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ABSTRACT: Arfis a tumor suppressor that regulates p53 function and is a frequent target for loss in human
cancers. Through two novel mechanisms, Arf inhibits the oncoprotein Hdm2, a negative regulator of p53.
(1) Arf inhibits the E3 ubiquitin ligase activity of Hdm2 that leads to p53 degradation, and (2) Arf sequesters
Hdm2 within nucleoli. These activities of Arf promote p53-mediated cell cycle arrest and apoptosis.
Fundamental to these processes are interactions between Arf and Hdm2. Here we show that a peptide
containing the 37 N-terminal amino acids of mouse Arf (mArfN37) localizes to nucleoli, sequesters Hdm2
within nucleoli, and causes cell cycle arrest. Circular dichroism and NMR spectroscopy show that mArfN37
is largely unstructured under aqueous conditions; however, the peptide adoptshelwes (helix 1,
residues 414; and helix 2, residues 2@9) in 2,2,2-trifluoroethanol (TFE). Each helix contains an amino
acid motif that is repeated twice in mArfN37, once in each helix. The two helices, however, do not
interact but are connected by an apparently flexible linker. The repeated motif contains Arg residues
spaced by a hydrophobic segment that may be involved in Hdm2 recognition and binding. The RRPR
nucleolar localization signal, contained within residues 34, appears to be disordered under all conditions.
The identification of two Arf structural modules suggests that short peptides containing the repeated motif
may function as Arf mimics and may allow the design of small molecule Arf mimics in the future.

Disruption of cell cycle control mechanisms contributes entireINK4a/Arflocus ) or only exon J that gives rise to
significantly to the development of cancer in humatys (  pl19" (7), the mouse Arf ortholog, leads to multitype tumor
The INK4a/Arf gene locus has been shown to encode two growth and early death, identifying Arf asoana fidetumor
unrelated proteins, pM5“A and Arf! from alternative but  suppressor. Further, théNK4a/Arf locus is frequently
partially overlapping reading frame®)( These proteins  disrupted in human cancei®however, a clear demarcation
independently target two cell cycle control pathways; in of effects from thelNK4a and/or Arf portion is not yet
humans, p18<4 inhibits Cdk4 and Cdk6 within the Rb  available. The molecular details of g2 action are well
pathway 8, 4) and p14" targets the oncoprotein Hdm2 understood as a result of cellular, biochemical, and structural
within the p53 pathways). Disruption in mice of either the  studies (as reviewed in re&-10), while the mechanistic

- - _details for Arf are not yet complete.
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roethanol; TKO,Mdm2/p53/Arftriple-null mouse embryo fibroblast ~ HdM2 is sequestered by Arf within nucleoli§). Nucleolar
cells. colocalization, which requires the interaction of the N-
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A) in humans), leading to inhibition of p53 ubiquitination and
0 - 20 degradation, and colocalization of Arf and Mdm2 in nucleoli.
Mouse MGRRFLVTVRIQRAGRPLOERVFLVKEFVRSRRPRTAS Arf proteins have distinct nucleolar localization signals
Human MVRRELVILRIRRACGPPRVRVEVVHIPRLTGEWAAP (NrLSs) with the sequence RRPR (residues-34 in p19vf
and residues 8790 in p14); however, when Arf interacts
B) with Mdm2 (or Hdm2), the Arf NrLS is masked and
S — nucleolar colocalization of the AffMdm2 complex relies
2 A on the exposure of a cryptic NrLS within the RING domain
of Mdm2. Prior to Arf binding, this NrLS is not functional
0 (19, 20). Importantly, the 37-amino acid N-terminal segment
~ 40 1 30,40,50,60% ; of p19* has be_en _shown to be necessary and sufficient for
5 - 5 nucleolar localization, Mdm2 binding and nucleolar colo-
£ 20% § i \ calization, and activation of p53 followed by cell cycle arrest.
Re 40 1 - 2 In addition, a peptide comprised of human Arf amino acids
g 5% 0 1020 30 40 50 60 1-22 binds the central domain of Hdm2, inhibits Hdm2-
ol 0 | mediated E3 activity toward p53 in vitro, and activates p53
] in vivo (17), further emphasizing the importance of the
o N-terminus in Arf function. Here we show that a recombinant
2 peptide containing amino acids—B7 of mouse pl1&f
> (mArfN37) recapitulates previously observed Arf functions,
= as described above, and report its structural properties in
= 40 — . E— aqueous solution and in the presence of the cosolvent 2,2,2-

190 200 210 220 230 240 250 trifluoroethanol (TFE) based on CD and NMR analysis.

wavelength (nm)

Ficure 1: Comparison of Arf amino acid sequences and structural EXPERIMENTAL PROCEDURES

properties based on circular dichroism (CD). (A) Mouse (GenBank : e
accession number AAC42080) and human (U26727) N-terminal . mArN37 Protein PurificationmArfN37 was expressed

37-amino acid sequences are aligned with identical residuesin Escherichia coliwith an N-terminal His tag using the
highlighted in gray (46% identical). (B) Alignment of the repeated expression vector pET28a-polyHIS-syn-ARF N3B)(and
amino acid motifs found within mArfN37 with identical residues purified as previously described with only minor changes.
highlighted in gray. (C) %D Spelc”auf.or.”?ArfN37 at ddifferserlu TFE " In brief, mArfN37 was purified from the soluble cellular
ggﬂgﬁ{ggﬁgﬁﬂ@}’g;ﬁvg rq%?;,\e,l :fg,'_t'yg)?g)r, rseg |mu|\(/|e 'N;let;?[n fraction using N&*-affinity chromatography in the presence
25°C, and 0% TFE (black line) and the same conditions with 5, Of 6 M urea. mArfN37-containing fractions were further
10, 15, and 20% TFE (gray lines), 30% TFE (black line), and 40, purified using reverse-phase, Qigh-performance liquid
50, and 60% TFE (additional gray lines). The inset shofidw chromatography (HPLC) using a 0.1% TFA/2-propanol
at 222 nm (Plzz2) vs % TFE. buffer system. Lyophilized mArfN37 was dissolved in 20

terminal domain of Arf and a central acidic domain of Hdm2, mM Tris-HC (pH 8.0), 5.00 mM NaCl, anq 2.5 mM CaLl
is thought to inhibit Hdm2-dependent degradation of p53 and treate'd. W't.h thro_mbm to clegve the His tag fOIIOW?d. by
by sequestering Hdm2 in a nuclear suborganelle that iSfurther purification using HPLC with a 0.1% TFA/acetonitrile

physically isolated from p531Q). Therefore, Arf appears to tbhufferbs_ystlem. This ste;p V\t/as necissary dbe_?ﬁuse secondar?/
prevent the inhibitory effects of Hdm2 toward p53 directly rombin cleavage products are observed. The sequence o

by binding Hdm2 and indirectly by sequestering Hdm2 in the recombinant mArfN37 peptide, corresponding to the 37

nucleoli. Despite our growing knowledge of the mechanisms N-terminal amino acids of mouse Arf along with the
of Arf function, data have not previously been available to sequence GSH at the N-terminus from pET28a, was con-
relate the three-dimensional structure of this domain and its firmed by MALDI-TOF mass spectrometry.
biological function. Cell Culture and Virus InfectionNIH 3T3 cells (wild-
The mouse protein’ pfg, is Composed of 169 amino type p53,Arf'nU”) were maintained in Dulbecco’s modified
acids, is both highly basic and hydrophobic, and localizes Eagle’s medium (DMEM) with 10% fetal bovine serum, 2
to nucleoli within cells {8). The human protein, p24, is mM glutamine, and 100 units/mL penicillin and streptomy-
composed of 132 amino acids, is also basic and hydrophobic,¢in. Primary mouse embryo fibroblasts (MEFs) explanted
exhibits nucleolar localizatior2(), and shows the greatest from TKO mice @Arf/p5S3/mdmznull) were cultured in
degree of sequence similarity with gf9within an N- ~ DMEM supplemented with 10% fetal bovine serum, 2 mM
terminal domain of 14 amino acids (Figure 1A; 11 of 14 are 9glutamine, 0.1 mM nonessential amino acids, BB
identical); beyond this domain, the two protein sequences A-mercaptoethanol, and 1@g/mL gentamycin (all from
diverge. Two segments of pA9 residues +14 and 26- Gibco). Virus production and infection of cells were carried
37, have been shown to be important for nucleolar localiza- Ut using helper and vector plasmid&) provided by C.
tion, Mdm2 nucleolar sequestration, and p53-dependent cellSawyers (University of California, Los Angeles, CA). Hdm2
cycle arrest19). Two segments of p2¥4 mediate interactions ~ CDNA was subcloned into the pSRVSV-tkCD8 retroviral
with Hdm2, but one of these is found outside the segment VEctor.
of residues +37; these are residues-14 and 82-101 (19, Microinjection and Immunofluorescenderimary MEFs
21). Both Arf proteins are believed to act through similar from TKO mice (3x 10*) seeded onto glass coverslips were
mechanisms involving direct interactions with Mdm2 (Hdm2 infected with retroviruses encoding CD8 or Hdm2. The
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purified mArfN37 protein (2 mg/mL) was microinjected 48
h later into nuclei of infected cells supplemented with 10
mM HEPES and allowed to recover for an additional 4 h.
Cells were fixed in a methanol/acetone mixture (1:1, v/v)
and stained fol h with affinity-purified rabbit anti-p18f
antibody (raised against an Arf N-terminal epitope) followed
by a 30 min exposure to biotinylated anti-rabbit immuno-
globulin and streptavidin Texas red (both from Amersham).
Cells were then stainedifd h with affinity-purified mouse
monoclonal anti-Hdm2 antibody (2A10) followed by a 30
min incubation with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse immunoglobulin (Amersham). DNA
was visualized with Hoechst dye (Molecular Probes). For
assessment of DNA replication, 5-bromodeoxyuridine (BrdU)
(10 uM) was added to the culture medium 30 min after
microinjection of NIH 3T3 cells with mArfN37 or dextran
conjugated to Texas red. Cells were fix8 h later in a
methanol/acetone mixture, treated for 10 min with 1.5 N HCI,
and stained fo 1 h with mouse monoclonal anti-BrdU
antibody (Amersham) followed by FITC-conjugated anti-
mouse immunoglobulin. Fluorescence signals were detecte
using a BX50 microscope (Olympus) fitted with a Sensys
1400 charge-coupled device camera (Photometrics).

CD SpectroscopyCircular dichroism (CD) spectra were
recorded at 25C using an AVIV model 62A DS circular

dichroism spectrometer. Samples of mArfN37 were prepared

in 10 mM KPR, (pH 5.0) and 50 mM NaCl with various

amounts of TFE. Protein concentrations were determined by

guantitative amino acid analysis.
NMR SpectroscopyDue to the high Arg content of

mArfN37 (10 of 37 residues), we prepared isotope-labeled

protein samples for NMR studies. UniformiyN- or 5N/
13C-labeled mArfN37 was obtained by growing BL21(DE3)
cells transformed with pET28a-polyHIS-syn-ARF N3BY
in a defined medium23) containing**C-glucose and/o¥N-
ammonium chloride and purifying the protein as described
above. The mArfN37 samples for NMR spectroscopy were
dissolved at £2 mM in 10 mM KR (pH 5.0), 50 mM NacCl,
10% D,O (v/v), and 0.02% sodium azide and placed in
Shigemi micro-cell NMR tubes (Shigemi, Inc.).

All NMR spectra were acquired using a Varian Inova 600
MHz spectrometer (Varian, Inc.) viita 5 mm triple-
resonance probe equipped with, y-, and z-axis pulsed

d
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and HCCH-TOCSY spectra. Resonance assignments are
reported as Supporting Information. Distance restraints were
obtained through the analysis of 3BI—'°N and 3D'H—

13C NOESY-HSQC spectra obtained with a mixing time of
400 ms.

Structure Calculation and RefinementArfN37 structures
were calculated using NMR data collected in the presence
of 30% TFE at 40°C. Interproton distances were estimated
from the volumes of cross-peaks in 3D NOESY spectra. The
restraint lower bounds were set to the van der Waals distance
(1.8 A), and upper bounds were set to 2.5, 3.5, and 6.0 A
for strong, medium, and weak resonances, respectively.
Estimates of backbone dihedral anglesnd¢ were obtained
using the program TALOS3(Q) andHa, *N, *Ca, Cf,
and3CO chemical shift values3CO chemical shifts were
obtained from a 3D HNCO spectrum. TALOS-baggednd
@ restraints were used only when a well-defined prediction
was obtained, and this occurred within the helical segments
of mArfN37.

A total of 553 NOE interproton distance restraints and 21
¢ and ¢ backbone dihedral angle restraints were used to
calculate an ensemble of structures using the Torsion Angle
Dynamics (TAD) routine §1) within CNS 32). The TAD
protocol was as follows: 15 ps high-temperature TAD
(50 000 K) followed by cooling to 1000 K over the course
of 15 ps and ramping of the van der Waals scaling term
from 0.1 to 1.0. The molecules were further cooled to 300
K over the course of 6 ps using conventional Cartesian
dynamics followed finally by 1000 steps of conjugate
gradient energy minimization. The NOE energy term was
150 kcal/mol for the first three steps and 100 kcal/mol for
the last. The dihedral restraint term was 100 kcal/mol for
the first three steps and 300 kcal/mol for the last. Two
hundred structures were calculated, and the final structure
statistics for the 20 lowest-energy structures are given in
Table 1.

RESULTS

Functional Analysis of mArfN3MNucleolar localization,
Mdm2 colocalization, and the cell cycle arrest potential of
recombinant mArfN37 were assessed by nuclear microin-
jection of Mdm2/p53/Arf triple-null (TKO) and Arf-null

magnetic field gradients (PFGs). In general, pulse sequencegNIH 3T3) MEFs. Microinjected mArfN37 localizes to

provided by Varian in the Protein Pack suite were used.

nucleoli in TKO cells (Figure 2EH). DAPI staining

Additional experiments were implemented as described by demarcates the nucleus (Figure 2, first row), while mArfN37

Cavanagh et al.2d), with minor modifications to include

localizes to dense subnuclear bodies (Figure 2G). When TKO

the use of PFGs for artifact suppression and coherence ordecells are infected with a retrovirus encoding Hdm2, the

selection and sensitivity enhanceme2s<27).
NMR Data Processing and AnalysiaD and 3D NMR

ectopically expressed Hdm2 is nuclear but not nucleolar
(Figure 2A—D). In contrast, mArfN37 and Hdm2 colocalize

spectra were processed using the program Felix 98 (Molec-to nucleoli (Figure 2+L) in TKO cells that were first

ular Simulations, Inc.). In general, time domain data were
apodized using sine-bell or shifted sine-bell functions,
followed by zero-filling, and Fourier transformation. TSP
(10 mM) in 10 mM KR (pH 5.0) was used as an external
standard.*C and N chemical shifts were indirectly
referenced using the appropriate gyromagnetic ra@ds. (
Sequence-specific assignmentstaiN, >NH, and 3Ca

infected with retrovirus encoding Hdm2 and subsequently
microinjected with mArfN37. BrdU incorporation was used
to assay DNA replication in NIH 3T3 cells either with or
without mArfN37 nuclear microinjection. Sixty-two percent
(48 of 78) of dextran-injected control cells exhibited BrdU
incorporation into replicating DNA, while 35% (24 of 68)
of the mArfN37-injected cells exhibited BrdU incorporation.

nuclei were established through the analysis of 3D constantThe decreased level of BrdU incorporation observed for

time (CT)-HN(CO)CA ¢8) and CT-HNCA @9) spectra. Side

MArfN37-injected cells is consistent with the ability of full-

chain assignments were made through the analysis of 3Dlength mouse Arf to cause G1 cell cycle arres3)( These

(H)C(CO)NH-TOCSY, H(CCO)NH-TOCSY, HCCH-COSY,

results, collectively, show that recombinant mArfN37 used



2382 Biochemistry, Vol. 40, No. 8, 2001

Table 1: Structural Statisties

total no. of NOEs 553
intraresidue 304
interresidue 249

sequential 169
medium-range 80
long-range 0

no. of dihedral restraints

P 21
21
rmsd from mean structure (A)
all residues
backbone 7.5% 2.34
heavy atoms 8.92 2.26
helix 1 (residues 414)
backbone 0.380.09
heavy atoms 1.96-0.22
helix 2 (residues 2629)
backbone 0.2z 0.06
heavy atoms 1.86-0.21
violations
distance restraint violations
(average no. /Eer structure)
no.>0.50 4.25
torsion angle violations
no. ofy values>5° 0
no. of ¢ values>5° 0
maximum distance restraint 1.23
violation (A)

CNS energies (kcal/mol)
total energy 25.74-1.12
bond length 1.38 0.15
bond angle 12.740.21
improper 0.50+ 0.05
van der Waals 5.18-1.33
NOE 5.91+ 1.39
dihedral 0.09+ 0.06

Ramachandran statistics
most favored region 78.7%
allowed region 15.3%
generously allowed region 3.8%
disallowed region 2.2%

a Statistics for the 20 lowest-energy structures from an original
ensemble of 200 structures.

for structural studies exhibits key functional properties that
are hallmarks of Arf activity, namely, nucleolar localiza-

tion, sequestration of HAM2 within nucleoli, and cell cycle
arrest.

Circular Dichroism.Figure 1C shows CD spectra obtained
for mArfN37 under aqueous conditions and with different
TFE concentrations (560%, v/v). The CD spectrum for
mArfN37 without TFE is characteristic of random coil

DiGiammarino et al.

Hdm2
+

Hdm2 ARF N37 ARF N37

.
.

FiIGUre 2: Functional analysis of recombinant mArfN37; nucleolar
localization and sequestration of Hdm2. TKO MEFs were infected
with Hdm2 (A—D and L) or CD8 (E—H) and were microinjected
with PBS (A—D) or purified mArfN37 (E-L). The lettered squares
show nuclear DNA staining (first row, blue), Hdm2 fluorescence
(second row, green), ARF fluorescence (third row, red), and Hdm2
and ARF overlapping fluorescence (fourth row, yellow). Data are
representative of more than 50 stained cells.

DNA

ARF Hdm?2

Overlap

15N isotope-labeled forms of mArfN37 and used 2D and 3D
heteronuclear NMR methods.

The 2D H-1N HSQC spectra2d) for >N-mArfN37
under aqueous conditions {40 °C) are characteristic of
an unfolded peptide (Figure 3A,B), consistent with the CD
results. However, addition of TFE causes a gradual increase
in *H and*®>N resonance dispersion, with the maximum effect
produced at 30% TFE (Figure 3C). To obtain detailed
information about the structure, resonance assignments for
13C-, 1N-mArfN37 with and without 30% TFE were obtained
(reported as Supporting Information). To analyze secondary

conformations. A conformational change occurs upon TFE structure in an amino acid-specific manner, we examined
addition, and the CD spectra become increasingly charac-the deviation of*Co. chemical shifts from random coil values

teristic of a-helical secondary structure. The spectral mini-
mum shifts from 199 to 208 nm, and the molar ellipticity at

(termed the secondatjCa chemical shift A6**Ca) (Figure
4A,B); Ao*3Ca values greater than 2 ppm are indicative of

222 nm becomes increasingly negative as the TFE concen-a-helix secondary structure, while values less thdns ppm
tration approaches 30%. The inset of Figure 1C shows thatare indicative ofs-strand secondary structui@y. In aqueous

the coil toa-helix transition is cooperative and is complete
at 30% TFE. Then-helical content for mArfN37 in 30%
TFE is estimated to be-50% 33).

NMR SpectroscopyNMR spectra for mArfN37 were

solution, mArfN37 clearly lacks secondary structure (Figure
4A) while two segments afi-helix, between residues-32

and 18-29, are observed in the presence of 30% TFE (Figure
4B). The first helix is broken by the GRP motif (residues

recorded under aqueous conditions and in the presence ofl5—17), and the second helix begins following P17 and is

various concentrations of TFE {%0%, v/v). Quite unusu-
ally, the mArfN37 protein is both arginine rich (10 of 37)
and highly hydrophobic (14 of 37). The high Arg content
produced a great deal of spectral overlafHINMR spectra.
To overcome this limitation, we prepared béthl and*3C/

broken by the SRRPR segment that contains the nucleolar
localization signal. Patterns of NOEs derived from hetero-
nuclear 3D NOESY spectra are consistent with the presence
of two o-helices (Figure 4C). The NOE patterns do not
extend as far toward the N-terminus as thé'*Ca data
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FIGURE 3: 1H—15N 2D HSQC spectra 0N-mArfN37 in 10 mM
KP; (pH 5.0) and 50 mM NaCl with and without TFE. (AH—
15N 2D HSQC spectrum ofSN-mArfN37 at 4 °C in 0% TFE.
Backbone assignment&N, 1°N, and3Ca) for mArfN37 under
aqueous conditions (0% TFE) were made &G4 and'HN and
15N assignments are shown. (B)Y—15N 2D HSQC spectrum of
I5N-mArfN37 at 40°C in 0% TFE. (C}H—1N 2D HSQC spectrum
of 15N-mArfN37 at 40°C in 30% TFE. Complete assignmentsl{(
15N, and®3C) for mArfN37 at 30% TFE were made at 4Q, and

IHN and N assignments are shown.
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FiIGURE 4: Analysis of mArfN37 secondary structure. Histograms
of secondary:3Ca chemical shifts A013Ca) for mArfN37 (A) at

4 °C with buffer and 0% TFE and (B) at 40C with buffer and
30% TFE. (C) Patterns of NOEs observed for mArfN37 in the
presence of buffer and 30% TFE. Bar thickness indicates the relative
strength of the NOEs observed between the indicated protons (thick,
strong; thin, weak).

another to form a compact structure but rather are connected
by an apparently flexible linker consisting of residues-15
17. We considered the possibility of a turn stabilized by a
salt bridge between Argl6 and Glu20 which might allow
the two helices to interact in an antiparallel manner.
However, we found no evidence of this conformation. A
comparison of panels A and B of Figure 5 indicates that the
two helices are structurally independent. We have identified
a repeated peptide motif within mArfN37, as illustrated in
Figure 1B, and observe that both occurrences of this motif
are within the helical segments shown in Figure 5C.
Interestingly, the RRPR nucleolar localization signal seems
to be in a flexible region of the peptide. Coordinates for the
20 lowest-energy structures reported here have been depos-
ited with the PDB as entry 1HN3.

DISCUSSION

Arf has been identified as a tumor suppressor that protects

residues 3 and 4 are highly degenerate and precluded detailedells against hyperproliferative signaf.(Oncogenic signals
analysis of NOEs in this region.

mArfN37 Solution StructureThe results of restrained
molecular dynamics calculations using CNe3)(for mArfN37

such as Myc §5) induce Arf which, in turn, stabilizes p53
to produce either cell cycle arrest or apoptoS)s Moreover,
Arf-null mice are prone to developing tumors, and Arf-null

show two well-definedr-helices; helix 1 is between residues MEFs do not undergo replicative senescer®el{ has been
4 and 14, and helix 2 is between residues 20 and 29 (Figuresuggested that virtually all human cancers possess genetic
5A,B). The two helices, however, do not interact with one lesions within either p53 or Arfl), placing Arf among the
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Here we describe the structural properties of mArfN37 in
solution and provide insights into Arf structuréunction
relationships.

mArfN37 is unstructured, or disordered, in aqueous
solution. Despite this, we have shown that this polypeptide
possesses functional properties that are hallmarks of Arf
function, namely, the ability to localize within nucleoli, to
sequester Mdm2 within nucleoli, and to produce cell cycle
arrest. As has now been observed for a large number of
proteins, conformational disorder can be associated with
biological function 83, 37); mArfN37 is clearly another
example, exhibitingA6**Ca. values virtually indistinguish-
able from random coil values (Figure 4A). This finding
indicates that, despite the existence of multiple conforma-
tional states in solution, mArfN37 is able to recognize and
bind its biological target(s). The C-terminal portion of mouse
Arf (amino acids 38-169) is dispensable with regard to
known Arf function @8, 19), highlighting the importance
of the 37-amino acid N-terminal segment. One biological
target of Arf is Mdm2 (Hdm2 in humans), and we have
previously shown that mArfN37 can specifically bind Hdm2
and have mapped the interaction site to-a@®0-amino acid
central segment of HIm2 (residues 213D4) (19). Between
mice and humans, this segment is 92% similar and, in striking
contrast to Arg-rich Arf, is highly acidic (for Hdm2, 32%
Asp/Glu, predicted pl~ 3.2; for Mdm2, 33% Asp/Glu,
predicted pl~ 3.5). The predicted pl for mArfN37 is 12.6
due to its high Arg content (10 of 37, or 27%). On the basis
of these unusual but coordinated charge characteristics for
Hdmz2 and Arf, we propose that chargeharge interactions
mediate Hdm2 Arf interactions. However, due to charge
repulsion, the free proteins may be unstructured, as we
C) observe for mArfN37.

In the presence of 30% TFE, mArfN37 adopts bihelical
structure. The use of TFE in structural studies and the
extrapolation of TFE-induced structural results to biological
situations can be problematic because the energetic factors
that govern polypeptide conformations in TFE are different
from those active in biological systems. However, extensive
study of peptides and proteins in the presence of TFE and

10 20 30 other alcohol cosolvents reveals a correlation between TFE-
MGRRFLVIVRIQRAGRPLQERVFLVEEVRSRRPRTAS induced structure and native structu@8)( By enhancing

—— |— the energy contribution from local, intrapeptide hydrogen

Ficure 5: Structure of mArfN37 in buffer and 30% TFE. (A and bonds, T',:E preferentially stablllges peptides in helical

B) Backbone renderings of the 20 lowest-energy structures super-conformations. It must be appreciated that TFE seems to
imposed for helix 1 (blue, residues-44) and for helix 2 (red, stabilize structures that have an inherent tendency to form
residues 2629), respectively. (C) Ribbon diagram of one structure on the basis of the local chemical properties of the polypep-

from the ensemble (colored as described above) with the amino; ; s dicnrimi ; _
acid sequence shown below. The blue and red rectangles belowtlde chain rather than to indiscriminately drive all polypep

the sequence identify helices 1 and 2, respectively. The repeatedid€S 0 forma-helices 88). Notable exceptions are peptides
amino acid motifs are underlined. excised from proteins that in the native state fgistrands

but, when stabilization due to tertiary interactions is elimi-
most important contributors to human neoplastic disease.nated, forma-helices in the presence of TFBY-42).
Importantly, as discussed earlier, peptides comprised of eitherimportantly, however, in these examples the inherent prefer-
the 37 N-terminal amino acids of mouse Arf (this work) or ence of the peptide sequences is towartielix but the
the 22 N-terminal amino acids of human Atf7j recapitulate tertiary context of the folded proteins overrides this to give
Arf function in both in vitro and in vivo assays. Further, pj-structure. In contrast, several studies of peptides have
recent results from Zambetti and co-workeB§)(reveal a shown that alcohol cosolvents stabiljzénairpin ands-strand
p53-independent component of Arf-dependent cell cycle conformations that have been observed for the same se-
arrest and identify that this activity requires amino acids quences in the context of native proteil®8); TFE can be
1-14. While our understanding of Arf's genetic, cellular, thought to accentuate natural conformational preferences that
and biochemical properties is quite extensive, very little is stem from local sequence context. Therefore, our structural
known about the molecular properties of the Arf polypeptide. results for mArfN37 in the presence of TFE provide insight

A)

B)
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into local structural propensities for this peptide. The fact biological targets. Examples are the cyclin-dependent kinase
that two regions of mArfN37 possess similar sequences andinhibitors; p2/ai/Ciel gnd p27r! are disordered in solution
adopt similar structures in TFE is important and suggests (33), and p27 adopts a highly extended conformation when
that the biologically relevant structures for these regions, bound to cyclin A/Cdk245). The association of p21 or p27
whether they arec-helicalin vivo, are likely to be similar ~ with cyclin A/Cdk2 is driven by the burial of an extensive
to each other. hydrophobic interface. Our structural analysis of mArfN37
The structural propensities for amino acids of mArfN37, is consistent with the idea that Arf contains two Mdmz2
based on statistical relationships established by Chou andcontact sites and that these two regions adopt structure upon
Fasman 43), fail to provide clear insights into secondary interaction with Mdm2. Due to the similarity of the amino
structure, witho-helix andS-strand conformations predicted  acid sequences within these domains, they are likely to adopt
to be equally likely for residues-513 and 18-28. The GRP  similar bound structures. To maximize the burial of surface
motif between residues 15 and 17, however, is predicted toarea and to maximize the opportunity for electrostatic
break secondary structure. The thermodynamitelix interactions between Arg residues of Arf and Asp or Glu
propensity scale established by O’Niel and DeGradid) (  residues of Mdm2, the two proteins may adopt extended
provides a more clear prediction of twehelices between  conformations when they interact. The disorder observed for
residues 314 and 18-29 because Arg is thermodynamically mArfN37 in aqueous solution is consistent with this sug-
favored to adopt helical conformations. The abundance of gestion. Our results showing that mArfN37 forms two
Arg residues in mArfN37 thus favors twa-helices. In the o-helices in 30% TFE indicate that, under certain energetic
presence of 30% TFE, then, mArfN37 adopts conformations circumstances, these conformations are stable and, therefore,
that can be predicted on thermodynamic grounds. Thecannot be ruled out as a possibility for the biological
difference in structure under aqueous conditions versus inconformation of the Arf N-terminus in vivo. The finding that
the presence of TFE is striking, however, and indicates that the segments that contain the repeated Arf motif adopt similar
factors beyond local conformational preferences govern the helical conformations strengthens the view that the bound-
structure of mArfN37 in solution. Charge repulsion between state conformations for these two segments will be similar.
the multiple Arg residues could favor an extended structure, The identification of two Arf structural modules suggests
and TFE may override these energetic factors by stabilizing that short peptides containing the repeated motif may function
local hydrogen bonds. as Arf mimics and may provide opportunities for the design
As we have previously showid ), two peptide segments  of small molecule Arf mimics in the future. Alternatively,
within mArfN37 (residues +14 and 26-37) independently ~ small molecules that bind these Arf modules may disrupt
participate in interactions between mouse Arf and Hdm2. normal Arf function and produce a favorable therapeutic
The first of these segments brackets the first helix that we effect by preventing cell cycle arrest normally associated with
observe, while the second segment approximately bisects theaberrant mitogenic (oncogenic) signals. Our studies provide
secondo-helix. Further, both of the repeated peptide motifs clear directions for drug discovery. First, the relevance and
discussed earlier (Figure 1B) are contained within the TFE- potential therapeutic impact of helical Arf conformations can
induced helices; the previously identified segment of residuesbe tested through the design of conformationally restricted
1-14 falls within the first of these, while the segment of Arf peptide analogues. Similarly, rigid and extended ana-
residues 2637 approximately bisects the second repeated logues will test the biological role of these alternative Arf
motif. We suggest that the common structural properties conformers. These restricted analogues could then serve as
associated with this repeated motif (helicity in the presence leads for the discovery of small molecule Arf mimics. It is
TFE) are related to a common Hdm2 binding function and already known that a 22-amino acid human Arf peptide
that this motif, repeated twice, functions in Hdm2 recogni- produces cell cycle arrest in cells in cultul&), This peptide
tion. Our results also suggest that the RRPR NrLS possessegsontains only one of the structural modules we have
structural propensities different from the two helical segments identified, suggesting that only one module is required for
and may function in nucleolar localization in a structurally biological function. However, if small molecule Arf mimics
different manner. can be developed, perhaps tethering them as the two modules
We have shown that mArfN37 sequesters Hdm2 within are tethered in mouse Arf will enhance biological effects.
nucleoli, and it is well-known that this sequestration is We are pursuing these ideas using both experimental and
associated with stabilization and activation of p53 that theoretical approaches.
subsequently leads to cell cycle arrest; mArfN37, therefore,
constitutes the p53 regulatory domain of Arf. What, then, is ACKNOWLEDGMENT
the biologically relevant conformation of mArfN37? Our

solution NMR data clearly show that mArfN37, under discussions, Dr. W. Zhang for management of the St. Jude

aqueous conditions, is disordered in the absence of aNMRfaciIity Mr. Limin Xiao for assistance with preparation
biological target. The fact that mArfN37 adopts teehelices of Arf samples, Dr. Jill Lahti and Ms. Sarah Bothner for

in the presence of TFE indicates that these structures are__ . ; . .
. . : . . rassistance with fluorescence imaging, and other members
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composition of MArfN37 is also consistent with the forma- of the Kriwacki laboratory for comments and discussion.
tion qfﬁ—st_rands, it is not possible to predict with con_fidence SUPPORTING INFORMATION AVAILABLE

the biologically relevant, bound-state Arf conformation. An

emerging trend, however, is that disordered proteins generally *5NH, HN, and**Ca backbone resonance assignments for
adopt highly extended conformations, with or without mArfN37 in aqueous solution and complete assignments in
elements of regular secondary structure, upon binding their30% TFE. This material is available free of charge via the
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