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Summary
Arf, Hdm2 and p53 regulate the tumor suppressor pathway that is most frequently disrupted in human
cancer. In the absence of tumorigenic stress, Hdm2 actively attenuates p53-dependent cell cycle
arrest and apoptosis by mediating ubiquitination-dependent degradation of p53. Mitogenic stress
activates Arf, which indirectly activates p53 by binding to and nullifying the anti-p53 activities of
Hdm2. Small, conserved domains within Arf and Hdm2 mediate their direct interaction. Individually,
these domains are intrinsically unstructured and, when combined in vitro, they co-fold into bi-
molecular oligomeric structures that, in some features, resemble amyloid fibrils. Detailed structural
characterization of Arf/Hdm2 complexes has previously been hampered by their heterogeneity and
large size. Here, we report that a 9-residue fragment of the N-terminus of mouse Arf (termed A1-
mini) co-folds specifically with the Arf-binding domain of Hdm2 to form bi-molecular oligomers.
We characterized these unprecedented structures using analytical ultracentrifugation and NMR
spectroscopy, providing insights into their structural organization. The A1-mini peptide not only
binds specifically to Hdm2 in vitro, but also recapitulates the nucleolar localization features of full-
length Arf in cells. Further, larger fragments of Arf that contain the A1-mini segment have previously
been shown to activate p53 in mouse and human cells. Our studies provide the first insights into the
molecular basis through which Arf nullifies the p53-inhibiting activity of Hdm2, indirectly activating
the tumor suppressor function of p53 in mammalian cells.
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Introduction
The Arf tumor suppressor (p14Arf in humans, p19Arf in mice) is activated by abnormal
mitogenic signaling in mammalian cells, e.g. through activation of the Ras1, Myc2, E2F13, or
BCR-ABL4 oncogenes. Arf prevents tumorigenesis through p53-dependent and -independent
mechanisms4. In the absence of mitogenic signals, Hdm2 (Mdm2 in mice) inhibits p53-
dependent cell cycle arrest or apoptosis via a negative feedback mechanism4. Upon oncogene
activation Arf is expressed and directly binds Hdm2. Several studies suggested that the Arf/
Hdm2 complex is sequestered in nucleoli where Hdm2 can no longer inhibit p53 activity5; 6.
However, while their direct association is required, nucleolar co-localization of Arf and Hdm2
is dispensable for p53 activation7; 8. Arf loss is associated with tumorigenesis in mice9 and
genetic loss or silencing of Arf is frequently observed in human cancer10. Moreover, Arf
function is overridden in 5–10% of all human cancers through Hdm2 over-expression11. Thus,
maintaining the integrity of the Arf-Hdm2-p53 pathway is critical for tumor suppression.
Knowledge of the physical basis of Arf and Hdm2 interactions will provide critical mechanistic
insights into the most commonly altered pathway in human cancer 4.

p19Arf and p14Arf are comprised of 22% and 18% arginine residues, respectively, and do not
exhibit significant sequence similarity to other proteins. This high Arg content is associated
with the ability to interact with more than 25 other proteins 4, often through the formation of
hetero-oligomers in vitro and in vivo 12. For example, Arf forms hetero-oligomers (2–5 MDa)
in nucleoli with nucleophosmin (Npm)13 and forms β-strand-rich, hetero-oligomers when
bound to Hdm214; 15. Previous studies have shown that a ~60-residue N-terminal fragment
of Arf encoded by exon 1β recapitulates the functions of full-length Arf mediated through
interactions with Hdm25, N-Myc and c-Myc16, and Npm17. Further, a 37-residue intrinsically
unstructured N-terminal fragment of p19Arf (mArf-N37)18 bound to Mdm2 and caused p53-
dependent cell cycle arrest in mouse fibroblasts6; 18. Finally, a peptide comprised of residues
1–20 of p14Arf fused to green fluorescent protein (GFP) interacted with Hdm2 and activated
p53 in vivo19; 20. The first 13 residues are highly conserved amongst mammalian Arf
sequences, highlighting their importance in Arf-mediated tumor suppression (Fig. 1A).

Hdm2 is comprised of p53 binding (residues 26-108)21, C4 zinc finger (residues 297-329)
22, and C2H2C4 RING domains (residues 429-491)23 that are connected by intrinsically
unstructured linker segments. Hdm2 inhibits p53 through two mechanisms: 1) the N-terminal
domain binds the p53 transcriptional activation domain, inhibiting p53-dependent gene
transcription 24, and 2) the E3 ubiquitin ligase RING domain poly-ubiquitinates p53,
promoting its degradation by the 26S proteasome 25; 26. Arf inhibits Hdm2-dependent
inactivation of p53 by binding to an Hdm2 domain spanning residues 210-304 (termed Hdm2-
ABD) 6; 14. The human and mouse sequences of this segment are 89% identical and are
enriched in acidic residues (32% Asp/Glu in Hdm2) (Fig. 1B). Mapping studies revealed that
Arf and Hdm2 each contain two conserved segments that mediate their interaction 14; these
are A1 (residues 3-10) and A2 (residues 21-29) of p19Arf, and H1 (residues 235-259) and H2
(residues 270-289) of Hdm2 14. Segments A1 and A2 exhibit a conserved motif comprised of
5 mostly hydrophobic residues flanked by Arg residues18 (Fig. 1A). In contrast, segments H1
and H2 of Hdm2 are rich in acidic amino acids and H1, in particular, exhibits a conserved,
alternating pattern of acidic (or hydrophilic) residues and hydrophobic residues14 (Fig. 1B).

The domains of Arf and Hdm2 shown to mediate their interactions in vivo, mArf-N37 and
Hdm2-ABD, are intrinsically unstructured in isolation14; 18. When combined in solution,
however, these polypeptides co-assembled to form β-strand-rich, supramolecular structures
which, under certain conditions, resemble amyloid fibrils14. Detailed structural
characterization of these co-assemblies using either NMR spectroscopy or X-ray
crystallography was not feasible14; 15; 27. To overcome this difficulty, we studied complexes
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formed by co-assembly of a peptide containing a single Arg-rich motif (residues 2-10 of
p19Arf) (Fig. 1A) and Hdm2-ABD. The resulting co-assemblies, while recapitulating many of
the structural hallmarks of those comprised of larger fragments of Arf, remained soluble at
high concentration (> 1 mM). We report herein detailed characterization of A1-mini/Hdm2-
ABD co-assemblies using CD, NMR spectroscopy and analytical ultracentrifugation (AUC),
providing the first insights into the structural organization of these bi-molecular, β-strand-rich
oligomers. In addition, we show that fluorescently tagged A1-mini exhibited nucleolar
localization in mouse fibroblasts and, in some cells, was co-localized with endogenous Mdm2.
Overall, these data suggest strongly that Arf inhibits Hdm2 through the formation of bi-
molecular, β-strand-rich oligomeric structures.

Results
A1-mini and Hdm2-ABD co-fold into β-strands

A 15-residue peptide containing the A1 segment of p14Arf was previously shown to co-
assemble with Hdm2-ABD14 or a 15-residue peptide containing the H1 segment of Hdm215
into bi-molecular, β-strand-rich oligomeric structures. These structures, however, could not be
studied by solution NMR spectroscopy due to their large size and poor solubility.
Consequently, we surveyed the Hdm2-ABD co-assembly properties of several truncated A1
peptides (containing 7-15 residues). A peptide containing residues 2-10 of p19Arf (termed A1-
mini; Fig. 1A, shaded gray) formed soluble β-strands with Hdm2-ABD, with maximal β-strand
content observed at a 1:4 (Hdm2-ABD:A1-mini) molar ratio (Fig. 2A). Residues 2-10 of
p19Arf and p14Arf are 78% identical (Fig. 1A). In contrast, a longer, 15-residue peptide
containing the A1 segment of p14Arf 15 and mArf-N37, containing the A1 and A2 segments
of p19Arf 14, induced maximal β-strand content with Hdm2-ABD at 1:1 molar ratios. Complete
conversion of Hdm2-ABD from disordered conformations to β-strand secondary structure
occurred through the addition of 1 molar equivalent of mArf-N37 at Hdm2-ABD
concentrations of 10 μM, or greater14. Therefore, we estimate that the effective Kd value for
the binding of mArf-N37 to Hdm2-ABD is on the order of 10 μM, or less. In contrast, a four-
fold molar excess of A1-mini and a higher concentration of Hdm2-ABD (100 μM, or greater)
were required for complete conversion of Hdm2-ABD/A1-mini bi-molecular oligomers to β-
strand secondary structure. Based on this, we estimate that the effective Kd value for the binding
of A1-mini to Hdm2-ABD is on the order of 200 μM. Despite its apparent weakened
interactions, A1-mini does appear to bind specifically to the H1 and H2 segments of Hdm2-
ABD, as demonstrated by complete abrogation of co-assembly by deletion of the H1 and/or
H2 segments of Hdm2-ABD (Suppl. Fig. 1). With reference to Hdm2/Arf interactions, we use
the term “specific binding” to mean interactions that require specific, conserved sequences
within Hdm2 (H1 and/or H2) and Arf (A1 and/or A2), and that lead to the formation of β-
strand-rich, bi-molecular oligomers14; 15; 28. Further, results from CD-based binding assays
using 15-residue mouse A1 peptides with single glycine substitutions indicated that Arg
residues at positions 3, 4 and 10 were required for specific binding to Hdm2-ABD (Suppl. Fig.
2), suggesting that A1-mini, which contains these residues, specifically recognized Hdm2-
ABD in the same manner as longer Arf peptides. Past studies have indicated that the Arg
residues within the A1 and A1-mini peptides must be maintained in the context of a conserved
motif, referred to as the Arf motif14, with Arg residues separated by 5 or 6 primarily
hydrophobic residues. For example, several other segments of either human or mouse Arf
contain two or three Arg residues within a window of 15 amino acids. However, only peptides
(15 amino acids in length) which contained the Arf motif were shown to bind to Hdm2-
ABD14. These observations indicate that the multiple Arg residues within the Arf motif are
not the sole mediators of interactions with Hdm2-ABD. Together, these results demonstrate
that A1-mini binds specifically to the H1 and H2 segments of Hdm2-ABD to form β-strand-
rich, bi-molecular oligomers.
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A1-mini and Hdm2-ABD form discrete oligomers
Sedimentation velocity analysis using analytical ultracentrifugation is a hydrodynamic method
that allows particles to be separated on a size-dependent basis with high resolution.
Sedimentation velocity analysis showed that Hdm2-ABD exhibited a sedimentation coefficient
(s) value of 1.0 S and frictional ratio (f/f0) of 2.18 (Fig. 2B), consistent with a monomeric
molecular mass of ~10,900 Da (10,914 Da theoretical) and a highly extended, non-globular
conformation consistent with its intrinsically disordered nature14. The sedimentation
coefficient is the rate of sedimentation per unit centrifugal field for a particle and the frictional
ratio is the ratio of the translational frictional coefficient of the particle to that of a spherical
particle of the same mass and volume29. While the sedimentation coefficient is related in a
complex way to molecular mass, the frictional ratio is related to molecular shape, with
elongated particles generally exhibiting (f/f0) values > 1.529. A1-mini also sedimented as a
monomer (data not shown). However, when mixed, A1-mini and Hdm2-ABD co-folded into
oligomers whose sizes depended upon the A1-mini:Hdm2-ABD molar ratio and the
concentrations of the two species. For example, at 0.25 mM and 1:1 molar ratio, A1-mini and
Hdm2-ABD co-assembled into two principal species with s-values of 2.3 S (f/f0-value, 1.82;
25% by weight) and 3.0 S (f/f0-value, 2.20; 13% by weight) (Fig. 2C and Suppl. Fig. 3). These
two species sedimented with a more abundant species which exhibited the features of free
Hdm2-ABD (s-value, 1.0 S and f/f0 value, 2.20; 62% by weight). Analysis of the sedimentation
data, however, suggested that the latter species may also include a small amount of a 1:1 Hdm2-
ABD/A1-mini oligomer which rapidly exchanges with free Hdm2-ABD (data not shown).
Given the existence of multiple species with varied hydrodynamic features, the primary
sedimentation velocity data for the 1:1 molar ratio sample were analyzed using a two-
dimensional c(s, f/f0) distribution model (Suppl. Fig. 3)30 which allowed more accurate
determination of the molar mass of sedimenting species with dissimilar f/f0-values than is
possible using the c(s) distribution model31; 32 which yields only a single weight-average f/
f0-value. The species at 2.3 S is significantly more compact than free Hdm2-ABD and exhibited
a molar mass of ~35 kDa. Considering the error limits for the f/f0-value and molecular mass,
this species corresponds to two possible Hdm2-ABD/A1-mini co-assemblies with
stoichiometries of 3:4 or 2:10 with theoretical molar masses of 37,050 Da and 32,665 Da,
respectively. The less abundant species at 3.0 S exhibited an f/f0 value of 2.20 and a molecular
mass of ~65 kDa (Suppl. Fig. 3) and may correspond to an assembly comprised of two of the
smaller oligomeric units (with s-value of 2.3 S). As noted, the species at 1.0 S, in addition to
predominantly monomeric Hdm2-ABD, may co-sediment with a small amount of a 1:1 Hdm2-
ABD/A1-mini oligomer.

The addition of a four-fold molar excess of A1-mini (Fig. 2D) and increased total polypeptide
concentration (Fig. 2E), lead to the formation of additional, higher molar mass species.
However, the existence of a continuum of species above an s-value of 5.0 S precluded analysis
using the two-dimensional c(s, f/f0) distribution model; therefore, the c(s) distribution model,
which assumes an average f/f0 value, was used to analyze these data. At an Hdm2-ABD (0.25
mM)/A1-mini molar ratio of 1:4 (Fig. 2D), the c(s) distribution analysis showed that the
intensity of the peak for free Hdm2-ABD was reduced relative to that with the next largest s-
value (2.9 S). The latter species probably corresponds to the 3:4 (or 2:10) Hdm2-ABD/A1-
mini oligomer characterized with greater mass accuracy in the 1:1 molar ratio sample (Fig.
2C). In addition, several higher order oligomeric species were observed (s-values from 5-15
S; inset, Fig. 2D). The abundance of higher order oligomers increased when the concentration
of the 1:4 molar ratio sample was increased approximately three-fold (to 0.8 mM Hdm2-ABD
and 3.2 mM A1-mini) and were evident under conditions of both low ionic strength (10 mM
sodium phosphate pH 6.0, 10 mM NaCl) (data not shown) and high ionic strength (10 mM
sodium phosphate pH 6.0, 150 mM NaCl) (Fig. 2E). Under the latter conditions, lower order
oligomers such as the ~1 S and the ~ 3 S species were still present, albeit less abundant. The
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major peak at 12.4 S (32% by mass) appears to be a highly elongated species since the best-
fit weight-average f/f0-value for the c(s) distribution was greater than 2.2. These values
correspond to a molar mass of greater than ~750 kDa. We could not obtain more detailed
insights into the structure of these high mass species because the sedimentation coefficient is
only an indirect measurement of molar mass and the latter is more difficult to obtain for
ensembles of macromolecules exhibiting heterogeneity in the sedimentation coefficient and
with dissimilar frictional ratios. Interestingly, the ~12.4 S species disassembled into lower
molecular weight oligomers when a similar sample was diluted 3-, 6- or 9-fold (Suppl. Fig. 4),
demonstrating that the different size oligomers dynamically interconvert under thermodynamic
control.

Overall, the sedimentation results for this series of Hdm2-ABD/A1-mini samples prepared
with varied molar ratios and concentrations are consistent with the ~1 S species being a mixture
of free Hdm2-ABD with a small amount of a 1:1 Hdm2:A1-mini oligomer and the ~3 S species
being a 3:4 (or 2:10) Hdm2-ABD/A1-mini co-assembly. Importantly, the ~3 S species was
observed by AUC under all solution conditions evaluated, suggesting that it is a building block
of higher order oligomers.

Probing A1-mini/Hdm2-ABD complexes using NMR spectroscopy
Despite the existence of large oligomers (Fig. 2E), sharp resonances were observed in
the 1H-15N HSQC spectrum of mM 15N-Hdm2-ABD in the presence of a four-fold molar
excess of unlabeled A1-mini (Fig. 3A, shaded red). Addition of A1-mini to 15N-Hdm2-ABD
did, however, cause a significant reduction in the intensity of 1H-15N HSQC resonances (Suppl.
Fig. 5B) as a significant amount of 15N-Hdm2-ABD was sequestered into bi-molecular
oligomers with s-values > 3.0 S. AUC results for an unlabeled sample under the same conditions
as used for NMR (as illustrated in Fig. 3A) indicated the existence of two species with s-values
less than 3.0 S, one with an s-value near 1 S and another with an s-value near 3 S. The latter
probably corresponds to the ~35 kDa species with either 3:4 or 2:10 Hdm2-ABD:A1-mini
stoichiometry. The former species contains principally free Hdm2-ABD but may also contain
the 1:1 Hdm2-ABD/A1-mini species that was suggested through analysis of lower
concentration Hdm2-ABD/A1-mini samples prepared with a 1:1 molar ratio. We propose that
exchange of free 15H-Hdm2-ABD between the 1:1 and possibly the 3:4 (or 2:10) Hdm2-
ABD:A1-mini oligomers gives rise to the subtle but widespread chemical shift perturbations
observed in the spectrum of the 1:4 15N-Hdm2-ABD/A1-mini mixture (Fig. 3A, shaded red)
relative to that of free Hdm2-ABD (Fig. 3A, shaded blue). The observation of relatively sharp
resonances for 15N-Hdm2-ABD in the presence of a four-fold molar excess of A1-mini is in
sharp contrast to past results with longer peptides derived from the N-terminus of either human
or mouse Arf. For example, we previously showed that addition of 3 equivalents of mArf-N37
caused 15N-Hdm2-ABD resonances to broaden beyond detection through formation of large,
bi-molecular oligomers14. The use of a smaller Arf-derived peptide here, which contains the
most highly conserved residues of Arf that lie within the A1 segment (Fig. 1A) but which
exhibits apparent low affinity for Hdm2-ABD, has allowed the influence of Arf on the
conformation of Hdm2-ABD to be probed at residue-level resolution for the first time.

While Hdm2-ABD and Hdm2-ABD/A1-mini oligomers with a wide range of molecular sizes
were readily detected using optical methods during AUC experiments, we reasoned that only
relatively small Hdm2-ABD/A1-mini oligomers (<50 kDa) were being detected at high
resolution using solution NMR spectroscopy. We used pulsed magnetic field gradient/diffusion
methods to gain insight into the apparent molecular size of 15N-Hdm2-ABD and the NMR-
detectable species amongst the bi-molecular oligomers that form between 15N-Hdm2-ABD
and unlabeled A1-mini (1:4 molar ratio; Suppl. Fig. 6). Consistent with its intrinsically
unstructured nature, the value of the radius of hydration (Rh) for free Hdm2-ABD (25.7 Å)
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was larger than that expected for a globular protein with the same number of residues (Rh ~
18-19 Å)33. The Rh for 15N-Hdm2-ABD in the presence of four molar equivalents of A1-mini
(33.2 Å) reflects a significant increase in molecular size due to formation of bi-molecular
oligomers. This Rh value nominally corresponds to a globular protein of ~820 residues, but is
also consistent with rapid exchange of 15N-Hdm2-ABD between the free, unstructured state
and A1-mini-containing oligomers comprised of two or three molecules of Hdm2-ABD. These
results, however, suggest strongly that the abundant, higher molecular weight bi-molecular
oligomers (observed by AUC with s-values > 3.0 S) do not contribute to the NMR spectrum
of 15N-Hdm2-ABD/A1-mini shown in Fig. 3A (red shading). These observations are
qualitatively consistent with the AUC analysis of 1:4 molar ratio Hdm2-ABD/A1-mini co-
assemblies, which, under these conditions, detected highly extended, free Hdm2-ABD and bi-
molecular oligomers with stoichiometry values of 1:1 (data not shown) and 3:4 (or 2:10), in
addition to larger co-assemblies (Fig. 2D). Only the former two species are likely to be of
sufficiently low molecular mass so as to give rise to sharp resonances in 1H-15N HSQC spectra,
as were observed (Fig. 3A).

Comparison of chemical shift values for 15N-Hdm2-ABD in the absence and presence of A1-
mini provided further insights into the structure and dynamics of Hdm2-ABD/A1-mini co-
assemblies. The 1H-15N HSQC spectrum of 15N-Hdm2-ABD exhibited limited 1H chemical
shift dispersion typical of intrinsically unstructured proteins14; 34 (Fig. 3A, shaded blue;
Suppl. Fig. 7A). In addition, secondary 13Cα chemical shift values (Δδ13Cα)35 for Hdm2-ABD
were close to zero, consistent with disordered, highly randomized backbone conformations
(Suppl. Fig. 7B). Addition of 4 molar equivalents of A1-mini to 1 mM 15N-Hdm2-ABD caused
small but significant changes in 1H and 15N chemical shift values (Δδ1H/15N), with the most
extensive perturbations observed in the H1 and H2 Arf-binding segments (Fig. 3B). While
remaining sharp, the intensities of resonances for 15N-Hdm2-ABD in 2D 1H-15N HSQC
spectra were reduced significantly in the presence of A1-mini (Suppl. Fig. 5B), suggesting that
only a fraction of Hdm2-ABD molecules were detected by NMR due to oligomerization of a
large portion of the sample. Further, that the chemical shift perturbations caused by A1-mini
are small is consistent with fast exchange of Hdm2-ABD (on the NMR time scale) between
the free state and NMR-observable oligomeric states. However, the population of these small
oligomers must be relatively small based on the small Δδ1H/15N values that were observed.
The larger oligomers observed by AUC (s-values greater than 3.0 S), while shown to
interconvert upon dilution (Suppl. Fig. 4), must exchange with the smallest (NMR-observable)
oligomers slowly on the NMR time scale. We also investigated the effects of A1-mini on
Δδ13Cα chemical shift values, patterns of 1H-1H NOE cross peaks in 3D 15N-edited NOESY-
HSQC spectra, and heteronuclear {1H}-15N NOE values for 15N-Hdm2-ABD (data not
shown). However, consistent with the subtle effects of A1-mini on 1H and 15N chemical shift
values of Hdm2-ABD, significant differences in these parameters were not detected in the
absence and presence of A1-mini. Overall, our NMR results are consistent with the conclusion
that Hdm2-ABD rapidly exchanges between the free state and small (NMR-detectable) Hdm2-
ABD/A1-mini bi-molecular oligomers, and that these species exchange slowly with larger
(NMR-invisible) bi-molecular oligomers. While they do not provide detailed insights into the
structural nature of Hdm2-ABD/A1-mini bi-molecular oligomers, the NMR-based chemical
shift perturbation and diffusion/hydrodynamic data provide direct evidence for significant
interaction between Hdm2-ABD and A1-mini.

The H1 and H2 regions of Hdm2-ABD co-fold in the presence of A1-mini
Paramagnetic spin labels enhance relaxation of nuclear magnetization through electron spin-
nuclear spin interactions over long distances (up to 25 Å)36 and under conditions of fast
exchange37. We reasoned that the introduction of spin labels into Hdm2-ABD would allow
the structure of Hdm2-ABD/A1-mini co-assemblies to be probed. First, eight single-Cys
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variants of 15N-Hdm2-ABD were prepared and each was labeled with the nitroxide-containing
compound, (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methanethiosulfonate (MTSL).
2D 1H-15N HSQC spectra were recorded for MTSL-labeled variants at 0.25 mM in the absence
and presence of 4 molar equivalents of A1-mini. Under these conditions, Hdm2-ABD/A1-mini
bi-molecular oligomers exhibited s-values of 1.0 S (free Hdm2-ABD and 1:1 Hdm2-ABD/A1-
mini), 2.9 S (3:4 or 2:10 Hdm2-ABD/A1-mini) and >5 S (very large bi-molecular oligomers)
(Fig. 2D). However, we surmise that only the smaller species (s-value < 3 S) contribute to the
observable NMR signals. In the absence of A1-mini, MTSL only perturbed amide resonances
in unstructured Hdm2-ABD proximal (within approximately ± 15 residues) to the labeled
residue (Fig. 4, red data points). However, in the presence of a four-fold molar excess of A1-
mini, paramagnetic relaxation enhancement (PRE) was observed beyond sites which
experienced PRE in the absence of A1-mini (Fig. 4, black bars). Notably, MTSL labeling of
sites flanking the H1 Arf-binding segment of Hdm2-ABD (Cys at positions 240, 256, or 262)
caused PRE at sites proximal to H1 as well as at distal sites in the H2 Arf-binding segment
and, less dramatically, in the more distal C-terminus (residues 290-304; termed H3) (Fig. 4B,
D, and E). Reciprocally, MTSL labeling of sites flanking the H2 segment (Cys at positions 270
and 284) led to PRE not only within the proximal H2 segment but also within the distal H1
and H3 segments of Hdm2-ABD (Fig. 4F & G). The data presented in Fig. 4B and D-H are
consistent with co-folding of the different MTSL-labeled Hdm2-ABD single Cys mutants and
A1-mini into β-strand-rich bimolecular oligomers. However, because the MTSL spin label was
covalently bonded to Cys residues at different positions, we cannot be certain that the structures
of the bi-molecular oligomers formed by unmodified Hdm2-ABD and the different MTSL-
labeled forms of Hdm2-ABD are identical.

Two MTSL-labeled variants of Hdm2-ABD, with Cys substituted at positions 229 and 250,
did not reveal A1-mini-dependent, long-range interactions between the H1, H2 and/or H3
segments of Hdm2-ABD. For the variant labeled on position 229, this is because this site is
outside the region of Hdm2 that co-folds with A1-mini. For the position 250 variant,
substitution of the conserved Glu (Fig. 1B)14 with MTSL-labeled Cys probably disrupts
specific interactions with A1-mini, leading to the formation biologically irrelevant, alternative
structures. Therefore, we have not included data for these two MTSL-labeled Hdm2-ABD
variants in our qualitative structural analysis of Hdm2-ABD/A1-mini bi-molecular oligomers.

A1-mini localizes in the nucleoli of NIH 3T3 fibroblasts
The biological activity of A1-mini was assessed by determining the ability of Texas Red labeled
A1-mini peptide (TR-A1-mini) micro-injected into the nuclei of Arf-null mouse fibroblasts to
localize in nucleoli, co-localize with Mdm2 in nucleoli, and cause cell cycle arrest. TR-A1-
mini was localized in nucleoli in 79% of injected cells (33/42 cells, Fig. 5B & E). However,
only 7% of cells (Fig. 5D & E) exhibited co-localization of A1-mini with Mdm2 in nucleoli.
Further, nuclear micro-injection of TR-A1-mini did not inhibit the incorporation of bromo-
deoxyuridine (BrdU) into DNA (data not shown), consistent with a failure to activate p53 and
inhibit cell proliferation. These results suggest that A1-mini, while able to co-assemble with
Hdm2-ABD in vitro, possesses insufficient affinity and specificity for Mdm2 in vivo to nullify
the E3 ligase activity of Mdm2 toward p53. In contrast, the mArf-N37 peptide co-assembled
specifically with Mdm2 in nucleoli and exhibited cell cycle arrest activity in vivo18. We have
previously shown that mArf-N37 completely converts Hdm2-ABD into bi-molecular,
oligomeric structures at low concentrations and low molar ratios in vitro, suggesting that, while
A1-mini appears to interact with Hdm2-ABD in a structurally analogous manner, it fails to
activate p53 in vivo due to its reduced affinity for Mdm2. However, it is this reduced affinity
that has made possible the structural characterizations reported herein.
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Discussion
Oncogene activation and inappropriate mitogenic signaling activate the expression of Arf,
which binds to Hdm2 and relieves inhibition of p53, ultimately leading to p53-dependent and
-independent cell cycle arrest or apoptosis38; 39. While the importance of Arf and Hdm2 in
tumor biology is well established, little information is available on the molecular basis of Arf
and Hdm2 interactions. This dearth of knowledge stems from experimental difficulties
associated with lack of structure within the domains of Arf and Hdm2 that mediate
interactions14; 18, and the novel properties of the bi-molecular oligomers that they form. Based
on the structural results reported herein, we have developed schematic models of Hdm2-ABD/
A1-mini bi-molecular oligomers which we believe are relevant to the structure of Hdm2/Arf
co-assemblies that form in mammalian cells to regulate p53 activity.

Structural models of Hdm2-ABD/A1-mini co-assemblies
We have presented results from several complementary methods, including CD, AUC and
NMR, which demonstrate that the addition of the A1-mini peptide to intrinsically disordered
Hdm2-ABD leads to the formation of discrete, β-strand-rich bi-molecular oligomers with a
range of molecular sizes. These results provide the most detailed insights into the molecular
structure of these unprecedented bimolecular oligomers available to date. We propose that the
simplest bi-molecular oligomer involves interactions between a single A1-mini molecule in an
extended, β-strand conformation with similarly extended H1 and H2 segments of a single
Hdm2-ABD molecule (Fig. 6A). This 1:1 β-strand model with H1 and H2 arranged in an anti-
parallel manner, is generally consistent with our CD results (Fig. 1B) and PRE results (Fig. 4).
Further, H3 is brought into proximity with the N-terminus of H1, although it is likely that H3
folds back onto the H1-A1-H2 core differently than illustrated in Fig. 6A. This 1:1 bi-molecular
oligomer, with limited interactions between Hdm2-ABD and A1-mini, may exist only
transiently and be populated to a small extent, consistent with NMR findings. Consistent with
past results14 and recent deletion and mutagenesis analyses (Suppl. Figs. 1 and 2), we propose
that electrostatic interactions between Glu and Asp residues in H1 and H2 of Hdm2-ABD and
Arg residues of A1-mini drive the co-assembly process. Further, both the H1 and H2 segments
of Hdm2-ABD, and A1-mini, contain a significant number of hydrophobic residues14. The
sequestration of these in the core of fibril-like structures through the hydrophobic interactions
is likely to also be a significant driving force for co-assembly. Finally, interactions between
adjacent, oppositely charged segments of Hdm2 and Arf are likely to be mediated by inter-
molecular, backbone hydrogen bonds that stabilize parallel (e.g. between H1 and A1-mini in
Fig. 6A) and anti-parallel (e.g. between H2 and A1-mini in Fig. 6A) orientations of β-strands.

The structure illustrated in Fig. 6A is unlikely to mediate assembly of higher order bimolecular
oligomers corresponding to species identified by AUC with s-values greater than 1.0 S. Further,
AUC and NMR evidence suggests that this 1:1 species exists only transiently and can be
considered to be a proto-oligomer. In contrast, a discrete bi-molecular oligomer which
exhibited an s-value of 2.3 S using the c(s, f/f0) distribution model and 2.9 S using the simpler
c(s) distribution model was observed in all samples containing Hdm2-ABD and A1-mini that
were examined. Based on analysis of the sedimentation velocity data for the 1:1 Hdm2-ABD/
A1-mini sample using the c(s, f/f0) distribution model, the molecular mass of this species was
estimated to be ~35 kDa. Based on this approximate molecular mass, the bi-molecular
assemblies may contain either two or three molecules of Hdm2-ABD (MW ~ 10,900 Da), and
either ten or four molecules of A1-mini (MW ~ 1,100 Da), respectively. In addition, a second,
discrete species was detected in the 1:1 Hdm2-ABD/A1-mini sample characterized by an s-
value of 3.0 S and molecular mass approximately double that of the 2.3 S species (~65 kDa).
It is possible that this species is comprised of two of the smaller, 3:4 (or 2:10) bi-molecular
oligomers. For this discussion, we assume that the ~35 kDa species has 3:4 Hdm2-ABD/A1-
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mini stoichiometry, although the structural modeling we discuss next would be generally
pertinent to a species with 2:10 stoichiometry. The interactions between β-strands containing
the H1 and H2 segments of Hdm2-ABD and A1-mini illustrated for the 1:1 proto-oligomer
(Fig. 6A) can be recapitulated in a 3:4 species, as illustrated on the left in Fig. 6B. In this model,
β-strands comprised of H1, A1-mini, and H2 form two parallel tracks β-strands (indicated by
gray arrows in Fig. 6B, left) connected by what are presumed to be flexible linkers between
H1 and H2. A1-mini serves as “glue” between the three Hdm2-ABD molecules arranged in an
alternating, head-to-tail manner. Edge-to-edge interaction of two such bi-molecular oligomer
building blocks, mediate by additional A1-mini peptides (indicated by dotted, blue zig-zags in
Fig. 6B, left) would give rise to the ~65 kDa species observed by AUC. Further, these building
blocks may assemble into extended ribbons which themselves become bundled together to
form fibrils.

An alternative structural model with 3:4 stoichiometry is proposed on the right in Fig. 6B in
which Hdm2-ABD molecules are arranged in a head-to-head manner, with A1-mini strands
again serving to mediate formation of parallel tracks of β-strands (Fig. 6B, right). We have
modeled the atomic structure of one portion of this alternative bi-molecular oligomer (Fig. 6C,
top), which revealed that the two faces of the β-sheet comprised of alternating and anti-parallel
H1 and A1-mini strands have dramatically different characteristics. One face is comprised of
alternating acidic (colored red in Fig. 6C, top, left) and basic (colored blue) residues from H1
and A1-mini, respectively, that can interact via a dynamic electrostatic network; this is termed
the “electrostatic face”. The opposite face, illustrated in Fig. 6C, top, right, is predominantly
comprised of hydrophobic residues (colored yellow) from both H1 and A1-mini, with one side
comprised of alternating acidic and basic residues from H1 and A1-mini, respectively; this face
is termed the “hydrophobic face”. The contrasting characteristics of these two β-sheet faces
arise because acidic and hydrophobic residues alternate within the H1 segment of Hdm2-ABD
(Fig. 1B), and because the Arg residues at the two ends of A1-mini are separated by five
hydrophobic residues (Fig. 1A). This basic 3:4 Hdm2-ABD/A1-mini building block could
further assemble into extended β-strand ribbons through edge-to-edge interactions mediated
by additional A1-mini molecules (Fig. 6C, bottom). The contrasting physical characteristics
of the two faces of such ribbons may mediate further assembly into multi-strand fibrils with
pairs of ribbons alternatively stabilized by hydrophobic and electrostatic interactions. While
we have not examined the structure of Hdm2-ABD/A1-mini bi-molecular oligomers using
electron microscopy, past studies has shown that fibrilar structures form when fragments of
Hdm2 and Arf interact14; 15. The models presented here, in general, are supported by our
experimental data in that they are comprised β-strands that require both partners to form. In
the absence of their oppositely charged partner, both Hdm2-ABD and A1-mini are intrinsically
unstructured, probably due to extensive repulsion of the many similarly charged acidic or basic
residues, respectively. However, when combined, attractive electrostatic forces probably
mediate assembly of Hdm2-ABD and A1-mini into β-strand-rich structures like those
illustrated in Fig. 6B. The importance of electrostatic interaction to co-assembly is exemplified
by the salt-dependence of Hdm2-ABD/mArf-N37 interactions14, and the observation that
substitution of any of the Arg residues within A1-mini with Gly prevents co-assembly with
Hdm2-ABD (Suppl. Fig. 2). In contrast, individual hydrophobic residues within A1-mini are
less critical for co-assembly, as shown by the ability of peptides with these five hydrophobic
residues individually substituted with Gly to support either specific (Leu6Gly, Val7Gly, and
Thr8Gly) or non-specific (Phe5Gly and Val9Gly) co-assembly with Hdm2-ABD (Suppl. Fig.
2).

Finally, the 9-residue A1-mini peptide did not cause cell cycle arrest when injected into the
nuclei of Arf-null mouse fibroblasts, although the peptide did become localized in nucleoli and,
in rare cases, exhibited co-localization with Mdm2. These results, together with our structural
studies, indicate that, while A1-mini binds to Hdm2-ABD through the same general mechanism

Sivakolundu et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2009 December 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



observed for longer Arf-derived peptides, its affinity (for Mdm2) is probably too low to fully
sequester and inactivate Mdm2 in bi-molecular oligomers. A 20-residue peptide from the N-
terminus of p14Arf fused to GFP19 and mArf-N3718 have previously been shown to bind and
co-localize with Hdm2/Mdm2 resulting in activation of p53-dependent cell cycle arrest. We
also showed previously that peptides corresponding to residues 1-15 and 5-20 of p14Arf bound
to Hdm2-ABD, and that the first of these peptides irreversibly assembled into bi-molecular
oligomers with Hdm2-ABD and with a 15-residue peptide corresponding to the H1 segment
of Hdm214. Further, we showed that the N-terminus of p19Arf contains two copies of a motif
in which Arg residues flank 5 to 7 hydrophobic residues18 and that individual peptides
containing these regions, spanning residues 1-15 and 16-30, each bound to Hdm2-ABD14. We
propose that segments A1 and A2 of p19Arf co-fold with Hdm2, forming highly stable bi-
molecular oligomers that sequester and inactivate Hdm2 (Fig. 6D). It must be emphasized that
different fragments of Arf and Hdm2, which have been shown to co-assemble into bi-molecular
oligomers, do not self-assemble in isolation, nor do they exhibit secondary structure.
Importantly, the sequence of the A1 segment of Arf is highly conserved in mammals4 (Fig.
1A). In addition, most features of the A2 segment of p19Arf are conserved in p14Arf (Fig. 1A),
suggesting that a 29 residue long, or longer, peptide derived from p14Arf should recapitulate
Arf tumor suppressor function in human cells.

In summary, our current and past14; 15; 18 results strongly suggest that Arf relieves the Hdm2
(and Mdm2)-mediated inactivation of p53 through an unprecedented mechanism involving the
formation of β-strand-rich, bi-molecular oligomers. When Arf is not expressed, the intrinsically
unstructured, central domain of Hdm2 functions as a flexible linker which may coordinate the
activities of the folded N- and C-terminal domains of Hdm221; 22; 23, the former which binds
specifically to p53 and the latter which functions as an E3 ligase to transfer ubiquitin to
p5340; 41. We propose that Arf expression and subsequent formation of Hdm2/Arf bimolecular
oligomers, 1) disrupts the functional relationship(s) between the N- and C-terminal domains,
inhibiting p53 ubiquitination, and 2) sequesters Hdm2 in nucleoli, limiting access to
nucleoplasmic p53. While several examples of biologically functional, β-strand-rich protein
oligomers have been reported (reviewed in 42 and 43), we are not aware of published examples
of bi-molecular assembly of domains from two proteins to form functional, β-strand-rich
oligomers. As noted above, the sequence of the A1 segment, and to a lesser extent the A2
segment, are conserved in mammalian Arf sequences (Fig. 1A). Similarly, sequences of the
H1 and H2 segments are conserved in mammalian Hdm2 sequences (Fig. 1B), suggesting that
these domains of Arf and Hdm2 have co-evolved to give rise to this co-assembly mechanism
as a means of regulating Hdm2 and, indirectly, p53. While naturally occurring examples of the
Hdm2/Arf co-assembly mechanism cannot be found, Rich and co-workers44 showed that a
synthetic peptide exhibiting an alternating pattern of charged residues and alanine,
(AEAEAKAK)2, and related sequences45, self-assembled into β-strand-rich structures with
fibrilar characteristics. These authors suggested that β-strand-rich fibrils were built up from
layers of β-strands held together alternatively by electrostatic and hydrophobic interactions
between opposite faces of amphipathic β-sheets. The alternation of Glu residues with
hydrophobic or polar residues in the H1 segment of Hdm2 may support a similar mode of
assembly, with the N-terminus of Arf supplying Arg residues for interactions with Glu residues
in H1 as well as hydrophobic residues for interactions with the hydrophobic residues of H1
oriented on one face of a β-sheet. Crystallization and x-ray diffraction studies, or solid-state
NMR studies, however, will be required in the future to determine the molecular details of the
novel Hdm2/Arf co-assemblies.
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Materials and Methods
Preparation of Hdm2-ABD and A1-mini

Hdm2-ABD was expressed in E. coli using a pET-28a vector (Novagen) and purified from the
soluble fraction after lysis in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl and centrifugation, as
previously described14. Urea was added to the clarified extract to a concentration of 6 M
followed by purification of His-tagged Hdm2-ABD using Ni2+ affinity chromatography using
buffers containing 6 M urea. Fractions containing Hdm2-ABD were exhaustively dialyzed
against 20 mM Tris-HCl (pH 8.0), 500 mM NaCl and treated with thrombin to cleave the His
tag. Finally, cleaved Hdm2-ABD was further purified using anion exchange chromatography
(Q Sepharose, Amersham Pharmacia Biotech, Inc.) using a urea-free, Tris/NaCl buffer
system14.13C/15N- or 15N-labeled Hdm2-ABD were expressed using MOPS-based media
containing 13C-glucose and/or 15NH4Cl46 and purified as described above. The A1-mini
peptide and A1-mini peptides with single Gly substitutions were synthesized using standard
FMOC chemistry and purified by high-performance liquid chromatography (HPLC) using a
H2O/CH3CN/0.1% trifluoroacetic acid solvent system and a C18 column (Vydac). The solution
concentration of Hdm2-ABD was determined using UV absorbance at 280 nm (ε = 16,500 AU
M−1 cm−1) and that of A1-mini peptides was determined using CD ellipticity at 200 nm ([A1-
mini] = 0.964 mg ml−1 mdeg−1 cm−1). Amino acid analysis was used to independently
determine the concentration of some A1-mini solutions used for CD.

Preparation and characterization of Hdm2-ABD variants lacking the H1 and/or H2 segments
pET-28a-based expression constructs for Hdm2-ABD lacking the H1 (Hdm2-ABD-ΔH1;
deletion of residues 241-255), H2 (Hdm2-ABD-ΔH2; deletion of residues 272-283), or both
segments (Hdm2-ABD-ΔH1/2; deletion of residues 240-255 and 272-283) were prepared using
synthetic oligonucleotides and the polymerase chain reaction; the coding regions of these
plasmids were confirmed by DNA sequencing. These proteins were expressed and purified
using the procedures for Hdm2-ABD described above.

Preparation of MTSL spin-labeled, single-Cys Hdm2-ABD variants
Nine different Hdm2-ABD expression vectors were prepared in which the codons
corresponding to residues 229, 240, 250, 256, 262, 270, 284, 293, or 297 were mutated to that
encoding cysteine using site-directed mutagenesis (QuikChange® procedure, Stratagene).
Mutations were introduced into the pET28a-based vector developed previously to express His-
tagged Hdm2-ABD14 and were confirmed by DNA sequencing. The single-Cys variants of
Hdm2-ABD were expressed in BL21(DE3) E. coli cells using MOPS-based minimal media
containing 15NH4Cl and purified as described above for Hdm2-ABD. The S297C Hdm2-ABD
variant exhibited very limited solubility and was not pursued further. The eight other single-
Cys Hdm2-ABD variants were concentrated to 1 mg/ml and exchanged into 20 mM sodium
phosphate pH 7.2, 0.1 M NaCl by ultrafiltration (Amicon device, Millipore). The protein
solutions were incubated with five molar equivalents of (1-Oxyl-2,2,5,5-tetramethyl-3-
pyrroline-3-methyl) methanethiosulfonate (MTSL, Toronto Research Chemical, Inc.) for 12
hours. The MTSL-labeled, single-Cys Hdm2-ABD variants were purified using HPLC with a
H2O/CH3CN/0.1% trifluoroacetic acid solvent system and a C4 column (Vydac). The identities
of the single-Cys Hdm2-ABD variants were confirmed using mass spectrometry.

Fluorescent labeling
The peptide with the sequence, N-CGGGGGRRFLVTVR-C, was labeled on the Cys SH group
with Texas Red maleimide (TR-A1-mini; Invitrogen) using the manufacturer’s protocols and
purified using C18 HPLC.
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Circular dichroism
CD spectra were recorded using an AVIV model 202-01 spectropolarimeter; four scans from
260 to 190 nm were averaged using 1 nm bandwidth and a 1 mm path length quartz cell (Helma).
Wild-type Hdm2-ABD and the deletion constructs described above were exhaustively dialyzed
against 10 mM sodium phosphate (pH 6.0) and 10 mM NaCl and the A1-mini peptide was
dissolved in the same buffer and added to Hdm2-ABD protein solutions.

NMR spectroscopy
A series of two-dimensional (2D) and three-dimensional (3D) NMR spectra were recorded
with uniformly 13C/15N-labeled Hdm2-ABD (2 mM) dissolved in NMR buffer (10 mM sodium
phosphate, 10 mM NaCl, 0.01% sodium azide, 6 % D2O at pH 6.0 and 25 °C), including
2D 1H/15N HSQC, 3D CT-HNCA, 3D CT-HN(CO)CA, 3D HNCACB, and 3D CBCA(CO)
NH47. These spectra were processed using NMR-Pipe48 and analyzed using Felix software
(Accelerys, Inc.) to establish backbone resonance assignments. Side chain resonance
assignments were established through the analysis of 3D C(CO)NH-TOCSY and 3D H(CCO)
NH-TOCSY spectra. The 1H chemical shift scale was referenced to external TSP and the 13C
and 15N indirect dimensions were referenced indirectly using ratios of the 1H and 13C,
and 1H and 15N gyromagnetic ratios47. These NMR experiments were performed using either
a 600 MHz Varian INOVA NMR spectrometer equipped with a 5 mm triple resonance, x, y,
z-gradient probe or a 600 MHz Bruker AVANCE NMR spectrometer equipped with a triple-
resonance TCI cryogenic probe. A 2D 1H/15N HSQC spectrum of 15N-Hdm2-ABD (dissolved
in NMR buffer at 25 °C) showing resonance assignments is illustrated in Suppl. Fig. 7A.

In addition, {1H}-15N heteronuclear NOE and 3D 1H-15N NOESY-HSQC spectra were
recorded for 15N-Hdm2-ABD in the absence and presence of A1-mini at 800 MHz using a
Bruker AVANCE NMR spectrometer equipped with a triple-resonance TCI cryogenic probe
at 25 °C. The perturbations of Hdm2-ABD 1H/15N chemical shift values caused by addition
of A1-mini (Δδ1H/15N) were quantified using the following equation: Δδ1H/15N =
[(δ1HN(15N-Hdm2-ABD/A1-mini) –δ1HN(free 15N-Hdm2-ABD))2 + 0.0289*(δ15NH(15N-
Hdm2-ABD/A1-mini) – δ 15NH(free 15N-Hdm2-ABD))2]1/2. 1H-15N HSQC spectra of
MTSL spin-labeled, single-Cys variants of 15N-Hdm2-ABD (0.25 mM) were also recorded on
this spectrometer at 25 °C in the absence or presence of 4 molar equivalents of A1-mini. The
MTSL spin label for each variant was then reduced with 5 mM ascorbic acid (pH 6) and a
second set of 1H-15N HSQC spectra recorded. The ratios of peak volumes in 1H-15N HSQC
spectra for oxidized (Iox) and reduced (Ired) samples prepared in triplicate were analyzed (Fig.
4).

Diffusion measurements were performed using a 600 MHz Varian INOVA NMR spectrometer
using 1 mM 15N-labeled HDM2-ABD in the absence or presence of 4 mM unlabeled A1-mini
in 10 mM sodium phosphate and 10 mM NaCl at pH 6 (Suppl. Fig. 6). The 15N-filtered BPP-
MAXY-D pulse sequence49 was used to record 1D spectra at various gradient field strengths
(1 – 60 G cm−1). The use of 15N-labeled Hdm2-ABD and unlabeled A1-mini allowed the
influence of A1-mini on the diffusion properties of Hdm2-ABD to be specifically monitored.
Dioxane was added as an internal standard to normalize for the changes in the solution
conditions between samples of Hdm2-ABD in the absence and presence of A1-mini. The radius
of hydration (Rh) of Hdm2-ABD was calculated using the approach of Wilkins, et al.33, using
the relation Rh, Hdm2-ABD = (ddioxane/dHdm2-ABD) Rh, dioxane, where d is the decay rate of the
NMR signal with increasing gradient strength and Rh,dioxane is 2.12 Å. Experimental data
obtained at different gradient strengths (g) we fit using the following equation to obtain d: I
(g)/I0 = Ae−dg^2, where I(g) is the NMR signal intensity at a particular value of g, I0 is the
NMR signal intensity with g equal to 0, and A is a unitless calibration constant. To estimate
the length of an unfolded protein (in number of residues, N) corresponding to a particular Rh
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value, the following equation was used: Rh (unfolded protein, Å) = (2.21 ± 1.07)
N0.57 ± 0.02 33.

Analytical ultracentrifugation experiments
Sedimentation velocity experiments with Hdm2-ABD in the absence and presence of A1-mini
were performed using a Beckman ProteinLab XL-I analytical ultracentrifuge equipped with
an eight-hole Beckman An-50 Ti rotor and cells containing sapphire windows and charcoal-
filled Epon double-sector centrepieces (Beckman Coulter). The density and viscosity of the
ultracentrifugation buffers, 10 mM sodium phosphate pH 6.0, 10 mM NaCl (low ionic strength)
and 10 mM sodium phosphate pH 6.0, 150 mM NaCl (high ionic strength), at 20 °C were
calculated from their composition, and the partial specific volume at 20 °C and molecular
weight of the proteins were calculated based on their amino acid composition using the software
SEDNTERP50. All samples were dialysed against the ultracentrifugation buffer and the
dialysate was used as an optical reference. The loading volume of 320-400 μl was identical for
the reference and sample chambers. Fringe displacement data were recorded in 1 min intervals
with the Rayleigh interference optical system at a rotor speed of 50,000 rpm. The velocity
profiles were analysed with the software SEDFIT using models for continuous sedimentation
coefficient distribution c(s) with deconvolution of diffusional effects31; 32 and well as a two-
dimensional size-shape distribution, c(s, f/f0), with the one dimension the s-distribution and
the other the f/f0-distribution30. The sedimentation coefficient distribution c(s) was calculated
with maximum entropy regularization at a confidence level of p = 0.7 and at a resolution of
sedimentation coefficients of n = 100. The s-value of the protein was determined by integration
of the main peak of c(s). The molecular weight distribution, c(M), was calculated using the
values determined from the c(s) distribution. The best-fit weight-average frictional ratio (f/
f0) was determined from the c(s) analysis, and a single value was assumed31. For the c(s, f/
f0) model30, an equidistant f/f0-grid from 1.2 to 2.2 with 0.10 steps, a linear s-grid from 0.1 to
5 S with 150 s-values, and Tikhonov-Phillips regularization at one standard deviation was
calculated. The calculated c(s*) distribution (similar to the c(s) distribution, except that it does
not make any assumptions on the frictional ratio) was transformed as c(s, M) and c(s, f/f0)
distributions with M the molecular weight, f/f0 the frictional ratio and s the sedimentation
coefficient and plotted as contour plots. This analysis was with regularization. The dotted lines
of the c(s, M) distribution plot indicate lines of constant f/f0. The distributions were not
normalized30.

Colocalization and DNA replication assays
NIH 3T3 Arf−/− cells (10-15 passages) were cultured in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum, 5 mM L-glutamine in the presence of 100 IU/mL
of pencillin/streptomycin at 37 °C. The cells were plated onto a 35 mm poly-D-lysine glass
coated glass bottom dish (Mattek) 24 hours prior to microinjection at a density of 1.5 × 105

cells per dish. Texas Red labeled A1-mini peptide (0.5 mg/mL in 20 mM HEPES, 100 mM
NaCl, pH 7.4) or Texas Red dextran (control) was injected into the nucleus of Arf-null NIH
3T3 cells using a Eppendorf FemtoJet injection system (Eppendorf) mounted on an Eclipse
TE2000-U microscope (Nikon) with an ELDW Plan Fluor 20X Phase-contrast objective. All
dishes were manipulated for less than 30 min during any one set of injections. After a 4 hour
recovery period at 37 °C with 8% CO2 atmosphere the cells were washed thrice with PBS and
fixed with 1:1 v/v acetone/methanol and incubated with mouse anti-mdm2 antibody (2A10,
Calbiochem) for 1 hour. The primary antibody was removed and the dishes were washed thrice
with PBS and incubated with FITC-labeled rabbit anti-mouse IgG (Abcam) for 40 minutes.
After three additional washes in PBS, the cells were observed using an Eclipse TE2000-E
confocal fluorescence microscope (Nikon) equipped with a C1Si detector (Nikon) with a Plan
Fluor 40X (N.A. 1.3) or a 60X Plan Apo (N.A. 1.45) objective to determine the localization
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of A1-mini and Mdm2. Images acquired on this system were further manipulated using Adobe
Photoshop 7.0.

DNA replication was monitored using a 5-bromodeoxyuridine (BrdU) incorporation assay. For
this experiment, a small circle was marked on the 35 mm cell culture dish to locate the A1-
mini-injected cells. A1-mini peptide was injected into the nuclei of all the cells in the marked
circle at a peptide concentration of 2–4 mg/ml. The cells were allowed to recover for 30 minutes
and then BrdU (10 μM) was added to the media. The cells were incubated at 37 °C for 8 hours
and fixed as described above. The fixed cells there then treated with two cycles of 4 N HCl for
10 minutes each and stained with FITC-labeled anti-BrdU antibody (Abcam). Following
staining the cells were washed with 10 mM sodium phosphate, pH of 7.4, 150 mM NaCl and
observed on the Nikon C1Si confocal microscope as described above. The percentage of BrdU
labeled cells within the circle was determined and compared to the percentage of BrdU labeled
cells in the areas surrounding the circle. The data from 3 independent experiments was then
averaged and the standard deviation determined. No significant differences in the percentage
of cells undergoing DNA replication were observed between the control and A1-mini
microinjected cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The sequences of the segments of Arf (A) and Hdm2 (B) that are responsible for their
interactions are highly conserved in mammals. (A) Alignment of the amino acid sequence of
exon 1β of human Arf (p14Arf) with sequences from other mammalian species (accession
codes: human, AAA82236; pig, NP998900; cattle, XP873468; golden hamster, AAN75824;
house mouse, Q64364; Norway rat, Q8QZZ9; gray short-tailed opossum, NP001028145). The
A1 and A2 segments that have been shown to mediate interactions of p14Arf and mouse Arf
(p19Arf) with Hdm2 are indicated at the top. The coloring scheme is as follows: basic residues,
blue; acidic residues, red; hydrophobic residues, brown; and small and polar residues, black.
Residues conserved at a position in five or more species are shown in bold; residues that are
similar in type to another represented in bold are shown in bold, green color. Below the
consensus sequence, the degree of conservation at each amino acid position is indicated as
follows: two asterisks indicate a position with the identical residue in all species; two “+”
symbols indicate a position with identical residues at five or more positions, with the remaining
sequences exhibiting similar residues; a single “+” symbol indicates a position with identical
residues at five or more positions. (B) Alignment of the amino acid sequence of the Arf binding
domain of Hdm2 (Hdm2-ABD) with the similar segment of sequences from other mammalian
species (accession codes: human, NP002383; pig, NP001098773; cattle, NP001092577;
golden hamster, Q60524; house mouse, AAH92270; Norway rat, NP001101569; gray short-
tailed opossum, XP_001373571). The H1 and H2 segments that have been shown to mediate
interactions with p14Arf and p19Arf are indicated at the top. The color scheme and other
nomenclature are as given in (A).
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Fig. 2.
Hdm2-ABD and Arf A1-mini co-fold into discrete, β-strand-rich bi-molecular oligomers.
(A) CD spectra of Hdm2-ABD alone (red) and in the presence of 1:1 (blue), 1:4 (green), and
1:6 (orange) molar equivalents of A1-mini. (B-E) Results of sedimentation velocity analytical
ultracentrifugation (AUC) experiments with (B) 0.5 mM Hdm2-ABD, (C) 0.25 mM Hdm2-
ABD mixed with 1 or (D) 4 molar equivalents of A1-mini, and (E) 1 mM Hdm2-ABD mixed
with 4 molar equivalents of A1-mini. Results were obtained at 20 °C in 10 mM sodium
phosphate (pH 6.0) with (B-D) 10 mM NaCl or (E) 150 mM NaCl. The units for the y-axes in
(B-E) are Fringes/S. The traces illustrated in (B, D, and E) were obtained using the c(s)
distribution model while that illustrated in (C) was obtained using the two-dimensional c(s, f/
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f0) distribution model. The y-axis parameter in (C), which is independent of the f/f0-value for
sedimenting species, is shown as the general c(s*) distribution rather than the c(s) distribution.
The inset in (C) shows an expansion of the region between s-values of 2–4 S with the y-axis
scale increased two-fold (2x) and the inset in (D) shows the region immediately below with
the y-axis scale increased five-fold (5x).
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Fig. 3.
Characterization of interactions between Hdm2-ABD and A1-mini using heteronuclear NMR
spectroscopy. (A) 2D 1H/15N HSQC spectra of 1 mM 15N-Hdm2-ABD in the absence
(illustrated in red) and presence of 4 mM unlabeled A1-mini (illustrated in blue). The amino
acid assignments of those resonances which exhibited the largest A1-mini-induced chemical
shift changes are indicated; full amino acid assignments for Hdm2-ABD are given in Suppl.
Fig. 7A. (B) Quantitative analysis of A1-mini binding-induced perturbations of chemical shift
values for residues in 15N-Hdm2-ABD. The locations of the H1 and H2 segment of Hdm2-
ABD that are responsible for interactions with Arf are indicated.
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Fig. 4.
NMR spin label mapping of Hdm2-ABD/A1-mini bi-molecular oligomers. Quantitative
analysis of the effects of the MTSL spin-label covalently linked to Cys residues substituted at
eight sites within 15N-Hdm2-ABD (0.25 mM) on 2D 1H/15N HSQC resonance intensities
(Iox/Ired) in the absence and presence of four molar equivalents of A1-mini. Data for the
following single-Cys variants of Hdm2-ABD are presented: (A) S229C, (B) S240C, (C)
E250C, (D) S256C, (E) S262C, (F) S270C, (G) G284C, and (H) E293C. The yellow arrows
indicate the position of the MTSL spin-label for each Hdm2-ABD variant. Red squares and
black bars indicate (Iox/Ired) values for MTSL-labeled single-Cys Hdm2-ABD variants
measured in the absence and presence of A1-mini, respectively. Experiments were performed
in triplicate and the error bars represent the squared deviations of the mean. The yellow shading
outside the labeled sites highlights differences between the results in the absence and presence
of A1-mini. The positions of the H1, H2 and H3 segments discussed in the text are indicated
at the top.
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Fig. 5.
Texas red (TR)-labeled A1-mini injected into nuclei localized within nucleoli of mouse NIH
3T3 fibroblast cells. Fluorescence microscopy showing (A) endogenous Mdm2 localization
(detected using a FITC labeled anti-Mdm2 antibody; green) and (B) TR-A1-mini localization
(through detection of TR). Mdm2 exhibits nucleoplasmic and TR-A1-mini nucleolar
localization in the majority of cells (93%). (D, E) In a small fraction of injected cells (7%),
Mdm2 and TR-A1-mini co-localize within nucleoli. (C, F) The nuclear envelope and nucleoli
(arrows) are revealed in differential interference contrast images.
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Fig. 6.
Schematic models of Hdm2/Arf bi-molecular oligomers. (A) Model of the putative 1:1 Hdm2-
ABD/A1-mini oligomer. β-strands formed by the H1 and H2 segments of Hdm2 are illustrated
as red and orange zig-zags, respectively, and that formed by A1-mini as a blue zigzag. The
arrowheads indicate the C-terminal of the β-strand segments. The location of H3 is indicated
in gray. (B) Two models of the bi-molecular oligomer with 3:4 Hdm2-ABD/A1-mini
stoichiometry using the same color scheme as in (A). The shaded region indicates that the
model on the left involves repetition of the β-strand topology illustrated for the 1:1 species in
(A). The gray arrows illustrate a possible mechanism for propagation of the structure through
additional A1-mini (shown as dotted blue zig-zags)-mediated edge-to-edge assembly of 3:4
Hdm2-ABD/A1-mini structural units, leading to the formation ribbon-like structures
comprised of parallel tracks of β-strands. The model on the right illustrates a similar type of
structure with alternative β-strand interactions. The region enclosed in the dotted box is
modeled in greater detail in (C). (C, top) Atomic model of a portion of the bi-molecular
oligomer illustrated in (B), shown on the right and enclosed by the dotted box. The atomic
models on the top are comprised of alternating and anti-parallel β-strands from a portion of the
H1 segment from Hdm2-ABD (H1 and H1′; dark gray tubes) and A1-mini (A1 and A1′; light
gray tubes). Amino acid side chains are represented as sticks: acidic side chains (Asp, Glu) are
colored red; basic side chains (Arg), blue; hydrophobic residues (Ile, Leu, Phe, Val), yellow;
and Ser in gray and red. One face of the four-stranded β-sheet (electrostatic face, left) exhibits
many charged residues which are proposed to form an electrostatic network; the opposite face
exhibits predominantly hydrophobic residues (hydrophobic face, right). (C, bottom) Further
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edge-to-edge assembly of these bi-molecular oligomers leads to ribbon-like structures as
schematically illustrated in the bottom panel, with colored spheres representing amino acid
side chains according to the color scheme for the top panel. (D) Schematic illustration of
putative bi-molecular oligomers formed between Hdm2-ABD and mArf-N37, with the A1 and
A2 segments of mArf-N37 shown in light and dark blue, respectively. The topology of this
oligomer is similar to that illustrated in panel B on the right.
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