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oncovalent conformational
N changes have long been recog-
nized as a means to control biologi-

cal activity of proteins (1, 2). Conforma-
tional changes can influence ligand binding,
enzymatic activity, and degree of polymeri-
zation. Although conformational changes
that interconvert distinct, well-ordered ter-
tiary structures were appreciated from the
earliest protein crystal structures (3), the
biological importance of larger-scale confor-
mational changes between the folded and
fully denatured conformations has recently
been recognized (4, 5). Another well-
established mechanism by which activity
can be controlled is covalent modification,
in particular, phosphorylation. The influence
of a phosphate group on activity can be di-
rect, acting as (or disrupting) part of a bind-
ing site, or it can be indirect, by coupling to a
change between conformations with differ-
ent activity. In this issue of ACS Chemical Bi-
ology, Low et al. (DOI110.1021/cb800219m)
(6) use phosphomimetic site-directed muta-
gens in p19™<d, a regulatory ankyrin repeat
protein, to explore the relationship be-
tween phosphorylation and regulation of
biological function. Their findings highlight
how partial unfolding transitions can play a
significant role in protein function and, in
this case, tumor suppression.

p19™N€d is a tumor suppressor com-
posed of five ankyrin repeats. One of the
main functions of p19"¥“d (as well as other
tumor suppressors in the INK4 family) is to
bind to cyclin-dependent kinases (CDKs) 4
and 6. CDK4 and CDK6 are similar in se-

www.acschemicalbiology.org

guence, structure, and at least qualita-
tively, in interaction with INK& family mem-
bers. Here the two will be referred to jointly
as CDK4/6, to distinguish them from other
cyclin-dependent kinases of different speci-
ficity (e.g., CDK2). The binding of p19'Nk4d in.
hibits the cyclin—CDK4/6 interaction that
would lead to progression through the cell
cycle. This interaction, which is mediated
primarily by ankyrin repeats 1 and 2 of
p19™k4d (7). is depicted in Figure 1.

The inhibitory effect of p19™d on cell-
cycle progression has been shown to be
modulated, in a human osteosarcoma cell
line, by ubiquitination at a lysine residue at
position 62, followed by proteasomal degra-
dation (8), and also by phosphorylation of
serines at positions 66 and 76. Although all
three of these putative regulatory sites are
in (or near to) the ankyrin repeats that are in-
volved in binding to CDK6, they are rather
distant from the binding site, suggesting an
alternative mechanism by which covalent
modification controls activity.

By substituting Ser66 and Ser76 with glu-
tamates, which provides a rough phospho-
mimetic, Low and co-workers find clear evi-
dence that phosphorylation leads to a
partial unfolding reaction involving ankyrin
repeats 1 and 2 and that this unfolding may
be coupled to ubiquitination. The native
state of the single point substitution S76E,
at the start of the third ankyrin repeat, is sig-
nificantly destabilized; at body tempera-
ture, this destabilization produces a whole-
sale shift in population to favor a partly
folded intermediate. This stable equilibrium
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Figure 1. Interaction of p19™*“¢ with CDK6. The five ankyrin repeats of p19'N** are shown as rib-
bons colored from blue to red from the N- to C-terminus; sites of phosphorylation (Ser66, Ser76)
and ubiquitination (Lys62) are shown as CPK spheres. CDK6 is depicted using gray surface
contours. The two views (panels a and b) differ by rotation of ~90° about the horizontal in-plane
axis. As seen in panel a, contacts between p19'"*“d and CDK6 are largely made by p19'N¥4d re-
peats 1 and 2 (with additional contacts from repeat 3). As seen in panel b, the sites of covalent
modification are distant from the interface between the two proteins. This figure was generated
from the coordinate file 1BLX.pdb (8) using MacPyMol (22).

intermediate strongly resembles a partly
structured kinetic folding intermediate, with
repeats 3—5 structured but repeats 1 and 2
unstructured, which has been character-
ized previously by the authors using bio-
physical methods (9, 10).

This shift in population is likely to have
at least two effects on the activity of p19'Nk4d
(Figure 2, panel a). First, it is likely to dis-
rupt interaction with CDK4/6 (Figure 1),
since the native state (with repeats 1 and 2
folded) is thermodynamically disfavored at
body temperature and binding free energy
must be sacrificed to drive the folding reac-
tion. Second, the population shift may in-
crease accessibility of residues in repeats 1
and 2 to further modification. Candidate
residues include additional phosphoryla-
tion of Ser66 and ubiquitination of Lys62,
potentially facilitating proteasomal degrada-
tion and cell-cycle progression (8). Although
the ubiquitin ligase that carries out this reac-
tion is currently unknown, the authors dem-
onstrate that the phosphomimetic S76E
substitution promotes ubiquitination by a
Hela cell lysate, although curiously, this in-
creased activity is also dependent on a sec-
ond neighboring substitution, S66E, which
does not in itself significantly shift the popu-
lation from the native to the partly folded
state. From these results, the authors sug-
gest an ordered sequence of events in which
phosphorylation of Ser76 leads unfolding
of repeats 1 and 2, which promotes phos-
phorylation of Ser66, which in turmn leads to
ubiquitination of Lys62 (although it should
be noted that the site of ubiquitination in
the present studies remains to be deter-
mined).
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The origin of the observed changes in
folding free energy of p19'N¥“d upon phos-
phorylation can be readily explained from
the structure. Ser66, in the extended loop
between repeats 2 and 3, is fully solvent-
exposed, and acidic residues are most fre-
quently observed at this position in ankyrin
repeats (11). Thus, it is not surprising that
S66E has little effect on conformational sta-
bility. However, Ser76, in the first helix of re-
peat 3, is substantially buried and is part of
the highly conserved (T/S)PLH ankyrin con-
sensus sequence. The hydroxyl group of the
consensus serine/threonine side chain is of-
ten hydrogen-bonded to histidine at posi-
tion +3, either to the main-chain NH, to the
side-chain N&1, or in the case of Ser76, to
the carbonyl oxygen of Val69 in the second
repeat. Thus, substitution with a larger glu-
tamic acid would be expected to be highly
destabilizing. Consistent with this interpre-
tation, the authors observed increased flex-
ibility and a disruption of the interface be-
tween repeats 2 and 3 in molecular
dynamics simulations (6).

Interestingly, there are considerable par-
allels between the current study and a mu-
tational study from Li and co-workers (12)
on gankyrin, an ankyrin repeat protein that
is believed to bind (but not inhibit) CDK4 in
the same mode as members of the INK4
family. By swapping residues from p16/N®a
into gankyrin in the same region of repeats
2 and 3, the activity of gankyrin was modi-
fied to inhibit CDK4, coincident with consid-
erable destabilization of the fold (such that
it also appears partly unfolded at body tem-
perature) and rearrangement of the loops
and (T/S)PLH regions of the N-terminal re-
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peats (12). However, this mutated gankyrin
retains its ability to bind to CDK4. In light of
this observation, it would be worth examin-
ing whether the affinity of the phosphomi-
metic S76E p19™ displays a decreased
affinity for CDK4 (as would be expected from
a partial unfolding model), especially given
the observation by Thullberg and co-workers
(8) that ubiquitination of p19™<*d appears
to require interaction with CDK4. Lys62 is
highly solvent-exposed in the native state
of p19™*4d and is distant from the interface
with CDK6 (7). Thus, although the partial un-
folding model of Low and co-workers may
be expected to provide increased access to
cognate E3-ubiquitin ligases, direct ubiquit-
ination of a more folded (but perhaps signifi-
cantly rearranged) state should not yet be
ruled out.

Other Ankyrin Repeat Proteins That
Undergo Partial Unfolding Transitions and/
or Covalent Modifications. Ankyrin repeat
proteins and repeat proteins in general are
unique in that their tertiary structures are or-
ganized locally. Unlike globular proteins,
there are no direct contacts between dis-
tant parts of the protein chain. Although
many repeat proteins show surprisingly co-
operative equilibrium unfolding transitions,
it is clear that through local destabilizations
and variations in stability on a medium
length scale, partly folded states in which
some repeats are ordered and others are
disordered can be populated (see ref 13 for
a review). The results of Low and co-workers
connect such a folding intermediate, charac-
terized by biophysical studies, with impor-
tant biological activities. Are there other
ankyrin repeat proteins that show such
connections?

IkBa, which contains six ankyrin repeats,
shows a clear structural transition upon
binding to its protein target, NF-kB. In solu-
tion, IkBa is partly folded, with structure in
repeats 2—4, but with repeats 1, 5, and 6
significantly disordered. Upon binding to NF-
kB, repeats 5 and 6 become structured, al-
though repeat 1 appears to retain substan-
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Figure 2. Coupling of folding/unfolding of ankyrin repeats to covalent modification and target
protein binding. a) When unbound, the lowest free energy form of p19'N¥“d has all five ankyrin
repeats folded (center top) and is competent for binding CDK4/6. A partly folded intermediate
with repeats 1 and 2 unfolded is greatly stabilized by phosphorylation by an unidentified kinase
(PKx) and shows increased reactivity to unidentified ubiquitin ligase (E3x; although CDK4/6 also
appears to stimulate ubiquitination). b) When unbound, the lowest free energy form of lk-Ba
has repeats 1, 5, and 6 unfolded. Binding to NF-kB is coincident with folding of repeats 5 and 6
and with a partial destabilization of repeat 3. c) When unbound, the lowest free energy form of
the Notch ankyrin domain has repeats 2—7 folded (center). Binding to CSL is coincident with
folding of repeat 1. FIH appears to hydroxylate an unstable form with repeats 2 and perhaps 3

unfolded. Hydroxylation further favors the folding of these repeats (lower line). Additional inter-
actions stabilizing the Notch—CSL complex are omitted for clarity.
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tial disorder. Surprisingly, repeat 3, in the
center of the ankyrin repeat array, appears
to become less ordered on binding to NF-«xB
(14). The potential that p19™*¢ may en-
gage its ubiquitin ligase through an altered
structure on CDK4 may relate to the surpris-
ing recent observation by Komives and co-
workers (15) that by using consensus se-
quence to stabilize the ankyrin repeat fold,
IkBa affinity to NF-kB is decreased, suggest-
ing that even within the “folded ensemble”
of ankyrin repeat proteins there may be
structural variations with significantly differ-
ent biological activities and that this varia-
tion may provide another level of regulation.

Like IkBa, the ankyrin domain of the
Notch receptor shows significant disorder
(in the first of seven repeats) when unbound
(16), but this repeat becomes ordered
(along with a cryptic segment that adopts
an ankyrin-like fold) upon binding to the
transcription factor CSL (17, 18) (Figure 2,
panel c). Recently, the Notch ankyrin do-
main was shown to be hydroxylated at one
or more asparagine CBs (19, 20). Although
this modification is compatible with the na-
tive structure (19) and results in an increase
in stability (21), crystallographic analysis of
Notch target peptides in complex with FIH
(the asparagine hydroxylating enzyme) indi-
cates that the ankyrin domain must be tran-
siently unfolded to be hydroxylated (19). Hy-
droxylation of the Notch ankyrin domain
appears to affect aspects of both Notch sig-
naling and the hypoxic response mediated
by HIF-1a (20).

Although the mechanistic details by
which hydroxylation regulates the function
of ankyrin repeat domains are yet to be de-
termined, it seems likely that conforma-
tional stability will play a significant role.
The current study by Léw and co-workers
on p19™“ provides a clear example of how
biophysical characterization of a protein
folding intermediate can lead to insight into
biological function. Given the rich spectrum
of partly folded states available to ankyrin
(and other types of) repeat proteins, it is
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clear that detailed studies of folding of such
proteins will be essential for understanding
their function.
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