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galactosidase activity induced by the Cdké-pié WT interaction

ol with Hs Cde2, Hs Cdk2, Hs Cdk3 or Hs Cdks
w{Hannon and Beach, 1994; Parry ef al, 1995),
~Moreover, they also show that p16 does not interact
- with the more distantly related Hs Cdk7 or Cdks from
s Drosophila and yeast (Dm Cde2, Dm Cdc2c and Se
-CDC28; Figure 1A and 1B and data not shown). As
~judged by blue color on Gal Xgal interaction plates
“(Finley and Brent, 1994), the interaction is stronger

< than the threshold for this reporter. In addition, the

o fact that it is also detected on glucose plates sugpests
=+ that the LexA fusion bait is substantially occupied even
- when the interacting protein (prey) is only expressed at
. “the basal level scen on this medium. This is consistent
- with an even tighter interaction.
. Three allelic variants of pl6, pl6-P81L, -R87P and
= V126D, showed decreased affinities for Cdk4 and
- Cdk6 (see Figure 1A and 1B). The results were similar

regardicss of whether the Cdk was the LexA fusion

bait, and pi6 the prey, or whether the orientation of
the interacting partners was reversed (Figure 1A and
IB). As judged by Western gel analysis of bait and prey
- fusions with anti-LexA and antli-hemaglutinin antibody
(Gyuris er al., 1993), all fusions were expressed to the
same level (not shown), and, as judged from repression
assays (Brent and Piashne, 1984; Golemis and Brent,
1992) all baits occupied operator to similar extents (not
shown). None of the pl6 variants showed a relaxed
© Speeificity of interactions: none interacted with Cdks
- Other than Cdk4 and Cdké.

- To better quantitate interactions
- Variants and Cdk4/Cdk6, we measured f-galactosidase
. Activity of the EGY48/RFY206 diploid yeast that
Contained appropriate bait and prey constructs. As
Judged by these experiments, the amount of LexA-

between plé
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Figore 1 pl6 melanoma-prone family mutants show decreased affinity for Cdk4 and Cdk6. (A) Interaction-mating assays belween
strains carrying Cdks (bailts) and melanoma-prone families pl6 mutants (preys). Bait strains containing plasmids that expressed
LexA fusions to Homo sapiens Cde2, Cdk3, Cdkd4, Cdk6, Cdk7 and Max and Swccharomyces cerevisiae CDC28 were mated 1o
EGY48 derivatives that contained B42 fusions to pl§ or pl6 allelic variants. Plales are -ura -his -trp X-gal and contain cither
glucose or galactosc/raflinose. (B) Interaction-mating assays between strains carrying melanoma-prone unilies pl6 mutanis (baits)
and Cdk (preys). Bait strains conlaining plasmids that expressed LexA fusions 1o p16 or p16 allelic variants were mated to EGY48
derivatives that contained B42 fusions to Home sapiens Cdc2, Cdk3, Cdkd, Cdk6, Saccharomyces cerevisiee CDC28 and Drosophila
melanogaster Cde2C. Plates are as in panel A, (C) f-galactosidase aclivity induced by interactions between Cdk4 and plé WT or
pl6 mulants. Activities are normalized to the f-galactosidase activity induced by the Cdk4-pl¢ wild type interaction. n; g
palactosidase activity induced by interactions between Cdk6 and plé WT or pl6 mutants. Activities are normajized to the f-

Cdk4 bait occupancy by the pl6-PRIL, -R&7P,
-G1OIW and -VI126D proteins was decreased 70 to
95% compared to wild type pl6 (Figure 1C).
Surprisingly, pl6-149T, previously defined as a
common polymorphism, based on its occurrence in
individuals not geneticaily related to melanoma gene
carriers, showed a similar decrease in occupancy,
showing that its affinity for Cdk4 is also impaired.
By contrast, the other allelic variant defined as a
common polymorphism, plé-Al48T, showed no
impairment in its interaction with Cdk4. One of the
germline mutations pi6-N718, retzined substantial
affinity for Cdk4 (20% decrease in Cdk4 occupancy).
Most variant proteins also showed decreased
interaction with Cdk6. For example, LexA-Cdks bait
occupancy by pl6-N71S, -PE1L, -R87P, and -V126D),
was drastically reduced compared to wild type, while
binding by the pl6-149T and -A148T polymorphisms
was almost unimpaired. However, one prolein, pl6-
GI0IW, which showed decreased interaction with
Cdk4, interacted normally with Cdké (Figure 1D).
pl6 interacts with Cdk4 in the absence of Cyclin D
(Xiong et al., 1993; Serrano ef al., 1993) and competes
with Cyclin D for binding to Cdk4 in vitro (Parry et
al,, 1995). The decreased affinity of the melanoma-
prone family pi6 allelic variants for Cdk4 suggested
that they should be impaired in their ability to compete
with cyclin D for binding to Cdk4. To test this idea, we
used an in vitro association assay. We added increasing
amounts (721 fM 1o 721 nM final concentration) of
GST-pl6 or GST-pl6 variants to mixtures of Cyclin
D1 and Cdk4 made by translation in vitro, and
quantitated the amount of Cdk4 that remained
associated with Cyclin D1. As shown in Figure 2A
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and 2B, immunoprecipitations with an anti-cyciin D1
antibody show that the level of Cyclin Di-associated
Cdk4 was decreased proportionally o the amount of
GST-pl16 or GST-pl16-A148T ‘common polymorphism’
added to the mixture. By comparison, it required 50
times as much of the pl6-N71S mutant, and > 100
times as much of the pl6-P8IL and -G101W mutants,
and of the pl6-149T common polymorphism, to
compele half-maximally for Cyclin D1. No concentra-
ion of the pl6-R87P and -V126D mutants competed
cyclin D1,
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Figure 2 pl6 melanoma-prone family mutants do not compele
with Cyclin D1 for binding 10 Cdk4 in vitre. Sequential dilutions
of bacterially expressed GST-plé WT or GST-pl6 mutants (1pg-
1 pg, corresponding Lo final concentrations of 721{M-721nM) were
added to a fixed amount of fabeled, #7 virro translated, Cyclin DI
and Cdk4. After incubatlion, the preleins were immunoprecipi-
tated using cyclin 131 antiserum. Immunoprecipitates were
separated on 12% SDS acrylamide gels and exposed 1o X-ray
film. (A) Coimmunoprecipitated Cdk4 {open circles) and Cyclin
D1 (closed circles) completed with GST-pi6-WT, -P8IL, -RE7P,
V126D, Lanes 1-7 show competition with 1pg (721fm}, 10pg
(7pm), 100pg (72pm), Ing (721 pM), 10ng (7.2om), 100ng
(72on) and 1pg (7210m) of the pl6 competitor. Figure shows
pl6 allelic variants that compete with Cyclin DI {p16-WT), that
compete only at high concentrations (p16-P81L), and that do not
compete (pl6-RE7P, PI6-VI26D). (B) Coimmunoprecipitated
Cdk4  was quantitaled by a Phospholmager (Molecular
Dynamics) and plotted against the amount of competitor prelein
added 1o the reaction

Because the interaction maling experiment
shown that pl6-G10IW was specifically impaj
interaction with Cdk4, and not with Cdko, we teste
ability to associate with Cdk6 in vitro. We g
increasing amounts of GST-plo, GST-pl6-Rg7
GST-pi6-GLlOIW to Cyclin D1 and Cdko ranslated
vitro, and quantitated the ability of the fusion pro
o block cyclin D binding as above. By contrast:
wild type GST-pl6, GST-pl6-RB7P was unab]
compete with Cyclin D1 for Cdko6 binding (Figun
and 3B). Competition was also achieved by iner
amounts of GST-pl6-G10IW, confirming that
allelic variant is not impaired in Cdk6 binding, -

Discussion

We measured binding of allelic variants of plg
Cyclin Dependent Kinases. Both interaction mafiy
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Figure 3 pl6-Gii0iW competes with Cyclin DI for binding:
Cdka i vitro. Sequential dilutions of bacteriaily expressed GS
pl6 and allelic variants -R87P and -GIOIW Iy
corresponding to 721 fM-721 nm) were added to 2 fixed amoy
of labeled, in vitro translated, Cyclin DI and Cdko. Al
incubation, the prolc'ins were immunoprecipitated using C
D1 antiserun. The immunoprecipitates were separated on a
SDS-PAGL and exposed o X-ray filn. (A) Autoradiograpl
coimmunoprecipitated Cdk6 (open square) and Cyclin D1 (cloy
circle) competed with GST-pi6-WT, -R87P or -G101W. La
1-7 correspond (o competition with 1pg (721 fm), 10pg (1
100pg (72pm), 1ng (721 pM), 10ng (7.2nm), 10008 (7Zn
1ag (7210M) of competitor protein, respectively. ® C
noprecipitated  Cdk6 was  quantitated by a Phosp]mlﬂ
{Molecular Dynamics) and plotied against the amo
competitor protein added to the reaction
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pcrimcn[s and in vitro compelition‘ c;spgrimcnis show
al affinity for Cdk4 is strongly diminished for four
Allelic variants (p]'ﬁ-?S[L, .-RS'?P, -G101W 31\1(1
V126D) found specxﬁca'lly in melanoma-prone  [a-
milies, and for onc allc!lc variant (1)16-149’1‘)_, found
in such families butl also in the con{roll p{)pulall(}l‘], and
{hought to be a common polymorphism. One of these
telic variants, pl16-GI0IW, is not diminished in its
alfinity for Cdk6. Another allelic variant, pl6-N718S,
shows only d slight decrease in its affinily for Cdk4.

S In summary, both in vitro and in vive experiments

“suggest that the melanoma-prone family pl6é mutants

are functionally defective in their ability to inhibit

d
Cdk4/Cdko kinase activity, Their impaired affinity for

¢dk4 and Cdk6 results 1n a decreased capabilily to
compete with Cyclin D for binding 1o these kinases.

These results support the notion that loss of pl6
“function may contribute to tumorigenesis and suggest
“i{hat pl6 is an excellent candidate {or the MTSI locus
2rgene product.

Our results differ in two regards from a recent study

“(Ranade et al., 1995). First, Ranade er al. deemed the

allelic variant pl6-149T a common polymorphism,
whereas we showed that it has an impaired ability to
bind Cdk4 and compete with cyclin D1. However, it is
worth noting that our interaction results (Figure 1C)
and the kinase assays of Ranade ef @/, in fact gave very
similar results: we show that pl6é-149T relains 43% of
the binding activity of pl6 (Figure 1C) while Ranade et

“oal show that pl6-I49T retains about ~50% of the
Ckinase inhibitory activity of pl6-WT, consistent with a
“diminution in its binding function. Consistent with this
““idea, our coimmunoprecipitation experiments (see
CFigure 213) also show that the allelic variant pl6-149T
ds affected in binding. Second, our experiments (Figure

oD, and Figure 3) clearly show that plo-GiOlW

retains binding activity to Cdk6, while Ranade et al.
show that purified pl6-GI10IW apparently deoes not

inhibit Cdk6/eyclin D1 kinase activily in vitre. If the
0 oplo-GLOIW used by Ranade et al. was active, this
‘resuil suggests that this allelic variant can bind Cdk6,
~and compete for eyclin DI binding without inhibiting
its kinase activity, a possibility we are investigating.

On the other hand, our findings correlate well with

~existing human genetic data. Consistent with our
- Interaction data, possession of p16-R87P, -GIGIW or

V126D alleies is highly correlated with mefanoma in
familiai pedigrees, whereas possession of pl16-N718 is
only weakly correlated (Hussussian er al, 1994).
Moreover, because our results show that the plé-

GI0IW protein is specifically affected in binding to

Cdk4, but not Cdk6, our results strongly suggest

= Impaired interaction with Cdk4 is the mechanism by

which this mutant contributes to cancer. However,

~there is one case in which our results differ from those
= Ppredicted by the human-genetic studies. Our results

show that the pl6-149T allele, which occurs in both

- Melanoma-prone pedigrees and in control populations
- (Hussussian er af., 1994), is deficient in interaction with

Cffk4. This result suggests that pl6-149T may well
d_lspose individuals who carry it to increased cancer
nsk. We suggest that the interaction-mating assay used

oo M othis study will facilitale demonstration of loss-of-
-Mieraction for allelic variants of pl6 and of other

Proteing. It is thus possible that inferaction mating
48says may augment existing human genelic strategies
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by providing alternative means Lo delect weakly
penetrant mutations, and those that are not confined
to genelically-distinet family cohorts.

Materials and methods

Plasmids

LexA- and B42- containing plasmids are derivatives of
pEG202 and plG4-5 plasmids respectively {Gyuris et al.,
1993; Zervos ef al., 1993). All were constructed by standard
techniques (Ausubel ef af, 1987-1995). All sequences
generated by PCR  were confirmed by direct DNA
sequencing.

LexA derivatives (baiis)

pLexA-pl6: EcoRljXhol ended fragments that contained
the entire coding regions for pl6 or plé alielic variants
were introduced into (he EeoRI/Sall site of pEG202AAT,
a modified version of the plasmid pEG202, which adds one
nucleotide upsiream of the EcoRJ restriction site and thus
directs the synthesis of fused moieties in a different frame
(E. Golemis, unpublished, Gyuris et al., 1993} pLexA-
Cdks: EcoRljSall, EcoR1jXhol or Munl/Sall fragments
DNAs that comtained the coding regions [or Cdks were
cloned in the EcoRI/Safl site of pEG202 (Gyuris et al.,
1993; Finley and Brent, 1994 and this work).

B42 derivatives {preys)

pB42-P16: FeoRI/Xhol ended coding regions for plé or
pli6 allelic variants, as above, were cloned into plG4-
SAAT, a modified version of the plasmid pIG4-3, which
expresses fused moieties in a different frame due to the fact
that it carries an additional A upsiream of the EcoRI
restriction site {E. Golemis, unpublished, Gyuris er al.,
1993). pB42-Cdks: coding regions for Cdks were cloned
into EcoR1/Xhol plG4-5, as above (Gyuris ef al., 1993 and
this work).

Yeast maniplations

Standard microbiological technigques and media were used
throughout (Guthrie and Fink, 1991; Ausubel e7 of., 1987 -
1995). Yeast minimal dropout media arc designated by the
nutrients componeni(s) left out. They contain, in addition
to the dropout mix, either 2% glucose or 2% galactose/1%
rallinose as a carbon sowce. X-Gal minimal drop cut
plates contained X-Gal and phosphate buller at pH 7.0
(Ausubel ¢/ af, 1987-1995). Yeast transformation was
carried out as described by Gietz ez af. (1992). Interaction
mating assays were performed using the yeast strains
REY206 (Mata his3IAN2000 leu2-3 {ys2A200 wra3-52
trplANcchisG) and BGY48 (Mate Rhis3 len2i:3 lexAop-
LEU2 wra3 trpd LYS2} that contained the pSHI8-34
reporter plasmid as described in Finley and Brent (1994).

Expression and purification of pl6 proteins

Coding regions for pl6 or plé allelic variants were cloned
in frame into pGEXAT (Pharmacia). £. Colff BL21 carrying
the plasmids were grown (o an QD600 of 0.5 at 37°C,
IPTG was added to the media to a final concentration of
0.33 mM and the culture was grown 10 h at 20°C. Cells
were harvested by centrifugation, {rozen and thawed twice
by immersing the tubes in dry ice and a 37° waterbath, and
resuspended in 1/50 of the starting culture volume of PBS
pH7.2, 5mM EDTA, 1 mM DTT, 2 pg mi~" aprotinin,
2 pg mlt leupeptin, 2 pg ml-' pepstatin A, 1 mM PMSF
and 2 mg ml™' lysozyme (Sigma). Aflter 30 min on ice,
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Triton X-100 was added to a final concentration of 1% and
the cells were sonicated until the viscosily was reduced.
The supernatant was collected by centrifugation and the
plolcm was bound to 100 gl of Glutathione-sepharose
resin (Pharmacia) for 60 min. The resin was washed three
times with washing buffer {W3: PBS, 1% Triton X-100,
S mM EDTA, 1 mM DTT, 2 gg ml™' aprotinin, 2 yg ml™'
leupeptin, 2 ug ml~' pepstatin A, | mM PMSF), threc
times with WB containing 250 mM KCl and equilibrated
by two washes with 50 mM Tris-HCI pII 8.0, 25% glycerol.
GST fusion proteins were eluted in 50 mM Tris-HC!
pH 8.0, 10 mM glutathione, 25% giycerol, aliquoted and
stored at —80°C. Profein quantitation was done by the
Bradlord Coomassie dye-binding method according to the
manufacturer’s instructions (BioRad).

In vitro binding assays

Fragments that carried the ceding sequence for human
Cdk4, Cdk6 and Cyclin D1 were subcloned inte pGEM
derived plasmids (Promega) Lo allow transcription with the
T7 RNA polymerase. Proteins were synthesized in vitro
using the TNT coupled transcriptionfiranslation sysiem
and L-[*S]methicnine according to the manufacturer’s
instructions (Promega). Samples were incubated for
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