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p73and p63are two recently cloned genes with homo-
logy to the tumor suppressorp53 whose protein prod-
uct is a key transcriptional regulator of genes involved
in cell cycle arrest and apoptosis. While all three
proteins share conserved transcriptional activation,
DNA-binding and oligomerization domains, p73 and
p63 have an additional conserved C-terminal region.
We have determined the three-dimensional solution
structure of this conserved C-terminal domain of
human p73. The structure reveals a small five-helix
bundle with striking similarity to the SAM (sterile
alpha motif) domains of two ephrin receptor tyrosine
kinases. The SAM domain is a putative protein—protein
interaction domain found in a variety of cytoplasmic
signaling proteins and has been shown to form both
homo- and hetero-oligomers. However, the SAM-like
C-terminal domains of p73 and p63 are monomeric
and do not interact with one another, suggesting that
this domain may interact with additional, as yet
uncharacterized proteins in a signaling and/or regu-
latory role.

Keywords NMR spectroscopy/p53/SAM domain/tumor
suppressor

Introduction

transcription factor is underscored by the fact that the vast
majority of p53 mutations found in human cancers result
in a protein that is either partially or completely inactive
for DNA binding (Pavletichet al.,, 1993; Di Como and
Prives, 1998). Like many transcription factors, p53 is
a modular molecule with a conserved transcriptional
activation domain, DNA-binding domain and an oligo-
merization domain that mediates tetramerization (Pavletich
et al, 1993). The products of two recently cloned genes,
p73 (Jostet al., 1997; Kaghadkt al., 1997) andp63 (also
called KET, p51 and p40; Schmale and Bamberger, 1997;
Osadeet al.,, 1998; Trinket al.,, 1998; Yanget al., 1998),
share strong sequence homology with the transactivation,
DNA-binding and oligomerization domains of p53 (see
Figure 1). Human p63 and p73 also share functional
homology with p53; both proteins are capable of binding to
p53-responsive elements, can transactivate p53-responsive
genes and can induce apoptosis when overexpressed (Jost
et al, 1997; Kaghackt al., 1997; Yanget al., 1998; Zhu
et al, 1998; Di Comoet al., 1999). These structural and
functional similarities to p53 suggest that p63 and p73
may activate similar growth-suppressive pathways as p53.
However, p63 and p73 do not appear to be responsive to
the same genotoxic stresses that trigger p53 up-regulation
(Kaghadet al., 1997). Rather, they appear to be involved
in more fundamental pathways associated with develop-
ment and differentiation (Schmale and Bamberger, 1997;
Almog and Rotter, 1998; Millet al, 1999; Yanget al.,
1999). A gene from squid which originally was thought
to be squid p53 (Ishiokat al, 1995) appears to be
more closely related to p73 and p63, suggesting that the
specialized role of p53 may have evolved from a more
basic and primitive p63/p73-like gene.

p63, p73 and squid p53 all contain a C-terminal exten-
sion not found in human p53 (Figure 1). The sequence

p53is a tumor suppressor gene and the most frequent sitealignment of the C-terminal regions of p&3p73x and

of genetic alterations found in human cancers (Hollstein squid p53 (Figure 1) reveals a 100 residue region that is
et al, 1991, 1996). The p53 protein is a transcription conserved among all three proteins. This C-terminal region
factor that regulates the expression of a wide variety of of p63 and p73 is subject to alternative splicing, resulting
genes involved in cell cycle arrest and apoptosis (reviewed in multiple isoforms of both proteins (Kaghadal.,, 1997,

in Donehower and Bradley, 1993; Ko and Prives, 1996; De Laurenziet al, 1998; Yanget al, 1998). There is
Levine, 1997). The p53 pathway is activated in response evidence that these C-terminal splice variants may also
to several types of cellular stress such as DNA damage have differential transcriptional and biological properties.
(Kastanet al., 1991, 1992), hypoxia (Graebetal., 1996), For example, p6Bwas able to transactivate a p53 reporter
mitotic spindle defects (Crosst al, 1995) and viral or ~ gene to a level ~80% of that of wild-type p53, whereas
oncogene activation (Vousden, 1993; Wu, 1993). Both p63x was unable to activate the same reporter gene (Yang
humans and mice with germline p53 mutations develop et al, 1998). Differences in the degree of transactivation
normally, but have a greater susceptibility to a variety of by p73 isotypes have also been reported (De Laurenzi
cancers (Malkinet al., 1990; Donehoweet al, 1992), et al, 1998; Zhuet al, 1998; Di Comoet al, 1999).
indicating that p53 is not essential for normal development, These data suggest that the C-terminal region ofop73
but rather exerts a crucial checkpoint function preventing and p68& may have regulatory properties that modulate
deleterious genomic damage from being propagatedthe transcriptional activity of these proteins and therefore
(Lane, 1992). may contribute to the distinctive biological properties of

The importance of p53's activity as a DNA-binding these proteins relative to p53.
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Structure of the p73 SAM-like domain
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Fig. 1. A schematic of the primary structure of p53 family members. Conserved regions are indicated as: TA, transcriptional transactivation domain;
DNA Binding, DNA-binding domain; Tet, tetramerization domain. A sequence alignment of the C-terminal conserved domain is shown for human
p73, p63 and squid p53. Residues identical in all three proteins are shown in bold. Positions with similar residues are indicated with an asterisk. The
secondary structure determined here by NMR is indicated along the top. Helices are shown as rectangles.

A distant relationship at the sequence level has beenstructural homology with a putative protein—protein inter-
noted between a portion of the C-terminal conserved action and signaling domain suggests a similar role for
region of p53 homologs and members of the SAM (sterile this region in p63/p73 function.
alpha motif) superfamily (Schultet al., 1997; Bork and
Koonin, 1998). Despite sequence identities<of8%, it
was proposed that p73 contains a SAM domain protein— Results
protein interaction module (Bork and Koonin, 1998). . .

SAM domains are small (70 residues), protein—protein P73(487-554) contains a folded, globular o-helical
interaction modules found in a variety of proteins involved domain ) ) .

in developmental regulation (Schulet al, 1997). The  Initial NMR analysis of p73(487-600), which contains
most notable type of protein—protein interaction identified the entire conserved domain, indicated that this protein
for SAM domains to date is that of homo- and hetero- fragment contains both a structured, globular region and
oligomerization among similar SAM domains. The SAM @ significant proportion of random coil-like residues
domains of the ephrin (Eph) receptors have been shown(Figure 2, blue). This protein was very susceptible to
to homo-dimerize in a crystal environment and weakly degradation by trace proteases in the sample, also suggest-
dimerize in solution (Stapletoret al, 1999; Thanos ive of the presence of a region that is both solvent
et al, 1999). This SAM-mediated dimerization has been accessible and flexible. N-terminal sequencing and mass
proposed as a mechanism for Eph receptor activation. Spectroscopy of the proteolytic fragments indicated that
The pointed domain (a SAM-like domain) of the ETS there was a stable, protease-resistant domain at the
transcription factor, TEL, can also self-associate (JoussetN-terminus of p73(487-600) with a mol. wt of ~8 kDa.

et al, 1997), and has been found fused to other signaling Based on this result, we subcloned an additional construct
and regulatory proteins in many leukemias, resulting of p73 corresponding to residues 487-554 and expressed
in constitutive activation of these fusion proteins via and purified the corresponding protein domain. NMR
dimerization (Golubet al, 1994; Golub, 1997). Finally, **N-HSQC analysis of this domain showed that the reson-
members of the polycomb group of homeotic transcrip- ance frequencies of the dispersed cross-peaks were the
tional regulators form homo- and hetero-oligomers via same as those in p73(487-600), indicating that the globular
their SAM domains (Petersomet al., 1997; Kyba and domain is not significantly influenced by residues 555—
Brock, 1998). 600 (Figure 2, red). Furthermore, p73(487-554) lacked

We have used nuclear magnetic resonance (NMR) the intense, overlapping peaks in the central part of the
spectroscopy to determine the three-dimensional solutionspectrum, confirming that these peaks correspond to an
structure of the conserved C-terminal domain from human unstructured C-terminal region. Comparison of the circular
p73. Residues 487-554 of this region form a five-helix dichroism spectra of the two proteins indicates that
bundle with marked similarity to the structures of SAM p73(487-554) retains the same amountidielical struc-
domains from Eph receptor tyrosine kinases (Snetlia., ture as p73(487-600) (data not shown). These data taken
1999; Stapletoret al, 1999; Thanost al., 1999). This together demonstrate that residues 487-554 of p73 form
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Fig. 2. A superposition of the two-dimension&IN-HSQC NMR spectra of p73(487—600) in blue and p73(487-554) in red. The cluster of intense
blue peaks between 8.0 and 8.5 p.p.f @limension) in p73(487-600) is indicative of flexible, unstructured regions of polypeptides. Most of these
peaks are absent from the spectrum of p73(487-554). Peaks assigned to specific residues of p73(487-554) are labeled.

Table I. Structure statistics for the 18 lowest energy structures of

p73(487-554)

R.m.s.d.s from experimental restrafts

NOE distance restraints (1166) (A) 0.0%70.003
Unambiguous (1053) 0.016 0.003
Ambiguous (93) 0.018= 0.005

Hydrogen bond restraints (20) (A) 0.0850.004

Dihedral angle restraints (38) (°) 0.1800.045

R.m.s.d. from the average structure

(residue 491-550)

Backbone atoms (A) 0.3% 0.06

All heavy atoms (A) 1.16+ 0.11

Quality index (PROCHECK):

Overall % residues

G factor in most
favored@/y
regions

All residues 0.04+ 0.04 76+ 3

Residues 491-499, 506-531, 538-550 (0+1P.04 88+ 3

Residues 491-499, 506-510, 0.200.05 91+ 3

517-519, 525-531, 538-550

aThe number of each type of restraint is given in parentheses.

a folded globular domain with a significant amount of

a-helical structure.

NMR-derived structural information and the results of
structure calculations for p73(487-554). The 18 lowest
energy structures that satisfy the NMR-derived structural
restraints (Figure 3A) form a well-defined family of
structures representative of the conformation of p73(487—-
554) in solution. Residues 491-550 form a well-defined
five-helix bundle composed of foun-helices [residues
491-499¢1), 506-511 ¢2), 525-531 §4) and 538-550
(a5), respectively] and residues 517-520 form a smgjfl 3
helix (H3). Theal andab5 helices associate in a roughly
antiparallel manner witm2, H3 anda4 associating with
the hydrophobic surface formed 1l anda5. Most of

the hydrophobic residues that mediate association of all
five helices are conserved among p73, p63 and squid p53
(Figure 3B).

p73(487-554) is structurally homologous to the

SAM domain

To find clues about the function of the C-terminal domain
of p63 and p73, we compared the structure of p73(487—
554) with other known three-dimensional structures using
the program DALI (Holm and Sander, 1993, 1994). This
program identified the SAM domains from two Eph
receptor tyrosine kinases, EphB2 (Smadiaal, 1999;
Thanoset al, 1999) and EphA4 (Stapletast al., 1999),

as having strong structural similarity to p73. Thex C
carbons of residues 491-550 of p73 can be superimposed
with those of a single subunit of the dimeric Eph receptor

We determined the three-dimensional structure of SAM domains with a root mean square deviation (r.m.s.d.)
p73(487-554) in solution using multidimensional NMR of ~2 A despite sequence identities of only 15-17% (see
spectroscopy and simulated annealing. Table | shows theTable 1l and Figure 4A). The pointed domain of the
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Fig. 3. A backbone representation of the solution structure residues
491-550 of p73. Residues 487-490 and 551-554 are unstructured and
are not displayed.A) The superposition of the 18 lowest energy
structures. Helices 1-5 are colored yellow, green, cyan, pink and red,
respectively. B) A ribbon display of a representative structure. The
side chains are displayed for conserved hydrophobic residues involved
in the association of the five helices: L497 (yellow); L500 (white);

1506, F509 (green); L514 (white); L520 (blue); L528 (pink); and 1541,
W542, L545 (red). Each of these residues corresponds to a
hydrophonic or aliphatic residue in the SAM domain consensus
sequence derived by Shulk al. (1997). Graphics were generated

with Instightll. The atomic coordinates have been deposited in the
Protein Data Bank, accession number 1cok.

transcription factor Ets-1 (Slupskst al., 1998) also has

structural similarity to p73(487-554). The Ets-1 pointed
domain is a more distantly related member of the SAM
superfamily. Finally, a small region of endonuclease llI
also has a region with structural similarity to the p73

Structure of the p73 SAM-like domain

C-terminal domain, although the functional significance
of this is not clear.

p73 and p63 SAM-like domains do not homo- or
hetero-oligomerize

Many SAM domains can homo- and hetero-oligomerize
with one another. Therefore, we investigated whether the
p63 and p73 SAM-like domains were capable of homo-
and/or hetero-oligomerization. Equilibrium sedimentation
analysis of p73(487-554) (Figure 5A) and our original
NMR data indicate that this domain is monomeric up to
concentrations of 1.2 mM. However, based on analogy with
the Eph receptors, it is formally possible that p73(487—
554) does not contain all the sequence necessary for
oligomerization. The EphB2 and EphA4 SAM domains
homodimerize via an extended C-termiralhelix and
several N-terminal residues immediately preceding helix A.
Therefore, we also performed equilibrium sedimentation
on p73(487-600) which encompasses the entire conserved
C-terminal domain shown in Figure 1. Again, both
p73(487-600) and p63(469-679), in isolation or in com-
bination, eluted from a gel filtration column as monomers,
indicating that neither of these domains forms homo- or
hetero-oligomers (data not shown). Their inability to
interact was illustrated using protein—protein interaction
studies of differentially tagged proteins. When §tiagged
p73(487-600) was incubated with p63(469-679) and the
mixture passed over Rli resin, only p73(487—600) was
retained by the resin, indicating that these two constructs
of p63 and p73 do not interact. Similarly, Hitagged
p63(469-679) was unable to retain p73 (487-600) on the
Ni2* resin (data not shown).

Given that SAM domains are known primarily as
protein—protein interaction domains, we analyzed the
p73(487-554) structure in terms of conserved surface
residues which could form potential binding sites. A
number of hydrophobic and hydrophilic residues con-
served between p63 and p73 are evident on the surface
(S492, S495, G501, Y508, Q512, Y518, K532, E535,
Q536, D547 and Q550). These conserved residues appear
to cluster at the ‘top’ and ‘bottom’ of the five-helix bundle
(Figure 4B). Charged residues are clustered primarily
along the surface formed by the two C-terminal helices.

Discussion

We have determined the three-dimensional solution struc-
ture of the C-terminal domain of p73. Residues 487-554
form a compact five-helix bundle with strong structural
similarity to several members of the SAM domain super-
family. The helices and intervening loops of the p73 SAM-
like domain align remarkably well with those of the Eph
receptor SAM domains. However, the sequence identity
between p73 and the Eph receptor SAM domains is quite
low (15-17% identity). This distant relationship at the
sequence level has been noted previously (Sclail&d.,
1997; Bork and Koonin, 1998), and it was suggested that
p73 and its homologs may be involved in protein—protein
interactions involved in developmental regulation of tran-
scription (Bork and Koonin, 1998). The structural similar-
ity between the p73 SAM-like domain and the Eph receptor
SAM domains presented here strengthens this argument.
The key hydrophobic residues that form the hydrophobic
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Table Il. Proteins with structural homology to residues 491-550 of p73

Protein PDB R.m.s.d® Vad No. of residues aligned % Identity
EphB2 SAM domain (NMR) 1sgg 1.8 8.2 60 17
EphB2 SAM domain (AJ 1baf 2.0 7.4 60 15

EphB2 SAM domain (B} 1b4f 2.9 4.1 59 14

EphA4 SAM domain 1b0x 1.9 5.1 60 17
Endonuclease I 2abk 2.6 3.7 56 9
Pointed domain from Ets-1 1bqv 2.8 2.1 49 18

aFilename from the Protein Data Bank (PDB).

bPositional root mean square deviation of superimposg@ét6ms in Angstroms, computed by Dali (Holm and Sander, 1993).

¢Z score computed by Dali. A measure of structural similarity in standard deviations above that expected. A s f®inflicates two proteins are
structurally dissimilar (Holm and Sander, 1993).

4The EphB2 SAM domain dimer is asymmetric (Thamisal, 1999). Two subunits, A and B, from 1b4f were compared separately.

Fig. 4. (A) A superposition of SAM domains of p73 (cyan) and subunit A of the EphB2 receptor (magenta; Etaip4999). The helices are
represented as cylinders. The orientation is rotated ~180° about a horizontal axis relative to that of Figure 3. The two structures were aligned with
Insightll and the figure generated with Molscript (Kraulis, 1991) and RASTER3d (Merritt and Murphy, 1834)wb views of the molecular

surface of the p73 SAM-like domain (residues 491-550 displayed). The top panel shows residues that are conserved between p73 and p63
(magenta). The right hand view is the same as that of (A). The left hand view is rotated by 180° about a vertical axis. The lower two views show
electrostatic surface potential from 13.9 kT (blue) to —8 KT (red). Surfaces were generated with the program GRASP éli&hall891).

core of p73(487-554) (Figure 3B) align with positions of region may be involved, since the region of C-terminal
hydrophobic residues in a consensus sequence that wasonservation between the p53 family members is ~100
derived from a multiple alignment of40 members of residues (Figure 1). For example, residues upstream and
the SAM superfamily (Schultet al, 1997). However, the  downstream the SAM consensus region were found to
pattern of surface residues of p73(487-554) is most similar mediate dimerization of the Eph receptors (Stapletica.,
to that of p63 (Figure 4B). Thus, the p73/p63 C-terminal 1999; Thanost al., 1999).
domains may constitute a unique subclass of human SAM-  There is mounting evidence that the various C-terminal
like domains. isoforms of p63 and p73 may have differential transcrip-
We found no evidence of homo- or hetero-oligomeriz- tional and biological activities (DeLaurenet al., 1998;
ation of the SAM-like domains of p73 and p63. This Yanget al, 1998; Zhuet al., 1998; Di Comcet al.,, 1999).
result is not surprising, since both p63 and p73 have The DNA-binding activity of p53 is negatively regulated
separate, very efficient tetramerization domains similar to by its C-terminal domain (Hupget al, 1992) and the
that of p53 (Davisoret al., 1999). If the p73/p63 SAM-  status of this regulation is subject to modifications or
like domain is involved in protein—protein interactions, removal of this domain. p63 and p73 have a completely
the partner proteins must be either a more distantly relateddifferent C-terminal region (relative to p53) and do not
SAM domain, or quite possibly a non-SAM domain appear to be regulated by the same genotoxic stimuli that
protein(s). Further protein—protein interaction studies are activate p53, suggesting that the C-terminal domains of
under way to identify possible interacting partners for the these proteins also constitute unique regulatory regions
p73/63 C-terminal domains. We note that in this regard, which can affect their transcriptional and/or other biolo-
it is quite possible that more than just the SAM-like gical activities. The presence of a SAM-like protein—
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Fig. 5. Representative sedimentation equilibrium data, fitted curves
and residuals for p73 C-terminal proteind.) (p73(487-554)

(0.2 mg/ml, 22 500 r.p.m.). The apparent molecular weight obtained
from the fitting procedure was 9395 Da (expected molecular weight
for the mononer is 10 096 Da)B) p73(487-600) (0.5 mg/ml,

35000 r.p.m.). The apparent molecular weight obtained from the
fitting procedure was 13 922 Da (expected molecular weight for the
monomer is 15 124 Da).

protein interaction domain in the C-terminus of p6&nd
p730 strongly suggests mechanism(s) of regulation in
which protein—protein interactions are involved. It may
also be reasonable to hypothesize that the SAM-like
C-terminal domains of p53 homologs mediate develop-
mental processes since most SAM domain-containing
proteins studied thus far are involved in development or
differentiation.

Materials and methods

Protein expression and purification

C-terminal segments of human p73 (residues 487-554 and 487-600)
and p63 (residues 469-679) were subcloned into the pET-15b vector

(Novagen) using PCR techniques (Sambrebkl, 1989). The resulting
plasmids express the protein of interest with an N-terminal hexahistidine

Structure of the p73 SAM-like domain

tag followed by a thrombin cleavage site. Recombinant proteins were
expressed irEscherichia coliand purified using Ni"-NTA chromato-
graphy. Typical yields were 10-20 mg of purified protein per 21 of
culture. The final protein NMR samples were typically 1.2 mM protein
in a buffer of 25 mM sodium phosphate, pH 6, 150 mM NaCl, 3 mM
dithiothreitol (DTT) and 1 mM benzamidine. Unless otherwise noted,
the hexahistidine tag was not removed.

NMR spectroscopy and spectral assignments

NMR data were acquired at 25°C on a Varian Unity 600 spectrometer
or a Varian Unity+ 500 spectrometer equipped with pulse-field gradient
units and actively shielded-gradient triple resonance probes. Pulse-
field gradient (PFG) techniques were used for water suppression (Key
et al, 1994). NMR experiments involving correlations of amide protons
were conducted with gradient-enhanced versions (Kagl, 1992) of

the originally published pulse sequences. All data were processed using
the NMRpipe software system (Delagkt al., 1995) and analyzed with

the program NMRview (Johnson and Blevins, 1994). Sequence-specific
resonance assignments, nuclear Overhauser effect (NOE) and coupling
constant data were obtained using standard multidimensional double and
triple resonance NMR techniques as described in Metial. (1996).

Structure calculation

An initial set of 50 structures was calculated using the simulated
annealing protocol from X-PLOR 3.851 (Brger, 1996) using three
types of restraints: (i) 502 manually assigned inter-residue unambiguous
NOE-derived distance restraints; (ii) dihedral angle restraints derived
from coupling constantsg(= —120 + 20° for 3Jyy_q >8.5 Hz, or

@ = —65 = 20° for 3Jyy_pe <6.0 Hz) (Redfield and Dobson, 1990;
Smith et al, 1991); and (iii) main chain hydrogen bond restraints (H-
0, 2.2 A; N-0O, 3.3 A). Floating chirality assignment (Wehsr al,
1988; Folmeeet al,, 1997) was employed for all methylene and isopropyl
groups. From this data set, a family of 30 preliminary structures
was generated.

Using these initial structures as starting conformations, further refine-
ment was performed using ARIA as described (Nilges, 1995; Nilges
et al, 1997) and a full set of NOE distance restraints generated by
automated peak picking of the NOE spectra (including the original
unambiguous NOES). In the final iteration, the NMR-derived experi-
mental restraints contained 1053 unambiguous NOE restraints [365
intraresidue, 307 sequential, 236 medium-range{tj <4) and 145
long-range i( — j =5) interproton restraints], 93 ambiguous NOE
restraints, 20 restraints from main chain hydrogen bonds and 38 backbone
@ angle restraints (Table I).

From atotal of 30 calculated structures, the 18 lowest energy structures
were selected as representative of the conformations of p73(487-554)
in solution. These structures had no NOE violations greater than 0.5 A
and no dihedral violations greater than 5°. Structure statistics for this
ensemble are listed in Table I. A quality analysis of the final superimposed
ensemble was performed using the program PROCHECK-NMR (Las-
kowski et al., 1996).

Protein oligomerization assays
Equilibrium sedimentation experiments were performed ony-Higged
p73(487-554) and p73(487—-600) at 20°C on a Beckman XLI Analytical
Ultracentrifuge and AN50-Ti rotor. The sedimentation equilibrium runs
using six-channel charcoal-Epon cells were performed for ~24 h before
equilibrium absorbance measurements were taken. Molecular weight
determinations involved global analysis of three different sample concen-
trations (0.2, 0.50 and 1.0 mg/ml) centrifuged at three different speeds
[30 000, 35 000 and 40 000 r.p.m. for p73(487-600) and 18 000, 20 000
and 22 500 r.p.m. for p73(487-554)]. Molecular weights were calculated
using Beckman XLI data analysis software in which absorbance versus
radial position data were fitted to the sedimentation equilibrium equation
using non-linear least-squares techniques (Johretoal, 1981). The
partial specific volume and density of the sample were calculated using
the program SEDINTERP (Lauet al, 1992) from the amino acid
sequence and buffer composition, respectively.

Size exclusion chromatography and protein affinity chromatography
of differentially His;-tagged p73 and p63 SAM domains was performed
as described in Davisoet al. (1999).
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