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Abstract

MRG15 is a transcription factor expressed in a variety of human tissues, and its orthologs have been
found in many other eukaryotes which constitute the MRG protein family. It plays a vital role in
embryonic development and cell proliferation, and is involved in cellular senescence. The C-terminal
part of MRG15 forms a conserved MRG domain which is involved in interactions with the tumor
suppressor protein retinoblastoma and a nucleoprotein PAM14 during transcriptional regulation. We
report here the characterization of the interaction between the MRG domain of human MRG15 and
PAM14 using both yeast two-hybrid and in vitro binding assays based on the crystal structure of the
MRG domain. The MRG domain is predominantly hydrophobic, and consists of mainly a-helices that
are arranged in a three-layer sandwich topology. The hydrophobic core is stabilized by interactions
among a number of conserved hydrophobic residues. The molecular surface is largely hydrophobic, but
contains a few hydrophilic patches. Structure-based site-directed mutagenesis studies identified key
residues involved in the binding of PAM14. Structural and biochemical data together demonstrate that
the PAM14 binding site is consisted of residues Ile160, Leu168, Val169, Trp172, Tyr235, Val268, and
Arg269 of MRG15, which form a shallow hydrophobic pocket to interact with the N-terminal 50
residues of PAM14 through primarily hydrophobic interactions. These results provide the molecular
basis for the interaction between the MRG domain and PAM14, and reveal insights into the potential
biological function of MRG15 in transcription regulation and chromatin remodeling.

Keywords: chromatin remodeling; MRG15; MRG domain; PAM14; protein–protein interaction; transcrip-
tion regulation

Cellular senescence or replicative senescence is a state of
irreversible growth arrest reached by normal cells as
a result of replicative exhaustion in culture, and is
considered to be an ideal model system for studying the
mechanisms of aging and tumor suppression at the
cellular level (for review, see Tominaga et al. 2002).
Mortality factor on chromosome 4 (MORF4) was first
identified in humans as a transcription factor that has the
ability to induce replicative senescence in a subset of
immortal human cell lines (Bertram et al. 1999). Sub-
sequently, several additional MORF4-related genes were
also identified, including MRG15 (MORF4-related gene
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on chromosomes 15), MRGX (MORF4-related gene on
chromosome X), and four pseudogenes (MRG1, MRG4,
MRG5, and MRG11) (Bertram et al. 1999; Bertram and
Pereira-Smith 2001). Unlike MORF4, however, MRG15
and MRGX cannot induce replicative senescence when
they are introduced into immortal human cell lines.
Among these proteins, human MRG15 has drawn more
attention because it is ubiquitously expressed in a wide
variety of human tissues, and its orthologs have been
identified in many eukaryotes from humans to yeasts,
which constitute a MRG protein family (Marin and Baker
2000; Bertram and Pereira-Smith 2001).

MRG15 is a transcription factor of 37 kDa, and consists
of 323 amino acid residues. It comprises a putative
chromo domain at the N terminus (MRG15N, residues
1–85) and a conserved MRG domain at the C terminus
(MRG15C, residues 151–323), which are linked together
by a flexible region (about residues 86–150) (Bertram and
Pereira-Smith 2001). MRG15, MRGX, and MORF4 share
a common C-terminal part but a different N-terminal part.
MORF4 is equivalent to MRG15C with 96% sequence
identity; MRGX has 89% sequence identity with MRG15,
but does not contain the N-terminal two-thirds of
MRG15N. These differences are likely to be the basis
for their functional differences. The exact function of the
putative chromo domain of MRG15 is not understood.
Nevertheless, biochemical and structural data have shown
that proteins containing chromo domains are involved in
protein–protein interactions and play important roles in
chromatin remodeling that can activate or repress the
transcription of a large number of genes (Ball et al. 1997;
Brehm et al. 1998; Cavalli and Paro 1998; Akhtar et al.
2000; Jones et al. 2000; Bannister et al. 2001; Lachner
et al. 2001; Nielsen et al. 2001). The MRG domain is highly
conserved among all MRG proteins, and was predicted to
contain several conserved sequence motifs, including a
nuclear localization signal, a helix-loop-helix, and a leucine
zipper that are commonly found in many transcription
factors (Bertram and Pereira-Smith 2001).

Recently, the biological function of MRG15 has been
gradually elucidated. Cell biological and biochemical data
have shown that, in addition to its involvement in cellular
senescence, MRG15 also plays a vital role in embryonic
development and cell proliferation. Knockout of MRG15 in
mice is embryonic lethal, and exhibits developmental delay
(Tominaga et al. 2005). This function of MRG15 is sug-
gested to be most likely through its participation in two
nucleoprotein complexes, MAF1 and MAF2 (MRG15-asso-
ciated factors 1 and 2, respectively), which are involved in
chromatin remodeling and transcription regulation (Pardo
et al. 2002; Tominaga et al. 2005). MRG15 is shown to interact
with hMOF (human male absent on first) in MAF2 through
the N-terminal chromo domain (Leung et al. 2001), and
with the tumor suppressor protein retinoblastoma (Rb) and

the nuclear protein PAM14 (protein associated with
MRG15 of 14 kDa) in MAF1, the histone deacetylase
(HDAC) containing transcription corepressor mSin3A, and
the plant homeodomain zinc finger protein Pf1 through the
C-terminal MRG domain (Leung et al. 2001; Yochum and
Ayer 2002). In addition, MRG15 is found to be associated
with a mammalian TRRAP/Tip60 histone acetyltransferase
(HAT) complex through protein MRGBP (MRG15/MRGX
binding protein) (Cai et al. 2003). Several MRG15 homo-
logs in other species are also found to be components of
multisubunit HAT/HDAC complexes that are involved in
transcription regulation through chromatin remodeling
(Gorman et al. 1995; Smith et al. 2000; Eisen et al. 2001;
Fujita et al. 2002; Nakayama et al. 2003; Morales et al.
2004, 2005; Reid et al. 2004). However, the exact functions
of MRG15 and its homologs in these complexes and the
underlying molecular mechanisms are still unknown.

Here, we report the crystal structure of the MRG domain
of human MRG15 (MRG15C, residues 151–323) at 2.2 Å
resolution and the characterization of its interaction with
PAM14. After the structure determination and during the
functional studies of MRG15C, a crystal structure of
MRG15C was reported earlier this year (Bowman et al.
2006). MRG15C was shown to exhibit a structural homology
with a DNA-interacting domain of the tyrosine site-specific
recombinases XerD, l integrase, and Cre. Site-directed muta-
genesis studies showed that both Val169 and Asn215 are
involved in the binding of PAM14. However, it is not clear
how PAM14 can interact with the two residues simulta-
neously because they are located on opposite faces of
MRG15C (Bowman et al. 2006). Our MRG15C structure
is in agreement with the reported structure. It is composed of
mainly a-helices, and is predominantly hydrophobic. The
hydrophobic core is stabilized by interactions among a num-
ber of conserved hydrophobic residues. The molecular
surface is largely hydrophobic, but contains a few hydro-
philic patches. Structure-based mutagenesis studies and in
vitro binding assays demonstrate that a shallow hydrophobic
pocket consisting of residues Ile160, Leu168, Val169,
Trp172, Tyr235, Val268, and Arg269 interacts directly with
PAM14. Truncation experiments indicate that the N-terminal
50 residues of PAM14 are responsible for its binding with
MRG15C. These results further reveal the molecular basis of
the interaction between MRG15C and PAM14 and provide
insights into the potential biological functions of MRG15
and other MRG proteins in cell development and cellular
senescence via chromatin remodeling.

Results

Structure of MRG15C

The crystal structure of MRG15C was solved using the
MAD method (Table 1; Fig. 1). There are two MRG15C
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molecules (A and B) in the asymmetric unit related by
a twofold NCS axis. The final model contains residues
A156–A203 and A212–A320 of subunit A, residues
B156–B204 and B212–B321 of subunit B, and 236 water
molecules. The N-terminal five residues (151–155) in
both subunits, residues A204–A211, and residues B205–
B211 were undefined in the electron density maps. The
MRG15C structure reported here is almost identical to
that by Bowman et al. (2006). It has a triangular shape of
size ;52 Å 3 28 Å 3 25 Å, and consists of six long a-
helices (a1, a2, a3, a4, a6, and a7), three short a-helices
(a5, a8, and a9), and two short b-strands (b1 and b2)
(Fig. 1). Helices a1, a2, a3, a6, and a7 form a five-helix
bundle and are arranged in a three-layer sandwich
topology: helix a1 forms the bottom layer; helices a2
and a3 form the top layer and are in parallel orientation

as helix a1; and helices a6 and a7 form the middle layer
and are in approximately orthogonal orientation as helix
a1. The bottom and top layers are linked together by
a short b-strand (b1). Helices a4 and a5 are intercalated
between the middle and top layers and cap the helical
bundle from one end. The C-terminal region has a rela-
tively extended structure containing two short a-helices
(a8 and a9) and a short b-strand (b2), and flanks one
side of the helical bundle. MRG15C is predominantly
hydrophobic, and the scaffold of the hydrophobic core is
stabilized by interactions between a number of highly
conserved hydrophobic residues, including Phe225,
Leu233–Leu234–Tyr235, Leu267, Leu287–Leu288,
Phe294, and Phe306 (Fig. 1D). In addition, a cluster of
strictly conserved, charged residues Asp171, Glu238,
His262, and Arg265 form a network of salt bridges and

Table 1. Summary of diffraction data and structure refinement statistics

Peak Edge Remote Native

Statistics of diffraction data

Wavelength (Å) 0.9782 0.9819 0.9875 1.0000

Resolution range (Å) 50.0–2.60 50.0–2.60 50.0–2.60 50.0–2.20

(2.69–2.60)a (2.69–2.60) (2.69–2.60) (2.28–2.20)

Space group R3 R3 R3 R3

Cell parameters

a (Å) 110.8 110.8 110.8 111.2

b (Å) 110.8 110.8 110.8 111.2

c (Å) 84.1 84.1 84.1 87.0

Observed reflections 115,783 62,509 85,285 84,596

Unique reflections [I/s(I) > 0] 11,881 11,777 11,803 20,198

Mosaicity 0.78 0.76 0.75 1.35

Average redundancy 9.7 (7.9) 5.3 (4.1) 7.2 (5.2) 4.2 (4.0)

Average I/s(I) 15.8 (2.5) 12.4 (2.2) 13.1 (2.1) 20.8 (6.7)

Completeness (%) 99.8 (98.7) 99.4 (95.4) 99.5 (96.1) 99.0 (100)

Rmerge (%)b 13.2 (55.7) 12.2 (53.7) 13.7 (58.1) 4.3 (23.9)

Statistics of refinement and model

No. of reflections [Fo $ 0s (Fo)]

Working set 19,188

Free R set 1010

Rfactor (%)c 20.5

Free Rfactor (%) 24.3

No. of residues 316

No. of protein atoms 2600

No. of water molecules 236

Average B factor of all atoms (Å2) 48.1

Protein main-chain atoms 46.3

Protein side-chain atoms 48.9

Water molecules 53.3

RMS bond lengths (Å) 0.017

RMS bond angles (°) 1.54

Luzzati atomic positional error (Å) 0.27

Ramachandran plot (%)

Most favored regions 93.5

Allowed regions 5.4

Generously allowed regions 1.1

aNumbers in parentheses refer to the highest resolution shell.
bRmerge ¼ ShklSi|Ii(hkl)i � ÆI(hkl)æ|/ShklSiIi(hkl).
cRfactor ¼ ||Fo| � |Fc||/|Fo|.

Interaction of human MRG15 with PAM14

www.proteinscience.org 2425

JOBNAME: PROSCI 15#10 2006 PAGE: 3 OUTPUT: Thursday September 7 19:08:59 2006

csh/PROSCI/122851/ps0623978



Figure 1. Structure of MRG15C. (A) A representative SIGMMA-weighted 2Fo–Fc map (1s contour level) in the C-terminal region of one

MRG15C subunit at 2.2 Å resolution. The final coordinates of the structure are shown as a ball-and-stick model. (B) Ribbon diagrams showing

the overall structure of MRG15C in monomer (left panel) and homodimer (right panel). The disordered region connecting helices a2 and a3 is

indicated with dashed lines. The conserved residues involved in formation of the hydrophobic dimer interface are shown with side chains. The

PAM14 binding site and a hydrophilic patch near the C-terminal region are indicated by circles. (C) Secondary structure topology of MRG15C.

a-Helices are shown as cylinders; b-strands as arrows. (D) Sequence comparison of the MRG domains between human MRG15 and its

homologs. Hs_MRG15, human MRG15; MmMRG15, Mus musculus MRG15; Dm_MRG15, Drosophila melanogaster MRG15; Sp_ALP13,

Schizosaccharomyces pombe altered polarity protein 13; Sc_EAF3p, Saccharomyces cerevisiae Esa1p associated factor 3 protein; At_MRG15,

Arabidopsis thaliana MRG15; and Ce_MRG15, Caenorhabditis elegans MRG15. Strictly conserved residues are highlighted in shaded red boxes

and conserved residues in open red boxes. The secondary structure of the MRG domain of human MRG15 is placed on top of the alignment.
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hydrogen bonds that also contribute to the stability of the
structure.

The two MRG15C molecules in the asymmetric unit
form a homodimer in a head-to-head fashion (Fig. 1B),
which is in agreement with the results of the dynamic
light-scattering analysis showing that MRG15C exists as
a homodimer in solution as well (data not shown). The
dimer interface buries 1097 Å2 (or 12%) of the surface
area of each subunit, indicating a moderate subunit–
subunit interaction. The dimer interface is mainly formed
by helix a3, the C-terminal part of helix a6, the a6–a7
connecting loop, the N-terminal part of helix a7, and
a small portion of helix a4 from each subunit. The
interface contacts are predominantly hydrophobic and
involve only a few hydrogen-bonding interactions. The
conserved residues Val227, Met228, and Met273 form the
core of the interface (Fig. 1B). The overall structures of
the two subunits are very similar (RMSD of 0.92 Å).
Conformational differences are only observed in a few
surface-exposed regions, including residues 212–219,
246–252, and 271–291. One marked difference is located
at region of residues 275–280, which forms part of helix
a6 with well-defined electron density in subunit A, but
adopts a distorted helical geometry with slightly poorer
electron density in subunit B. Tyr-A276 is positioned on
the surface and points its side chain toward the solvent,
while Tyr-B276 is embedded in a hydrophobic pocket of
subunit A and its side-chain hydroxyl group forms
a hydrogen bond with the main-chain amide group of
Ala-A221. There is a hydrophobic cavity near the strictly
conserved Gly-B220 at the dimer interface; a large
spherical residual electron density was located in the
pocket and was tentatively assigned as a water molecule.
In subunit A, this pocket is occupied by Tyr-B276. It is
unclear whether this hydrophobic cavity has any biolog-
ical implication.

The MRG domain is a functionally uncharacterized
protein domain. Searches for structural homologs of
MRG15C in the PDB database using the DALI server
(Holm and Sander 1997) revealed 20 candidates with a
Z-score >2.0, among which six are >3.0, three >4.0, and one
>5.0. However, these candidates share very poor sequence
identity (<17%) with MRG15C. Three of those structures
have a Z-score >3.0 and a RMSD <4.0 Å with MRG15C,
which are recombinase XerD domain 1 (PDB code 1A0P,
Z = 5.4, and RMSD of 3.8 Å for 78 Ca atoms) (Subramanya
et al. 1997), RNA polymerase II transcription initiation
factor D TAF(II)250 subdomain double bromodomain
module (PDB code 1EQF-A, Z = 3.6, and RMSD of 3.5
Å for 99 Ca atoms) (Jacobson et al. 2000), and Escherichia
coli sugar phosphotransferase system enzyme I fragment
(PDB code 1ZYM-A, Z = 3.5, and RMSD of 3.4 Å for 89
Ca atoms) (Liao et al. 1996). These structures are orthog-
onal bundles or up–down bundles of mainly a-helices.

However, the topology of MRG15C is different from that of
those structures. It was suggested that MRG15C has a
structural homology with the DNA binding domains of
three recombinases (XerD, l integrase, and Cre) based on
a match of four a-helices (Bowman et al. 2006). However,
we found that the numbers of matched residues between
them are very limited, and the connection and direction of
the two matched a-helix hairpins in MRG15C are different
from those in the DNA binding domains of XerD, l

integrase, and Cre. Preliminary biochemical data also
suggest that MRG15C does not bind to either single-
stranded or double-stranded DNA by itself (J. Zhou, P.
Zhang, and J. Ding, unpubl.).

The N-terminal region of PAM14 is responsible for its
interaction with MRG15C

Previous biochemical data showed that PAM14 interacts
with the C-terminal region of MRG15 in the MAF1
complex (Bertram et al. 1999; Leung et al. 2001). To
confirm the direct interaction between MRG15 and
PAM14, we performed the yeast two-hybrid experiments
in which PAM14 and its fragments (PAM14N, PAM14M,
and PAM14C) were used as preys and MRG15, MRG15C,
and MRG15C2 (a truncated form of MRG15C in which
the N-terminal 12 residues of MRG15C were deleted) as
baits. Our results confirm that MRG15 interacts directly
with PAM14 and MRG15C is the domain interacting with
PAM14, whereas MRG15N has no interaction with
PAM14 (Fig. 2).

PAM14 is a nuclear protein of 127 residues with
unknown biological function, and is predicted to consist
of three long a-helices and several coiled coils. To
identify which region of PAM14 is required for its
interaction with MRG15 or MRG15C, we cloned,
expressed, and purified three fragments of PAM14 based
on secondary structure prediction, each corresponding to
one long a-helix—the N-terminal part (residues 1–50,
PAM14N), the middle part (residues 49–84, PAM14M),
and the C-terminal part (residues 80–127, PAM14C),
respectively—and examined their binding affinity with
MRG15 and MRG15C using both yeast two-hybrid assay
and in vitro binding assay. The yeast two-hybrid assay
results showed that similar to PAM14, PAM14N can
interact with MRG15 and MRG15C, whereas PAM14M
and PAM14C have no interaction with MRG15 or
MRG15C (Fig. 2B). These results are confirmed by the
in vitro binding assay results showing that both PAM14
and PAM14N can bind with MRG15C effectively, while
PAM14M and PAM14C cannot (Fig. 3A). These data
indicate that only the N-terminal part of PAM14 is
responsible for its interaction with MRG15C, while the
other regions of PAM14 are not involved in the
interaction.
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MRG15C uses a shallow hydrophobic pocket to interact
with PAM14

To further determine the binding site of PAM14 on

MRG15C, we performed structure-based site-directed mu-

tagenesis studies of MRG15C and examined the binding
affinity of these MRG15C mutants with PAM14 by in vitro

binding assay. Analysis of the primary sequence of PAM14N

reveals that there are 15 negatively-charged, acidic residues
out of 50 residues in PAM14N, leading us initially to

speculate that the interaction between PAM14 and MRG15C
might be mediated through hydrogen-bonding or hydrophilic

interactions. In addition, previous biochemical data showed

that a MRG15 mutant containing deletion of residues 125–
191 could not bind to PAM14 and Rb, suggesting that

residues 125–191 of MRG15 may be involved in the binding

of PAM14 and Rb (Leung et al. 2001). Our biochemical data
show that MRG15C (residues 151–323) itself is sufficient to

bind with PAM14, suggesting that the region of residues

125–150 is not involved in PAM14 binding. However,

deletion of the N-terminal 12 residues (including helix a1)
of MRG15C (MRG15C2, residues 173–323) abolishes its
interaction with PAM14 and PAM14N (Fig. 2B), suggesting
that the N-terminal region of MRG15C is indispensable in
the binding of PAM14. Taking these two considerations into
account, we first generated mutations on a number of
positively-charged, basic amino acids in or near the N-ter-
minal region of MRG15C, including K157A, K159A,
K165A, R269A, and K296A. However, these mutations
had no effect on the binding of MRG15C with PAM14N
(data not shown). Furthermore, we made several double
mutations in this region, including K159A/K165, K159A/
R269A, K159A/K296A, and K296A/N289A, which also did
not show any obvious effect on the interaction between
MRG15C and PAM14N (Fig. 3B). These results imply that
the N-terminal region of MRG15C either is not directly
involved in PAM14 binding or interacts with PAM14 via a
different interaction mechanism.

We then investigated if MRG15C uses other structural
element(s) instead of the N-terminal region to interact

Figure 2. Yeast two-hybrid assay of the interaction between MRG15 and PAM14. MRG15, MRG15N, MRG15C, and MRG15C2

were cotransformed with pB42AD as the baits, and PAM14 and its fragments (PAM14N, PAM14M, and PAM14C) were cotransformed

with pGilda as the preys. The pSH17-4 plasmid was used as the positive control and the pRFHM1 plasmid as the negative control for

transcriptional activation. (A) Yeast two-hybrid analyses of pGilda-MRG15s (MRG15C and MRG15) with the empty prey plasmid

pB42AD and pB42AD-PAM14s (PAM14N, PAM14M, PAM14C, and PAM14) with the empty bait plasmid pGilda. The baits or preys

alone cannot activate the reporter markers by themselves. (B) Yeast two-hybrid analyses to determine the interactions of MRG15,

MRG15N, MRG15C, and MRG15C2 with PAM14 and its fragments (PAM14N, PAM14M, and PAM14C). (Left to right) Full-length

MRG15 (residues 1–323), MRG15N (residues 1–150), MRG15C (residues 151–323), and MRG15C2 (residues 173–323). Both

MRG15 and MRG15C have direct interactions with PAM14 and PAM14N at comparable levels, whereas MRG15N and MRG15C2

have no interaction with PAM14 or its fragments.
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with PAM14. Analysis of the MRG15C structure indi-
cates that although MRG15C exhibits a largely hydro-
phobic surface, there is a negatively-charged surface
patch at the C-terminal region consisting of several
conserved residues (Glu244, Asp248, Glu312, and
Glu317) and a strictly conserved Pro185 with a cis-
conformation (Fig. 4A). On the opposite face of the
molecule, there are several positively-charged, basic
residues (Lys236, Arg239, and Arg269) that are highly
conserved in all MRG proteins. In addition, the region
connecting helices a2 and a3 (residues 204–211), which
was disordered in both subunits of the homodimer,
contains several conserved hydrophilic residues as well
(Lys201, Arg204, and Asp208). The conservation of these
residues might imply a possible role in biological func-
tion(s), such as protein–protein interaction. Thus, we
performed mutagenesis studies on these surface exposed
hydrophilic residues and carried out in vitro binding
assay. The results showed that mutations of these residues

with alanine had no influence on the binding ability of
MRG15C with PAM14 (some of the data are shown in
Fig. 3B,C). Therefore, these experiments indicate that the
interaction between MRG15C and PAM14N is not
through hydrophilic residues, instead, it is most likely
through hydrophobic residues.

To further delineate the potential PAM14 binding site,
we performed mutagenesis studies on a number of
surface-exposed hydrophobic residues in the N-terminal
region and several other regions of MRG15C. The in vitro
binding assay results showed that mutation V169A sub-
stantially decreased the binding of MRG15C with
PAM14N, and mutation W172A completely disrupted
the interaction between MRG15C and PAM14N, whereas
other mutations, including Q178A, Y183A, D208A,
M228D, R239A, and R320A, had no effect on the
interaction (Fig. 3C). Analysis of the MRG15C structure
shows that several hydrophobic residues are located very
closely to Val169 and Trp172 (a1), including Ile160 and
Leu168 of helix a1, Tyr235 of the a3–a4 connecting
loop, and Val268 of helix a6, and these residues together
form a shallow hydrophobic pocket (Fig. 4), suggesting
that in addition to Val169 and Trp172, these residues may
also be involved in interaction with PAM14. Indeed,
mutation L168A significantly decreased the binding of
MRG15C with PAM14N; mutations I160A, I160D,
V268A, V268D, and Y235A disrupted the binding of

Figure 3. In vitro binding assay of the interaction between MRG15C and

PAM14. GST was used as the negative control, which cannot bind to

MRG15C. (A) In vitro binding assays of MRG15C with GST-fused PAM14

(residues 1–127) and its three fragments GST-PAM14N (residues 1–50), GST-

PAM14M (residues 49–84), and GST-PAM14C (residues 80–127). The results

show that MRG15C has interactions with PAM14 and PAM14N, but no

interaction with PAM14M and PAM14C. (B) In vitro binding assays of GST-

PAM14N with wild-type MRG15C and representative MRG15C mutants

containing mutations of positively-charged residues. Shown here are double

mutations K159A/K165A, K159A/R269A, K159A/K296A, and N289A/

K296A, and single mutation R204A. The results show that these mutations

have no obvious effect on the binding affinity of MRG15C with PAM14N

compared to wild-type MRG15C. (C) In vitro binding assays of GST-

PAM14N with wild-type MRG15C and representative MRG15C mutants

containing mutations of both hydrophobic and hydrophilic residues. Shown

here are single mutations V169A, V169E, W172A, Q178A, Y183A, D208A,

M228D, Y235A, R239A, R320A, I160A, I160D, L168A, N215A, N215D,

V268A, V268D, and R269E. The results show that mutation L168A and

V169A significantly reduce the binding affinity of MRG15C with PAM14N;

mutation I160A, I160D, V169E, W172A, Y235A, V268A, V268D, and

R269E completely abolish the binding of PAM14N; and other mutations have

no significant impact on the binding of PAM14N. (D) In vitro binding assay of

GST-PAM14 with P185A mutant MRG15C. The result shows that mutation

P185A substantially decreases the binding of MRG15C with PAM14. (E) In

vitro binding assay of MRG15N and MRG15C. (Lane 1) His-tagged

MRG15N; (lane 2) mixture of His-tagged MRG15N and GST-tagged

MRG15C; (lane 3) mixture of His-tagged MRG15N and GST-tagged

MRG15C after being washed three times with a washing buffer. The result

shows that MRG15N and MRG15C have no direct interaction with each other.
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MRG15C with PAM14N (Fig. 3C). Moreover, a highly
conserved Arg269 is positioned at the rim of the shallow
pocket (Fig. 4A). Although mutation R269A had no
significant effect on the binding of MRG15C with
PAM14N, mutation R269E abolished the binding of
PAM14N, suggesting that the hydrophilic residue(s)

nearby the shallow pocket also plays an important role
in the binding of PAM14. When full-length PAM14 was
used, we had similar results as PAM14N (data not
shown). While we were performing those functional
studies, Bowman et al. (2006) reported that mutation
V169E of MRG15C completely abolished PAM14 bind-
ing, and mutation N215R could cause a reduced affinity
for PAM14 binding. Thus, we further carried out in vitro
binding assays for mutations V169E, N215A, and N215D
(Fig. 3C). Our in vitro binding assay data confirmed that
mutation V169E completely disrupted the interaction of
MRG15C with PAM14N or PAM14. However, in our
experiments, mutation N215A or N215D had no obvious
impact on the binding affinity of MRG15C with PAM14N
or PAM14. Our biochemical results can be explained very
well in the structural context. Residues Ile160, Leu168,
Val169, Trp172, Tyr235, Val268, and Arg269 constitute a
shallow hydrophobic pocket as the binding site for PAM14,
and the interaction between MRG15C and PAM14 are
mainly hydrophobic. Mutation V169A reduces the size of
the hydrophobic side chain, which would cause a mild
change in the geometry of the PAM14 binding site, and
therefore decreases the binding affinity of MRG15C with
PAM14. When Val169 is substituted with Glu, the mutation
would not only increase the size of the side chain, but also
change the electrostatic property of the PAM14 binding
site, leading to the abolishment of the binding ability of
MRG15C with PAM14. Similarly, residues Ile160, Leu168,
Val268, Try172, and Tyr235 are hydrophobic residues with
moderate to large aromatic side chains, and their mutations
to Ala or hydrophilic residues (Asp) would significantly
alter the geometry of the PAM14 binding site and de-
stabilize the interaction between MRG15C and PAM14,
leading to the loss of binding affinity of MRG15C with
PAM14. Arg269 is a hydrophilic residue with a large
positively-charged side chain. Mutation R269A appears to
have a minor impact on the PAM14 binding site, whereas
change of Arg269 to Glu would reverse the electrostatic
property of the side chain, and therefore would have
a drastic impact on the binding of PAM14. Asn215 is
located on the opposite face of the protein from that of the
hydrophobic pocket involved in interaction with PAM14 or
very far away from the hydrophobic pocket on the same
face in the dimer, and therefore its mutation should not
affect the binding of MRG15C with PAM14. Thus, we are
not sure whether the reported reduction in the binding af-
finity of MRG15C for PAM14 caused by mutation N215R
is an experimental artifact or through some unknown mech-
anism. Taking the structural and biochemical data together,
we conclude that the PAM14 binding site of MRG15C
consists of mainly Ile160, Leu168, Val169, Trp172, Tyr235,
Val268, and Arg269, which form a shallow hydrophobic
pocket to interact with the N-terminal 50 residues of
PAM14 through primarily hydrophobic interactions.

Figure 4. The PAM14 binding site. (A) Electrostatic surface of the

dimeric MRG15C. MRG15 is highly hydrophobic but contains a few

hydrophilic surface patches. The PAM14 binding site is located in

a shallow hydrophobic pocket. A negatively-charged surface patch is

located near the C-terminal region on one face of the molecule and several

positively-charged patches on the opposite face. The residues forming the

hydrophobic pocket and the hydrophilic surface patches are highlighted.

(B) A stereoview of the structure of the PAM14 binding site. The PAM14

binding site consists of residues Ile160, Leu168, Val169, Trp172, Tyr235,

Val268, and Arg269, which form a shallow hydrophobic pocket on one

surface of the molecule. The hydrophobic residues are shown with side

chains.
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It is noteworthy that there is a strictly conserved
Pro185 in the loop connecting strand b1 to helix a2 with
a cis-conformation. This residue is located at the back of
the hydrophobic pocket for binding PAM14, and forms
part of the negatively-charged surface patch at the
C-terminal region. Mutation of Pro185 to Ala resulted
in a large fraction of the protein expressed in inclusion
bodies with only a small amount in supernatant. The
P185A MRG15C mutant had substantially reduced bind-
ing affinity with PAM14 compared to the wild-type
protein (Fig. 3D). It seems very likely that mutation
P185A destabilizes the conformation and structure of the
N-terminal region, leading to the decrease of the binding
affinity with PAM14.

Previous biochemical data also showed that residues
284–305 (helix a7) of MRG15, which were predicted to
form a leucine zipper, are involved in binding with
PAM14 and Rb (Bertram et al. 1999; Bertram and
Pereira-Smith 2001; Leung et al. 2001). Analysis of the
MRG15C structure indicates that although this region
forms a long a-helix (a7), it is not involved in hydro-
phobic interaction with any other helix to form a typical
leucine zipper structure. Most of the conserved leucine
residues point their side chains toward the interior of the
protein to stabilize the hydrophobic core of the overall
structure. Moreover, mutagenesis data show that muta-
tions of two surface exposed hydrophilic residues on this
helix (N289A and K296A) had no effect on the PAM14
binding (Fig. 3B). These results suggest that helix a7 is
not involved in direct binding of PAM14, consistent with
Bowman et al. (2006). The necessity of this region for
binding PAM14 is most likely because of its contribution
to the formation of the structural scaffold, rather than
direct participation in protein–protein interaction.

Discussion

The MRG proteins exist in many eukaryotes from yeast to
human, and MRG15, MORF4, and MRGX are typical
representatives (Bertram and Pereira-Smith 2001). The
MRG domain is highly conserved among all known MRG
proteins, underscoring an important functional role (Fig.
1D). Although the exact biological functions of these
MRG proteins are yet unclear, the crystal structure of
MRG15C, together with biochemical data, has provided
the molecular basis for the interaction of MRG15 with
PAM14, and revealed some insights into the potential
biological function(s) of MRG15 and other MRG pro-
teins. It is unexpected that the interaction of MRG15C
with the N-terminal part of PAM14 is mainly through
hydrophobic residues. Residues Ile160, Leu168, Val169,
Trp172, Tyr235, Val268, and Arg269 of MRG15C form
a shallow hydrophobic pocket as the PAM14 binding site,
and the hydrophobic interactions dictate the binding

affinity for PAM14. Although the N-terminal region of
PAM14 contains a large number of acidic residues (15 out
50 residues), they appear not to be the primary residues
involved in the interaction. Similarly, there are a number
of conserved, charged residues forming several hydro-
philic patches on the MRG15C surface, but they are also
not involved in PAM14 binding. Nevertheless, since
MRG15C and other MRG domains can also interact with
other proteins, even though these hydrophilic surface
patches or residues are not involved in interaction with
PAM14, we cannot exclude the possibility that they
might be potential binding sites for or involved in
interaction with other proteins. Further biochemical and
structural studies of MRG15 in complexes with its pro-
tein partners will provide detailed molecular basis for
these interactions.

Sequence comparisons show that the MRG domains of
MRG15, MRGX, and MORF4 are strongly conserved,
and differ only by several amino acids. These varying
residues are mostly located on surface exposed regions
and, thus appear not affecting the overall structure.
Moreover, the MRG domains of other MRG proteins
also share very high sequence homology with MRG15C,
and contain a number of strictly conserved hydrophobic
residues that form the scaffold of the structure (Fig. 1D).
Hence, we predict that the MRG domains of MRGX and
MORF4 and most likely other MRG proteins would
assume a similar structure as that of MRG15C. On the
other hand, MRG15, MRGX, and MORF4 show differed
functions in cellular senescence, and this variation is
very likely due to the differences in the N-terminal
domains.

MRG15 is suggested to play an important role in
transcription regulation and cell development via chro-
matin remodeling (Tominaga et al. 2005). MRG15 con-
sists of MRG15N and MRG15C linked together by
a flexible region. Biochemical data have shown that
MRG15N is involved in interactions with proteins (most
likely modified histones) in the HAT/HDAC complexes
(Leung et al. 2001), and MRG15C in interactions with
several protein partners, including Rb, PAM14, mSin3A,
and Pf1 (Leung et al. 2001; Yochum and Ayer 2002). So
far, we have been able to express, purify, and crystallize
both MRG15N and MRG15C, and solve their individual
crystal structures (the crystal structure of MRG15N will
be published elsewhere). However, we have not been able
to crystallize the full-length MRG15. These results
suggest that MRG15N and MRG15C exist as two in-
dependent and stable domains that are connected together
by a structurally flexible region. Indeed, our in vitro
binding assay data show that MRG15N and MRG15C do
not interact with each other (Fig. 3E). Based on the
biochemical and structural data, we propose that MRG15
functions as an adaptor protein to interact with other
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proteins in nuclear complexes during chromatin remodel-
ing and transcription regulation. The two domains of
MRG15 (MRG15N and MRG15C) interact with different
protein partners and play different functional roles, but
work in a concerted way. The flexible connecting region
may function in modulating the relative conformation of
the two domains and facilitating the overall structure and
biological function of MRG15.

Materials and methods

Expression and purification of MRG15C

The cDNA corresponding to MRG15C (residues 151–323) was
cloned into the pET-28a(+) expression plasmid (Novagen) using
the NcoI and XhoI restriction sites. The plasmid was transferred
into the E. coli BL21(DE3) strain, and the bacterial cells were
grown in LB medium supplemented with 0.1 mg/mL ampicillin
at 37°C until OD600 reached ;0.8. Protein expression was
induced by adding isopropyl-b-D-thiogalactopyranoside (IPTG)
to a final concentration of 0.5 mM at 22°C for about 10 h. The
bacterial cells were harvested by centrifugation and resuspended
in a lysis buffer (20 mM Tris-HCl at pH 8.0, 500 mM NaCl,
2 mM b-mercaptoethanol, and 1 mM PMSF), and then lysed by
sonication on ice. The supernatant was loaded onto an Ni-NTA
agarose column (Amersham-Pharmacia) pre-equilibrated with
a binding buffer (20 mM Tris-HCl at pH 8.0, 500 mM NaCl, and
1 mM PMSF) and then the resin was washed with a washing
buffer (the binding buffer supplemented with 50 mM imidazole)
to remove nonspecific binding proteins. The target proteins were
eluted with an elution buffer (the binding buffer supplemented
with 300 mM imidazole). Further purification was performed
using gel-filtration on a Superdex 26/60 (prep grade) column
(Amersham-Pharmacia) pre-equilibrated with the binding buffer.
The target protein was collected and concentrated to ;20 mg/mL
by ultrafiltration for structural and functional studies. SDS-PAGE
analysis of the protein showed a single band with molecular mass of
20 kDa. The purity and homogeneity of the protein were also
confirmed with dynamic light-scattering analysis. Selenomethionine
(Se-Met)-substituted MRG15C was expressed in the methionine
auxotroph E. coli B834(DE3) strain (Novagen) and purified using
the same method as for the native protein.

Constructs of the mutant MRG15Cs containing point muta-
tions were generated using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene). Expression plasmid of a truncated
MRG15C containing deletion of the N-terminal 12 residues
(MRG15C2, residues 173–323) was generated using the same
method as MRG15C. All of these clones were verified by DNA
sequencing. Expression and purification of these MRG15C
mutants were the same as the wild-type protein described above.

Expression and purification of PAM14

The cDNA corresponding to the full-length PAM14 was cloned
into a pGEX-4T1 vector in which a glutathione-S-transferase
(GST) tag was fused at the N-termini of the protein. The GST-
fused PAM14 was expressed in E. coli BL21(DE3) and purified
using affinity chromatography with the glutathione Sepharose
4B column (Amersham Biosciences). To identify the region
of PAM14 involved in interaction with MRG15C, the full-
length PAM14 was divided into three fragments: PAM14N (the

N-terminal residues 1–50), PAM14M (residues 49–84), and
PAM14C (the C-terminal residues 80–127). Cloning, expres-
sion, and purification of the three PAM14 fragments were the
same as the wild-type protein.

Crystallization and diffraction data collection

Crystallization of MRG15C was carried out using the hanging
drop vapor diffusion method. Crystals of both native and Se-Met
MRG15C were grown in drops containing equal volumes of the
protein solution (20 mg/mL) and the crystallization solution
(0.1 M HEPES at pH 7.9, 20% PEG4000, and 5% isopropanol)
to approximate dimensions of 0.2 3 0.2 3 0.3 mm3 in 10 d
at 20°C. Crystals of MRG15C belong to space group R3 with the
cell parameters of a = b = 111.2 Å and c = 87.0 Å. The native
diffraction data were collected to 2.2 Å resolution from a flash-
cooled crystal at 100 K at beamline BL-6A of Photon Factory,
Japan. The multiwavelength anomalous dispersion (MAD) data
were collected to 2.6 Å resolution at beamline BL-18B of
Photon Factory. The diffraction data were processed, integrated,
and scaled together with HKL2000 (Otwinowski and Minor
1997). The statistics of the diffraction data are summarized in
Table 1.

Structure determination and refinement

Crystal structure of MRG15C was solved by the MAD method
implemented in the program SOLVE (Terwilliger and Berendzen
1999). The MAD phases revealed six Se sites in the asymmetric
unit. Since each MRG15C contains four Met residues (including
the first residue Met151), the SOLVE results suggest that there are
two MRG15C molecules in the asymmetric unit, and the first Met
residue is likely disordered. The MAD phases were improved by
statistical density modification including solvent flattening and
histogram matching using the program RESOLVE (Terwilliger
2001), increasing the overall figure of merit from 0.31 to 0.63 at
2.6 Å resolution. The resulting electron density map had very
good quality and was used to build an initial model. RESOLVE
automatically built 250 polyalanines out of 334 residues and
successfully located most of the secondary structural elements. A
complete model was built manually using the program O (Jones
et al. 1991). Structure refinement was carried out against the 2.2 Å
resolution native data set using the program CNS (Brunger et al.
1998). Strict twofold noncrystallographic symmetry (NCS)
restraints were used in the initial stage of refinement but were
released in the later stage of refinement. The final structure
refinement was performed using the maximum likelihood algo-
rithm implemented in the program REFMAC5 (Murshudov et al.
1997). A bulk solvent correction and a free R-factor monitor
(calculated with 5% of randomly chosen reflections) were applied
throughout the refinement. The statistics of the structure re-
finement and the quality of the structure model are summarized
in Table 1.

In vitro protein–protein binding assay

For in vitro protein–protein binding assay, the GST-PAM14
protein or its fragments (5 mg) were absorbed onto the
glutathione Sepharose 4B beads (10 mL) in a binding buffer
(PBS containing 1 mM PMSF) and then 10 mg of the wild-type
or mutant MRG15C protein and 50 mg of BSA were added in
a total volume of 500 mL. After 2 h at 4°C, the beads were
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washed four times with 500 mL of a washing buffer (20 mM
Tris-HCl at pH 8.0, 1 M NaCl, 1% NP40, 2 mM DTT, 1 mM
EDTA, and 1 mM PMSF). The bound proteins were eluted with
SDS-sample buffer and analyzed by SDS-PAGE with Coomassie
blue staining. Binding assay with the GST protein was used as
a negative control.

Yeast two-hybrid assay

The yeast two-hybrid assay was carried out using the yeast
HLY819 strain, which was transformed with the Matchmaker
LexA two-hybrid system (BD Biosciences Clontech). The
pGilda plasmid was used to express the LexA DNA-binding
domain in fusion with MRG15C (bait). The pB42AD plasmid
was used to express the AD transcriptional activation domain in
fusion with PAM14 (prey). pSH17–4, which encodes LexA
fused to the activation domain of the yeast activator protein
GAL4 and can strongly activate transcription, was used as
a positive control plasmid for transcriptional activation.
pRFHM1 was used as a negative control plasmid, which encodes
LexA fused to the N terminus of the Drosophila protein bicoid
and has no ability to activate transcription. The
MRG15C:pGilda and PAM14:pB42AD plasmids were cotrans-
formed into the yeast HLY819 strain, which contains two
different inducible reporter markers for leucine and b-galacto-
sidase synthesis. The prey plasmid was cotransformed with the
bait plasmid by the lithium acetate method and selected on
plates lacking uracil, tryptophan, and histidine. These colonies
were subsequently streaked on plates lacking uracil, tryptophan,
histidine, and leucine, where cell growth indicates an interaction
between the bait and prey proteins which activates an inducible
reporter marker. The b-galactosidase reporter assays were
performed on colonies transferred to nitrocellulose filters
(Whatman) to assess the strength of the protein interaction. X-
gal was used as a substrate. Colonies (2 mm diameter) on filters
were frozen with liquid nitrogen for 1 min and then incubated
with X-gal (334 mg/mL) at 30°C.

Protein Data Bank accession code

The structure of the MRG domain of human MRG15 has been
deposited with the RCSB Protein Data Bank under accession
code 2F5J.
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