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ABSTRACT: The tumor suppressor p16INK4A with eightN-terminal amino acids deleted (p16/∆1-8) was
expressed inEscherichia coliwithout any fusion artifacts and purified. The integrity of p16/∆1-8 was
confirmed by mass spectrometry, and its activity was demonstrated byin Vitro cdk4 inhibition assay.
Various physical methods were used to characterize the molecular and structural properties of p16/∆1-
8. The protein was found to oligomerizein Vitro, as demonstrated by gel electrophoresis, mass
spectrometry, and NMR. Various approaches, including changes of concentration and pH, additions of
salts, detergents, and various organic solvents, and construction of a C-terminal deletion mutant and a
cysteine mutant were used to try to reduce the extent of oligomerization. Only decreasing the protein
concentration was found to reduce oligomerization. The affinity between p16 moleculesin ViVo was
demonstrated by the yeast two-hybrid system. The protein was found to be very unstable on the basis of
urea- and guanidinium chloride-induced denaturation studies monitored by NMR and CD, respectively.
Despite these unfavorable properties, total NMR assignments were accomplished with uniform13C and
15N isotope labeling. All multidimensional NMR experiments were performed at a very low concentration
of 0.2 mM. The secondary structure was then determined from the NMR data. The results of NMR and
CD studies indicate that the protein is highlyR-helical, and the ankyrin repeat sequences show helix-
turn-helix structures. This is the first structural information obtained for the important motif of ankyrin
repeats. Overall, p16/∆1-8 appears to be conformationally flexible. In order to understand the structural
basis of the functional changes for some mutants existing in tumor cells, several missense mutants of
p16/∆1-8 were constructed. Four of them were expressed at high levels and purified. The molecular
and structural properties of these mutants were analyzed by CD and NMR and compared with the
corresponding properties of wild-type p16/∆1-8. The results suggest that the functional changes in P114L
and G101W are likely to be related to global conformational changes. In addition, we have demonstrated
that the tendency of aggregation increases significantly by a single D84H mutation.

Of the many tumor suppressors that have been discovered
in recent years, p16INK4A, also referred to as multiple tumor
suppressor 1 (MTS1)1 and abbreviated as p16 in this report,
is probably one of the shortest in history yet one of the most
significant in its relationship to cancer. P16 was discovered
independently by two groups in 1993: Serrano et al., (1993)
cloned the gene based on ability of the protein to bind to
cdk4, and Kamb et al., (1994) discovered the gene by
positional cloning via analysis of mutations in pedigrees with
familial melanoma. It was found that p16in Vitro inhibits
cdk4 and cdk6, which, in a complex with a regulatory subunit
cyclin D (Meyerson & Harlow, 1994; Bates et al., 1994; Kato

et al., 1994), phosphorylate certain regulatory proteins
including retinoblastoma gene product, pRb (Matsushime et
al., 1992). The pRb in its hypophosphorylated form is a
cell division inhibitor, and phosphorylation of pRb allows
cell cycle progression from the G1 phase to the S phase
(Weinberg, 1995; Mu¨ller, 1995; Whyte, 1995; Kouzarides,
1995; Dyson, 1994; Suzuki-Takahashi et al., 1995). Thus,
p16 arrests the progression of cell cycle by inhibiting cdk4,
as demonstratedin ViVo (Serrano et al., 1995).
P16 has a calculated molecular weight of 16 569. It is

composed mainly of four ankyrin repeats (Lux et al., 1990).
Since the discovery of p16, other proteins homologous to it
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1 Abbreviations: CD, circular dichroism; cdk4, cyclin-dependent
kinase 4; cdk6, cyclin-dependent kinase 6; DMF, dimethyl formamide;
DMSO, dimethylsulfoxide; DSS, 2,2-dimethyl-2-silapentane-5-sulfonic
acid; MALDI-TOF MS, matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry; MES, 4-morpholineethanesulfonic acid;
MTS1, multiple tumor suppressor 1; ONPG,o-nitrophenyl â-D-
galactopyranoside; PMSF, phenylmethanesulfonylfluoride; pRb, ret-
inoblastoma gene product; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; p15INK4B or MTS2, multiple tumor
suppressor 2; p16INK4A or p16, inhibitor of cdk4; p16/∆1-8, p16INK4A
with the first eight amino acids deleted; /∆1-8, /∆1-51, and /∆145-
156 designate single-deletion mutants, indicating the first and the last
amino acids of the deletion; /∆∆9-144 and /∆∆51-144 designate
double-deletion mutants, indicating the first and the last amino acids
of the remaining sequence; rt, room temperature; WT, wild type.
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have been cloned: p15INK4B (MTS2) (Hannon & Beach,
1994), p18 (Guan et al., 1994), p19 (Chan et al., 1995), and
their murine analogs (Hirai et al., 1995), including that of
p16 itself (Quelle et al., 1995). P15INK4B is the most
homologous to p16, with a sequence identity of 80%; it is
thought to have the same function as p16 but to be regulated
in a different manner (Hannon & Beach, 1994). Functions
of p18 and p19 are not known yet. All of these proteins are
also homologous to Notch proteins (Greenwald & Rubin,
1992). Of these proteins none has been characterized
structurally.
In spite of original doubts (Ohta et al., 1994; Cairns et

al., 1994; Wainwright, 1994; Hopkin, 1994), it has now been
proven that p16 mutations are involved in the development
of different kinds of tumors, including melanoma, esophageal
cancer, lung adenocarcinoma, and many others, possibly
being their primary cause (Cordon-Cardo, 1995; Hartwell
& Kastan, 1994). More than 60 mutant alleles of p16 have
been identified in cancer patients [for review, see Cordon-
Cardo (1995)], and some have been shown to be functionally
impairedin Vitro andin ViVo (Koh et al., 1995; Yang et al.,
1995; Ranade et al., 1995). Most importantly, it has been
demonstrated recently that the phenotype of mice carrying
a targeted deletion of theINK4A locus develop spontaneous
tumors at an early age and are highly sensitive to carcino-
genic treatments (Serrano et al., 1996). Hence, p16 is
believed to be a good candidate for anticancer gene therapy.
Indeed, it causes cell cycle arrest and inhibits tumor cell
proliferation in cell culture when transferred into the cells
by an adenovirus vector (Jin et al., 1995). Another strategy
for therapy of malignancies caused by mutations in the p16
gene would be to design a low-molecular-weight peptide or
nonpeptide mimic of p16.
P16 was originally thought to be eight amino acids shorter

because of a truncated cDNA clone obtained (Serrano et al.,
1993). The originally published sequence also had an
erroneous mutation g104t. The full-length sequence was
discovered later (Hannon & Beach, 1994) but still contained
an errorsE2D. The truncated form, designated as p16/∆1-8
in this report, has been shown to have the same activity as
the native p16 (Ranade et al., 1995). In other studies, both
p16 and p16/∆1-8 were expressed only as fusion proteins
with either glutathione-S-transferase or a six-histidine tag
(Serrano et al., 1993; Ranade et al., 1995), not as a free native
protein. No structural characterization of p16 or p16/∆1-8
has been reported to date.
This paper represents our first report on the structure-

function analyses of p16. We cloned, expressed, and purified
p16/∆1-8 and related systems, and characterized the mo-
lecular and structural properties of p16/∆1-8 by NMR, CD,
and other techniques. The proteins were found to have low
solubility, high aggregation tendency, and low stability.
Despite these limitations, we completed total NMR assign-
ments of p16/∆1-8 and determined the secondary structure.
The results indicate that the protein is highlyR-helical, the
global conformation is very flexible, and the important motif
of ankyrin repeats exists as helix-turn-helix structures. A
number of mutants that have been identified in tumor cells
were then constructed and characterized.

MATERIALS AND METHODS

Cloning of p16 and p16/∆1-8. p16/∆1-8 was cloned
by RT-PCR from total RNA from HeLa cells with primers:

GAA CTG CAG CAT ATG GAG CCT TCG GCT GAC
and GAC GGA TCC TCA ATC GGG GAT GTC TGA GG
using GeneAmp RT-PCR kit (Perkin Elmer) intoNdeI and
BamHI sites of pET-21b phagemid (Novagen). At position
104 in the nucleotide sequence, we had a substitution of G
versus T in the sequence, originally published by David
Beach and co-workers (Serrano et al., 1993), resulting in a
V35G mutation. However, correctness of our sequence was
confirmed later by Scott Kern et al. and by Curtis Harris et
al. (Caldas et al., 1994; Okamoto et al., 1994). The construct
expressed p16/∆1-8 and was called pET-MTS1/∆1-8.
Consequently, it was found that the originally published

sequence was N-terminally truncated, with the first eight
amino acids missing. We constructed the full-length cDNA
according to the revised sequence after multiple errors in
the originally published sequence were descried (Okamoto
et al., 1994; Hannon & Beach, 1994). In order to do that,
we amplified truncated cDNA of p16 by PCR from pET-
MTS1/∆1-8 using CGG AAT TCA CCA TGG AGC CCC
CGG CGG GGA GCA GCA TGG AGC CTT CGG CTG
and the same downstream primer as above and subcloned
the product intoNcoI andBamHI sites of pET-21d (Novagen),
resulting in pET-MTS1, a construct expressing full-length
p16.
Expression and Purification of p16 and p16/∆ 1-8.

Escherichia coliB834(DE3) (Doherty et al., 1995) or BL21-
(DE3) carrying pET-MTS1/∆1-8 phagemid were grown in
rich medium (19 g/L tryptone, 12 g/L yeast extract and 10
mM MgCl2) with 120µg/mL ampicillin until OD600) 0.5-
0.6 and induced with 1 mM IPTG for 6 h at 37°C.
After cells were harvested, they were broken by sonication

in lysis buffer [100 mM Tris-HCl, 10 mM EDTA, 100 mM
NaCl, 5 mM â-mercaptoethanol, and 0.5 mM PMSF, pH
7.5 (rt)], at 2 mL/g of cell paste. The lysate was centrifuged
for 20 min at 22 000 rpm at 4°C, and the pellet containing
inclusion bodies of the recombinant protein was washed
twice with lysis buffer as above (9 mL of lysis buffer per 1
g of original cell paste). The washed inclusion bodies were
stirred in solubilization buffer (26.6 mM MES, 1.33 mM
EDTA, 8 M urea, and 10 mM DTT, pH did not need
adjustment at that point), 9 mL/g of original cell paste, for
1-2 h at room temperature. Suspension was diluted with
one-third volume of water and centrifuged for 40 min at
22 000 rpm at 4°C after pH had been adjusted to 5.68 at
room temperature. The supernatant was loaded on a column
of SP Sepharose (Pharmacia Biotech) preequilibrated in SPU
buffer [20 mM MES, 1 mM EDTA, 6 M urea, and 5 mM
â-mercaptoethanol, pH 5.68 (rt)]. The column was washed
briefly with the same buffer (at 4°C) and then excessively
washed with SPU buffer containing 20 mM NaCl. p16/
∆1-8 was eluted with 50 mM NaCl in SPU buffer.
Fractions containing p16/∆1-8 were pooled, Tris-HCl was

added to 10 mM, NaCl was added to 140 mM, and urea
was added to 8 M final concentrations. pH was adjusted at
room temperature to 8.5. This solution was dialyzed against
two changes of dialysis buffer [10 mM Tris-HCl, 140 mM
NaCl, and 5 mMâ-mercaptoethanol, pH 8.0 (rt)]. The
dialysis bag was placed in the first buffer change equilibrated
to room temperature; then the buffer with the bag was
immediately transferred to 4°C; all subsequent dialysis took
place at 4°C. The solution was further dialyzed against
two changes of Q buffer [10 mM Tris-HCl, 5 mM NaCl-,
and 5 mMâ-mercaptoethanol, pH 8.0 (rt)] at 4°C. Protein
was concentrated on a small (1-2 mL) column of Q

9476 Biochemistry, Vol. 35, No. 29, 1996 Tevelev et al.

+ +

+ +



Sepharose (Pharmacia Biotech), preequilibrated in Q buffer,
and eluted with a small volume of Q concentration buffer
[10 mM Tris-HCl, 1 M NaCl, 1 mM DTT, 5µM EDTA,
pH 8.0 (rt)].
The sample was loaded on Sephadex G-75 or Sephacryl

S-100 column (Pharmacia Biotech) preequilibrated with G
buffer [4 mM HEPES, 1 mM DTT, 5µM EDTA, pH 7.0
(rt)]. Fractions containing p16/∆1-8 were pooled and
concentrated in an Amicon stirring cell concentrator using
YM-10 membrane and then in a Centriprep-10 (Amicon).
The final sample was lyophilized and could be stored at-20
°C for more than a year.
The identity of p16 and p16/∆1-8 was confirmed by

Western blotting using anti-p16 antibodies (Pharmingen). The
identity and purity of p16/∆1-8 were also determined by
N-terminal amino acid sequencing (which gave MEPSAD-
WLATA for the first 11 amino acids) and by total amino
acid analysis which agreed well with calculated amino acid
composition (both were performed at W. M. Keck Founda-
tion Biotechnology Resource Laboratory at Yale University).
The integrity of the sample was confirmed by MALDI-TOF
MS.
Total amino acid analysis was used also to determine the

exact concentration of p16/∆1-8, and consequently, its
extinction coefficients:ε220 ) 53( 2 mM-1 cm-1 andε280
) 15.5( 0.6 mM-1 cm-1 in 4 mM HEPES, 1 mM DTT,
and 5µM EDTA, pH 7.0.
Expression and purification of p16 was performed es-

sentially as described, except that pET-MTS1 phagemid was
used and the pH of SPU buffer was 5.5 (rt).
Expression and Purification of Isotope-Labeled p16/∆1-

8. BL21(DE3) cells carrying pET-MTS1/∆1-8 phagemid
were grown in M9 minimal medium with NH4Cl substituted
with 15NH4Cl or with NH4Cl substituted with15NH4Cl and
glucose substituted withD-glucose-13C6, and containing 120
µg/mL ampicillin, until OD600 ) 0.5-0.6, when they were
induced with 1 mM IPTG at 37°C. After 2 h, rifampicin
was added to 50µg/mL, and cells were grown for another 3
h, as described by James Baleja et al. (Lee et al., 1995).
Purification was as described above.
Expression and purification of [15N]Leu/[13C′]Val-labeled

and [15N]Gly/[ 13C′]Leu-labeled p16/∆1-8 was performed as
described for uniform labeling, except that synthetic rich
medium with isotopically enriched amino acids ([15N]Leu
and [13C′]Val, or [15N]Gly and [13C′]Leu) was used (Much-
more et al., 1989). Purification was as described above.
Cloning, Expression, and Purification of p15INK4B. Since

the 3′-terminal portion of p15INK4B coding sequence (codons
52-137) shares 97% homology to the corresponding region
of p16, it was possible to synthesize p15INK4B cDNA by PCR
using a variation of “megaprimer” technique and p16 cDNA
in pET-MTS1 phagemid as a template as follows.
The 5′-terminus of p15INK4B cDNA (codons 1-51) bearing

little homology to p16 was synthesized by PCR amplification
of the annealing product of two primers: CGA TCG TTC
GAC ATG CGT GAA GAA AAC AAA GGC ATG CCG
TCC GGT GGC GGC AGC GAC GAA GGT CTG GCC
ACC CCG GCG CGT GGT CTG GTT GAA and CAT CAT
GAC CTG GAT CGC GCG ACG ACC GAA CG GTT
AAC ACC GTT CGG GTC CGC GCC AGC TTC CCA
GGA GTG ACG AAC TTT TTC AAC CAG ACC ACG.
While preserving the native amino acid sequence, the
amplified p15INK4B cDNA sequence was altered to ensure
optimal conditions for bacterial expression of the protein.

This was achieved by substituting poorly translated codons
in the sequence with codons translated with high efficiency
in E. coli (Shpaer, 1986) in the design of the primers. The
resultant “megaprimer” had its 3′-end complimentary to
codons 49-53 in p16 cDNA. Truncated p15INK4B gene (p15/
∆130-137) was then amplified using the “megaprimer”, 3′-
end primer 1 (GAC TGA ATT CCC CTG CGA CAT CGC
GAT GGC CCC GCT CCT C), annealing to codons 119-
127 in p16 cDNA with a single mismatch, and pET-MTS1
phagemid as a template. The final round of PCR included
amplification of the full length p15INK4B cDNA using 5′-end
primer (CAG TCG TTC CAT ATG CGT GAA GAA AAC),
p15/∆130-137, and 3′-end primer 2 (GAC TGA ATT CAG
TCC CCC GTG GCT GTG CGC AGG TAC CCT GCG
ACA TCG CG) to account for residual discrepancies between
p15INK4B and p16 coding sequences at the 3′-end and to
introduceNdeI and EcoRI restriction sites for subcloning
into the expression vector. Amplified full-length p15INK4B

cDNA was subcloned intoNdeI andEcoRI sites of pET17b
plasmid (Novagen). The resultant pET-MTS2 was used to
transform expression host cells BL21 (DE3) pLysS (Novagen).
Expression and purification of p15INK4B was performed using
methods identical to those described for p16.
Mutant Construction, Expression, and Purification.Mu-

tants were constructed by Kunkel method (Kunkel, 1985)
using RZ-1032E. coli (ATCC) and R408 M13 helper phage
(Promega) for production of single-stranded uracil-containing
DNA. The following primers were used to create muta-
tions: G35V, GGG CAG CGC CAC CGC CTC CAG;
D84N, D84H, and D84Y, GGC AGC GTD GTG CAC GGG
TCG; G101W, CCA GCC GCG CCC AGG CCC GGT GCA
G; P114L, CAG GTC CAC GAG CAG ACG GCC; C72A,
GGC GGG GTC GGC GGC ATT CGG CTC CGC GCC
G; A127G and A127S, GCG CAG GTA CCG GCY GAC
ATC GCG ATG G. Expression and purification of the
mutants were as described above, except that SP Sepharose
column was developed by a linear 0-100 mM NaCl gradient
rather than by the step gradient.
Yeast Two-Hybrid System.pGA-MTS1 was constructed

by subcloning a product of PCR amplification of pET-MTS1
with the same primers as for construction of pET-MTS1 into
EcoRI andBamHI sites of pGAD424 (Clontech).
An amber mutation was introduced at codon 145 in p16

cDNA in pET-MTS1/∆1-8 by Kunkel mutagenesis, result-
ing in pET-MTS1/∆∆9-1441 (primer CTT CCG CGG CAT
GCT AGC GGG CAT GGT T). Mutated cDNA was
subsequently amplified by PCR, using the same amplification
primers as above, and subcloned intoEcoRI andBamHI sites
of pGAD424 resulting in pGA-MTS1/∆145-156.
To construct pGA-MTS1/∆1-51 and pGA-MTS1/∆∆52-

144,1 a fragment containing p16 cDNA, obtained by restric-
tion digestion byBspHI and BamHI of pET-MTS1/∆1-8
or of pET-MTS1/∆∆9-144, correspondingly, was subcloned
into NcoI and BamHI sites of pGA-MTS1, replacing the
original p16 cDNA in that vector.
To create pAS-MTS1/∆1-8, a restriction fragment from

pET-MTS1/∆1-8 digest byNdeI andBamHI was subcloned
into NdeI andBamHI sites of pAS-2 (Clontech).
Human cdk4 cDNA was amplified by PCR from pET-

cdk4 (will be described elsewhere) with CTG CCA TGG
CTA CCT CTC GAT ATG A and CCT GGA TCC TAC
TCC GGA TTA CCT TCA TC primers, and subcloned into
NcoI and BamHI sites of pAS-2. pLAM5′, a plasmid
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expressing N-terminal part of lamine C66-230 fused to GAL4
DNA binding domain, was from Clontech.
CG1945 strain ofSaccharomyces cereVisiae (Clontech)

was transfected with pAS-2 derivatives, and Y187 (Clontech)
S. cereVisiaestrain was transfected with pGAD424 deriva-
tives. Corresponding transformants were mated with each
other; diploids were used for a liquidâ-galactosidase assay
with ONPG, as described (Clontech).
All DNA manipulation techniques were carried out es-

sentially as described (Sambrook et al., 1989). XL-1 Blue
MRF′ E. coli (Stratagene) was used as a general host. All
DNA constructs were sequenced to check for the absence
of errors. Concentrations of p16/∆1-8 were measured using
the extinction coefficientε280) 15.5 mM-1 cm-1 determined
in the work. Isoelectric points of proteins were determined
by isoelectric focusing on a PhastSystem (Pharmacia).
Mass spectrometrywas performed at the Campus Chemi-

cal Instrumentation Center (The Ohio State University) on
Kratos Kompac MALDI3 Reflecting Time-of-Flight Mass
Spectrometer. Samples were prepared in 4 mM HEPES, 1
mM DTT, and 5µM EDTA, pH 7.0, at various protein
concentrations.
CD spectrawere recorded in 20 mM sodium borate and

40 µM DTT, pH 7.5, on a JASCO J-500C spectrometer.
NMR Sample Preparation. Samples for NMR typically

contained 0.2 mM protein, 4 mM HEPES, 1 mM DTT, and
5 µM EDTA in 90% H2O/10% D2O or in 100% D2O at pH
7.0, unless otherwise specified.
NMR Spectroscopy. All NMR experiments were recorded

at 27°C. All NMR experiments, except 4D13C/13C-edited
NOESY [on a Bruker DMX-750 at the National Magnetic
Resonance (Madison, WI)], were conducted on a Bruker
DMX-600 at The Ohio State University. Two sets of 3D
HNCACB, CBCA(CO)NH spectra were recorded: one on
the DMX-600 and the other one on the DMX-750 spectrom-
eter. Both spectrometers were equipped with a 5 mm triple-
resonance probe with three-axes gradients. Pulse field
gradients were employed to most of the experiments to
eliminate artifacts and to suppress the intense water signal
(Bax & Pochapsky, 1992) as well as to select for the
coherence-transfer pathway (Kay et al., 1992).
COSY, NOESY (tmix ) 0.1 and 0.2 s), and TOCSY (tmix

) 30.3 and 40.0 ms) experiments were obtained with
unlabeled p16/∆1-8 samples. The water signal was sup-
pressed by presaturation during relaxation delay for samples
in D2O and by 3-9-19 pulse sequence with gradients (Piotto
et al., 1992; Sklenar et al., 1993) for samples in H2O.
2D 15N-1H HSQC (Bodenhausen & Ruben, 1980; Bax

et al., 1990a) experiments were conducted using the sensitiv-
ity enhanced method (Kay et al., 1992) on uniformly as well
as specifically ([15N]Leu/[13C′]Val and [15N]Gly/[ 13C′]Leu)
labeled samples in H2O.
The 3D 15N-edited TOCSY-HSQC and NOESY-HSQC

experiments were recorded on uniformly15N-labeled samples
in H2O. The 3D TOCSY-HSQC was recorded with 25.3-
ms mixing period using the MLEV17 mixing sequence (Bax
& Davis, 1985) and the sensitivity enhanced method (Kay
et al., 1992). The 3D NOESY-HSQC (Sklenar et al., 1993)
was recorded with 100-ms mixing period.
The following triple-resonance experiments were recorded

on a uniformly 13C/15N-labeled sample in H2O: HNCA
(Grzesiek & Bax, 1992a), HNCACB (Wittekind & Mueller,
1993; Muhandiran & Kay, 1994), HN(CO)CA (Bax & Ikura,
1991), and CBCA(CO)NH (Grzesiek & Bax, 1992b).

Sensitivity enhanced HCCH-TOCSY (Bax et al., 1990b;
Kay et al., 1993) spectra were recorded on a uniformly13C/
15N-labeled sample in H2O with 18.7-ms mixing period using
the DIPSI-3 mixing sequence (Shaka et al., 1988).
4D 13C/15N (Muhandiram et al., 1993) and13C/13C (Vuister

et al., 1993) edited NOESY spectra were also recorded on a
uniformly 13C/15N-labeled sample in H2O with 150-ms
mixing period.
Proton and13C chemical shifts were referenced to internal

or external DSS standard at 0.0 ppm since it had been shown
to be a better reference for the both nuclei than other possible
standards (Wishart et al., 1995). Nitrogen (15N) chemical
shifts were referenced to external 1.5 M (15NH4)NO3 in 1 M
HNO3 at 21.6 ppm (Srinvasan & Lichter, 1977). The
acquisition parameters for the NMR experiments are sum-
marized in Table 1 in Supporting Information.
The NMR data were processed on Silicon Graphics Indy

and Indigo 2 workstations using XWIN-NMR (ver. 1.1,
Bruker) and Felix (ver. 950, Biosym) softwares.

RESULTS

Expression and Purification of p16/∆1-8. Although p16
and p16/∆1-8 have been expressed previously inE. coli as
a glutathione-S-transferase or a six-histidine tag-fusion
protein (Serrano et al., 1993; Ranade et al., 1995), we decided
to express them in their authentic form without any extrane-
ous fusion parts or “tags” to avoid unnecessary complications
and distortions in structural analysis. Both the native p16
and the truncated form p16/∆1-8 were expressed inE. coli
as described in Materials and Methods. The proteins were
expressed in inclusion bodies and were renatured and
purified. The identity of both forms was confirmed by
Western blotting using anti-p16 antibodies (data not shown).
Isoelectric points were determined for the proteins by
isoelectric focusing: pI) 5.3 for p16 and 5.5 for p16/∆1-
8.
Since the level of expression of p16 was significantly

lower than that of p16/∆1-8 and since it was reported that
the truncated version is as active as the full-length protein
(Ranade et al., 1995), we decided to concentrate our work
on p16/∆1-8. The integrity of p16/∆1-8 was further
established by MALDI-TOF MS (Figure 1), which showed
a molecular peak of 15.8 kDa, in agreement with the
calculated molecular mass of 15.7 kDa within experimental
errors. The activity of p16/∆1-8 was demonstrated byin
Vitro cdk4 inhibition assay, according to the procedure of
Hannon and Beach (1994); details will be described else-
where.

FIGURE1: MALDI-TOF mass spectrum of p16/∆1-8. The sample
contained 10µM p16/∆1-8 in 0.2 mM HEPES (pH 7.0) and 50
µM DTT.
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Molecular Properties of p16/∆1-8. For the purpose of
structural and functional studies, it is important to establish
whether the protein exists as monomers or oligomers. As
shown in Figure 1, the mass spectrum clearly indicates the
existence of a dimer with a size of 31.8 kDa, a trimer of
47.7 kDa, and a tetramer of 67.0 kDa. The existence of
dimer, trimer, and tetramer was also verified by nondena-
turing SDS-PAGE, as shown in Figure 2A, lane 2. Even
boiling in the presence of 100 mM DTT did not completely
remove oligomerization (lane 3). Neither MALDI-TOF mass
spectrum nor SDS-PAGE is a good method for quantitative
evaluation of the oligomerization. However, the results taken
together suggest that the oligomerization of p16/∆1-8 is
caused either by covalent bonding or by very tight nonco-
valent interactions.

The tendency of the protein to aggregate was also
supported by NMR. Although high resolution 1D NMR
spectra of p16/∆1-8 could be obtained, the sample ag-
gregated with time to give broad resonances. The protein
is soluble up to 2 mM, a reasonable concentration for protein
NMR; however, at this concentration it aggregates exten-
sively. The maximal concentration at which the protein can
give well resolved spectra for 1-2 weeks is 0.2 mM, 10
times lower than the normal concentration for protein NMR.
In a separate experiment, the full-length p16 was also shown
to aggregate to a similar extent to p16/∆1-8.
Approaches To Reduce Aggregation by Changing Condi-

tions and SolVents. The protein was always kept in the
presence of a reducing agent, DTT (1 mM) orâ-mercapto-
ethanol (5 mM); there was no difference whether DTT was
at 1 mM or at a higher concentration. Changing pH or
addition of NaCl did not reduce the aggregation. Additions
of different organic solvents and detergentssmethanol,
ethanol, acetonitrile, acetone, DMF, dioxane, DMSO, glyc-
erol, Triton X-100, and octylglucosideswere also tried. None
of these reagents was able to prevent aggregation of p16/
∆1-8, as indicated by the line widths of their NMR spectra
(not shown).
In ViVo Oligomerization of p16.To verify that aggregation

is an inherent property of p16, we measured its oligomer-
ization in ViVo using the yeast two-hybrid system (Bartel et
al., 1993). A copy of p16 fused to the GAL4 DNA binding
domain and another copy of p16 fused to the GAL4
activation domain were coexpressed inS. cereVisiae. The
affinity of one p16 molecule to the other was measured by
activation ofâ-galactosidase reporter gene. The affinity of
two p16 molecules was compared with the p16-cdk4 affinity
by replacing p16 cDNA in the first construct with cDNA of
cdk4. The data shown in Table 1 indicate that there is a
high affinity between p16 molecules, sufficient to produce
50% ofâ-galactosidase activity relative to p16-cdk4 binding.
The yeast two-hybrid system sometimes cannot be used with
certain systems due to the nature of the particular proteins.
However, its applicability to p16 and cdk4 has been
previously demonstrated (Serrano et al., 1993). Nevertheless,
we used multiple controls to ensure that the observed
phenomenon is not an artifact: theâ-galactosidase activities
in the cells carrying cdk4 alone (pAS-cdk4), p16 alone (pGA-
MTS1), p16/∆1-8 and the N-terminal part of lamine (pAS-
MTS1/∆1-8 and pLAM5′), and p16/∆∆52-144 and cdk4

FIGURE2: Aggregation of p16/∆1-8 as determined by PAGE. (A)
Lane 1, freshly prepared sample of p16/∆1-8 loaded on the gel
without boiling; lane 2, p16/∆1-8, stored for 5 months in solution
at 4°C, loaded on the gel without boiling; lane 3, the same as lane
2 but boiled in the presence of 100 mM DTT prior to loading on
the gel. (B) Lane 1, D84H mutant, stored for 1 day in solution at
4 °C, loaded on the gel without boiling; lane 2, the same as lane 1
but boiled in the presence of 10 mM DTT prior to loading on the
gel.

Table 1: In ViVo Oligomerization of p16a

a â-Galactosidase activities were measured in CG-1945:Y187 dip-
loids of S. cereVisiae using ONPG as a substrate.b Specified DNA
constructs were used together with pAS-MTS1/∆1-8, except that, for
cdk4, pAS-cdk4 was used with pGA-MTS1.c Backgroundâ-galac-
tosidase activity measured with pAS-MTS1/∆1-8 and pLAM5′ was
subtracted from presented values.
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(pGA-MTS1/∆∆52-144 and pAS-cdk4) were all at the
background level (1 unit/mL). All experiments were re-
peated at least in triplicate.
To further identify domains responsible for aggregation,

we constructed a series of deletion mutants and measured
their affinity to full-length p16. As shown in Table 1,
deletion of one-third of the entire sequence of p16 (p16/
∆1-51 and p16/∆∆52-144 mutants) reduced its self-affinity
only to 80%, implying that the main oligomerization site
could be located between amino acids 52 and 144.
NMR Analysis of the Stability of p16/∆1-8. p16/∆1-8

can be reversibly denatured by addition of urea, as shown
on Figure 3. The protein exhibits unchanged NMR spectra
up to 1.7 M urea concentration (Figure 3A,B). It changes
completely to a random-coil structure at 2.9 M urea
concentration (Figure 3C). The result suggests that p16/
∆1-8 is unstable. The growing signal at 5.77 ppm in B
and C comes from residual NH protons of urea. Denatured
p16/∆1-8 can be refolded back to the native form by dialysis
(Figure 3D).
The reversible denaturation/renaturation provided a way

for disaggregation of p16/∆1-8. Denaturation of an ag-
gregated protein sample by 4 M urea in the presence of 6
mM DTT followed with refolding by dialysis against a buffer
containing 4 mM HEPES (pH 7.0), 1 mM DTT, and 5µM
EDTA produced disaggregated p16/∆1-8, as judged by the
1H NMR spectrum (not shown).
CD Analysis of the Stability and Secondary Structure of

p16/∆1-8. CD was used to quantitatively determine the
conformational stability of p16/∆1-8 by monitoring the
denaturation induced by guanidinium chloride. Figure 4A
shows the CD spectrum and Figure 4B the denaturation curve
of p16/∆1-8. On the basis of two-state approximation

(Pace, 1986), the denaturation curve gives the concentration
of guanidinium chloride at half-denaturationD1/2 ) 0.70 M
and the free energy of denaturation in water∆GD

H2O ) 1.9
kcal/mol (Table 2). TheD1/2 value agrees with the NMR
result (Figure 3) sinceD1/2 for guanidinium chloride is 1.5-
2.5 fold lower than the one for urea (Pace, 1986). The value
for the majority of proteins falls within 5-15 kcal/mol; thus
the result again suggests that p16/∆1-8 is a relatively
unstable protein.
We also undertook CD analysis of the secondary structure

of p16/∆1-8. The CD spectrum in Figure 4A strongly
resembles a theoretical curve for anR-helix (Cantor &
Schimmel, 1980), which suggests that p16/∆1-8 has a
highly R-helical structure.
General NMR Properties of p16/∆1-8. The 1D spectrum

of p16/∆1-8 (Figure 3A) shows reasonably narrow1H lines
under the experimental conditions (0.2 mM, pH 7.0). A few
1HR resonances were observed at a field lower than the water
signal, indicating that p16/∆1-8 may contain someâ-strand
structures (Wishart et al., 1991). However, the chemical shift
dispersion is relatively narrow (0.2-7.8 ppm for a sample
in D2O) and only a few1HN protons were subject to slow
hydrogen exchange. The15N-1H HSQC spectrum (Figure

FIGURE 3: 1D 1H NMR spectral titration of p16/∆1-8 with urea
at 600 MHz. (A) Freshly prepared p16/∆1-8 (0.2 mM) in D2O
without urea. p16/∆1-8 was titrated with urea: urea concentrations
are 1.7 M (B) and 2.9 M (C). Sample C was further titrated with
urea (to 3.7 M) and then extensively dialyzed against buffer
containing 4 mM HEPES (pH 7.0), 1 mM DTT, and 5µM EDTA.
The dialysate was concentrated to 0.5 mL and lyophilized. The
lyophilized protein was dissolved in D2O and1H NMR spectrum
(D) was recorded. An increased vertical scale (10-12 times) was
used for the spectra of the aromatic region (left) compared to those
of the aliphatic region (right). The sharp resonance at 0.64 ppm in
A-C is arising from an impurity in DSS.

FIGURE 4: (A) CD spectrum of p16/∆1-8. The sample contained
1.5 µM p16/∆1-8 in 20 mM sodium borate buffer (pH 7.5) and
40 µM DTT. (B) Denaturation curve of p16/∆1-8, induced by
guanidinium chloride.

Table 2: Conformational Stability of p16/∆1-8 and Its Mutantsa

mutant D1/2 (M) ∆GD
H2O (kcal mol-1)b m (kcal mol-1 M-1)b

WT 0.7 1.9 2.9
D84N 0.7 1.9 2.6
D84H 0.7 1.6 3.1
P114L 1.3 2.2 1.8
G101W 1.5 2.3 1.8
aSamples, containing 7.5µM protein in 20 mM sodium borate buffer

(pH 7.5) and 40µM DTT, were equilibrated with guanidinium chloride
on ice overnight and then shortly equilibrated at 18°C just prior to
CD measurements. Exact guanidinium chloride concentrations were
calculated using its refraction index.b ∆GD

H2O and m values were
calculated as described (Pace, 1986).
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5) also exhibits a relatively narrow dispersion of1HN proton
resonance shifts, suggesting that p16/∆1-8 mainly consists
of helical structures. A number of aromatic-aliphatic proton
NOE interactions are observed, which contrasts with a low
number of detectable aromatic-aromatic interactions (Figure
8A). The only aromatic-aromatic interactions observed in
p16/∆1-8 are between His98 Hε and Tyr129 Hδ,ε protons.
Interestingly, the indole ring protons of both tryptophan
residues (W15 and W110) of p16/∆1-8 have chemical shifts
close to those in a random coiled conformation. No NOEs
are observed for the tryptophan residues, which suggests that
these residues are likely to be located on the surface of the
protein.
Total NMR Assignments of p16/∆1-8. The spin system

identifications of p16/∆1-8 were obtained as follows: (i)
all 17 leucines and 13 glycines were identified from the15N-
1H HSQC spectra recorded on selectively [15N]Leu/[13C′]-
Val-labeled and [15N]Gly/[13C′]Leu-labeled p16/∆1-8 samples.
(ii) The HNCACB, HNCA, CBCA(CO)NH, and HN(CO)-
CA experiments were very informative for identification of
spin systems based on their13CR/13Câ chemical shifts
(Grzesiek & Bax, 1992b; Wittekind & Mueller, 1993). (iii)
3D HCCH-TOCSY, as well as homonuclear COSY and
TOCSY experiments, were used to identify more spin
systems. The 3D15N-edited TOCSY spectra did not show
many long-range correlations, possibly due to large line
widths, but showed the15NH-HR correlations for 40% of
the protein sequence. Side chain resonances, identified from
HCCH-TOCSY, were correlated to the corresponding main

chain resonances (15N, 1HN, 13CR, 1HR, 13Câ), which had been
identified in steps (i) and (ii).
We then proceeded with sequence-specific assignments

by identifying sequentialdNN(i,i+1) anddRN(i,i+1) NOEs
from 3D15N-edited NOESY-HSQC spectra: 65% of the p16/
∆1-8 residues exhibited sequentialdNN(i,i+1) NOEs while
only 23% of the protein showed unambiguously recognizable
dRN(i,i+1) NOEs. These sequential assignments by NOEs
were verified by connecting sequential13CR/13Câ chemical
shifts from the HNCACB, HNCA, CBCA(CO)NH, and HN-
(CO)CA experiments. Assignments for the remaining resi-
dues were easily obtained solely by the latter experiments
based on13CR/13Câ chemical shifts.
The assigned1H, 13C, and15N chemical shifts are listed

in Table 2 in the Supporting Information. Approximately
90% of backbone resonances and 70% of side chain
resonances have been assigned. Figure 6 summarizes the
dNN(i,i+1) connectivities anddRN(i,i+1) connectivities as well
as ∆13CR and ∆13Câ which indicate deviations from the
random coiled values (Wishart et al., 1995) of the13CR and
13Câ chemical shifts. The information shown in Figure 6 is
useful for the determination of the secondary structure as
described in the next section.
It is important to note that the primary sequence of p16

consists mainly of four ankyrin repeat units. The importance
of this structural motif is addressed in the Discussion. In
Figure 6, the amino acid sequences of the ankyrin repeats
are represented by regular capital letters, and those outside
of the ankyrin repeats are represented by outlined capital

FIGURE5: 15N-1H HSQC spectrum of p16/∆1-8 at 600 MHz. The assignments are labeled by the one-letter code of amino acids accompanied
by a sequence number.
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letters. The entire sequence is arranged in a way to allow
the four ankyrin repeats to align in parallel.
Secondary Structure Determination of p16/∆1-8. The

NMR assignments allowed determination of the secondary
structure of p16/∆1-8, which is shown in Figure 6 along
with the assignment information. The details are explained
as follows:
(a) R-Helices. Helical structures are characterized by

strong consecutivedNN(i,i+1) NOEs and weakdNN(i,i+2),
dRN(i,i+2), dRN(i,i+3), dRâ(i,i+3), and dRN(i,i+4) NOEs
(Wüthrich, 1986). In addition, correlation of13CR/13Câ

chemical shifts to secondary structures has been shown
recently: residues which are in a helical structure exhibit
downfield-shifted (by 3-4 ppm) 13CR signals and upfield-
shifted (by 0-1 ppm) 13Câ signals, compared to random-
coiled residues (Spera & Bax, 1991). On the contrary,
â-strand structures are characterized by strong consecutive
dRN(i,i+1) and long-range NOEs, as well as upfield-shifted
(by 1-2 ppm)13CR signals and downfield-shifted (by 2-4
ppm) 13Câ signals (Spera & Bax, 1991).
As shown in Figure 6, the following peptide sequences in

p16/∆1-8 are tentatively assigned to have helical structures

FIGURE 6: Summary of sequentialdNN(i,i+1) anddRN(i,i+1) NOEs and∆13CR and∆13Câ values of p16/∆1-8. Also shown are the possible
secondary structures derived from these data (see the text). Medium-range NOEs (i to i+2, i+3, or i+4) are not shown here due to the
limited number, but they have been described in the text. NOE connectivities that could not be established unambiguously due to spectral
overlap are marked by open boxes. The residues of ankyrin repeats are represented in normal letters whereas those outside ankyrin repeats
are outlined.
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due to strong consecutivedNN(i,i+1) NOEs: Thr18-Arg24,
Glu27-Ala36, Arg58-Ala68, Val82-Phe90, Asp92-
Ala102, Asp116-His123, and Val126-Ala133, all of which
are in the middle of the ankyrin repeat units. The majority
of these residues indeed exhibit significantly downfield-
shifted13CR and slightly upfield-shifted13Câ signals (Figure
6). However, only a limited though meaningful number of
medium-range (i to i+2, i+3, or i+4) NOEs were observed
for the helices: (i)dNN(i,i+2) NOEs for Leu32-Ala34,
Ala34-Ala36, Ala100-Ala102, and Ala118-Glu120; (ii)
dRN(i,i+3) NOEs for Leu32-Glu35, Leu64-Gly67, Asp84-
Arg87, Ala86-Gly89, and Val115-Ala118.
(b) Other Secondary Structures. No â-strand structures

can be identified for p16/∆1-8. Cys72-Asp74 and Arg103-
Asp108 are the only sequences in p16 which show charac-
teristic NMR properties forâ-strand structures: consecutive
strong dRN(i,i+1) NOEs, downfield-shifted1HR signals,
upfield-shifted 13CR signals, and downfield-shifted13Câ

signals. However, no interstrand NOEs can be observed.
The Gly89-Asp92 sequence which is located between

helices D and E (Figure 6) can be identified to form aâ-turn
because of an observabledRN(i,i+2) NOE for Phe90-Asp92.
The peptide sequences Arg24-Glu27 and His123-Val126
should also form a turn structure because they are the short
linkers for helices A and B and helices F and G, respectively.
However, no unambiguousdRN(i,i+2) NOEs can be identified
from the sequences.
It is interesting to note that most of the residues at the

boundary of the ankyrin repeat units show lack of consecutive
dRN(i,i+1) ordNN(i,i+1) NOEs, which suggests that they are
in turns or loops. This agrees with the fact that all the
prolines in p16 locate at the boundary of the ankyrin repeat
units.
(c) C-Terminus. As shown in Figure 6, the C-terminal

segment shows littledRN(i,i+1) ordNN(i,i+1) connectivities,
and the13CR and13Câ chemical shifts are little different from
the random coil values. The 12 C-terminal residues (Ile145-
Asp156) also exhibit intense NH signals in the15N-1H
HSQC spectrum shown in Figure 5. These results taken
together suggest that the C-terminal residues are likely to
exist in a random coil conformation.
Construction of p16/∆1-8 Mutants.Having characterized

the molecular properties and secondary structures of p16/
∆1-8, we proceeded to examine the molecular and structural
properties of naturally occurring mutants, aiming at under-
standing the structural basis of the perturbed functions in
these mutants. The following mutants of p16/∆1-8 were
constructed: G35V, D84H, D84N, D84Y, G101W, P114L,
A127G, and A127S. All of these mutants have been
identified in tumor cells and have been shown to lose some
activity on the basis ofin ViVo or in Vitro assays (see
Discussion). Only D84H, D84N, G101W, and P114L were
expressed at a level high enough for production of quantities
sufficient for structural characterization.
Structural Comparison between WT and Mutants.The

four mutants D84N, D84H, P114L, and G101W were first
characterized by 1D NMR. As shown in Figure 7, the
spectra of D84N (B) and D84H (C) are almost identical to
that of WT (A), suggesting a lack of structural perturbation
in these two mutants. On the other hand, the spectra of
P114L (D) and G101W (E) show severe line broadening and
loss of spectral dispersion when compared to that of WT
(A). The result of 1D NMR was further confirmed by 2D
NOESY spectra shown in Figure 8: the NOESY spectra of

D84N (B) and D84H (C) are almost superimposable to that
of WT (A) whereas that of P114L is not. The NOESY
spectrum of G101W is not obtained due to a very low
solubility. Despite the large changes in the NMR spectra,
the less sensitive CD spectra were not perturbed to a
noticeable extent in all four mutants, as shown in Figure 9A.
The results taken together suggest that the conformations of
D84N and D84H are not perturbed relative to that of WT.
The structures of P114L and G101W will be addressed in a
later section.
Conformational Stability of the Mutants. The conforma-

tional stability of the mutants were also determined by guan-
idinium chloride-induced denaturation and monitored by CD.
As shown by the data listed in Table 2, D84H and D84N
behave very similarly to WT in the values of∆GD

H2O, D1/2,
and m. These results agree with the NMR results in
suggesting that the conformations of these two mutants are
unchanged from that of WT. On the other hand, P114L and
G101W show significantly lowerm values: 1.8 versus 2.9
kcal mol-1 M-1 for the wild type. It suggests that these two
mutants could have significantly altered structures.
Molecular Properties of the Mutants.The broad NMR

resonances (even when the samples were freshly prepared)
suggest that P114L and G101W aggregate extensively.
However, since the global conformation of these two mutants
are likely to be perturbed (see Discussion), it is uncertain
whether the enhanced aggregation is the result of global
structural perturbation or is caused by the site-specific
mutation. In the rigorous sense of structure-function
analysis, as long as there is evidence of global conformational
change in the mutant one cannot directly correlate the
changes in other properties to the mutation (Tsai & Yan,
1991).
On the other hand, fresh samples of mutants D84N and

D84H display well resolved 1D NMR spectra (Figure 7B,C)

FIGURE7: Comparison of 1D1H NMR spectra between p16/∆1-8
WT and mutants, in D2O at 600 MHz: (A) WT; (B) D84N; (C)
D84H; (D) P114L; (E) G101W. Increased vertical scale (10-12
times) was used for the spectra of the aromatic region (left)
compared to those of the aliphatic region (right). The sharp
resonance at 0.64 ppm in A is arising from an impurity in the
chemical shift standard DSS. The intense lines at 0.60 and 0.72
ppm in E are originated from the excess buffers.
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nearly identical to the corresponding spectra of WT p16/
∆1-8, suggesting that the conformation of these two mutants
are unchanged from that of WT. D84N can keep the well
resolved spectral property for 1-2 weeks at a 0.2 mM protein
concentration similarly to WT. However, D84H loses the
property within a couple of hours and changes to give a
spectum with broadened lines but with unperturbed chemical
shifts (Figure 10), suggesting that D84H also shows enhanced
aggregation. Note that the NMR properties of the aggregated
D84H are basically different from those of P114L and
G101W. The SDS-PAGE results also show that D84H

(Figure 2B) aggregates more extensively than WT (Figure
2A). Since the global conformation of D84H is not
perturbed, the enhanced aggregation can be attributed to the
site-specific mutation.
Constructions of Mutants to Probe Aggregation. (a)

C-Terminus Deletion Mutant.Since the results of NMR
studies established that the C-terminus exists as a random
coil in solution, we thought that it could be involved in the
aggregation of p16/∆1-8. Therefore, we constructed a
mutant with the last 11 C-terminal amino acids of p16/∆1-8
deleted. The deletion mutant, p16/∆∆9-144, exhibited an
NMR spectrum (not shown) similar to that of the wild type
but aggregated considerably more; it precipitated extensively
at 0.1 mM.
(b) p15INK4B. We also cloned, expressed, and purified

p15INK4B, which lacks 12 C-terminal residues compared to
p16. The 1D NMR spectrum (not shown) suggests that
p15INK4B also aggregates extensively. The results in a and
b, taken together with the result of the yeast two-hybrid
system studies (Table 1), suggest that the C-terminal segment

FIGURE 8: Comparison of 2D NOESY spectra between p16/∆1-8 WT and mutants, in D2O at 600 MHz: (A) WT; (B) D84N; (C) D84H;
(D) P114L. The mixing times for the NOESY spectra are 200 ms for A and B, and 100 ms for C and D.

FIGURE 9: (A) Comparison of CD spectra between p16/∆1-8 WT
and mutants: (s) wild type; (- -), D84N; (- - s) D84H;
(s - -) P114L; (- - -) G101W. (B) Denaturation curves of
mutants: (b) wild type; (]) D84N; (O) D84H; (4) P114L; (3)
G101W.

FIGURE10: Illustration of the tendency toward aggregation of D84H
by NMR. Freshly prepared D84H sample was used for the spectrum
A; spectrum B was obtained after incubating the sample at room
temperature for 2 days.
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of p16 may not be responsible for aggregation.
(c) C72A Mutant. Although the aggregation was not

limited to dimerization, we still suspected that dimerization
caused by disulfide bond formation could lead to further
aggregation. To unequivocally test this possibility, we
changed the single cysteine residue of p16/∆1-8 to alanine.
The C72A mutant was constructed, purified, and found to
give broad NMR signals also (not shown). The results, in
conjunction with the fact that aggregation could not be
prevented by addition of DTT as described earlier, suggest
that disulfide bond formation or thiol oxidation is not the
cause of aggregation.

DISCUSSION

The results described in this paper represent the first
detailed characterization of the molecular and structural
properties of the important tumor suppressor p16. Although
most of our work was performed on the truncated form, p16/
∆1-8, due to the low expression level of the full-length
protein inE. coli, all existing evidence indicates that the
structural and functional properties learned from the truncated
form should be applicable to the full-length protein. To date,
the work from other laboratories has focused onin ViVo or
in Vitro assays and has used fusion forms of p16 (Serrano et
al., 1993; Koh et al., 1995; Yang, 1995). The significance
of our structural analyses of p16/∆1-8 and its mutants is
further elaborated in the following sections.
Possible Mechanisms of Aggregation of p16/∆1-8. Our

results indicate that p16/∆1-8 forms dimers, trimers, and
tetramers (and perhaps, undetected higher order oligomers)
as a function of time and that the mutants studied aggregate
at least as extensively as the WT p16/∆1-8. The tendency
of the full-length p16 to oligomerizein ViVo was demon-
strated using a yeast two-hybrid system. The affinity
between p16 molecules was found to be very significant in
comparison with the p16-cdk4 affinity. Most of the binding
affinity was retained in a deletion mutant consisting of
residues 52-144. This result could imply that the primary
oligomerization site is located between residues 52 and 144;
however, this is a valid interpretation only if the fragment
assumes the WT-like structure.
We have ruled out the following two possibilities as the

cause of aggregation: interaction between the floppy C-
terminal fragments and formation of a disulfide bond between
two protein molecules. In our view, there are two possible
mechanisms of aggregation: (i) hydrophobic interaction
between surface hydrophobic residues, for example, Trp15
and Trp110; and (ii) partial (or local) denaturation followed
by aggregation. Since the main function of p16 involves
protein-protein interactions (with cdk4), it may be possible
that in the absence of cdk4 the protein interacts with another
molecule to form a dimer. However, this cannot explain
the fact that the aggregation is slow and time-dependent and
that oligomers are formed in addition to dimers.
Secondary Structures of p16/∆1-8. Despite the low

stability and the high aggregation tendency of p16/∆1-8,
we have been able to accomplish the total NMR assignment
of the protein. All of the multidimensional NMR experi-
ments were performed at only 0.2 mM concentration of the
protein, and a typical 3D NMR experiment took 6-8 days.
The data are sufficient for the secondary structure determi-
nation as shown in Figure 6. However, even the 3D15N-
edited NOESY, which required an acquisition time of 7 days,

did not provide enough NOEs to calculate the tertiary
structure. The 4D15N/13C and13C/13C edited NOESY (7
days each experiment) spectra gave even fewer NOE cross-
peaks. The highlights of the structure of p16/∆1-8 (Figure
6) are described as follows. (i) The four ankyrin repeats in
p16/∆1-8 have very similar secondary structures: each
repeat consists of mainly helix-turn-helix structures. Note
that the first half of the second ankyrin unit does not show
NOE patterns characteristic for helical structures from our
current NMR data. However, considering the ankyrin repeat
homology and the unfavorable experimental condition (a very
low, 0.2 mM, protein concentration), it is possible that the
second repeat also has the same structural topology as the
others. The significance of the ankyrin repeat structure is
elaborated in the following section. (ii) The helix-turn-
helix structures are connected by long polypeptides at the
boundary of the ankyrin repeats. There is some NOE
evidence which indicates that helix B is in contact with C
whereas helix E with G. However, it would be premature
to draw any conclusion about the global fold of p16/∆1-8
at the current stage of our NMR studies. (iii) Littleâ-strand
structures are identified in p16/∆1-8. (iv) The C-terminal
residues are likely to exist in a random coil conformation.
In agreement with the NMR data, the CD spectrum of p16/
∆1-8 (Figure 4A) shows that the protein has a high content
of R-helical structures.
Ankyrin Repeat Structures. The sequence of p16 is almost

entirely composed of four ankyrin repeats. Ankyrin repeats
are short (about 33 amino acids) stretches present in a variety
of vertebrate, invertebrate, yeast, and viral proteins. Among
them are human ankyrins which are thought to participate
in interactions between cytoskeleton and integral membrane
proteins (Lux et al., 1990), bcl-3 human oncogene, p53
binding protein p53BP2 (Helps et al., 1995),Caenorhabditis
elegans lin-12 (Yochem et al., 1988) andDrosophila
melanogasterNotch genes (Matsuno et al., 1995), which are
involved in regulation of cell differentiation,Schizosaccha-
romyces pombecdc10 required for cell cycle progression
(Aves et al., 1985),S. cereVisiaeAkr1p protein which is a
part of pheromone signaling (Kao et al., 1996), vaccinia 32
kDa protein (Gillard et al., 1986), and many others.
Moreover, all proteins of the recently discovered INK4 tumor
suppressors family p15INK4B, p18INK4C, and p19INK4D consist
of ankyrin repeats. It appears that ankyrin repeats conduct
protein-protein interactions but, even until now, nothing is
known about structure of this widely represented repetitive
motif. Our finding that the core of the ankyrin repeats in
p16/∆1-8 exist in helix-turn-helix structures represents
the first structural information of this important structural
motif. It should be useful in understanding the structure-
function relationship of other proteins containing ankyrin
repeats.
Prospects for the Tertiary Structure of p16. Although the

total assignments have been nearly completed and the
secondary structure has been largely determined, there were
not enough medium- and long-range NOE cross-peaks to
allow calculation of the tertiary structure of p16/∆1-8. The
paucity of detectable NOEs could be caused by two possible
factors: the sensitivity is too low due to the very low
concentration (0.2 mM) used in NMR experiments, and/or
the protein is conformationally flexible. The low concentra-
tion will always lead to less detectable NOE cross-peaks.
However, in our view, there is also ample, though indirect,
evidence for the second factor: the overall chemical shift
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dispersion is relatively narrow, and there are few slowly
exchanging amide protons. In addition, an attempt to
crystallize the free p16 has not been successful despite an
extensive effort by our collaborator (J. Noel, personal
communication).
The results taken together suggest that there is a good

possibility that p16 is conformational flexible when existing
alone in solution. It may not attain a rigid tertiary structure
until it binds to its target, cdk4. It is also possible that a
certain percentage of dimers exist under the NMR experi-
mental conditions.
Structure-Function Relationship of Mutants. For the

mutants which have been demonstrated to have impaired
functions structural characterization can provide useful
information in three aspects: (i) If the conformation of a
mutant is significantly perturbed, structural perturbation
should be the cause of the impaired function. (ii) If the
conformation of a mutant is not perturbed, the specific
mutation should be responsible for the functional change and
the mutated residue is likely to be involved in the inhibition
of cdk4 (Tsai & Yan, 1991). (iii) Structural characterization
of a mutant can enhance understanding of other molecular
properties, such as stability and oligomerization. The
significance of the results of various mutants is elaborated
below.
(a) P114L. This mutant has been shown to be defective

in both in Vitro and in ViVo experiments (Koh et al., 1995).
The NMR spectra in Figures 7-8 suggest that its conforma-
tion is significantly perturbed and/or that the protein severely
aggregates. Although the two factors could not be dissected
quantitatively, there is other evidence that the conformation
of this mutant is significantly perturbed: (i) them value in
Table 2 is significantly lower relative to WT; (ii) comparison
between the spectrum of this mutant and that of the
aggregated sample of D84H (Figure 10B) indicates that there
are significant differences between the two spectra. Figure
10B clearly retains most of the resonances in the unaggre-
gated form (Figure 10A); on the other hand, the spectrum
of P114L (Figure 7D) does not resemble the features the
WT spectrum (Figure 7A). Thus the cause of the impaired
activity is likely to be a structural perturbation.
(b) G101W. This mutant has been characterized as having

its in Vitro inhibition of cdk4 activity and itsin ViVo binding
to cdk4 moderately impaired (Yang et al., 1995) but still
competent to arrest cells upon transfection (Koh et al., 1995).
The proton NMR spectrum in Figure 7E is the most highly
perturbed among all mutants studied. It can be caused by
structural perturbation and/or aggregation. The NMR spec-
trum is too much perturbed to be analyzed; however, the
change in them value in Table 2 suggests a possible
structural perturbation.
(c) D84N and D84H. D84N effectively inhibits cdk4/

cyclin D1 activity in Vitro but causes only partial arrest of
cells upon microinjection (Koh et al., 1995). In consistence
with this relatively minor change of activity, its conformation
and conformational stability are essentially unperturbed.
D84H also shows little perturbation in the conformation and
conformational stability. It has not been functionally
characterized.
A particularly interesting property of the D84H mutant is

that the single mutation enhances the aggregation of the
protein, as shown in Figure 10. Even though enhanced
aggregation could also occur in other mutants, such as P114L
and G101W, the latter cases were not unequivocal since the

entire NMR spectra were severely altered. The conformation
of D84H was not perturbed, and the increased aggregation
is evidently the result of the single mutation.
Conclusion. This work represents the first detailed

characterization and structural analyses of the important
tumor suppressor p16/∆1-8 and its mutants. The major
findings include the strong tendency of the protein to
aggregate, the total NMR assignments under very unfavor-
able conditions, the determination of secondary structures
including ankyrin repeat units, and the correlation between
structure and function for four mutants.
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Two tables containing the acquisition parameters for NMR
experiments (Table 1) and the1H, 13C, and15N resonance
assignments (Table 2) of p16/∆1-8 (9 pages). Ordering
information is given on any current masthead page.
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