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C yclins and cyclin-dependent kinases (CDKs) are
key regulators of the cell cycle (1, 2). They phos-
phorylate the retinoblastoma tumor suppressor

(pRB), thereby inhibiting its growth-suppressive function
and triggering an E2F-dependent transcriptional pro-
gram that is necessary for completion of G1 and enter-
ing the S-phase of the cell cycle (3). Initiation of pRB
phosphorylation strongly depends on the accumulation
of D-type cyclins and their assembly with CDK4 or CDK6
(4). The activity of these holoenzymes is further regu-
lated by phosphorylation of CDKs, proteolysis of cyc-
lins, and specific inhibitory proteins named cyclin-
dependent kinase inhibitors (CKIs) (5, 6). Two families
of CKIs are known. CKIs of the INK4 family p16INK4a,
p15INK4b, p18INK4c, and p19INK4d (p16, p15, p18, and
p19) specifically bind and inhibit the corresponding ki-
nases of the D-type cyclins, CDK4 and CDK6, whereas
CKIs of the Cip/Kip family (p21, p27, and p57) inhibit a
broader spectrum of CDKs (1, 2, 6−8). The four members
of the INK4 family share a similar protein fold consist-
ing either of four (p15, p16) or five (p18, p19) ankyrin re-
peats (AR). Characteristic for all members is helix two
of the second AR, the latter consists of just one helical
turn compared to the canonical AR fold (9−13).

Gene deletion, transcriptional silencing by promotor
methylation, or mutations that inactivate CKIs are com-
monly found in diverse types of cancer, and therefore
attribute them to tumor suppressor proteins (14−17). Al-
though the INK4 members appear structurally redun-
dant and equally potent as inhibitors, a number of non-
overlapping features have been described. They differ
regarding their expression pattern during development,
and some of them participate in other fundamental pro-
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ABSTRACT P19INK4d consists of five ankyrin repeats and controls the human
cell cycle by inhibiting the cyclin D-dependent kinases 4 and 6. Posttranslational
phosphorylation of p19INK4d has been described for Ser66 and Ser76. In the
present study we show that mimicking the phosphorylation site of p19INK4d by a
glutamate substitution at position 76 dramatically decreases the stability of the na-
tive but not an intermediate state. At body temperature the native conformation
is completely lost and p19INK4d molecules exhibit the intermediate state as judged
by kinetic and equilibrium analysis. High resolution NMR spectroscopy verified
that the three C-terminal repeats remained folded in the intermediate state,
whereas all cross-peaks of the two N-terminal repeats lost their native chemical
shift. Molecular dynamic simulations of p19INK4d in different phosphorylation
states revealed large-scale motions in phosphorylated p19INK4d, which cause de-
stabilization of the interface between the second and third ankyrin repeat. Only
doubly phosphorylated p19INK4d mimic mutants showed in vitro an increased ac-
cessibility for ubiquitination, which might be the signal for degradation in vivo.
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cesses such as DNA repair, terminal differentiation,
and cellular aging or senescence (18−21). The INK4
members p15, p16, and p18 exhibit a remarkably low
thermodynamic stability in vitro as shown by urea and
GdmCl transitions (22−26) and protein half-lives in cell
lines of 4�6 h (18). In contrast, p19 was found to be
more than twice as stable as p16 in vitro but is rapidly
degraded in vivo with a protein half-life of 20�30 min
(18). It was shown that the periodic oscillation of p19
during the cell cycle is determined by the ubiquitin/
proteasome-dependent mechanism, which appears to
be restricted to p19 within the INK4 family. Lysine 62 of
p19 was found to be targeted by ubiquitination (18).
Analysis of further posttranslational modifications in-
cluding phosphorylation, which is known to regulate
function, subcellular localization, and turnover of di-
verse cell cycle regulatory proteins including the CKIs of
the Cip/Kip family, revealed a differential phosphoryla-
tion pattern for the INK4 proteins in vivo. No phosphory-
lation was observed for p15 and p16, whereas p18
showed a detectable and p19 an even stronger phos-
phorylation signal. Singly and doubly phosphorylated
p19 was found in U-2-OS cell lines, and identified phos-
phorylation sites have been assigned to serines 66 and
76 so far. Both residues are conserved in human and
mouse p19 but not throughout the entire INK4 family.
These findings suggested a novel mechanism for con-
trolling at least some aspects of p19 function and differ-
entiate p19 from p15 and p16 (19).

Posttranslational phosphorylation is a ubiquitous
mechanism for cellular regulation (27). It is a key step
in cell cycle control, gene regulation, transport, and me-
tabolism (28). Nearly one-third of the proteins in mam-
malian cells are expected to be phosphorylated at a
given time point, and the number of identified phos-
phorylation sites is growing quickly (29, 30). Modula-
tion of protein activity or protein�protein interaction by
phosphorylation is rapid and reversible and therefore
advantageous for the cell, because it does not require
the production of new proteins or the degradation of ex-
isting proteins. Although a major part of research fo-
cuses on posttranslational phosphorylation, the de-
tailed role of specific phosphorylation sites in proteins
is often poorly understood. High-resolution information
obtained by X-ray crystallography or nuclear magnetic
resonance is limited, since high amounts of homoge-
neous purified protein in a specific modification state
are difficult to achieve. Artificial posttranslational modi-

fication mimics are widely used to overcome this prob-
lem. Phosphorylation sites are commonly mimicked by
glutamic acid or aspartic acid mutations (31−33), be-
cause a negative charge at the respective position can
often approximate the function of the modified protein.

Currently, AR proteins are frequently used as models
for protein folding studies. The simple modular architec-
ture of the proteins predicts high folding rates. Experi-
mentally, however, many AR proteins were found to fold
much more slowly than predicted, and the formation of
a protein folding intermediate is the rate-limiting folding
step (22, 34, 35). Folding of p19 is best described by a
three-state model, which also involves the formation of
an on-pathway intermediate (22). High-resolution infor-
mation of intermediate states of AR proteins are difficult
to accomplish, because wild-type proteins typically
show two-state unfolding transitions at equilibrium, al-
though folding kinetics are complex (22, 35). In the
present study we show that mimicking the Ser76 phos-

Figure 1. Schematic representation of the crystal structure
of p19INK4d (1bd8 from the Protein Data Base). Five ankyrin
repeats (AR 1�5), each comprising a loop, a �-turn, and
two sequential �-helices, form the elongated structure,
where Ser66, Ser76, and Lys62 are indicated by a stick il-
lustration of the side chains. Residues of the phosphoryla-
tion mimic mutant p19 S76E with native chemical shift at
37 °C are in blue, whereas residues in red lost the native
structure at body temperature. Indicated in gray are pro-
line residues and residues that could not been evaluated
because of signal overlap or missing assignment. The
CDK4/6 binding site is mainly formed by the N-terminal AR
1 and 2. The figure was created using MOLMOL (53).
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phorylation site of p19 by a glutamate substitution dra-
matically decreases the stability of the native but not the
on-pathway intermediate state. At body temperature
the p19 variant loses its native conformation and con-
verts completely into the intermediate state as judged
by kinetic and equilibrium analysis. High-resolution
NMR spectroscopy verified that the C-terminal repeats
remain folded in the intermediate state, whereas all nu-
clei of the N-terminal repeats lost their native chemical
shift. Molecular dynamics (MD) simulations of p19 in
different phosphorylation states support the experimen-
tal observation that the introduction of a negative
charge at position 76 has a significant effect on protein
stability. Furthermore, the doubly phosphorylation
mimic mutant (p19 S66E/S76E) showed an increased
accessibility for ubiquitination compared to the wild-
type protein.

RESULTS AND DISCUSSION
Urea-Induced Unfolding Involves the Formation of a

Hyperfluorescent Intermediate. CDK inhibitor p19 con-
sists of five ARs (Figure 1). It blocks the cell cycle at the
transition of the G1- to the S-phase by binding and
thus inhibiting CDK4 and CDK6. According to the crys-
tal structure, binding to CDK6 is mainly mediated by AR
1 and 2. For folding studies, a fluorescence-sensitive
probe was introduced by replacing Phe86 with a trypto-

phan residue, since p19 is devoid of any fluorophores
(pseudo-wild-type). This variant showed wild-type stabil-
ity and function (22). Therefore, all further p19 mutants
contained this mutation. Characteristic for the pseudo-
wild-type protein is a hyperfluorescent intermediate, de-
tectable in unfolding and refolding kinetics but not un-
der equilibrium conditions.

P19 gets phosphorylated in vivo but the specific ki-
nase is still unknown. Therefore, we mimicked the ear-
lier identified phosphorylation sites at positions 66 and
76 by glutamate substitutions (Figure 1) to study the
role of phosphorylation on stability, kinetics, and func-
tion. All p19 mutants were expressed in soluble form in
E. coli except mutants with a serine to glutamate substi-
tution at position 76. These mutants accumulated as in-
clusion bodies but could be refolded successfully
in vitro.

Urea-induced unfolding transitions monitored by tryp-
tophan fluorescence revealed that mutants containing
glutamate at position 76 are strongly destabilized com-
pared to the wild-type protein. Furthermore, the gluta-
mate phosphorylation mimic at position 66 or a serine
to alanine substitution at position 76 reduces the stabil-
ity only marginally (Table 1). Denaturation curves of all
mutants monitored at 325 nm did not display the en-
tire unfolding transition (Figure 2, panel a), because a
two-state analysis results in a strongly reduced m-value

TABLE 1. Thermodynamic data of urea- and temperature-induced unfolding of p19INK4d and variants

Temp (°C) Method
p19INK4d

variant
�G°NU

(kJ mol�1)a
�G°NI

(kJ mol�1)
�G°IU

(kJ mol�1)
mNU

(kJ mol�1 M�1)b
mNI

(kJ mol�1 M�1)
mIU

(kJ mol�1 M�1)

15 equilibrium pseudo-wtc 26.5 � 0.9 8.48 � 0.6
15 “I assay” pseudo-wtc 30.6 � 3.4 19.1 � 1.2 11.5 � 2.2 10.2 � 1.4 5.5 � 1.0 4.7 � 0.7
15 equilibrium AR 3�5c 9.62 � 1.6 5.03 � 1.2
15 kinetics AR 3�5c 7.97 � 0.5 4.13 � 0.4
15 equilibrium S76E 14.5 � 2.9 5.6 � 1.6 8.9 � 1.3 10.7 � 1.6 5.2 � 0.8 5.5 � 0.8
37 equilibrium S76E 6.1 � 1.2 4.6 � 0.7
15 equilibrium S76E/S66E 13.1 � 2.6 5.2 � 1.5 7.9 � 1.1 10.5 � 1.2 5.4 � 0.6 5.1 � 0.6
15 kinetics S76E/S66E 11.3 � 3.3 5.8 � 1.3 5.5 � 2.0 11.6 � 1.9 5.9 � 1.0 5.7 � 0.9
37 equilibrium S76E/S66E 4.1 � 1.8 4.3 � 1.0
37 kinetics S76E/S66Ed 2.2 � 1.3 4.5 � 0.4
15 equilibrium S66E 25.6 � 1.2 9.8 � 0.8
15 equilibrium S76A 24.9 � 1.7 8.2 � 0.5

a�G°NU � �G°NI � �G°IU. bmNU � mNI � mIU. cData taken from ref 22. d�G°IU was underestimated as a result of negligence of the proline
phase.
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for the Glu76-containing mutants compared to the
pseudo-wild-type. Unfolding curves obtained by plot-
ting the fluorescence intensity at higher wavelengths
against the urea concentration contain more informa-
tion and show three-state behavior for the Glu76 vari-
ant (Figure 2, panel b). These data could be fitted glo-
bally (at least eight transition curves between 320 and
380 nm) to a three-state model for the transition be-
tween the native state (N), intermediate (I), and the un-
folded state (U). This hyperfluorescent intermediate
state that was already seen in folding and unfolding ki-
netics (22) is now significantly populated under equilib-
rium conditions (Figure 2, panel d). Although the native
state is strongly destabilized, the stability of the interme-
diate state is less influenced (Table 1). Furthermore, glo-
bal analysis resulted in similar m-values for all p19 mu-
tants (within errors), suggesting that the mutations
changed not the folding mechanism but the stability.
By raising the temperature from 15 °C to body tempera-
ture (37 °C), equilibrium folding transitions of S76E con-

taining p19 mutants simplified to a two-state mecha-
nism (Figure 2, panel c). The fluorescence intensity was
quenched upon addition of urea, indicating that the de-
naturation curve displays the transition from the hyper-
fluorescent intermediate state to the unfolded state. The
resulting m-value (4.6 � 0.7 kJ mol�1 M�1) for the
Glu76 variant was similar to the m-value obtained for
the I to U transition at 15 °C (5.5 � 0.8 kJ mol�1 M�1)
rather than for the N to U transition (10.7 � 1.6 kJ mol�1

M�1). Therefore, we conclude that p19 S76E resides in
the I state at 37 °C.

Folding Kinetics of p19 Phosphorylation Mimic
Mutants. A similar but more detailed picture was ob-
tained by analyzing the unfolding and refolding kinetics
of p19 S66E/S76E measured by stopped flow fluores-
cence spectroscopy. Unfolding and refolding of p19 is a
biphasic process coupled to a slow prolyl cis/trans
isomerization reaction in the unfolded state (omitted
for clarity in this study). A detailed analysis of the fold-
ing mechanism was reported recently (22). Unfolding

Figure 2. Urea-induced unfolding of p19INK4d mutants monitored by tryptophan fluorescence. Transition curves of p19
S66E (Œ), p19 S76E (▫), and p19 S76A (�) at an emission wavelength of a) 325 and b) 375 nm at 15 °C. c) Unfolding of
p19 S66E/S76E (�) at 37 °C. Solid lines in panels a�c represent the least-squares fit of a two-state or three-state model.
d) Calculated equilibrium populations for the p19 S76E mutant of the native (N, black line), intermediate (I, gray line), and
unfolded state (U, dotted black line) according to the global analysis of the fluorescence equilibrium data at 15 °C. Inset
shows the population profile for the same mutant at 37 °C.
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and refolding kinetics of the phosphorylation mimic mu-
tants displayed the same biphasic properties as the
pseudo-wild-type protein at 15 °C (Figure 3, panel a),
characterized by the hyperfluorescent intermediate
state. The fluorescence decay of the hyperfluorescent in-
termediate state in the unfolding reaction was assigned
earlier to the I to U transition (22). The reaction from N
to I is accompanied by a fluorescence increase. Refold-
ing rates of p19 S66E/S76E for the I to N transition are
significantly slower compared to those of wild-type,
while unfolding rates increased, resulting in the reduced
stability for the N to I transition (Figure 3, panel b). The
native population is completely lost, when the tempera-
ture is raised to 37 °C as seen in equilibrium transi-
tions. Folding kinetics displayed two-state behavior, rep-
resenting the I to U transition. Unfolding kinetics at

37 °C followed a single exponential decay without any
detectable intermediates, clearly showing that the hy-
perfluorescent intermediate and not the native state is
the starting point of the unfolding reaction. A similar
folding behavior has been reported earlier for a dele-
tion construct of p19, comprising AR 3�5 (22).

Characterization of the Intermediate State by NMR.
As a result of the population of the intermediate state
under equilibrium conditions caused by the phosphory-
lation mimic, it was possible to further structurally char-
acterize this state by NMR spectroscopy. More than
82% of the assignment of the backbone amide protons
of the wild-type protein could be directly transferred to
the S76E mutant at 15 °C. Unfolding of native molecules
toward the intermediate state was followed by a series
of 15 2D 15N-transversal relaxation-optimized

Figure 3. Single mixing unfolding and refolding kinetics of p19 S76E/S66E detected by stopped flow fluorescence. Experi-
mental data are plotted in black and fits in gray. Unfolding was initiated by a rapid change from 0 to 3.2 M urea at a) 15
and b) 37 °C and can be best fitted by a double or single exponential function, respectively. Insets show fast refolding ki-
netics of the latter p19 mutant from 4.4 to 0.4 M urea at the given temperature. The slowest refolding phase caused by
prolyl cis/trans isomerization is omitted for clarity. c,d) Urea dependence of apparent folding rates of p19 S66E/S76E
monitored at c) 15 and d) 37 °C. Closed symbols represent refolding experiments and open symbols unfolding experi-
ments. Chevron plots were analyzed according to a three-state (solid line) or two-state model (dashed line).
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spectroscopy-heteronuclear single quantum coherence
(TROSY-HSQC) spectra recorded at temperatures be-
tween 15 and 40 °C. In the depicted section in Figure 4
only well-dispersed NMR resonances of a defined ter-
tiary structure are expected. Cross-peaks of native AR
1�2 vanished at 37 °C, whereas AR 3�5 remained
folded with native-like chemical shifts (Figure 1 and
Figure 4). 15N-TROSY-HSQCs of the wild-type protein
did not change significantly between 15 and 40 °C,
which agrees well with an unfolding midpoint of 52 °C
derived from CD unfolding transitions. Thus, this high-
resolution NMR data of the p19 folding intermediate
confirmed the earlier proposed scaffold function of AR
3�5 (blue in Figure 1) for the less stable but functional
AR 1�2 (red in Figure 1). The phosphorylation mimic at
position 76 strongly destabilized and uncoupled the na-
tive state from the intermediate state, leading to the
population of the intermediate state under equilibrium
conditions.

MD Simulations of Phosphorylated p19. As a
complement to the preceding experimental results, mo-

lecular dynamics simulations were carried out with vari-
ous phosphorylated p19 molecules to get detailed in-
sights of structural and dynamic consequences, caused
by the phosphorylations. MD simulations were per-
formed for unphosphorylated, Ser66-phosphorylated
(Ser66-P), Ser76-phosphorylated (Ser76-P), and Ser66-
P/Ser76-P doubly phosphorylated p19.

In each simulation, the overall fold of p19 proved to
be stable over the first 20 ns, and only local fluctua-
tions were observed. The magnitude of these fluctua-
tions, however, differed significantly between the
simulations (Figure 5, panel a). Whereas Ser66 phos-
phorylation leads only to a minor increase of the dynam-
ics compared to unphosphorylated p19, the Ser76-P
and Ser66-P/Ser76-P simulations showed significantly
increased dynamics. This finding is in good agreement
with our experimental data for the phosphorylation mim-
icking mutants, showing that a negative charge at posi-
tion 76 has a large effect on the protein stability and that
this effect is significantly larger compared to the intro-
duction of a negative charge at position 66.

A detailed analysis of the simulations revealed that
phosphorylation of Ser76 affects the hydrogen bonding
pattern of the adjacent residues. In particular, a back-
bone hydrogen bond between the carbonyl oxygen of
Thr75 and the amide group of Asp71 is lost in the
Ser76-P and Ser66-P/Ser76-P simulations (Figure 5,
panels b�e), thus explaining the higher flexibility of
this loop in the respective simulations. This result is in
line with the experimental observation that Thr75 and
Val69 of p19 S76E, where we have the NMR assign-
ments in this region, indicate a loss in native structure
at 37 °C (Figure 1). A strong destabilization of this region
is also documented by the differences in �G°NI be-
tween wild-type p19 and p19 S76E at 15 °C (Table 1).
The free energy drops from 19.1 to 5.6 kJ mol�1 and cor-
responds to the local unfolding of AR 1 and 2.

To investigate the effect of phosphorylation on longer
time scales, we extended the simulations of unphos-
phorylated and doubly phosphorylated p19 for addi-
tional 40 ns, leading to 60 ns overall simulation time.
Consistent with the experimental data, the unphos-
phorylated protein remained stable over the entire simu-
lation (black in Figure 6, panels a and b), whereas larger
scale motions started in the doubly phosphorylated pro-
tein after 30 ns (blue in Figure 6, panels a and c). The
motions mainly cause destabilization of the interface
between the second and third AR, thereby affecting the

Figure 4. Sections of 15N-TROSY-HSQC spectra of p19 S76E
(top panels) and p19 wild-type (bottom panels) at 15 °C
(left panels) and 37 °C (right panels). Native cross-peaks of
AR 1�2 of p19 S76E vanished at 37 °C, whereas AR 3�5
still display native chemical shifts under these conditions
(e.g., Gly118 and Gly150). 15N-TROSY-HSQC spectra of the
wild-type protein do not change significantly between 15
and 37 °C. This shows that AR 3�5 of the phosphorylation
mimic mutant p19 S76E remain folded in the intermedi-
ate state.
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distance and relative orientation of ARs 1�2 relative to
repeats 3�5 (Figure 6, panel b).

Although present feasible MD simulations in the
nanosecond time range are still too short to monitor
complete unfolding, the observed destabilization of the
interface offers a structural explanation for the unfolding
of the first and second AR on longer time scales, which
has been experimentally detected for the phosphoryla-
tion mimicking mutants.

Ubiquitination of p19. The introduction of a nega-
tive charge, localized between AR 2 and 3, seems
enough to destabilize the native state in vitro in such
a manner that only the intermediate state with folded
AR 3�5 gets populated at 37 °C. The modification of
Ser76 by a negative charge occurs in the cell via phos-

phorylation and raises the question about their func-
tional role. Local unfolding of AR 1 and 2 after phos-
phorylation could allow the ubiquitin ligase to access
lysine 62 more easily and finally target p19 to the pro-
teasome. Because the specific ubiquitin ligase is not
known, we tried to ubiquitinate p19 by using HeLa cell
lysate extracts to test this hypothesis. Ubiquitination
assays were negative for p19 wild-type, while p19
S66E/S76E showed the strongest ubiquitination sig-
nal in vitro (Figure 7, panel a). Although mutation S66E
has a minor effect on the stability, it increases ubiquiti-
nation. Single mutants containing a glutamate at either
position 66 or 76 were hardly targeted by ubiquitination
(Figure 7, panel a). Thus, it is not surprising that mainly
doubly phosphorylated p19 molecules were found in

Figure 5. Structural consequences of p19 phosphorylation on protein dynamics as deduced from 20 ns MD simulations. a) Average fluctuations per
residue, calculated over the backbone atoms of residues 14�155 for the 0�20 ns simulation period. The terminal residues that were either ab-
sent from the crystal starting structure or exhibited large fluctuations in the simulations were excluded from analysis. b�e) Structural changes in
the region of the Ser76 phosphorylation site. Overlay of starting structure (yellow) and structures recorded after 10 ns (red) and 20 ns (green) MD
simulation of b) unphosphorylated, c) Ser66-P, d) Ser76-P, and e) Ser76-P/Ser66-P p19.
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cell lines. Hence, phosphorylation of Ser76 leads to a lo-
cal unfolding of p19. After a second phosphorylation
the p19 molecule can be efficiently ubiquitinated and fi-
nally degraded via the proteasome (Figure 7, panel b).
These findings are in line with a suggested mechanism
for phosphorylation targeted ubiquitination in eu-
karyotes (36). Ubiquitination of cyclin E, for example,

strongly depends on posttranslational multisite phos-
phorylation, which induces binding to the SCFFbw7 ubiq-
uitin ligase complex (37, 38). To conclude a
phosphorylation-dependent recognition mechanism
from the present data can only be a suggestion, be-
cause glutamic acids deviate in shape and charge from
phosophoserines. Further experiments are needed, in-

Figure 6. Larger scale motions in doubly phosphorylated p19 detected in longer MD simulations. a) Gln47(C�)�Pro77(C�) distance in the course of
the 60 ns MD simulation of the doubly phosphorylated (Ser66-P/Ser76-P) and unphosphorylated form of p19. b,c) Comparison of b) the initial
structure and c) the structure of Ser66-P/Ser76-P p19 after 60 ns simulation time. The positions and the distance of Gln47(C�) and Pro77(C�) are
marked to highlight the structural changes in the interface between the second and third AR.

Figure 7. The phosphorylation status of p19 determines ubiquitination. a) In vitro ubiquitination of p19 by HeLa cell lysates requires at least two phos-
phorylation sites. The time course, mutants, and positions of unmodified and ubiquitinated p19 are indicated. Reaction mix was resolved by SDS-
PAGE (4�20%) and visualized by autoradiography using specific p19 antibodies. b) Simplified phosphorylation model for p19. Phosphorylation of
Ser76 leads to unfolding of AR 1 and 2, but a second phosphorylation at Ser66 is necessary for efficient ubiquitination and subsequent proteasomal
degradation.
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cluding the identification of the specific p19 kinase
and ubiquitin ligase to differentiate between a
phosphorylation- and charge-dependent recognition
mechansim.

Conclusion. The present study combines experimen-
tal and computational techniques to study the impact
of posttranslational phosphorylation on stability, fold-
ing, and function of CDK inhibitor p19. Substitution of
p19 at one phosphorylation site, serine 76, by a gluta-
mate residue strongly reduced the stability of the native
but not an on-pathway intermediate state. By raising
the temperature to 37 °C, all molecules lost their native
conformation at the expense of this intermediate, allow-
ing a detailed structural analysis: residues of AR 3�5
are still forming a native conformation, whereas AR 1�2
are mainly unfolded. This observation verifies the ear-
lier proposed scaffold function of AR 3�5 for the less
stable repeats 1�2 (22). MD simulations highlighted

the molecular origin of the reduced stability. Phosphory-
lation of Ser76 strongly destabilizes the interface be-
tween AR 2 and 3, mainly by disturbing the hydrogen
bonding network of adjacent residues. A negative
charge at position 76 thus decouples AR 1�2 from the
stabilizing repeats AR 3�5. AR 1�2 harbor the binding
site for CDK4/6. Whether phosphorylation of p19 modu-
lates the inhibitory efficiency toward CDK4/6 remains
to be shown experimentally. In vitro ubiquitination as-
says suggest a link of phosphorylated p19 and ubiqui-
tination. Whereas Ser76 phosphorylation results in an
overall destabilization of the native molecule, single
Ser66 phosphorylation at the second phosphorylation
site of p19 does not significantly affect the overall stabil-
ity. However, in the presence of both modifications,
p19 molecules are favorable for ubiquitination, most
probably by changing the charge pattern in the immedi-
ate vicinity of the ubiquitin ligase binding site.

METHODS
Protein Expression and Purification. P19INK4d and mutants

were expressed and purified as described with minor modifica-
tions (39). The proteins were purified from soluble material, with
the exception of mutants carrying the S76E mutation. These mu-
tants were refolded from washed and urea-solubilized inclu-
sions bodies and purified to homogeneity. Correct folding state
was confirmed by CD and NMR measurements as well as bind-
ing assays with CDK6. Mutations were introduced by using the
Stratagene Qikchange Kit (Stratagene). Ubiquitination assays
were performed with the S-100 HeLa Conjugation Kit (Boston
Biochem; Cat. K-915) according to manufacturer instructions.
Briefly, 2 �M p19 was incubated with 4 mg mL�1 S-100 HeLa ex-
tract at 37 °C for 2 h. In addition, the reaction mix was supple-
mented with the proteasomal inhibitor MG-132 (5 �M), decon-
jugating enzyme inhibitor ubiquitin aldehyde (4 �M), energy
regeneration system and ubiquitin solution (600 �M). Exoge-
nously added p19 was detected by Western blots using a mon-
oclonal antibody. Negative controls were performed in the ab-
sence of ubiquitin. Lysine 62 of p19 was found to be targeted by
ubiquitination based on mutational analysis as described (18).

Fluorescence Spectroscopy. Urea was purchased from Gerbu,
and all other chemicals were from Merck. Experiments were per-
formed at 15 and/or 37 °C in 20 mM sodium phosphate buffer
(pH 7.4). Urea transitions monitored by fluorescence were re-
corded with a JASCO FP6500 fluorescence spectrometer with an
excitation wavelength of 280 nm and an emission wavelength
of 300�420 nm at a protein concentration of 1�3 �M. The ex-
perimental data were analyzed according to a two- or three-state
model (40) by nonlinear least-squares fit with proportional
weighting to obtain the Gibbs free energy of denaturation �G
as a function of the urea concentration.

Kinetic Mixing Experiments. Fast kinetic experiments were per-
formed using an Applied Photophysics SX-20MV stopped-flow
instrument at 15 or 37 °C. An excitation wavelength of 280 nm
was used, and emission was monitored at wavelengths above
305 nm using cutoff filters. Unfolding experiments were per-
formed by mixing protein in 20 mM sodium phosphate buffer

(pH 7.4) with 6 or 10 volumes of urea containing the same
buffer. Refolding was initiated by 11- or 6-fold dilution of un-
folded protein (4�6 M urea). Final protein concentration was
1�3 �M. Data collected from at least 4�8 scans were averaged
and fitted using GraFit 5 (Erithacus Software). Unfolding traces
were analyzed by single or double exponential functions, refold-
ing traces by double or triple exponential functions. Chevron
plots were analyzed with the program Scientist (MicroMath) ac-
cording to a two-state model or the analytical solutions of a
three-state model (41, 42).

NMR Measurements. NMR spectra were acquired with a
Bruker Avance 800 spectrometer equipped with a cryoprobe in
20 mM sodium phosphate buffer, pH 7.4, containing 10% 2H2O.
15N-TROSY HSQC spectra of a 1 mM p19 wild-type and a 0.4 mM
p19 S76E sample were recorded between 15 and 50 °C. The
same experiments were performed with a 1 mM 15N-labeled
sample of an unfolded peptide, which was used as a reference.
All samples were cooled down to 25 °C afterward to check re-
versibility. Unfolded signals of the p19 mutant and the peptide
could not be observed at higher temperatures because of the
fast exchange of amide protons with water. Spectra were pro-
cessed with NMRpipe (43) and analyzed with NMRView (44).
Only signals of the native population were used for analysis.

MD Simulations. For the MD analysis four model systems rep-
resenting unphosphorylated, Ser66-phosphorylated, Ser76-
phosphorylated, and Ser66�Ser76-phosphorylated p19 were
generated on the basis of the structure of PDB entry 1bd8 (9).
The terminal residues (R7, M162) that were resolved in the crys-
tal structure were blocked by acetyl and N-methyl groups. Miss-
ing atoms were added with the LEAP module of AMBER 7 (45).
Neutralization and solvation of the systems was performed as
described in ref 46.

Minimizations and MD simulations were carried out at con-
stant pressure using the PMEMD module of AMBER 9 (47) with
periodic boundary conditions. The TIP3P water model was used
together with the parm99 force field (48, 49), which was aug-
mented by parameters for unprotonated phospho-serine (50).
The size of the solvent box extended at least by 10 Å from the
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solute in each direction, corresponding to 5948�6692 water
molecules depending in the system investigated. After minimi-
zation of the solvent, all systems were consecutively subjected
to 250 steps steepest descent and 19,750 steps conjugate gra-
dient minimization. Before the MD production was started, the
systems were equilibrated by a 100 ps MD run, in which the tem-
perature was increased form 50 to 310 K, and an 80 ps MD
simulation, in which the density was adjusted to 1 g cm�3. MD
simulations were performed using an 8.0 Å cutoff and a time
step of 2 fs for the integration of the equations of motion. All
other MD settings were identical to those specified in ref 46. Col-
lection of simulation data took place in time intervals of 2 ps
along the trajectories. The data were analyzed with the programs
X-PLOR (51), PTRAJ (45), and VMD (52).
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34. Löw, C., Weininger, U., Neumann, P., Klepsch, M., Lilie, H., Stubbs,
M. T., and Balbach, J. (2008) Structural insights into an equilibrium
folding intermediate of an archaeal ankyrin repeat protein, Proc.
Natl. Acad. Sci. U.S.A. 105, 3779–3784.

35. Mello, C. C., Bradley, C. M., Tripp, K. W., and Barrick, D. (2005) Exper-
imental characterization of the folding kinetics of the notch ankyrin
domain, J. Mol. Biol. 352, 266–281.

62 VOL.4 NO.1 • 53–63 • 2008 www.acschemicalbiology.orgLÖW ET AL.



36. Feldman, R. M., Correll, C. C., Kaplan, K. B., and Deshaies, R. J.
(1997) A complex of Cdc4p, Skp1p, and Cdc53p/cullin catalyzes
ubiquitination of the phosphorylated CDK inhibitor Sic1p, Cell 91,
221–230.

37. Koepp, D. M., Schaefer, L. K., Ye, X., Keyomarsi, K., Chu, C., Harper,
J. W., and Elledge, S. J. (2001) Phosphorylation-dependent ubiquiti-
nation of cyclin E by the SCFFbw7 ubiquitin ligase, Science 294,
173–7.

38. Hao, B., Oehlmann, S., Sowa, M. E., Harper, J. W., and Pavletich,
N. P. (2007) Structure of a Fbw7-Skp1-cyclin E complex: multisite-
phosphorylated substrate recognition by SCF ubiquitin ligases, Mol.
Cell 26, 131–143.

39. Kalus, W., Baumgartner, R., Renner, C., Noegel, A., Chan, F. K.,
Winoto, A., and Holak, T. A. (1997) NMR structural characterization
of the CDK inhibitor p19INK4d, FEBS Lett. 401, 127–132.

40. Hecky, J., and Müller, K. M. (2005) Structural perturbation and com-
pensation by directed evolution at physiological temperature leads
to thermostabilization of �-lactamase, Biochemistry 44, 12640–
12654.

41. Ikai, A., and Tanford, C. (1973) Kinetics of unfolding and refolding
of proteins. I. Mathematical analysis, J. Mol. Biol. 73, 145–163.

42. Bachmann, A., and Kiefhaber, T. (2005) Kinetic mechanisms in pro-
tein folding, in Protein Folding Handbook (Buchner, J., and Kief-
haber, T., Eds.) pp 379�406, Wiley-VCH, Weinheim.

43. Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., and Bax,
A. (1995) NMRPipe: a multidimensional spectral processing system
based on UNIX pipes, J. Biomol. NMR 6, 277–293.

44. Johnson, B. A., and Blevins, R. A. (1994) NMRView: A computer pro-
gram for visualization and analysis of NMR data, J. Biomol. NMR 4,
603–614.

45. Case, D. A., Pearlman, D. A., Caldwell, J. W., Cheatham, T. E., III,
Wang, J., Ross, W. S., Simmerling, C. L., Darden, T. A., Merz, K. M.,
Stanton, R. V., Cheng, A. L., Vincent, J. J., Crowley, M., Tsui, V.,
Gohlke, H., Radmer, R. J., Duan, Y., Pitera, J., Massova, I., Seibel,
G. L., Singh, U. C., Weiner, P. K., and Kollman, P. A. (2002) AMBER 7,
University of California, San Francisco, CA.

46. Homeyer, N., Essigke, T., Meiselbach, H., Ullmann, G. M., and Sticht,
H. (2007) Effect of HPr phosphorylation on structure, dynamics, and
interactions in the course of transcriptional control, J. Mol. Modell.
13, 431–444.

47. Case, D. A., Darden, T. A., Cheatham, T. E., III, Simmerling, C. L.,
Wang, J., Duke, R. E., Luo, R., Merz, K. M., Pearlman, D. A., Crowley,
M., Walker, R. C., Zhang, W., Wang, B., Hayik, S., Roitberg, A., Sea-
bra, G., Wong, K. F., Paesani, F., Wu, X., Brozell, S., Tsui, V., Gohlke,
H., Yang, L., Tan, C., Mongan, J., Hornak, V., Cui, G., Beroza, P.,
Mathews, D. H., Schafmeister, C., Ross, W. S., and Kollman, P. A.
(2006) AMBER 9, University of California, San Francisco, CA.

48. Cornell, W. D., Cieplak, P., Bayly, C. I., Gould, I. R., Merz, K. M., Jr., Fer-
guson, D. M., Spellmeyer, D. C., Fox, T., Caldwell, J. W., and Koll-
man, P. A. (1995) A second generation force field for the simula-
tion of proteins, nucleic acids and organic molecules, J. Am. Chem.
Soc. 117, 5179–5197.

49. Cheatham, T. E., 3rd, Cieplak, P., and Kollman, P. A. (1999) A modi-
fied version of the Cornell et al. force field with improved sugar
pucker phases and helical repeat, J. Biomol. Struct. Dyn. 16, 845–
862.

50. Homeyer, N., Horn, A. H. C., Lanig, H., and Sticht, H. (2006) AMBER
force-field parameters for phosphorylated amino acids in different
protonation states: phosphoserine, phosphothreonine, phospho-
tyrosine, and phosphohistidine, J. Mol. Modell. 12, 281–289.

51. Simonson, T., and Brunger, A. T. (1992) Thermodynamics of protein-
peptide interactions in the ribonuclease-S system studied by molec-
ular dynamics and free energy calculations, Biochemistry 31,
8661–8674.

52. Humphrey, W., Dalke, A., and Schulten, K. (1996) VMD: visual mo-
lecular dynamics, J. Mol. Graphics 14, 33–38.

53. Koradi, R., Billeter, M., and Wüthrich, K. (1996) MOLMOL: a pro-
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