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Structural characterization of the C-terminal domains in the p53

protein family

Horng Der Ou

The identification of many homologs and paralogs of the most famous tumor
suppressor, p53, has expanded its role from tumor suppression to epidermal development,
neuronal development, and protection of germ cells. Of all the members in the p53
protein family, the DNA binding domain (DBD) is the most conserved domain. In
contrast, the C-terminal region is diverse in sequence and composition of protein domains
that include the oligomerization domain (OD), the sterile alpha motif (SAM) domain, and
the transcription inhibitory domain (TID). While the function of each domain has been
delineated, the SAM domain is the least functionally characterized, yet it is conserved
between vertebrate and invertebrate p53. Furthermore, mutations of this domain in p63, a
homolog of p53, cause defects in epidermal development in human.

The diversity of the C-terminus is most apparent in two p53 like proteins in C.
elegans (CEP-1) and Drosophila (Dmp53). Neither of these proteins have any domains
in the C-terminus found in other p53 protein family members, yet the DBD in both
proteins recognize the DNA consensus motif in vitro. Interestingly, CEP-1 and Dmp53
could only elicit an apoptotic response, but not both cell cycle arrest and apoptosis like in
human. The variation of the C-terminal end by each member of the p53 protein family
may account for the discrepancy between identical in vitro DNA specificity, and distinct
promoter specificity in vivo.

By using bioinformatics and structural determination by nuclear magnetic

resonance, the domain architecture of the C-termini of CEP-1 and Dmp53 was revealed.
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In CEP-1, an OD and a SAM domain were identified, in which the stability of the OD
depends on its interaction with the SAM domain, thus suggesting an early function for
the SAM domain. In Dmp53, the OD displays an unconventional fold that requires an
additional helix to stabilize the OD. Structural and biochemical investigations into the
human SAM domain in p63 also reveal that the SAM domain has interactions with the
OD. Mutations in the SAM domain may disrupt this interaction and cause a change in

the conformation of p63 that results in its abnormal function.
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Chapter 1

An introduction of the p53 protein family in vertebrates and

invertebrates



Ever since its discovery in 1979 in cells infected by the SV40 virus (/, 2), pS3 has
fascinated generations of scientists into the study of its cellular, biochemical, and
biophysical properties. It took nearly 10 years to elucidate the role of p53 in cancer
biology: from a 53 kilo-daltons (kD) protein thought to function as an oncogene due to
its association with the large T antigen of the simian virus, to a tumor suppressor in
which the protein inhibits tumor growth by arresting cells in the G1/S state of the cell
cycle (3) or as an inducer apoptosis (4). The role of p53 as a guardian of the genome was
further affirmed when sequencing data showed that 50% of tumors had mutations in p53,
thus implying its role as a tumor suppressor. The finding that p53 is not essential for
development is demonstrated by p53 homozygous knock-out mice, which have normal
development but are susceptible to tumorigenesis within 6 months after birth (5). Thus, it
provides a possibility that extraneous intervention of abnormal p53 activity or protein
level could act as a therapeutic tool in cancer without disrupting normal development.

Biochemical, cell culture, and structural studies have delineated p53 as a multi-
domain protein consisting of a transcriptional activation domain (TA) at the N-terminus,
a DNA binding domain (DBD), an oligomerization domain (OD), and a short fragment of
30 amino acids that consists mainly of serine and lysine at the C-terminus (Figure 1-1).
The oligomerization domain forms a tetramer in isolation, and is composed of two
dimeric subunits (6). It has been shown that p53 co-translationally formed a dimer,
which then assembled into a tetramer (7). DNA recognition is carried out by the DBD
(8), in which two DBDs recognize the RRRCWWGYYY DNA motif (R is purine, Y is
pyrimidine, and W is either A or T), and four DBDs recognize two pairs of motif that

could have 0-14 base pairs between them (9). However, Chip-on-Chip experiments



showed most p53 motifs have a gap of 0-1 base pairs (/0). The TA domain interacts with
the core transcriptional machinery factors like the TATA binding protein and p62/Tibl,
as well as a p53 regulator, MDM?2, a E3 ubiquitin ligase (//-13). The C-terminal 30
amino acids fragment interacts non-specifically with DNA and is also a site of multiple
phosphorylations, acetylations, and methylations that regulate the activity of pS3 (/4).

Two mechanisms that contribute to the tumor suppressor function of p53 are its
ability to activate transcription of genes that elicit cell cycle arrest or apoptosis, thus
maintaining genomic stability of cells and preventing proliferation of abnormal cells.
Some known p53 downstream target genes such as p21, GADDA45, and 14-3-3-0 play a
role in cell cycle arrest, while BAX, PUMA, PERP, and NOXA can activate the apoptotic
pathways (15). p53 can also activate apoptosis independent of transcription by
translocating from the nucleus to the mitochondria and facilitating cytochrome C release
(16). Although the network of proteins that associate with each mechanism has been
identified, the question remains how p53 determines which set of genes to transcribe
upon damage to the cellular genome, since each set of genes has similar DNA binding
motifs (/5, /7). Mutations in p53 have been found that specifically activate the apoptotic
pathways, but not cell cycle arrest (18, 19). Post-translational modifications of p53 also
contribute as determinants in p53 decision (20). The ASPP protein family has also been
identified, which may stimulate p53 to initiate the apoptotic pathway, but not cell cycle
arrest (2/). Nevertheless, understanding modifications of p53 that differentiate
transcription of cell cycle arresting genes and apoptotic genes still remains an area of
active research.

In 1997 and 1999, two paralogs of pS3 were discovered, called p73 and p63,



which have a divergent function from p53 (22, 23). Knock-out mice studies showed p63
is involved in epidermal and limb development, and p73 is involved in neuronal
development (24-26). Unlike p53, which is not an essential developmental gene, both
p63 and p73 homozygous knock-out mice result in a lethal phenotype, further
distinguishing their roles from a tumor suppressor. In addition, p63 has six different
splice variants created from a combination of two different N-termini (the presence and
the absence of a TA domain) and three different C-termini (o, B, )y In p73, a
combination of four different N-termini and seven different C-termini yields a total of 28
isoforms (Figure 1-1) (27). The C-terminus of both p63 and p73 contains three additional
domains, QP, SAM and TID. The QP domain consists mostly of methionine, glutamine,
and proline residues and has been shown to be the second transactivation domain in p63
(28). The SAM (sterile alpha motif) domain is an 8 kD protein domain, whose homolog
was first identified as a protein interaction domain that can form homotypic- heterotypic-
dimerization in yeast (29). The TID (transcription inhibitory domain) was shown to be
an inhibitory domain of transcriptional activity in p63 through interaction with the TA
domain, with deletion of the TID resulting in constitutive transcriptional activity (30). Of
all the isoforms in p63, the ANa isoform is highly expressed in the basal layer of the
epidermis, although its functional role is not clear since it could function as a terminal
differentiation initiator, or as a means to maintain the proliferative property of the basal
epidermal cells (37). The TAa isoform is found in female oocytes and has been shown to
induce apoptosis upon damage to the genome (32); however, its role in epidermal
development remains controversial since data for its necessity or dispensability in

commitment to differentiation of the epidermis have both been reported (33, 34). Each



isoform of p63 shows a different transcriptional activity in cell culture assays, but the in
vivo function of each isoform remains to be determined.

The role of p63 in developmental function is further affirmed by three human
genetic diseases cause by mutations in the p63 gene. Mutations in the DBD of p63 are
linked to the EEC (Ectrodactyly, Ectodermal dysplasias, and Cleft lip/palate) syndrome,
characterized by split hands and feet, sparse hair, thin and dry skin, and cleft lip palate
(35). Mutations in the SAM domain of p63 are linked to the Hay-Wells Syndrome
(AEC), characterized by cleft lip and palate, fused eyelids, dry skin, and parsed hair (36).
The RHS (Rapp-Hodgkin Syndrome), which has similar phenotypes as the Hay-Wells
Syndrome, is linked to mutations in both the SAM and the TID domains (37, 38). These
human diseases have spontaneous heterozygous mutations in p63, in which the mutated
gene has a dominant phenotype. The skin histology of patients with Hay-Wells
Syndrome shows the mesenchymal layer of the skin epidermis is not differentiated.
Based on the function of other SAM domains, it is believed that the SAM domain in p63
recruits essential proteins during its normal function, and the mutants abrogate this
association. Two proteins, RACK-1 and ABBP1, were found to associate with the SAM
domain through two independent yeast two hybrid assays. RACK-1 is an adaptor protein
that recruits protein kinase C to phosphorylate p63 at unknown residues, and ABBP1 can
control the splicing activity of keratin-1 by p63 (39). In addition, lipids have been shown
to bind to the SAM domain of p63 (40). These new in vitro data will need further study
to elucidate the role of the SAM domain within p63 in epidermal development.

The existence of p63 and p73 in mice and humans as well as the growing genomic

database have led to the identification of the p53 protein family members in many



species, suggesting the ancient origin of this protein family. A protein homology search
in the NCBI genomic database reveals p53 like molecules are ubiquitous proteins found
in all vertebrates, present in many invertebrates, and even found in protozoa (47). Of all
the domains in the p53 protein family members, the DBD is the most conserved. In
comparison with the DBD of human p53, the sequence identity of DBD ranges from 13%
in invertebrates to 62% in vertebrates. This conserved DBD motif allows all members of
the p53 protein family to recognize the p53 consensus motif in in vitro assays, even in
species having diverged over 550 millions years ago. In contrast, domains C-terminal to
the DBD vary greatly between vertebrates and invertebrates; some invertebrate p53-like
molecules found in nematodes, fruit flies, and beetles do not even have recognizable
domains found in vertebrate p53, p63, and p73. Studies of nematodes and fruit flies show
that invertebrate p53 is involved in maintaining genomic stability in germ cells. Knock-
out studies of p53 in nematodes and fruit flies result in resistance to apoptosis upon
damage to the genome, and no lethal effect in development except for defects in meiosis
observed in some nematodes (42-44). Similarly p63 has been reported to maintain
genomic stability in the oocytes of mice by inducing apoptosis of oocytes with a damaged
genome (32). From these studies, a model could be proposed, in which the tumor
suppressor function of p53 and the developmental functions of p63 and p73 in humans
are later evolved functions that originate from the protein’s role to protect the genome of
germ cells.

The SAM domain is another shared domain found in both invertebrate and
vertebrate p63/p73 like proteins. The presence of the SAM domain in p63/p73 like

molecules in early invertebrates like mollusks suggests the domain has been conserved



within the p63/p73 like proteins. Although two proteins, RACK1 and ABBP1I, have been
found to associate with the SAM domain in humans (39), these two proteins are not
conserved in evolution. Thus, it remains a possibility that the SAM domain has an
alternate function or associates with interaction partners that are evolutionarily
conserved. In contrast, the C-termini of the p53 homologues in C. elegans and
Drosophila have no recognizable domains that are common among the p53 protein
family, for example, the OD and the SAM domains, yet the function of both proteins is
conserved. The divergent sequences in the C-terminus of the p53 like proteins in
nematodes and fruit flies may reveal conserved structural motifs that retain function. The
focus of this study is the characterization of the C-terminal domains of the two p53 like
proteins in C. elegans and Drosophila, and the investigation of the function of the SAM
domain in human p63 through structural and biochemical analysis (Figure 1-1).

Chapter two of this thesis describes the structural determination of the C-terminal
end of the p53 homologues in C. elegans and Drosophila. Through sequence comparison
and structural determination by NMR, the study identifies an OD and a SAM domain in
C. elegans p53 (CEP-1), and a novel tetramerization domain in Drosophila p53 (Dmp53)
that has not been observed in other p53 proteins. Both oligomerization domains of CEP-
1 and Dmp53 are similar to the canonical fold of the OD in mammalian p53; however,
each species has additional features that are necessary in stabilizing the OD. Without
these structural elements, the OD either becomes structurally unstable in CEP-1, or
becomes defective in tetramerization, and forms a dimer in Dmp53. The results from this
study suggest the evolutionary relationship of CEP-1 and Dmp53 in the p53 protein

family, and propose a putative function for the SAM domain within the p53 protein



family.

Chapter three of this thesis investigates the effects of mutations identified in the
Hay-Wells syndrome on the property of the SAM domain in p63. Structural and
temperature denaturation studies show that mutations do not prevent folding, but change
the stability of the protein and its putative protein-protein interaction area. In addition,
the SAM and the QP domains seem to have a stabilization effect on the OD of p63. In
the presence of the QP and the SAM domains, the OD is soluble in E. coli expression.
Without the QP and the SAM domain or when the SAM domain carries mutations
identified from the Hay-Wells syndrome, the OD becomes insoluble. The results present
here suggest the SAM domain of p63 may serve a similar role as the SAM domain of
CEP-1 in contributing to the stability of the OD. Mutations in the SAM domain would
alter the gross conformation of p63, which can lead to its aberration in transcriptional
activity and result in the Hay-Wells syndrome.

The p53, p63, and p73 field is expanding rapidly. The evolutionary structural
approach taken in this study was conducted with the belief that the most conserved
element of a protein, either its function or structure, is preserved in ancestral organisms.
By studying simple organisms like nematodes, yeast, and fruit flies, fundamental
molecular mechanisms of apoptosis, the cell cycle, and embryonic development were
revealed respectively. The structures presented in this study bring forth two hypotheses:
the SAM domain has an intrinsic functional role (a domain that stabilizes the whole
protein molecule) in addition to an extrinsic functional role (a protein-protein interaction
domain which remains to be tested) in the p53 protein family, and the oligomeric state of

pS3 proteins (dimer or tetramer) may have distinct functional consequences.
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Figure 1-1. Domain layout of the p53 protein family

In addition to p53, there are two other paralogs in human called p63 and p73. In p63,
there are six isoforms, and in p73, there are 28 isoforms. Here only one isoform of p73 is
shown. The SAM domain, the QP domain, and the TID are not found in pS3. Numbers
inside parenthesis are percentage of identical sequence in comparison with human p53 for
the DBD and the OD, and human p63 for the SAM domain. p53 like molecules are also
found in invertebrates, for example in S. solidissima, Drosophila (dmp53), and C.
elegans (CEP-1). The p63/p73 like protein in S. solidissima has similar domain
architecture as human p63 and p73, but the C-terminal end of Dmp53 and CEP-1 has no
recognizable domains. This thesis explores the domain structures in these two proteins

and investigates the function of the SAM domain in human p63.
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Abstract

The tetrameric state of p53, p63, and p73 has been considered one of the hallmarks of this
protein family. While the DNA binding domain is highly conserved among vertebrates
and invertebrates, sequences C-terminal to the DBD are highly divergent. In particular,
the oligomerization domain of the p53 from the model organisms C. elegans and
Drosophila cannot be identified through sequence analysis. Here we present the solution
structures of their oligomerization domains and show that they both differ significantly
from each other as well as from human p53. CEP-1 contains a composite domain of an
oligomerization domain and a SAM domain and forms dimers instead of tetramers. The
Dmp53 structure is characterized by an additional N-terminal -strand and a C-terminal
helix. Truncation analysis in both domains reveals that the additional structural elements
are necessary to stabilize the structure of the oligomerization domain, suggesting a new
function for the SAM domain. Furthermore, these structures show a potential path of
evolution from an ancestral dimeric form over a tetrameric form, with additional

stabilization elements, to the tetramerization domain of mammalian p53.

17



Introduction

Since its discovery in 1979, the role of p53 within cells has been intensely
investigated by many research groups. Its importance in cancer biology is highlighted by
the fact that more than 50% of tumors have mutations in p53, which makes it one of the
most important proteins with respect to human disease. p53 is a tetrameric transcription
factor that suppresses tumor formation by activating a set of genes inducing either cell
cycle arrest or apoptosis (/-3). Which one of the two pathways is chosen depends on the
nature of the cellular stress that triggers the p53 response such as DNA damage by UV-
or y-irradiation, hypoxia, or oncogene activation (4). However, the question of how p53
distinguishes these diverse cellular stress signals and determines which set of genes to be
turned on is still not well understood, although recent reports on the role of ASPP (5) and
acetylation of K120 in the DNA binding domain of p53 by Tip60 suggest a mechanism in
which the apoptotic pathway is preferred over the cell cycle arrest pathway (6, 7).

During the past ten years, pS3 has expanded into a protein family with complexity
and diversity exemplified by the discovery of different splice variants of p53 and two
mammalian paralogues, p63 and p73 (8, 9). Sequence analysis of the two mammalian
paralogues has revealed major differences to p53. Structurally, p63 and p73 have
additional domains not found in p53, and exist in various isoforms created by a
combination of C-terminal splicing and different N-terminal promoters (/0-12). While
p53 has an N-terminal transactivation domain (TA) for recruitment of core transcriptional
factors, a central DNA-binding domain (DBD) for recognition of promoter sequences, an
oligomerization domain (OD) for tetramerization, and a short basic stretch of 30 amino

acids for regulation of transcriptional activity, the C-terminus of p63 and p73 contains
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(depending on the splice form) a sterile alpha motif (SAM) domain and a transcriptional
inhibitory domain (TID). SAM domains are small protein-protein interaction modules
that are found in a wide variety of different proteins, ranging from kinases and
transcriptional regulators to cell surface receptors (/3). The TID, an unstructured region
C-terminal to the SAM domain, was shown to inhibit the transcriptional activity of p63
by its interaction with the TA domain (/4). Functional analyses through knock-out mice
studies have shown that both proteins do not seem to be tumor suppressors like p53,
instead they play important roles in development and maintenance of epithelial tissue
(p63) or maintenance of certain neurons (p73) (/5-17). The identification of mammalian
p33, p63, and p73 allowed rapid classification of p53 homologues in other species.
Vertebrate species like frogs, zebrafish and chicken possess all three paralogues, while
invertebrate species such as squids, clams, and molluscs have p53 homologues that are
more closely related to the mammalian p63 and p73 than to mammalian p53.
Interestingly, sequences from other invertebrate species like nematodes, fruit flys, and
beetles cannot be classified as either p53- or p63/p73 like and show similarity only within
the DBD.

According to the current hypothesis on the evolution of the p53 protein family,
p63/p73 resemble the ancestral form while p53 evolved later (8). The identification of
many new p53 protein family members in invertebrates could further elucidate the
evolutionary development of this important protein family. The structural differences
between p53 and p63/p73 also reflect their different functions in surveillance of the
genetic integrity of a cell and in tissue development, respectively. Since some of the

invertebrate p53 forms exhibit significant differences to both p53 and p63/p73, studying
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these family members might shed some new light onto the evolution of p53’s function. In
particular, the recent discovery of p53 homologues in the two important model organisms
Drosophila melanogaster (Dmp53) and Caenorhabditis elegans (CEP-1) provides new
genetic tools for the investigation of their function (/8-20). Both proteins show only a
low degree of sequence homology to p53 in the DNA binding domain, yet they exhibit
very similar DNA binding specificity (/9, 27). Studies have shown that both proteins are
functionally distinct from mammalian p53. While the hallmark of p53 is its dual function
in inducing either cell cycle arrest or apoptosis, both CEP-1 and Dmp53 can only induce
apoptosis, but not cell cycle arrest upon irradiation. These observations led to the idea
that induction of cell cycle arrest was a later evolutionary development since Drosophila
and C. elegans have long diverged from the vertebrates.

The lack of any recognizable domain C-terminal to the DBD, including the highly
conserved OD and the distinct functions of CEP-1 and Dmp53 prompted us to investigate
the domain organization of the C-terminus in both proteins. We have determined the
NMR structure of the C-terminus of CEP-1 and Dmp53. The CEP-1 C-terminus is
composed of two sub-domains, an OD followed by a SAM domain that closely interacts
with the OD. Surprisingly, the OD domain of CEP-1 forms a dimer instead of the usual
tetramer observed in human p53. Equally surprising, the Dmp53 C-terminus reveals a
unique oligomerization fold not found in other p53 proteins in which an extra B-strand
and an extra helix complement the canonical p53 oligomerization fold. Furthermore,
deletion studies and NMR data show that protein domains C-terminal to the OD are
necessary to maintain the tertiary fold. The findings from this study suggest that the

ancestral p53 form had a similar domain organization as p63/p73, and that the OD of

20



vertebrate p53 that is conformationally stable without additional structural elements

evolved later in evolution.
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Results
Identification of a conserved domain in the C-terminus of CEP-1

Based on the protein sequence length, CEP-1 with 644 amino acids seems more
closely related to p63 and p73, thus, we suspected the existence of additional domains C-
terminal to the DBD in CEP-1. However, sequence analysis failed to reveal significant
homology to domains frequently found in p63/p73, such as the SAM domain or even the
OD identified so far in all members of the p53 family (Figure 2-1A).

Sequence comparison of CEP-1 from two Nematode species, C. elegans and
C.briggsae, identified a conserved region C-terminal to the DNA binding domain (after
residues 510, C. elegans numbering) (Figure 2-7). After several rounds of optimization,
we identified a core domain between residues 528-644 in the C-terminus of CEP-1 with a
molecular weight of 13.6 kD. A melting curve monitored by circular dichroism
spectroscopy revealed a sharp transition point at 41°C, an indicator of a folded domain
with a two-state unfolding transition (Figure 2-8). Since this identified domain is C-
terminal to the DNA binding domain, it should contain the oligomerization domain
responsible for tetramerization, a hallmark of the p53 protein family (22). In contrast to
p33, however, the protein elutes off a size exclusion column as a dimer (Figure 2-2A).
This dimeric state was further confirmed by velocity sedimentation measurements, in
which the data fit the expected molecular weight of a dimer (27.2 kD) (Table 2-1). Since
neither a classical oligomerization domain nor any other domains could be identified
based on sequence comparison, we used standard heteronuclear NMR spectroscopy to

investigate the structure of the C-terminus.
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Overall structure of the C-terminus of CEP-1

The three-dimensional structure of the C-terminus of CEP-1 reveals that it
consists of two interacting domains. Despite the lack of a significant sequence homology,
one of these two domains is an oligomerization domain (OD) as found in all members of
the p53 protein family and the second domain is a SAM domain (Figures 2-1B and 2-1C).
The dimerization interface of the OD consists mostly of interactions between the f3-strand
and the a-helix of one OD packing against the other OD in an anti-parallel fashion as
observed in the human p53 OD structure (22). The superimposed structures of the OD in
human p53 dimer and CEP-1 have an rmsd of 2.0 A, with the a- helix in CEP-1 being
two turns shorter than the corresponding helix in human p53 (Figure 2-9). The SAM
domain is composed of five helices that adopt the same topology as other SAM domain
structures, e.g. in EphB2 and p73 (23, 24). However, the SAM domain in CEP-1
resembles the EphB2 structure more closely than the p73 SAM domain as indicated by its
smaller rmsd values: 1.45 A between EphB2 and CEP-1, and 1.83 A between p73 and
CEP-1 (Figure 2-9). The OD and the SAM domain are connected by a 16 amino acid
linker of which some resonances are either missing or could not be assigned due to
significant overlap in the spectra. This linker region contains a short helix in its C-
terminus that makes contacts with the first helix of the SAM domain. Direct interactions
between the OD and the SAM domain are observed between the a-helix of the OD and
the last a helix of the SAM domain within the same monomer and the {3 sheet of the OD
from the other monomer. The relative angle between the helix of the OD and the last

helix of the SAM domain measures 125°.
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The Oligomerization domain of CEP-1

The Oligomerization domain is a well conserved domain among vertebrate p53
forms due to its necessity in tetramer formation (25). In contrast, the OD of CEP-1 shows
a poor sequence homology, including key residues that are strictly conserved in all
vertebrate pS3 sequences (Figure 2-3A). The signature glycine residue that permits a
sharp turn between the p-strand and the o-helix in the structure of the OD of p53 is
replaced by a serine, threonine di-peptide in CEP-1 (Figures 2-3A and 2-3B). This
substitution causes the angle between the a-helix and the B-strand within a monomer to
widen from 26° as seen in the p53 OD to 50° in CEP-1. Further substitutions involve the
dimer interface. In p53 the dimer interface is stabilized by hydrophobic interactions
between F338 from the a-helix of one monomer with F328 of the B-strand of the other
monomer. In CEP-1, this dimer interface is maintained by interaction between Y542 and
the aliphatic part of the side chain of R533, confirmed by NOEs between the f3, vy, and
protons of R533 and the 8 and & protons of Y542.

The most significant difference between CEP-1 and other members of the p53
protein family is its oligomerization property. While all other p53 protein family
members form a tetramer through the OD, CEP-1 forms a dimer (Figure 2-2A; Table 2-
1). The typical OD of p53 family members is a dimer of dimers, involving two separate
and distinct interfaces (26) (Figure 2-4A). The first dimerization interface consists of an
anti-parallel B-sheet formed by the B-strand of each monomer with additional contacts to
the a-helix. This dimerization interface is, as described above, conserved in CEP-1. The
second dimerization interface in p53 is formed by interaction of the two helices of each

dimer with the corresponding helices of the second dimer, thus creating a four-helix
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bundle. Key residues of the hydrophobic core of this tetramerization interface in p53 are
M340, L344, A347, L348, and L350 from each helix (25) (Figure 2-4A). A structural
alignment of the CEP-1 OD with other members of the p53 protein family shows that
M340, A347, and L348 are replaced by K544, R551, and E552 in CEP-1 (Figures 2-3A
and 2-3B). This substitution creates a ring of charged residues that encircles F548 from
each monomer in the center of the ring (Figure 2-4B). If the OD of CEP-1 formed a
tetramer with similar packing arrangement as the human p53 OD, then this electrostatic
charged ring would form unfavorable interactions in the tetrameric interface due to
charge repulsion. Thus, the lack of charge complementarity for residues K544, R551,
and E552 explains the inability of the OD in CEP-1 to form a tetramer.

To test this hypothesis, we made two series of mutations toward converting the
OD of CEP-1 from a dimer into a tetramer. Upon mutation of R551 and E552 to leucine,
we observed an equilibrium of two oligomeric forms, with roughly 33% of CEP-1 in a
tetrameric and 67% in a dimeric form (Figure 2-2A). Additional mutation of K544 to
methionine transforms the OD of CEP-1 completely into a tetrameric state, as indicated
by gel filtration and confirmed by analytical ultracentrifugation (Figure 2-2A; Table 2-1).
It is also worth noting that our constructs contained the whole C-terminus of CEP-1,
which includes the SAM domain. Thus it excludes the possibility that the SAM domain
could contribute to tetramerization, since tetramerization can be achieved solely by

mutations in the OD of CEP-1.

The SAM domain of CEP-1

Another significant difference between the OD of CEP-1 and the OD of other p53
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family members is its close interaction with the C-terminal SAM domain. SAM domains
are found in many different proteins including ephrin receptors, transcriptional
repressors, as well as the p53 homologues p63 and p73. They are composed of four short
helices followed by a long helix that completes its hydrophobic core. SAM domains are
protein-protein interaction modules that have the ability to homo- and hetero-dimerize as
well as oligomerize. In the ephrin receptor, the SAM domain forms a dimer in the crystal
structure involving the last helix and loop 3 (between helix 3 and 4) (23). In CEP-1, the
equivalent loop 3 region is exposed to the solvent, and the C-terminus of the last helix
interacts with the helix in the OD domain, thus it is unlikely that this site constitutes a
dimerization surface with another SAM domain. In the p63/p73 protein family, the SAM
domain is a monomer in isolation and, to date, no homo-dimerization tendency has been
identified (24). Similarly, the SAM domain of CEP-1 exists as a monomer in isolation
(Table 2-1), and no contacts are made between the SAM domains in the full length
construct of the C-terminus of CEP-1. Recently, SAM domains in the Smaug family, a
translational repressor, have also been found as part of RNA binding modules that
recognizes RNA hairpins with the loop sequence CUGGC (27, 28). The RNA interaction
surface on the SAM domain is composed of the N-terminus of helix 5 and loop 1
(between helix 1 and 2) which has a positively charged surface. In CEP-1, this region
does not have a highly positive charged surface, so it is unlikely that the SAM domain in

CEP-1 interacts with RNA as in Smaug.

Characterization of C-terminus of Dmp53

In addition to CEP-1, the Drosophila homolog of p53, Dmp53, shows low
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sequence homology to other p53 protein family members, again mainly confined to the
DNA binding domain. The protein sequence length suggests it is more related to p53.
Dmp53 induces apoptosis through the transcription of genes, such as hid, reaper, and
sickle (29). The functional similarity of Dmp53 and CEP-1 and their low sequence
homology to other p53 protein family members prompted us to investigate the oligomeric
state of Dmp53 as well. We have purified the OD of Dmp53 (315-361, Dmp53
numbering in Ollmann et al, 2000), and shown by gel filtration as well as analytical
ultracentrifugation that it forms a dimer (Figure 2-2B; Table 2-1). NMR investigations of
this dimeric form, however, have revealed that it exhibits conformational heterogeneity
characterized by broad peaks in the NMR spectrum (Figure 2-5). Similar to human p53,
Dmp53 also contains a stretch of highly basic residues C-terminal to the OD. Others
have shown that this basic region in human p53 serves as a regulatory tail that controls
DNA binding affinity (30). To test whether this region has any structural function in
Dmp53 and in particular if it stabilizes the dimer, we purified a construct that includes the
OD and this C-terminal region (additional 24 residues). Surprisingly, this extended OD
forms a tetramer and its NMR spectra indicate the existence of a well-folded single
conformation (Figure 2-5; Table 2-1). Structural determination by NMR spectroscopy
shows that the C-terminal 24 amino acids form an o-helix that packs against the a-helix
that forms the canonical oligomerization domain (Figures 2-1B and 2-1D). In addition,
the N-terminus is extended relative to the p53 OD and contains an additional B-strand
that forms together with the canonical B-strand and the corresponding elements of
another monomer an anti-parallel four-stranded B-sheet. Thus the Dmp53 OD domain

contains both an N-terminal extension (the f1-strand) as well as a C-terminal extension
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(the H2 a-helix) relative to human p53 and can best be described as a four helical hairpin
bundle sandwiched between two four-stranded f-sheets. In Dmp53, the conserved
glycine residue in the canonical OD is replaced by proline and asparagine (Figures 2-3A
and 2-3B). The tetramerization interface is built by the inner four helices that pack
against each other similar to the four helices of human p53 (Figure 2-4C). In contrast to
human p53, the tetramerization interface of Dmp33 contains a central cluster of charged
residues made up of lysine 352 (K352) and glutamic acid 353 (E353) from each helix,
which can form four salt bridges that constitute the core of the tetramerization interface.
Mutating E353 of this cluster to lysine disrupts the electrostatic pairings and destroys the
tetramerization interface, thus creating a stable dimer (Figure 2-2B). The core of the
tetramerization interface is shifted by one helical turn towards the C-terminus in
comparison with human p53 (Figure 2-3A). In addition, the inner helix of each monomer
(H1:C) also packs across the tetrameric interface to the C-terminal helix (H2:B) of
another monomer, with contacts between L359 from the inner helix and A371 and L375
of the C-terminal helix (Figure 2-4C).

Further contacts of the C-terminal helix (H2:B) that contribute to the dimer
interface involve a surface built by the inner helix (H1:B) of the same monomer and the
N-terminal B-strand (f1:A) of another monomer within a dimeric unit. In addition this
structural arrangement of the dimeric unit is capped by interaction of H370 (H2:B) with
two tryptophans from the -strand (W321, f1:A) and the inner helix (W342, H1:A) of the
other monomer (Figure 2-5). The involvement of the C-terminal helix in both the dimeric
as well as the tetrameric interface explains why its deletion destabilizes the structure and

results in a conformationally unstable dimer. It also predicts that removing the first {3-
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strand should have a similar destabilizing effect as deleting the C-terminal helix. Indeed,
the loss of strand B1 leads to a dimer that shows broad peaks in NMR spectra as well as a
non-sigmoidal transition in CD-melting experiments suggesting that it is
conformationally unstable (Figures 2-2B, 2-5, and Figure 2-10). These results
demonstrate that the minimal OD consisting of one (-strand followed by one helix as
identified in human p53 does not form a stable tetrameric structure in Dmp53. The
additional N-terminal (f3-strand) and C-terminal (o-helix) extensions play a key role in

stabilizing Dmp53.

The SAM domain stabilizes the OD in CEP-1

Based on these observations with Dmp53, we asked if the SAM domain in CEP-1
might have a similar stabilizing function as the C-terminal helix in Dmp53. The absence
of the SAM domain in the C-terminus of CEP-1 (528-555) indeed forms a less stable
structure as indicated by the lack of a sharp sigmoidal transition in the temperature
denaturation curve as well as the absence of an alpha helical pattern (two minima at 208
and 222 nm) in the wavelength scan as observed by CD spectroscopy (Figure 2-8). Since
the expression level of the isolated OD decreased significantly relative to the full length

C-terminus of CEP-1, we were not able to record an NMR spectrum.

Evolution of the p53 protein family
The structural analysis of the C-termini of CEP-1 and Dmp53 provides an
opportunity to trace the evolution of the p5S3 protein family based on the presence of the

SAM and structure of the OD domains in the C-terminus. While the positioning of
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nematodes in a phylogenetic tree remains controversial (ecdysozoa vs. coelomata) (31),
we placed the currently available sequences of the pS3 protein family members from the
NCBI library into a phylogenetic tree constructed from the ecdysozoa perspective which
is the current favored view. As shown in figure 2-6, the SAM domain has been
integrated early into the pS3 protein family since it can be identified in the protostome
branch represented by nematodes and molluscs as well as in the early deuterostomes such
as echinoderm and urochordate. In the Urochordata phylum, a gene duplication seems to
have occurred that results in a p53 form without a SAM domain which resembles
vertebrate p53 in addition to a p63/p73-like form. The loss of the SAM domain occurred
also within the protostome branch in the arthropoda phylum represented by Dmp53.
However, in arthropods a C-terminal helix replaces the SAM domain and serves a similar
functional role in stabilizing the OD. While the functional role of the SAM domain in
human p63 and p73 remains elusive, the existence of the SAM domain in p53 like
molecules in the protostome phylum underscores its important role within the p53 protein
family, such as its contribution in stabilizing the OD. The current study provides
additional evidence that the vertebrate p53 is a recent evolutionary development, and p63
and p73 are the more ancestral family members.

However, this ecdysozoa based phylogenetic tree does not permit a direct
correlation of the oligomeric state and the evolutionary development of p53. Instead this
tree would either suggest that the dimeric CEP-1 has de-evolved from an ancestral
tetrameric p53 or that tetramerization has evolved twice independently. Given the high
sequence identity between the oligomierzation domains of vertebrates and molluscs, this

last hypothesis seems less likely. Alternatively, a phylogenetic tree that is based on a
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coelomata view places nematodes in an earlier phylogenetic branch than both Drosophila
and vertebrates (Figure 2-6B). This hypothesis supports the view that p53 evolved from a
dimeric molecule into a tetrameric form with further divergence between molluscs and
arthropods. A variation of this phylogenetic tree places the arthropoda phylum before the
divergence of molluscs and vertebrates and would be most consistent with our structural

data (32, 33).
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Discussion

The low homology of the C-terminus of CEP-1 and Dmp53 with other
pS3/p63/p73 proteins suggests that significant differences in both structure and function
might exist in comparison with other pS3 protein family members (8). Indeed, this study
shows that the C-terminus of CEP-1 is a dimeric molecule, making the C. elegans form
of p53 the first native dimer of the entire protein family. The existence of a natural
dimeric form of p53 reaffirms previous identification of residues that are essential for
tetramerization (34, 35), since the C-terminus of CEP-1 can be converted into a
tetrameric form by mutations of residues at the tetrameric interface (K544, R551, ES52)
into hydrophobic residues.

The structure of the OD of CEP-1 illustrates a conserved strategy in the p53
protein family to utilize the electrostatic nature of the tetrameric interface of the OD to
control the oligomeric state of the protein. McCoy et al. had reported that mutating three
key residues of the tetrameric interface of the OD in human p53 (M340K, F3411, L344Y)
results in a dimeric molecule with the orientation of the helices switched from anti-
parallel to parallel (36). Interestingly, in CEP-1, the corresponding residues (K544,
V545, and F548) show greater similarity to the p53 mutant sequence than to the p53 wild
type sequence, yet the structure of the CEP-1 OD resembles the structure of the p53 wild
type OD more closely by adopting an anti-parallel packing of helices (angle between the
helices of one dimeric unit: p53 156°; CEP-1 125°; mutant 78°). Mapping CEP-1 residues
onto the structure of the p53 mutant shows that CEP-1 retains the anti parallel orientation
due to unfavorable charge repulsion by the two lysines (K554) located at the C-terminus

of the helix. In the mutant p5S3 molecule these lysines are replaced by two leucines
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(L350) that form favorable hydrophobic packing, thus enabling a parallel orientation of
the helices. The structural and mutational analysis of CEP-1 show that controlling the
electrostatic nature of the interface allows the formation of both dimers as well as
tetramers without changing the anti-parallel topology of the OD.

The presence of the SAM domain at the C-terminus of CEP-1 is a surprise
discovery since sequence alignment does not reveal its existence. The SAM domain of
CEP-1 is C-terminal to the OD and it makes contacts with the OD through the last helix,
but not to the SAM domain from the other monomer. In other SAM domain containing
proteins, the SAM domain functions as a homo- or hetero- dimerization domain, for
example in the ephrin receptor B2 and the SAM domains of Stell and Ste50 in
Saccharomyces cerevisiae (23, 37). Based on our structure, however, the SAM domain of
CEP-1 does not seem to play a direct role in oligomerization. This result also has
implications for p63 and p73 which both contain SAM domains at their C-terminus. The
structure of the C-terminus of CEP-1 as well as the incapability of the isolated CEP-
1/p63/p73 SAM domains to oligomerize suggests that SAM domains in the p53 protein
family also do not form homo dimers or oligomers in the context of the full length
protein.

Despite the observation that CEP-1 is a dimer in solution, the possibility exists
that two CEP-1 dimers can form a functional tetramer through cooperative binding to
their promoter sites. Analyzing the promoter sequences of known targets of CEP-1 and
Dmp53 should reflect the difference in the oligomeric state of both proteins in vivo. The
promoter region of egl-1 (38), a CEP-1 inducible gene, contains only a half-site

(AAACAAGCTT), which satisfied the p53 consensus sequence motif for a dimeric p53
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molecule (CEP-1) (39). In contrast, the Drosophila pS3 responsive gene, reaper, has two
half sites (TGACATGTTT/GAACAAGTCG) (19), which allows the binding of a
tetrameric p53 molecule (Dmp53).

The hypothesis that a dimeric p53 is the ancestral form is further supported by a
study on the formation of human p53 in rabbit reticulate lysate (40). This study showed
that human p53 first forms a dimer co-translationally and that tetramers are only formed
at a later stage post-translationally. It was further shown that when mutant and wild type
pS3 are co-expressed, there is only one form of heterotetramer, which consists of a dimer
of wild type and a dimer of mutants. Thus, even after millions of years of evolution, the
mammalian p53 still retains a dimeric building block as its basic unit.

Dmp53 and perhaps the entire arthropod phylum have adopted a different
tetramerization mode by utilizing an additional helix C-terminal to the canonical
mammalian p5S3 OD and an additional $-strand before the OD. By sequence alignment
with CEP-1, one would conclude that Dmp53 would be a dimer due to the presence of the
charged resides K352 and E353 in Dmp53. However, the helix and the additional (-
strand transform Dmp53 into a tetramer. The additional B-strand provides a stable
dimeric unit, which positions helix 2 of Dmp53 in the correct orientation to interact with
the helix 1 of another dimeric unit, and concomitantly allows attractive electrostatic
interactions along the tetrameric interface between the two charged residues. The
composition of this unique mode is necessary for tetramerization, since a deletion of
either additional element results in incorrect topology of helices, thus reverting to the
dimeric state as in CEP-1.

It is interesting to note that only the C-terminus of the p53 protein family has

34



undergone significant evolutionary changes (dimer or tetramer, presence or absence of
the SAM domain), while the DNA specificity and the structure of the DNA binding
domain has remained basically unchanged. The X-ray crystal structure of the DBD of
CEP-1 was recently solved (27). It demonstrates that despite a low sequence homology of
only 15%, the core structure is very similar, and the DNA binding sequence specificity of
CEP-1 is virtually identical to human p53, even though loop L1, a part of the DNA
binding interface in the DBD of human p53, adopts a different conformation in CEP-1.
In Dmp53, the DBD is 25% identical to human p53, which is higher than in the case of
CEP-1. This higher sequence identity in Dmp53 and the high conservation of the
structure and function of the DBD of CEP-1 predict that the structure of the Dmp53 DBD
and its DNA binding specificity are also highly conserved. Despite this high
conservation in the DBD, the biological function of the individual members of the p53
protein family is distinct, and sequences C-terminal to the DBD show very significant
divergence, thus suggesting that these C-termini play an important role in specifying the
biological function of the individual family members.

The availability of structural and biochemical data for CEP-1, Dmp53, and human
pS3 in combination with p53 sequence data from many species sheds some light on the
ancestral form of p53 and its evolutionary development. It was estimated that C. elegans
and Drosophila have diverged from vertebrates 550 million years ago, thus CEP-1 and
Dmp53 could resemble the ancestral form of p5S3. Despite the lack of a SAM domain in
Dmp53, the additional structural elements (the first 3-strand and the last o-helix) serve a
similar stabilizing function as the SAM domain in CEP-1. Oligomerization in the

ancestral pS3 forms most likely required either the fusion of two domains (like in CEP-1)
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or additional structural elements (like in Dmp53). The minimal OD found in vertebrate
p53 that can form stable tetramers by itself is probably a later evolutionary result, while
the C-terminal tail that is a necessary structural element in Dmp53 became an important
regulatory region including many sites for posttranslational modifications.

In summary, we have determined the structure of the C-terminal domain of CEP-1
and Dmp53 and show nature’s multifaceted means to achieve oligomerization in p53
besides the canonical form found in mammalian p53. Furthermore we have shown that
additional structural elements identified in CEP-1 and Dmp53 that are not present in
human p53 are necessary for the integrity of the oligomerization domain. A loss of these
elements results in conformationally unstable structures, and in Dmp353, leads to a change
in the oligomeric property. The structural investigations described here suggest an
evolutionary path from an ancestral dimeric form over tetrameric forms that need
additional stabilization elements to the minimal tetramerization domain known from

mammalian p53.
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Materials & Methods

Protein Expression and Molecular Clonings

All CEP-1 and Dmp53 constructs used for structural studies were cloned into plasmid
pGEX-6P-2 (Amersham Bioscience) or pPBH4 (gift from Wendell Lim lab) using BamHI
and Xhol sites. Mutagenesis constructs of both CEP-1 and Dmp53 were made by the
QuickChange protocol from Stratagene. BL21 cells were grown to an OD,,, = 0.8 and
induced with 500uM IPTG at 25° Celsius for 8 hours. The proteins were purified as
described in the manufacturer’s protocol, cleaved by precision protease for the pGEX
plasmid or by TEV protease for the pBH4 plasmid, and further purified on a Superdex-75
gel filtration column. Protein samples were stored in a buffer consisting of 20mM
sodium phosphate (pH 7.0), 100mM sodium chloride, and 0.03% sodium azide. For the
expression of "N and ""N/”C labeled proteins bacteria were first grown in LB media to
an ODy,, = 0.8, then transferred to M9 minimal media with the appropriate isotopic
components, and induced under the same condition as described above. Protein samples
used to obtain inter-monomer NOEs consist of an equal ratio of "N and “C labeled
proteins. For CEP-1, 2 weeks of equilibration time were needed to obtain signals in the
experiment. For Dmp53, equal molar ratio of proteins were mixed, denatured in 6M

guanidium hydrochloride, then refolded in the buffer described above.

NMR Experiments and Structure Calculations

Backbone residues of CEP-1 and Dmp53 were assigned using the TROSY version of

HNCA and HNCOCA. For CEP-1, specific labeling of lysine, tyrosine, and leucine were
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used to confirm assignments. Distance constraints were derived from “"N-NOESY-
HSQC, and "C-NOESY-HSQC. Aromatic protons were assigned based on 2D-D,0O-
NOESY, 2D-D,0-TOCSY, and non-constant time 3D-"C-NOESY. Inter-monomer
NOEs were obtained through a 4D constant time J-Resolved NOESY (47) measured with
a 1:1 mixture of “C- and “C-labeled proteins in both cases. In the case of Dmp53 the
protein had to be denatured first with guanidium hydrochloride prior to mixing of the '*C-
and "“C-labeled proteins and subsequent refolding by dialysis. For CEP-1 44
unambiguous inter-monomer distance constraints all located in the f-sheet were
identified from the 4D J-Resolved NOESY. Overall, 114 inter-monomer NOEs were
assigned. In the case of Dmp53 184 NOEs obtained from the 4D J-Resolved NOESY and
an overall of 240 inter-monomeric NOEs were used. Of these inter-monomeric NOEs 46
are located in the $3-sheet, 130 between a $-strand of one monomer and an a-helix of the
other monomer within one dimeric unit and 31 between helices of different monomers
within a dimer were observed. In addition, 33 NOEs across the tetrameric interface were
identified. Dihedral angle constraints were derived from TALOS based on chemical
shifts of N, CA, HA, and CB (42). Hydrogen bond constraints of secondary structure
elements were based on TALOS calculations and confirmed by characteristic NOE
patterns for a-helices and f-sheets as well as deuterium hydrogen exchange
measurements. Structure calculations were carried out with Aria 1.2 with modified
protocols that imposed a C, symmetry for CEP-1 and a D, symmetry for Dmp53
throughout every stage of calculation (43). For the structure calculation of CEP-1
unambiguous inter-monomer constraints obtained from the 4D J-Resolved NOESY were

included in every iteration of the calculation. For Dmp53 unambiguous NOEs between

38



the B2-strands of two monomers established the existence of an anti-parallel inter-
monomeric (-sheet. Using these unambiguous NOEs as a starting point we first
calculated dimer structures. Based on these dimer structures the other distance constraints
obtained from the 4D J-Resolved NOESY were evaluated for their consistency with the
dimer structure. Several distance constraints that could not be satisfied within the dimer
were assumed to be constraints across the tetrameric interface and were used as those in
the following structure calculations. 20 structures were calculated in 7 iterations, and 100
structures were calculated in the last iteration. Initial assigned peaks were separated into
unambiguous and ambiguous peaks and ambiguous peaks with multiple assignments and
violated restraints were manually inspected. The new ambiguous peak list included
peaks with multiple assignments and inter-monomer assignments (not obtained from the
4D constant time J-Resolved NOESY). After multiple iterations of peak inspections and
structure calculations, 100 structures were calculated and the best 20 structures were used
for water refinements and analysis. The structural statistics of CEP-1 and Dmp53 can be
found in table 2-2 and 2-3. Figures were prepared with Pymol (44). MOLMOL was used
for structural alignment of NMR derived models and generation of the electrostatic map
of the molecule (45). LSQMAN was used for structural alignment of different proteins
(46) and the structure validation program of the PDB server for further structural

analysis.

Circular Dichroism Experiments
Temperature scans (20 °C to 90 °C for CEP-1, 20 °C to 100 °C for Dmp53) were

measured in a Jasco 810 CD spectrometer. For CEP-1 OD alone construct (528-555), it
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contains additional his-tags and TEV protease cleavage site. Due to the unusual circular
dichroism spectra in Dmp353, the observed wavelength for temperature scan was chosen
based on signal intensity. Thus for wild type Dmp53, CD was observed at 234 nm,
Dmp53 (326-385) at 228 nm, and DmpS53 (315-361) at 220 nm. For temperature
denaturation scans, ellipticity of each protein sample was converted into fractional
ellipticity with respect to the signal at 100% denatured state in order to normalize the data
for all samples. Protein concentration of each construct ranged from 50 uM to 300 uM,

in 20 mM sodium phosphate (pH 7.0) and 100 mM NaCl buffer.

Analytical Ultracentrifugation Experiments
Analytical ultracentrifugation runs were conducted on an Optima XL-A centrifuge
(Beckman Coulter Instruments, CA). The data were collected at a wavelength of 280 nm.

Sedimentation Velocity (SV). SV experiments were conducted with 200uL- 300ul

samples in 20mM sodium phosphate pH 7.0, 100mM NaCl at protein concentrations of
0.5-Img/ml. Absorbance data were acquired at rotor speeds of 35,000- 40,000 rpm and
at a temperature of 20° C. The buffer density of 1,005g/mL and viscosity of 1.031 cPoise
and the protein partial-specific volumes were calculated using the software SEDNTERP,
kindly provided by Dr. J. Philo. Data were analyzed using the c(s) continuous distribution
of Lamm equation solutions with the software SEDFIT (47, 48).

Sedimentation Equilibrium. Sedimentation equilibrium experiments were conducted at

20°C at rotor speeds of 15,000 rpm at an optical density of 0.283. Global nonlinear
regression of the experimental absorbance profiles was performed using the software

SEDPHAT, kindly provided by Dr. P.Schuck.
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Figure 2-1. Domain architecture of the p53 protein family

(A) The p53 protein family can be categorized into two classes by the number of
individual domains: p53-like proteins have three domains, and p63-like protein have four
domains. TA, transactivation domain; DBD, DNA binding domain; OD, oligomerization
domain; SAM, sterile alpha motif domain. Question marks indicate domains with low
sequence homology to known domains that however retain the same fold. Numbers
inside the DBD box represent sequence identity in comparison with human p53. (B)
Secondary structure elements of the C-terminal domains of CEP-1 and Dmp53. The
colored letters correspond to the domain color designation in A. (C) The overall structure
of the C-terminus of CEP-1 reveals its dimeric structure, containing an oligomerization
domain (green), a SAM domain (orange), and a linker region (blue). The second
monomer is shown in yellow. (D) The overall structure of the C-terminal domain of
Dmp53. The monomers are colored in magenta (chain A), green (chain B), blue (chain

C), cyan (chain D).
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Figure 2-2. Gel filtration curves of the C-terminus of CEP-1 and Dmp53

(A) Gel filtration curve of the C-terminus of CEP-1 and two mutant proteins. The
R551L/ES52L mutant displays an equilibrium between dimer and tetramer. In the
K544M/R551L/ESS52L triple mutant, this equilibrium is strongly shifted towards the
tetramer. (B) Gel filtration experiments with the C-terminus of Dmp53 and different
mutants. Mutants with deletion of strand 31 (326-385) or helix H2 (315-361) or carrying

the point mutation E353K all convert the tetramer into a dimer.
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Figure 2-3. Sequence divergence of the OD in CEP-1 and DmpS53 relative to other

p53 protein family members

(A) The signature hinge residue G334 (human p53 numbering) is conserved across many
different species, as well as the five residues, marked by cyan dots, that are involved in
the tetrameric interface. In both CEP-1 and Dmp53, the sequence similarity is very low
in comparison to other members of the p53 protein family, especially at the tetrameric
interface. The di-peptides in CEP-1 and Dmp53 that replaced the glycine residue are
shaded in red. Residues marked by an asterisk in the Dmp53 sequence are important for
the tetramerization interface. (B) The highly conserved glycine residue (colored in red) of
the p53 OD is replaced with the di-peptides, S538 / T539 in CEP-1 and P338 / N339 in

Dmp53.
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Figure 2-3.
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Figure 2-4. The tetrameric interface in the oligomerization domain of human p53,

CEP-1 and Dmp53

(A) In human p53, M340, L344, A347, 1.348, L350 constitute the tetrameric interface.
The electrostatic map shows the tetrameric interface is mostly hydrophobic. Positive
charged surface is colored blue, negative charged surface is colored red, and non-polar
surface is colored white. The second dimer subunit is removed for clarity. (B) The
electrostatic map of the potential tetramerization interface of the CEP-1 OD shows the
charged residues (K544, R551, and E552) surrounding F548 from each monomer. (C)
The tetrameric interface in Dmp53 consists of a charged cluster in the center, and
hydrophobic contacts on the outer edge of the interface. K352 and E353 from one
monomer form salt bridges with K352 and E353 across the tetrameric interface. At the
outer edge, L359 from helix H1 makes contacts with A371 and L375 in helix H2 across

the tetrameric interface.
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Figure 2-4.
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Figure 2-5. Oligomerization domain of CEP-1 and Dmp53 are stabilized by

additional structural elements

In Dmp53, extensive contacts between the additional structural elements (strand $1 and
helix H2) and the canonical OD of p53 are present with 1902 A” of buried solvent
accessible area. The "N-HSQC spectra show deletion of either structural element
destabilizes the OD and results in multiple conformations as shown by broad peaks in the
NMR spectra. Left panel: wild type OD of Dmp53. Middle panel: deletion of the H2

helix. Right panel: deletion of the 1 strand.
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Figure 2-5.
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Figure 2-6. Different hypothesis on the evolution of the p53 protein family

(A) A phylogenetic tree of the p53 protein families based on the ecdysozoa topology
shows that the SAM domain has appeared in all protostomes identified to date that have
p33 like molecule, except in the arthropoda phyla, in which a helix has replaced the SAM
domain in stabilizing the OD. In the deuterostome branch of the Urochordate phylum,
the p53 protein first appeared in two isoforms: one form with the SAM domain, and
another form without the SAM domain. (p63/p73) denotes the protein could be classified
as either p63 or p73. Question mark indicates no significant sequence homology by
sequence alignment.

(B) A comparison of a phylogenetic tree based on the ecdysozoa topology and on the
coelomata topology predicts different oligomeric states for the ancestral p53 form. Each
red circle represents a monomer and each bar symbolizes the C-terminal tail. In the
coelomata topology, a dimeric form of p53 represents the ancestral form which evolved
into the current vertebrate and mollusc p53 tetrameric form as well as into the Drosophila
form that uses a different mode of tetramerization. In the ecdysozoa topology, the
ancestral form was either a tetramer and the dimeric CEP-1 form evolved from this
tetrameric state or the ancestral form was a dimer and tetramerization in the vertebrate

branch and in the mollusc branch has evolved twice independently.
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Figure 2-6.
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Figure 2-7. Sequence alignment of CEP-1 in C. elegans and C. briggsae

Sequence comparison between two different species of Nematode reveals two conserved
regions after residue 510. The oligomerization domain of CEP-1 is colored green, and
the SAM domain of CEP-1 is colored orange. Identical residues are marked by “ *”,

conserved substitutions are marked by “ :”, and semi-conserved substitutions are marked

by (13 .”.
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Figure 2-7.
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Figure 2-8. CD spectra of the C-terminus of CEP-1 in full length and the OD alone

The top graph shows a wavelength scan of CEP-1 with just the OD (528-555). The lower
graph shows the CD spectrum of the temperature denaturation curve of the full length C-
terminus of CEP-1(528-641) and OD alone. The full length C-terminus of CEP-1
displays a sigmoidal transition at 41°C. In contrast, the OD alone seems to undergo
aggregation during temperature denaturation as shown by the downward CD curve. CD

signals are absolute values from measurements.
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Figure 2-8.
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Figure 2-9. Structural alignment of individual domain in CEP-1 and Dmp53

Top figures show the superimposed structures of the human p53 OD (magenta) and CEP-
1 OD (yellow) with an rmsd of 2.0 A. An alignment of human p53 OD (magenta) and
Dmp53 OD (yellow) has a rmsd of 1.8 A. Bottom figures show the superimposed
structures of the EphB2 (green) and the CEP-1 SAM domain (red) with an rmsd of 1.45
A. Superimposed structures of the p73 (blue) and the CEP-1 SAM domain (red) have an

rmsd of 1.83 A.
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Figure 2-9.
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Figure 2-10. CD spectra of the Dmp53 and different deletion mutants

The top graph shows the wavelength scan of the full length C-terminus of Dmp53 (wt), a
mutant with deletion of strand bl (326-385), a mutant with deletion of helix H2 (315-
361), and a E353K mutant. The bottom graph shows the CD temperature denaturation of
the same proteins as in the top graph. The full length C-terminus of Dmp353 exhibits
extreme stability with a transition point at 96°C. While the other deletion mutants have a
gradual melting transition, an indication of multiple conformational states of the protein.

CD signals are absolute values from measurements.
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Figure 2-10.
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Table 2-1. Velocity sedimentation of the C-terminal domain of CEP-1 and Dmp53

Theoretical Experimental
Sed. . .
Protein Variants Molecular Coeff Molecular Oligomeric
Weight (S) ’ Weight State
(Dalton) (Dalton)
CEP-1
C-terminus 528-644 14004 2.39 28000 dimer
552-644 11210 1.67 15200 monomer
561-644 10079 1.45 9900 monomer
triple
mutants 13948 3.75 62600 tetramer
Dmp53
C-terminus 315-385 8560 3.07 32000 tetramer
315-361 5422 1.33 12500 dimer

Triple mutants: K544M, R551L, E552L
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Table 2-2. Structural Statistics of CEP-1

Distance restraints
Total NOE
Intra-residue
Inter-residue

Sequential (li-jl = 1)

Medium-range (li-jl < 5)

Long-range (li-jl >5)
Intermolecular (ambiguous)

Hydrogen bonds
Dihedral angle restraints

P

Y

NOE Assignment Completeness
Backbone amide protons

Sidechain protons

2183
838

465
321
445

114 (44 experimental determined)

40

79
80

93.8%
70.0%

R.M.S. deviation from experimental restraints

Distance restraints (A)
Dihedral angle restraints (°)

Deviations from idealized geometry

Bond lengths (A)
Bond angles (°)
Impropers (°)

Averaged pairwise r.m.s.d. (A)"

Backbone
Heavy

Number of conformers (out of)

0.035 +£0.003
1.22 +0.08

0.004
0.559
0.461

OD+SAM OD

1.16 £0.49 0.52+0.20
1.52+043 092+0.19
20 (100)

Ramachandran plot (percentage of residues)b

Core region:
Allowed region:
Generous region:
Disallowed region:

89.1 %
8.1 %
2.4 %
0.5 %

SAM
0.51 +0.11
1.10+0.17

a. Residues from 532-555 (OD) and 575-642 (SAM) were used for alignment.
a. Residues from 528-642 were used for the Ramachandran plot.
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Table 2-3. Structural Statistics of Dmp53

Distance restraints

Total NOE 1519
Intra-residue 561
Inter-residue
Sequential (li-jl = 1) 268
Medium-range (li-jl < 5) 211
Long-range (li-jl >5) 235
Intermolecular (ambiguous) 240 (184 experimental determined)
Hydrogen bonds 46
Dihedral angle restraints
P 52
Y 52
NOE Assignment Completeness
Backbone amide protons 96.9%
Sidechain protons 71.6%
R.M.S. deviation from experimental restraints
Distance restraints (A) 0.055 +0.002
Dihedral angle restraints (°) 1.221 +0.052
Deviations from idealized geometry
Bond lengths (A) 0.007
Bond angles (°) 0.655
Impropers (°) 0.522
Averaged pairwise r.m.s.d. (A)"
Backbone 0.47+0.15
Heavy 0.94 £0.18

Number of conformers (out of) 20 (100)

Ramachandran plot (percentage of residues)b

Core region: 90.2 %
Allowed region: 9.6 %
Generous region: 0.2 %
Disallowed region: 0.0 %

a. Residues from 321-325, 330-335, 341-359, and 366-383 were used for alignment
b. Residues from 315-385 were used for the Ramachandran plot.
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Abstract

Mutations in the SAM domain of p63 lead to the Hay-Wells and the Rapp-Hodgkin
syndromes, characterized by fused eyelids (ankyloblepharon), ectodermal dysplasia, and
cleft lip/palate. The molecular mechanisms of the syndromes due to the mutations
remain unknown. We have solved the structure of the p63 SAM domain and the L514F
mutant and, surprisingly, these mutations (L514F, G530V, T533P, Q536L) in the SAM
domain do not cause gross structural changes, but rather decrease the stability of the
protein. However, when the SAM domain is in a tetrameric context with the
oligomerization domain (OD), the mutations disrupt the quaternary structure of the OD-
SAM and cause aggregation. Deletion studies further show that the SAM domain is
required to stabilize the OD. Thus, mutations in the SAM domain may perturb the
overall structure of p63 and result in the misregulation of genes involved in the

development of the epidermis.
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Introduction

The SAM (sterile alpha motif) domain was first identified in 1995 in the yeast
proteins, Byr2, Stell, Ste50, and Ste4, as a small domain of 65-70 amino acids (/). The
domain was named after its two characteristics: its alpha helical content, and mutations of
the SAM domain in yeast proteins such as Stell, Ste50, and Ste4 that prevent sexual
differentiation and result in sterility. Since then, SAM domains have been found in a
diverse array of proteins in surface receptors, post-synaptic proteins, polyhomeotic
proteins, ser/thr kinases, RNA binding proteins, and transcription factors (2). The
position of the SAM domain among these multi-domain proteins is either at the N-
terminus or at the C-terminus, and one, two, or sometimes three tandem copies of the
SAM domain are possible within a protein (3). The first crystal structure of the SAM
domain in Ephrin receptor B2 (EphB2) revealed a topology of five helices, in which two
pairs of helical hairpins are connected by a short helix (4).

The function of the SAM domain is mainly to mediate protein-protein interactions
through homotypic- or heterotypic- SAM domains. Different oligomeric states of
proteins can form from SAM mediated interactions, such as a dimer (Stell and Ste50)
(5), a tetramer (three Ste4 and one Byr2) (6), or oligomers (TEL and Ph) (7, §8).
Structural and biochemical studies have defined two areas of interaction: a mid-loop
surface (ML) that surrounds helix 3, and an extended helix surface (EH) that involves
helix 5. These two regions are located opposite from each other. SAM domains that
form oligomeric interactions use both surfaces, and those that form a dimeric complex
use only one of the interaction areas. SAM domains can also interact with non-SAM

domain containing proteins, although structural data for such complexes are not presently
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available (2). In addition to proteins, the SAM domain in the Smaug protein family can
recognize RNA stem loop CNGGN (N represents any nucleotide) with nanomolar
affinity through the EH region (9, 10).

Hay-Wells or Ankyloblepharon-Ectodermal defects-Cleft lip/palate (AEC)
syndrome and a related Rapp-Hodgkin syndrome (RHS) are human autosomal dominant
diseases caused by missense mutations in the SAM domain of p63 or insertion/deletion of
nucleotide bases (Figure 3-1) (//-13). Patients of AEC usually have fused eyelids
(ankyloblepharon), dry skin, cleft lip with or without palate, and coarse and sparse hair.
Biopsy of these patients shows abnormal localization of p63 throughout all epidermal
layers, in contrast to the normal restriction to the basal layer, where p63 is normally
expressed. RHS patients exhibit abnormal development of teeth, sparse hair, cleft
lip/palate, narrow nose, and small mouth. p63 is a paralog of the tumor suppressor p53,
and knock-out mice of p63 have shown that p63 is involved in limb, craniofacial, and
epidermal development (/4, 15). The architecture of protein domains in p63 is similar to
p53, but contains different C-termini. Besides the transactivation domain (TA), the DNA
binding domain (DBD), and the oligomerization domain (OD), there is a poly-
glutamine/proline region (QP), the SAM domain, and the transcription inhibitory domain
(TID) (16). There are six isoforms of p63, which are combinations of two different
translational starts (TA or AN) and three C-terminal variants (o, 3, y) (/7). In epidermal
cells, the AN form of p63 is predominant, while in oocytes, the TA form of p63 is highly
expressed (17, 18).

Recent reports have identified RACK-1 and ABBP1 as two candidate partners of

the SAM domain in p63 from a yeast two hybrid assay (/9). ABBPI plays a role in Fgf
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splicing, in which its interaction with p63 is necessary for correct splicing; however,
there is no direct biophysical evidence to support the interaction. The second protein
interaction partner is RACK-1, the receptor for activated protein kinase C, but the
interaction has not been fully characterized. A different study has also found RACK-1 to
interact with the C-terminus of p73, another member of the p53 protein family with
similar structural domain layout as p63, but it was not made clear whether the SAM
domain was the sole interaction domain in p63 that associates with RACK-1 (20).

In our previous study, we have identified a SAM domain at the C-terminus of
CEP-1, a p53 homolog in C. elegans. The structural study revealed that the last helix of
the SAM domain has close contacts with the 3-sheet and the a-helix of the OD domain in
CEP-1. It was further shown that the SAM domain was necessary for the stability of the
OD domain, in which a deletion of the SAM domain resulted in an unstable OD. The
presence of the SAM domain in ancestral p63 suggests there may be a conservation of
function that also applies to the SAM domain in mammalian p63. In this study, we
characterize four mutants of the SAM domain identified in the Hay-Wells syndrome, and
show that each mutation has minimal effect on the tertiary structure of the SAM domain
in isolation, although each decreases the stability of the protein in comparison with the
wild type SAM domain. However, when the SAM domain is placed in context with the
OD of p63, each mutation disrupts the integrity of the OD-SAM molecule and transforms
the oligomeric state of the OD from a tetramer into soluble aggregates. Thus, mutations
in the Hay-Wells syndrome may lead to a gross conformational change in p63 and may
cause aberrant transcriptional and repressive activities during epidermal development that

result in the syndrome.
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Results

Through genotyping of patients of AEC and RHS, 12 missense mutations and one
in-frame insertion of phenylalanine were identified in the SAM domain of p63 (Figure 3-
1) (21). The substitutions of amino acids are found in the first three helices of the domain
at a mutational hot spot in helix 3. During the course of the study, the structure of the
SAM domain of p73 was determined by NMR (22). p73, another paralog of p53, has a
similar structural domain layout and splice variants as p63, although p73 is involved in
the development of pheromone receptors, hypothalamus, and other neurons (23). Since
the SAM domain of p63 and p73 shares 53% sequence identity, the structure of the SAM
domain in p63 should be similar to that of p73 (p73SAM). Thus, a mapping of mutated
residues from AEC and RHS on p73SAM could predict the structural consequence of
mutations. Mutations in AEC and RHS can be classified into three categories: structural
distortion, surface binding, and elimination of the TID. In the first category, a mutation
introduces either a larger residue (L514F), a non-polar to a polar residue (I510T), or a
disruption in the topology of the fold by unusual backbone dihedral angles (G530V,
T533P). The second category belongs to the mutational hot spot, which has multiple
mutated residues (Q536L, I5S37T, S541Y) in helix 3. Since the main function of the SAM
domain is protein-protein interaction, mutations in the first two categories could lead to
defects in protein interaction by the loss of the binding interaction surface. In order to
understand the structural effects of these mutations, we used NMR to characterize these
mutants. Despite the close homology, the chemical shifts of the SAM domain of p73
were not readily transferable to the p63 SAM domain. Therefore, we have undertaken the

structural determination of the p63 SAM domain (p63SAM) and have compared the
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chemical shifts of L514F, G530V, and Q536L mutants.

The SAM domain of p63 has identical topology layout to the SAM domain of p73
with a root mean square deviation of 2.68 A (Figure 3-2). The p63SAM has two pairs of
hairpin helices linked by a 3-10 helix. The domain is eluted as a monomer on the gel
filtration column. This oligomeric property is similar to p73SAM, which is also a
monomer in isolation, and differs from other SAM domains, which can form spontaneous
dimer or oligomers (22). The purified SAM domain mutants of L514F, G530V, T533P,
and Q536L also elute from the gel filtration column as monomers. Thus, mutations
identified in the AEC do not seem to change the oligomeric property of the protein in
isolation.

Although all examined AEC mutants behave as monomers, the behavior of each
mutant is clearly different from the wild type since the protein yield of each after
purification is significantly less, with a majority of proteins in inclusion bodies rather
than in the supernatant. Based on the p63 structure, some mutations may disrupt the
domain structure and unfold the protein. We investigated the stability of each mutant
with circular dichroism (CD) spectroscopy by temperature denaturation. Even though the
results presented here are not under equilibrium conditions since all proteins undergo
irreversible precipitation, the data provide the relative kinetic stability of each mutant in
comparison with the wild type SAM domain. As expected, the SAM domain exhibits the
highest stability by having the highest melting temperature (78 °C). The Q536L and
T533P mutants exhibit a similar denaturation profile (melting temperature of 63 °C),
follow by L514F (53 °C) and G530V being the least stable mutant (42 °C) (Figure 3-3).

Surprisingly, all mutants display a sigmoidal transition curve that suggests all retain a
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folded structure albeit with different stabilities. Thus, mutations found in the Hay-Wells
syndrome do not seem to cause a loss of tertiary structure even though mutants like the
L514F, G530V, and T533P would suggest a significant disruption to the protein fold due
to inefficient packing (L514F) and drastic changes to the protein backbone geometry
(G530V and T533P) after amino acid substitutions (/7).

To confirm the data from the CD denaturation curves and investigate the tertiary
structure of the mutants, we recorded an HSQC spectrum of L514F, G530V, and Q536L
mutants. In each mutant, the spectrum has a wide dispersion in chemical shifts,
indicating a folded structure. An introduction of a different chemical environment due to
substitution of amino acids in proteins can cause chemical shift changes between a
normal and a mutated protein. As expected, a comparison of the G530V and Q536L
mutants with the wild type SAM domain shows larger chemical shift changes in the local
area around each mutation (in both AHN and AN frequencies) in comparison with the rest
of the protein, which shows minor chemical shift changes, an indication that both mutants
still retain a similar structure as the wild type protein (Figures 3-4B and 3-4C). Thus,
both G530V and Q536L mutations do not seem to disrupt the native fold of the protein,
but do affect the stability of the protein as observed from CD. In contrast to G530V and
Q536L, the L514F mutant displays significant chemical shift changes throughout the
whole domain, to the extent that most residues could not be identified due to large
changes in their chemical shifts (Figure 3-4A). L514 plays a structural role in the SAM
domain by making hydrophobic contacts with residues from helix 1 and 2. A
phenylalanine substitution at this position may disrupt the packing between helix 1 and 2

because of a larger sidechain volume (from 124 A° to 135 A’), and may consequently
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perturb the whole structure. The drastic changes in chemical shifts of this mutant
preclude any definitive conclusion about its tertiary structure; therefore, a full structural
determination of L514F SAM domain was completed to answer this question.

The structure of the L514F mutant was solved by standard heteronuclear triple
resonance pulse sequences for backbone and side chain assignment, and “N-edited
HSQC and D,O-NOESY spectra were recorded to obtain distance constraints.
Surprisingly, when the mutant structure is compared with the wild type SAM domain, it
has a rmsd of 2.75 A, in which the differences in the structure mostly reside in the first
three helices. The substituted phenylalanine residue occupies the same position as
leucine. The structure accommodates the extra volume with no dramatic change to the
overall fold. However, the increase in residue volume by phenylalanine allows closer
contact with F526, and induces F554 to change its conformation from solvent exposed to
interaction with F514 in the hydrophobic core of the domain (Figure 3-5). The core of
the L514F mutant now constitutes three phenylalanines within 4 A of each other. The
interaction between phenylalanines may induce ring currents, that cause changes in the
chemical shifts of most residues in the domain even though the overall structure does not
change from the normal SAM domain of p63. The L514F mutant also shows sleight
structural differences from the wild type in the mutational hot spot of the Hay-Wells
syndrome that includes T533, Q536, and I537. In the wild type domain, T533 is exposed
to the solvent with no contact with 1537, but in the mutant, T533 is rotated inward toward
the core of the protein and interacts with 1537 (Figure 3-5). If T533 were part of the
SAM domain protein interaction surface, then the L514F mutant would distort this region

and prevent successful binding.
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In a previous study on the C-terminus of CEP-1 (C. elegans p53-like protein-1),
the SAM domain of CEP-1 was shown to be necessary for the stability of the OD.
Without the SAM domain, the OD is unstable and could disrupt the overall structure of
CEP-1. A similar effect is observed in Dmp53 (Drosophila p53), in which the OD
requires a C-terminal helix to be tetrameric, and the loss of the helix results in a dimer.
Thus, the C-terminal helix seems to play an analogous role as the SAM domain of CEP-1
in stabilizing the OD. To investigate whether the SAM domain in p63 also plays an
identical role, a fusion protein of maltose binding protein (MBP) along with all residues
between the OD and the SAM domain of p63 (OD-SAM, residues 352-570) was
constructed. Besides the wild type OD-SAM, four fusion proteins with different
mutations in the SAM domain (L514F, G530V, T533P, and Q536L) were made. Each
fusion protein was purified and tested for its oligomerization property. The wild type
MBP-OD-SAM fusion protein exhibits a different behavior from the mutants in
oligomerization. The wild type fusion protein elutes as a single peak with an apparent
molecular weight of 440 kD, and all four mutants elute with two broad peaks: one peak
at an apparent molecular weight of 669 kD, and the second peak at the void volume. The
larger apparent molecular weights of mutants in comparison with the wild type suggest
aggregation in the mutants (Figure 3-6). All of the apparent molecular weights from each
protein exceed the estimated tetrameric molecular weight; thus, the gel filtration data is
an indication of the stoke’s radius of each molecule rather than its molecular weight. To
assess the actual oligomeric state of the protein, the wild type, L514F, and Q536L fusion
proteins were measured by velocity sedimentation (Figure 3-7). As expected, the wild

type MBP-OD-SAM is mono-disperse with a molecular weight that corresponds to a
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tetramer. In contrast, the L514F and Q536L OD-SAM fusion proteins have multiple
species with the majority of protein centers around 1.8 MDa, which is a sign of
aggregation. Attempts to purify the OD alone, or the OD-SAM constructs with
mutations, were not successful since all these constructs result in insoluble inclusion
bodies. To further test whether the SAM domain is necessary for stabilization of the OD,
a construct from the OD to the QP (OD-QP, residues 352-499) was cloned and expressed,
in which only the MBP fusion protein was soluble, but not the isolated protein. Gel
filtration study of the MBP fusion of the OD-QP construct shows it also elutes like the
OD-SAM fusion protein as a tetramer in gel filtration; however in velocity centrifugation,
the majority of the protein behaves like a tetramer with a minor fraction as a dimer, in
contrast to the mono-species behavior of the OD-SAM fusion protein (Figures 3-6 and 3-
7). Thus, mutations in the Hay-Wells syndrome destabilize the OD-SAM complex, and

the SAM domain is necessary for the stability of the OD in p63.
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Discussion

Although the role of p63 in epidermal development awaits further clarification of
whether it functions as a stem cell regenerator or an effector of commitment in
differentiation, the existence of human patients with mutations in p63 and the resulting
epidermal and limb abnormalities highlight its essential function during development
(24). In the current study, we investigated the effect of mutations in the AEC syndrome
on the structure of the SAM domain and found that two surface mutants (G530V, Q536L)
show only localized chemical shift perturbation around the mutated residue, an indication
that both mutants still retain the SAM domain fold. Unexpectedly, the structural mutant
(L514F) maintains the SAM domain fold as well, except for small structural changes in
the first two helices and the 3-10 helix, the site of hot spot mutations in AEC. Further
investigation on each mutant in the context of the quaternary structure with the OD
reveals a different behavior from the wild type SAM domain, which suggests a putative
interaction between the OD and the SAM domain when the latter is in a tetrameric
context. The similar behavior observed in gel filtration for all the mutants studied here
seem to indicate a possible interaction area that involves the 3-10 helix of the SAM
domain since it is an area that shows minute structural changes in all three mutants, and
mutations of this area would disrupt the OD and SAM interaction.

The SAM domain has thus far been prevalently thought of as an interaction
domain because of its ability to mediate homotypic or heterotypic protein interactions. In
addition, a recent study has shown that the SAM domain is a RNA interaction domain
(25). It was reported that RACK-1, ABBP1, and Scaf4/rA4 are interaction partners of the

p63 SAM domain through a yeast two hybrid screen; however there is no direct
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experimental evidence with in vitro purified proteins to verify these interactions. Indeed,
the SAM domain does not interact with RACK-1 since the interaction still persists with
the L514F SAM mutant, and another report has shown it is the extreme C-terminus of
p73a, a highly homologous protein to p63a., that interacts with RACK-1 (20). Thus,
more experiments are needed to test whether ABBP1 and Scaf4/rA4 are true SAM
domain interaction partners. Furthermore, the yeast two hybrid screen used only the
SAM domain as the bait, yet p63a exists as a tetrameric state through the OD. The
screen might not reveal a true partner since there could be a new interaction surface when
the SAM domain is in the context of a tetramer. Besides being a protein interaction
partner, the SAM domain can also be a protein scaffold domain that stabilizes the OD as
shown in the CEP-1 C-terminus structure. The gel filtration data of a MBP fusion to the
OD-SAM construct of the wild type and the four mutants show each mutant can disrupt
the quaternary structure of the OD-SAM, although the exact nature of disruption remains
to be elucidated. However based on the cell culture data of co-expression assays of wild
type TAy and ANa form of each mutant, each SAM domain mutant lost the dominant
negative effect, or the ability to oligomerize with TAy to suppress its activity (/7).

Skin histology of a patient that carries the G530V mutation shows abnormal
intense p63 protein staining that extends beyond the basal layer where p63 is normally
observed. In addition, filaggrin, a marker of intermediate filament in terminally
differentiated cells, also shows intense staining in the nucleus of the cells. These data in
combination with the findings that each mutant can disrupt the tetrameric quaternary
structure and a loss of the dominant negative effect suggest that the SAM domain

mutation is a gain of function mutation or exhibits haploid insufficiency, rather than a
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loss of function mutation. If the SAM domain mutations were a loss of function
mutation, then patients of AEC and RHS syndrome would not exhibit any phenotype
since they still retain a wild type copy of p63 because all AEC and RHS mutations are
heterozygous. However, a gain of function or a reduced population of normal functional
p63 by the SAM mutants could activate additional genes or fail to repress or activate
genes at the appropriate time as demonstrated by microarray analysis of the
TAp630Q536L mutant (26). The IKKa gene is activated by ANa to initiate epidermal
differentiation (27), and misregulation of this gene due to mutations in the SAM domain
could result in abnormal development of the epidermis. Genes such as p21 and 14-3-
30 were repressed by ANa, but mutations in the SAM domain abolished the repression
(28). The loss of the dominant negative effect in p63 by the SAM domain mutations
could also cause AEC since Koster ef al have shown the proliferative effect of TAo was
counter-balanced by the inhibition of ANa for proper epidermal differentiation, and an
imbalance in the ratio of TAa to ANa resulted in mice that have skin fragility similar to
ectodermal dysplasia observed in AEC (29).

One reason for the difficulty to dissect the mutational effects of the AEC in
epidermal development was the complexity of the p63 due to its six splice variants, in
which the TAp63a and the ANa are the dominant forms in keratinocytes that play a role
in epidermal development (29). Both isoforms have a SAM domain, and mutations from
AEC could have an effect on the normal functions of both proteins (24). This study has
shown that the SAM domain may not just be a passive domain that recruits other
proteins, but rather a crucial domain for the overall structural integrity of p63. This

alteration in the structure may change the DNA binding specificity of the DBD, and upset
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normal gene expression in epidermal development.
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Materials and Methods:

Cloning and Protein Expression

Wild type and mutant SAM domain proteins

PCR fragment that corresponds to the SAM domain of p63 was cloned into pGEX vector
(Amersham) as a GST fusion protein. PCR fragments of each SAM domain mutant:
L514F, G530V, T533P, and Q536L were derived from plasmids provided by Dr. Hans
van Bokhoven and cloned into either pGEX 6P-2 or pGEX. Each protein was expressed
in BL21 cells, which were grown in 2X YT media to an ODg, between 0.6-0.8, and
induced with 500 uM of IPTG at 24 °C for 5-6 hours. After harvesting the culture by
centrifugation, the pellet was resuspended in standard PBS (phosphate buffered saline)
buffer and stored at —20 °C overnight. Protein purification was done with GST sepharose
beads and closely followed the manufacturer’s protocol. The major exception was that
0.1% sarkosyl was added to the cell lysate of each mutant before sonication for better
solubility of each mutant. After binding to a GST column and extensive washing with
PBS buffer, the fusion protein was cleaved on column overnight at 4 °C in protease
cleavage buffer of either the precision protease or the thrombin. 50 units of protease
were used for digestion. Next day, the cleaved protein was eluted, concentrated and
further purified on a superdex 75 gel filtration column in a buffer consists of 100 mM
NaCl and 20 mM HEPES at pH 7.0. Labeling of "N and "N/"C proteins for NMR study
was done by first growing 2L of bacteria cells in 2X YT media to an OD,, between 0.6-
0.8, and cell pellet was harvested by centrifugation. Next, the pellet was resuspended in

minimal media supplemented with either N labeled ammonium chloride or "°N labeled
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ammonium chloride and “C labeled glucose before induction. Purification of labeled
proteins followed the same protocol as described above.

MBP fusion of OD-SAM proteins

A PCR fragment of p63 from the OD to the SAM domain (352-570) was cloned into a
MBP fusion vector. The protein was expressed in DH5a cells and grew to ODg,
between 0.6-0.8 in 2X YT media. Before induction, a final concentration of 300 mM
NaCl and 20 mM proline was added to the media to aid solubility of the fusion protein in
vivo. 500 uM of IPTG was added to induce protein expression for 8 hours at 24 °C. The
protein was purified over an amylose column in a wash buffer of 300 mM NaCl, 1 mM
EDTA, and 50 mM Tris, pH 8.0. After extensive washing, the protein was eluted in 10

mM maltose with the wash buffer.

NMR Experiments and Structure Calculations

The “"N-HSQC spectra of the wild type and each mutant were recorded on a 500 MHz
triple resonance magnet with cryo-probe. The backbone and sidechain resonances of the
wild type SAM domain were assigned with spectra from HNCA, HNCACB,
CBCACONH, (H)CCOHN-TOCSY, and H(C)COHN-TOCSY. NOE distance
constraints were obtained from "N-NOESY, "C-NOESY, aromatic D,O-NOESY, and
D,0-NOESY experiments. For the L514F mutant, "N-NOESY, aromatic D,0-NOESY
and D,0-NOESY spectra were collected for distance constraints. Based on chemical
shifts of N, CA, HA, and HB, backbone dihedral angles restraints were calculated using
TALOS (30). NOE assignments and structure calculations were carried out first in

CYANA (31, 32), and ARIA was used for water refinement (33). Structural alignment
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was done with LSQMAN (34), and all figures were prepared with PyMOL (35).

Circular Dichroism Experiments

The wild type and each mutant of the SAM domain were tested for their relative stability
by temperature denaturation from 10 °C to 90 °C and observed by circular dichroism at
220 nm. The protein was in a buffer consisting of 100 mM NaCl and 20 mM HEPES at
pH 7.0 for each measurement. The mid transition of the melting curve was determined

from the derivative of the experimental melting curve.

Velocity Sedimentation Experiments

Experiments were conducted with 200 uL- 300 uL samples in a buffer consisting of 100
mM NaCl and 20 mM sodium phosphate at pH 7.0, at protein concentrations of 0.5-1
mg/mL. Absorbance data were acquired at a rotor speed of 20,000 rpm and at a
temperature of 20 °C. The buffer density of 1,005 g/mL and viscosity of 1.031 cPoise and
the protein partial-specific volumes were calculated using the software SEDNTERP. Data
were analyzed using the c(s) continuous distribution of Lamm equation solutions with the

software SEDFIT (36, 37).
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Figure 3-1. A schematic diagram of mutations found in AEC and RHS

p63 is a multi-domains protein consists of transcriptional activation (TA) domain, DNA
binding domain (DBD), oligomerization domain (OD), poly- glutamine/proline rich
region (QP), sterile alpha motif (SAM) domain, and transcriptional inactive domain
(TID). Most AEC missense mutations are found in the SAM domain, and most RHS
mutations are deletion of a nucleotide that result in a shortening of the TID. Letters
marked red indicate mutations found in AEC, and letters marked blue indicate mutations
found in RHS. A column with more than two letters indicates two separate mutations to

the same amino acid.
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Figure 3-2. Structural alignment of the p63SAM domain vs. p73SAM domain vs.

L514F mutant

The SAM domain of p63 is highly identical to the SAM domain of p73 except in the
helix three region. Two structures have a RMSD of 2.68A. The p63SAM domain is
colored in magenta, and the p73SAM domain is colored in orange. In comparison with
the L514F mutant, helices 1, 2 and 3 of p63SAM have different tilting angles than the
mutant. The RMSD between p63SAM and L514F is 2.75 A. The L514F mutant is
colored in yellow. The Coa atoms of the protein backbone were used for structural

alignment.
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Figure 3-2.
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Figure 3-3. Thermal denaturation curve of the wild type SAM domain and mutants

Four mutants and the SAM domain undergo thermal denaturation to assess their relative
stability. The mid transition point of the wild type SAM domain = 78 °C, Q536L and

T533P = 63 °C, L514F = 53 °C, and G530V =42 °C. The experimental ellipiticity values

of each construct have been converted to fractional ellipiticity.
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Figure 3-3.
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Figure 3-4. Chemical shift deviations between the wild type SAM domain and

mutants

The chemical shifts of the nitrogen (N) and amide protons (HN) from each mutant were
compared with the wild type SAM domain. Negative bars indicate residues for which
assignments are not possible due to large deviation in chemical shifts compared to wild
type SAM domain. A schematic diagram of the SAM domain is below each graph.
Regions of the SAM domain that have significant deviations in chemical shifts due to the
mutation are colored in red, and the mutated residue is marked by asterisk. (A) L514F

mutant. (B) G530V mutant. (C) Q536L mutant.
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Figure 3-4.
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Figure 3-4.
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Figure 3-4.
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Figure 3-5. The L514F mutation causes rearrangement of residues in helix 3 and

helix 5

F554 from helix 5 changes its conformation from solvent exposed in the wild type SAM
domain to interacting with F514 in the mutant. In helix 3, T533 also changes its
conformation from solvent exposed in the wild type SAM domain to interacting with

1537 in the mutant.
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Figure 3-5.
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Figure 3-6. Gel filtration curve of the MBP fusion protein of the wild type SAM

domain and mutants

The wild type, four mutants, and the QP are expressed as MBP fusion proteins and the
oligomerization state was determined on a superose 6 gel filtration column. The MBP-
OD-SAM (blue line) elutes as a tetramer (expected molecular weight of 270 kD) with an
apparent molecular weight of 440 kD. A similar profile is seen with MBP-OD-QP
(magenta line). In contrast to the wild type, fusion proteins that contain mutations in the
SAM domain exhibit equilibrium at the void volume and at apparent molecular weight of
669 kD. Each mutant exhibits a larger apparent molecular weight than the wild type, an
indication that mutations in the SAM domain can disrupt the quaternary structure of the

OD-SAM.

101



Figure 3-6.
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Figure 3-7. Velocity sedimentation of the MBP fusion protein of the wild type SAM

domain and mutants

Distribution plots with respect to molecular weight after fitting with velocity
sedimentation data are shown for the mutant fusion protein and the wild type fusion
protein. The wild type SAM domain fusion protein sediments as a tetramer with a minor
population being an octamer. In contrast, the QP fusion protein is a tetramer with a non-
ideal peak shape that extends to a dimer, which signifies that the OD-QP is not a stable
structure. Both the L514F and Q536L fusion proteins exhibit aggregation as shown by

their large molecular weight of 1.8 MDa.
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Figure 3-7.
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Chapter 4

Conclusions and Future Directions
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The first part of this thesis explores the evolution of the p53 protein family
through structural investigation of the C-terminus of two p53 homologs in inveterbrates,
CEP-1 and Dmp53. The study reveals the OD and residues C-terminal to it may have an
interdependent relationship in the stability of both domains, in which the loss of the C-
terminal residues could have an effect on the oligomeric state of the protein. In CEP-1,
the additional stabilizing element is the SAM domain and in Dmp53 is a helix. The
function of the SAM domain in stabilizing the OD in CEP-1 suggests this function could
be conserved in vertebrate p63. This hypothesis serves as the basis for the second part of
this thesis, in which the effect of mutations identified in the Hay-Wells syndrome on the
structure of the SAM domain and the OD are investigated. Structural study of the SAM
domain with these mutations shows each mutation in the SAM domain has minor effects
on the overall fold of the domain, except in the region surrounding the 3,, helix.
However, the effect of each mutation becomes apparent when the SAM domain is in a
tetrameric context with the OD of p63. A highly soluble fusion protein from the OD to
the SAM domain of p63 becomes aggregated upon mutations in the SAM domain. The
change in the behavior of the fusion protein suggests there maybe an interaction between
the SAM domain and the OD that could be disrupted by the mutations. A change in the
quaternary structure between the OD and the SAM domain could consequently disrupt
the overall quaternary structure of p63 and result in gain of function.

The surprise discovery that CEP-1 is a dimer rather than a tetramer provides a hint
that the ancestral p53 molecule could be a dimer, which evolved into a tetramer, if one
assumes that life evolves towards increasing complexity (coelomata). However based on

the ecdysozoa view of the phylogenetic tree, CEP-1 is the only member of p53 that
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exhibit this oligomerization property. One reason for the controversy in the phylogenetic
tree topology between coelomata and the ecdysozoa is the ambiguous placement of the
Nematoda phylum with regards to whether this phylum diverged before the split of
protostome and deuterostome, or within the protostome branch (/). In order to determine
the ancestral oligomeric state of p53, an investigation into the earliest speices that has a
p53 like molecule, such as Ehp53, found in Entamoeba histolyica, or the slowest
evolving species in Nematoda, the Trichnella, would reveal an answer. If a dimer is
found in both species, then it is most likely that the ancestral p53 was a dimeric unit, and
if Ehp53 were found to be a tetramer, then the dimeric CEP-1 is most likely an
independent evolutionary event in C. elegans.

In contrast to most transcription factors that function as a dimeric unit, p53 is
unique in that its functional unit was assumed to be a tetramer due to the tetrameric
property of the OD, but in vifro measurements have shown that p5S3 (from DBD to OD)
has an equilibrium constant of 3 uM between dimers and tetramers (2). In vivo, the
oligomeric state of p53 has not been clearly defined and consequences of different p53
oligomeric states on function are not known. The discovery of CEP-1 as a dimer and its
ability to induce apoptosis but not cell cycle arrest in C. elegans shows that the dimeric
state of p53 is a functional molecule in vivo. Furthermore, when CEP-1 is expressed in
human Saos-2 cells, apoptosis is induced (3). This suggests a dimeric state of p53 is
sufficient to induce apoptosis in human cells. If this were true, then the ultimate
determinant in whether p53 would induce a cell cycle arrest or an apoptotic response
would be the oligomeric state of p53: a dimer would induce apoptosis, and a tetramer

would result in cell cycle arrest. A change in the oligomeric state of p53 could
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concomitantly alter the specificity in promoter recognition for cell cycle arrest genes or
apoptotic genes depending on a tetrameric or a dimeric state, respectively. This
hypothesis may be wrong, but it is a clear, verifiable hypothesis that can be tested, in
which a confirmation of this idea could bring new therapeutic approaches to cancer
treatment based on p53.

Although the structures of individual domains have been solved for p53 and p63,
the full length structure of either protein has been elusive. A complete model of p53 or
p63 will settle not only many controversies arising from different publications, but also
allow an explanation on how post-transcriptional modifications could affect the function
of these important proteins. A recent electron microscopy (EM) structure of the full
length p53 shows a skewed cube with a 26 A” hole in the middle of the cube (4). In order
to fit all the domains into the electron density, the authors argued that p53 oligomerizes
through interactions between the N- and the C-terminus, and not through the OD, whose
structure has been determined in isolation by crystallography and NMR (5, 6). However,
in light of the studies on CEP-1 and Dmp53, which have shown that the function of the
OD has been preserved throughout evolution, the idea that the extreme termini are the
oligomeric domain may not be sound and the model of p53 resulting from the EM data
could be misinterpreted. Interestingly, our own analysis of the EM structure of p63
exhibits a similar negative staining image to p53, except for two extra lobes that could
represent two additional domains in p63 that are not present in pS3 (Figure 4-1). It will
be of great interest to continue EM analysis of p63 at a higher resolution to reveal domain
organization within p63. At the same time, a full crystallographic effort should be

undertaken to solve the structure of p63. Unlike p53 which does not express well in
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bacteria, p63 can be expressed in high quantity ( ~ 7 mg/L of culture) and obtained to a
purity of 85-90% after isolation from bacteria lysates. An initial crystallization condition
has resulted in a crystal with a diffraction of 35 A (Figure 4-2). With advances in robotic
crystal screening that can screen 20,000 conditions, in combination with automatic
cloning, expression, and purification, a systematic search for the optimal construct and
crystal could be undertaken in a reasonable time, and the full length structure of p63
could be in the near horizon.

While striving for the full length structure of p63, two more tangible structural
targets in human p63 may also yield fruitful results. One is the structure of the OD of
TAp63y by solution NMR analysis, and the other is the structure of the OD-SAM domain
of p63. The OD of the TAp63y is the first soluble oligomerization domain of p63 in the
absence of the SAM domain. Secondary structural prediction analysis indicates an
additional helix after the OD, which coincides with the topology of OD in Dmp53
(Figure 4-3). The structure of this domain will reveal the stabilizing interaction in the C-
terminus of the OD. A related question on how the SAM domain stabilizes the OD of
p63 can be answered by the structure of the OD-SAM domain. This could explain the
effect of Hay-Wells syndrome mutations in the context of a tetrameric structure and
provide a partial picture of the full length molecule with the exact positioning of the
SAM domain relative to the OD. This highly soluble and well behaved OD-SAM
protein, either alone or as a MBP fusion protein, make this protein a highly desirable

target for crystallization (Figure 4-4).
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Figure 4-1. The electron microscopy image of the TAp63a with negative staining

1 uL of 0.05 mg/mL of purified TAp63a was placed on a carbon grid and stained with
uranium acetate. The top panel shows one section of the carbon grid with the TAp63a.
particle. The middle panel is a magnification of some particles with different orientations
on the grid. The bottom panel is 8 classes of particles averaged from 5000 particles. One
class has a clear tetrameric form as expected from TAp63a, but a class with a three fold

symmetry is also observed, possibly due to a different perspective of the particle.
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Figure 4-1.
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Figure 4-2. Crystal of TAp63a and the first X-ray diffraction pattern

TAp63o. was co-crystallized with DNA by the hanging drop method in precipitants
consists of 0.1 M KCl, 0.01 M MgCl,, 0.05 M, 30% PEG 400, and Tris-Hcl pH 8,5. The
protein to DNA ratio is 1:1.2 and 1 uL of protein solution is mixed with 1uL of
precipitants. The crystal diffracted to 35 A with diffraction spots that resembled a protein

crystal.
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Figure 4-2.
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Figure 4-3. The OD of TAp63y has an additional helix C-terminal to the OD

Secondary structure prediction suggests an additional helix after the OD, which is similar
to the layout of secondary structures in Dmp53. The predicted secondary structure is
labeled below the sequence. Interestingly, a small fragment of the C-termini in TAp63y
is conserved across p63a and p63f isoforms. The bottom panel shows the C-termini of
p63y (343-428) with an expected molecular weight of 10,601 Dalton after elution from a
nickel column. The double bands observed in the gel suggest there are unfolded region in

this construct.
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Figure 4-3.
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Figure 4-4. SDS-PAGE of OD-SAM and MBP-OD-SAM purified proteins

Both OD-SAM (expected molecular weight: 25 kD) and the MBP fusion protein of OD-
SAM (expected molecular weight: 68 kD) elute as single specie in a gel filtration column
with no apparent precipitation. The two proteins have high expression and solubility that

make them suitable targets to obtain their structures by crystallography.
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Figure 4-4.
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