2012).

Analysis of MRFAP1 orthologs indicated extremely high levels of sequence conservation
throughout the ~120 residue protein (Figure 4E). However, this is probably due to the fact
that the protein is found within a narrow range of species, being restricted only to placentals.
Although the segment N-terminal to the FXLP motif contains several non-polar residues, the
presence of prolines and a general lack of predicted helical structure in this region suggest a
novel mode of MRG interaction. Thus, none of the MRG15 MRG interactors exhibit any
significant degree of similarity with any other interactor at the level of primary structure
except in the region encompassing the FXLP motif. The motif thus plays a critical role in
MRG interactions both as affinity and specificity determinants.

Biological Implications

The involvement of analogous surfaces of the MRG domain in the interactions that have
thus far been structurally characterized suggests that interactors compete with each other for
MRG15-binding. Since all of the interactions measured thus far are in the nanomolar range,
this not only implies that these interactions occur mutually exclusively but also that multiple
MRG15-containing complexes likely exist simultaneously. Indeed, these predictions are
borne out by proteomic studies conducted using MRG15 or its interactors as the “bait’
(Hayakawa et al., 2007; Kirkwood et al., 2013; Nishibuchi et al., 2014).

Recent studies in yeast and in mammals suggest that MRG15 and MRGBP exist as a
separate sub-complex and serve to recruit the remaining subunits of the Tip60/NuA4
complex to intragenic regions of genes (Cheng and Cote, 2014; Rossetto et al., 2014),
facilitating the acetylation of histones in these regions to create a permissive chromatin
environment for transcription. This is counteracted by the actions of the HDAC-containing
Sin3S/Rpd3S complex which harbors MRG15 and Pf1 as the chromatin binding subunits
(Kumar et al., 2012; Li et al., 2007). Interestingly, PALB2 is another chromatin-binding
subunit in the BRCA complex that is targeted by MRG15 (Bleuyard et al., 2012). Since
MRG15 appears to bind its chromatin target H3K36me,;3 with only millimolar affinity
(when measured in a peptide context), it raises the intriguing possibility that MRG15 in
concert with diverse MRG interactors have evolved to recognize a variety of signals on
chromatin due, in part, to the stable association mediated by the MRG domain. In this
regard, the MRGBP protein harbors a highly-conserved domain of unknown function near
the N-terminus of the protein. Further studies are required to test whether this domain could
function in chromatin binding. We note that MBD-loaded MRG complexes can also
function in higher-order assembly of multi-subunit complexes including the Sin3S/Rpd3S
and the dosage compensation complexes (Kadlec et al., 2011; Kumar et al., 2012), further
demonstrating the versatility of MRG domains to engage diverse protein targets.

Conclusions

Our studies provide insights into how MRG domains have evolved to engage their targets in
high-affinity interactions while concurrently preserving their ability to recognize structurally
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unrelated targets over billions of years of evolution. The multi-specificity of MRG domains
relies on the one hand on the plasticity of one of the two surfaces that is typically involved
in these interactions. Structural diversity of the interactors notwithstanding, conserved
residues within these proteins often target the same pockets on the surface of the MRG
domains, thereby engaging in a form of molecular mimicry. This type of mimicry is
reminiscent of several protein-protein complexes featuring apparently promiscuous (multi-
specific) interactors (Sahu et al., 2008; Schreiber and Keating, 2011; Swanson et al., 2004).
Rather intriguingly, the second MRG surface, which is comparatively rigid, serves as the
docking site for a conserved tetrapeptide motif in all of the MRG-interactors described thus
far, contributing critically to the affinity and specificity of these interactions. Yet, there is
considerable sequence diversity even in the vicinity of the tetrapeptide motif and the MRG
complexes feature intermolecular interactions that appear to be opportunistic and not always
well-conserved in orthologs, perhaps tuning the stability of the interaction to the needs of the
biological process.

Experimental Procedures

Production of MRG15 MRG and MRGBP MBD

The human MRG15 MRG (residues 155-323) was expressed and purified as described
before (Kumar et al., 2011). The sequences encoding human MRGBP (residues 32-119 and
69-119) were amplified by PCR and inserted into the pMCSG?7 expression vector, for
expression as Hisg-tagged fusion protein. The cloned gene segments were confirmed by
DNA sequencing. E.coli BL21(DE3) cells (Novagen, WI) transformed with the plasmid
were grown in Terrific Broth (Invitrogen, CA). Protein expression was induced using 1 mM
isopropyl-p-D-thio-galactopyranoside (IPTG) at 20 °C when the ODggg nm reached about
~1.3 and the cells were harvested 15-17 h later. Cell pellets were suspended in 50 mM Tris-
HCI buffer (pH 7.9) containing 0.2 M NaCl, 8 M Urea, 1 mM Tris (2-carboxy-ethyl)
phosphine hydrochloride (TCEP), 1 mM phenylmethylsulfonylfluoride (PMSF), 1 uM
leupeptin, 1 mM pepstatin, and 0.1% Triton X-100, and lysed via sonication followed by
high-speed centrifugation for 30 min. The supernatant was incubated with His-Select Ni2*-
resin (Sigma-Aldrich, MO) for 40 min, followed by extensive washing with 50 mM Tris
buffer (pH 7.9) containing 0.2 M NaCl, and 1 mM TCEP and 50 mM Tris buffer (pH 7.9)
containing 1 M NaCl, and 1 mM TCEP. The protein was eluted with 50 mM Tris buffer (pH
7.9) containing 0.2 M NaCl, 1 mM TCEP, and 0.25 M Imidazole, followed by dialysis
against 50 mM Tris buffer (pH 7.9) containing 0.2 M NaCl, and 1 mM TCEP and
subsequent incubation with tobacco etch virus (TEV) protease at room temperature for 4 h
and then at 4 °C overnight. The cleaved protein was further purified by His-Select Ni2*-
resin (Sigma-Aldrich, MO) and reverse-phase HPLC using a C18 column (Grace Vydac,
CA) and a linear gradient of 0.1% trifluoroacetic acid and 0.1% trifluoroacetic acid in 80%
acetonitrile, and protein-containing fractions were collected and lyophilized. Uniformly 1°N-
and/or 13C-labeled proteins were produced using the same procedure except that the cells
were grown in M9 minimal medium containing 15N-ammonium sulfate and/or 13C-D-
glucose (Cambridge Isotopes, MA), respectively. Protein identity and integrity was assessed
by ESI-MS and SDS-PAGE gel electrophoresis.
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Isothermal Titration Calorimetry

Isothermal titration calorimetry experiments were performed on a Microcal iTC200
calorimeter (Malvern Instruments, MA) at 25 °C in 25 mM sodium phosphate buffer (pH
7.8) containing 0.15 M NaCl, and 1 mM TCEP. Proteins were extensively dialyzed against
the buffer used for the measurements. Protein concentrations were determined
spectrophotometrically (Gill and von Hippel, 1989). The wild-type and mutant MRG15
MRG proteins were kept in the cell while the wild-type and mutant MRGBP MBD
polypeptides were in the syringe at initial concentrations of 15-20 pM and 0.15-0.2 mM
respectively; similar starting protein concentrations were used for the experiments with
human PALB2 MBD (residues 579-629). Binding curves were fitted assuming a single-site
binding model using the Origin 7.0 software provided by the manufacturer.

MRG15 MRG-MRGBP MBD Complex Generation and NMR Sample Preparation

The complex was generated by mixing 1°N,13C,-labeled MRG15 MRG or MRGBP MBD
with an equivalent amount of unlabeled MRGBP MBD or MRG15 MRG, respectively, at a
low concentration (~20 uM) in 50 mM Tris buffer (pH 7.9) containing 0.2 M NaCl, and 3
mM dithiothreitol, and was concentrated to ~0.2-0.3 mM, followed by size exclusion
chromatography purification using a Superdex 75 column (GE Healthcare, New Jersey) pre-
equilibrated with 50 mM Tris buffer (pH 7.9) containing 0.2 M NaCl, and 3 mM
dithiothreitol. The complex-containing fractions were concentrated and then exchanged into
50 mM sodium phosphate buffer (pH 6.9) containing 3 mM dithiothreitol-d;g 10% D0 and
0.2% NaN3. Protein concentrations were determined spectrophotometrically prior to the
addition of NaN3. Samples of the protein-protein complex were lyophilized and re-dissolved
in 99.996% D,0 for NMR experiments performed in DO (Sigma-Aldrich, MO).

NMR Spectroscopy and Structure Determination

All NMR data were acquired on an Agilent Inova 600 MHz spectrometer equipped with a
pulsed-field-gradient triple-resonance cold probe at 35 °C. NMR data processing and
analysis were performed using Felix 98.0 (Accelrys, CA) and Sparky (Goddard and Kneller,
2004). Sample concentrations used for the structure determination were 0.8-0.9 mM.
Backbone and side chain 1H, 15N, and 13C resonance assignments for each of the interacting
proteins in the MRG15 MRG-MRGBP%9-119 complex were obtained by analyzing 3D
HNCACB, CBCA(CO)NH, HNCA, HN(CO)CA, HNCO, HCACO, HCCH-COSY and
HCCH-TOCSY spectra (Bax and Grzesiek, 1993; Ferentz and Wagner, 2000). Aromatic
resonances were assigned based on a careful analysis of 2D 1H-13C aromatic HSQC,

3D 13C-edited NOESY and 1°N,13C-double half-filtered NOESY spectra (Otting and
Withrich, 1990).

For structure determination, backbone ¢ and v torsion angle restraints were derived from
analysis of 1H®, 13ce, 13¢B 13¢’, and backbone 15N chemical shifts using TALOS+ (Shen
et al., 2009). Restraints were imposed only for those residues with TALOS+ reliability
scores of 10. NOE-based distance restraints for each protein in the complex were derived
from 3D 15N-edited NOESY (mixing time, t,,=80 ms) spectra recorded in H,0 and

3D 15N, 13C-filtered, 15N, 13C-edited NOESY (t,=140-150 ms), 3D 13C-edited aliphatic

Sructure. Author manuscript; available in PMC 2016 June 02.
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NOESY (tm, = 65 ms) and 2D 15N, 13C-double half-filtered NOESY (v, = 70 ms) spectra
recorded in D,0.

Structures were determined using ARIA 1.2 in conjunction with CNS 1.1 starting from an
initial structure with extended backbone conformations (Briinger et al., 1998; Linge et al.,
2003). All NOEs were calibrated automatically and assigned iteratively by ARIA; the
assignments were checked manually for errors after every run. Eighty conformers were
calculated in the final iteration out of which the 40 conformers with the lowest restraint
energies were refined in a shell of explicit water and the 20 conformers with the lowest
restraint energies, restraint violations, and RMS deviations from the ideal covalent geometry
were selected for further analysis. The final conformers were analyzed using CNS (Briinger
et al., 1998), PROCHECK (Laskowski et al., 1996), MONSTER (Salerno et al., 2004).
Molecular images were generated using CHIMERA (Pettersen et al., 2004). Structural
comparisons were performed with Swiss-PDBViewer 3.7 (Guex and Peitsch, 1997).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of the human MRG15 MRG-MRGBP MBD complex and comparison with other

protein-protein complexes involving MRG domains. (A) Domain structure of MRG15.
Proteins and histone signals recognized by the individual domains are shown. (B) Backbone
C* traces of an ensemble of 20 NMR conformers following a best-fit superposition of
secondary structural elements of MRG15 MRG (green) and MRGBP MBD (magenta). The
two views are rotated by 70° to highlight the two MRG surfaces (Site I, right; Site Il, left)
engaged by MRGBP. (C) A representative conformer from the ensemble is shown with the
backbone rendered as ribbons. Comparable views of (D) the MRG15 MRG-Pf1 MBD (PDB
ID: 2LKM; (Xie et al., 2012)) and (E) the MSL3 MRG-MSL1 MBD (PDB ID: 2YON;
(Kadlec et al., 2011)) complexes. Note that in the MSL3-MSL1 complex, two discrete
MSL1 segments from molecules in adjacent complexes make contacts with Site | in the
MRG domain; these segments are distinguished by N/C and N’/C’ labels. See also Figure S1
for biochemical data establishing the minimal MBD of MRGBP and Figure S2 for the
quality of the NMR spectra obtained in the complex for both MRG15 MRG and MRGBP
MBD.
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S.cerevisiae GK -VFTAKDI WEEYGELILEN
Spombe KRSTIKAQDV.| PKDILKVKEKSE

Figure 2.
Non-covalent interactions in the MRG15 MRG-MRGBP MBD complex. (A) Close-up

views of the protein-protein interface highlighting the key residues within MRGBP MBD
making contacts with the two MRG surfaces (Site I, right; Site 11, left). The molecular
surface of MRG domain in contact with MRGBP is rendered in green; the side chain
nitrogen, sulfur, and oxygen atoms are colored blue, yellow, and red, respectively. (B) A
multiple sequence alignment of MRGBP orthologs from a variety of species. The asterisks
on top identify residues in the human protein involved in intermolecular interactions (red:
hydrophobic; orange: hydrogen bonding; green: electrostatic). Residues are colored
according to the degree of sequence conservation using JalView (Waterhouse et al., 2009).
The red line denotes the location of multi-residue insertions in the yeast proteins. See also
Figure S3 for the catalog of intermolecular interactions deduced using MONSTER (Salerno
etal., 2004).
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Figure 3.
ITC analysis of binding of wild-type and various mutant MRG15 MRG and MRGBP MBD

proteins. Representative binding curves from titrations of MRGBP MBD (in the syringe)
with MRG15 MRG (in the cell) for the indicated proteins are shown. Titration data for
mutant MRGBP MBD and MRG15 MRG are shown in the top and bottom panels,
respectively. All experiments were conducted at 25 °C. See Supplementary Table S1 for the
dissociation constants inferred from these measurements.
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Figure 4.
A comparative analysis of the structures of different MRG complexes. (A) Overlays of the

MRG15 MRG-MRGBP MBD, MRG15 MRG-Pf1 MBD, and MSL3 MRG-MSL1 MBD
complexes following best-fit superposition of backbone atoms in the MRG domains. The
coloring scheme is the same as that in figure 1. Notice how the segment between a6’ and the
N-terminus of a7 adopts different conformations in the three structures. This segment is
relatively closed in the MSL1 complex but is progressively more open in the Pfl and
MRGBP complexes. Side chain interactions with various Site | residues in the respective
MRG domains of the (B) MRGBP, (C) Pfl and (D) MSL1 complexes are shown. The side
chains of residues making comparable contacts in the various complexes are annotated. Note
that in the MSL3-MSL1 complex, two discrete MSL1 segments from molecules in adjacent
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complexes make contacts with Site | in the MRG domain. (E) A CLUSTAL Q-guided
multiple sequence alignment of established MRG-interactors to emphasize the lack of
sequence similarity between these domains. Conserved and invariant residues in the
respective orthologous proteins are highlighted in yellow and blue, respectively. The high
degree of sequence conservation for MRFAP1 is likely due to its occurrence in a narrow
range of species. Notice the poor sequence conservation N-terminal to the FXLP motif in
PALB2 orthologs. See also Figure S4 demonstrating a high-affinity interaction between
PALB2 MBD and MRG15 MRG.
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Table 1
NMR Structure Determination Statistics for the MRG15 MRG-MRGBP MBD Complex

Restraint Statistics

NOE-based distance restraints 5093
Unambiguous NOE-based restraints 4042
Intra-residue 1876
Sequential (Ji —j| = 1) 769
Medium-range (1< |i - j| < 4) 542
Long-range (fi — j| > 4) 539
Inter-molecular restraints 316

Ambiguous NOE-based restraints 929

Hydrogen bonding distance restraints 122
Torsion angle restraints 348 (174 ¢, 174 v)
Structure Quality of NMR Ensemble

Restraint satisfaction
RMS differences for distances (A) 0.014 £ 0.001
RMS differences for torsion angles (°) 0.255 + 0.054

Deviations fromideal covalent geometry
Bond lengths (A) 0.003 + 0.000
Bond angles (°) 0.489 + 0.009
Impropers (°) 1.389 + 0.066

Ramachandran plot statistics (%)

Residues in most favored regions 86.2
Residues in additional allowed regions 12.9
Residues in generously allowed regions 0.6
Residues in disallowed regions 0.3

Average Atomic RMSDs from Average Structure (A)
All atoms 1.96

All atoms except in disordered regions& 1.36

Backbone atoms (N, C¢, C')
All residues 157

Al residues except disordered regions® 0.75

All residues in secondary structure elements  0.71

adisordered regions include residues 69-74 and 117-118 of MRGBP, the three non-native residues at the N-termini of each protein, residues
204-210 and residue 323 of MRG15
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