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several ways. It is thus reasonable to hope
that some compounds that inhibit other
exchange factors for small GTP-binding
proteins in similar ways could be found.
The structures also reveal that exchange
factors make intimate contacts with the
P-loop and the switch II region, two areas
that are the sites of oncogenic mutations
in Ras. Thus, one could consider screen-
ing for drugs that specifically target the
complex formed by oncogenic Ras and its
GEFs. The structures of DH domains in
complex with some Rho family proteins
and of the ARF–GDP– Brefeldin A–Sec7 do-
main complex would also provide a more
detailed molecular understanding of the
action of GEFs and could help to design
more effective drug-screening strategies. 
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THE EVER-EXPANDING protein-sequence
database has revealed a ‘menagerie’ 
of amino acid sequence motifs that are
reiterated in a bewildering variety 
of proteins. Indeed, proteins are often

classified on the basis of the conserved
sequence motifs that they contain, even
though the function and structure of 
the motif might be uncertain. In 1987,
Breeden and Nasmyth reported a ~33
residue repeating motif in the sequence
of two yeast cell-cycle regulators, 
Swi6p and Cdc10p, and in the Notch 
and LIN-12 developmental regulators
from Drosophila melanogaster and
Caenorhabditis elegans1. Subsequently,
the discovery of 24 copies of this 

sequence in the cytoskeletal protein
ankyrin2 led to the naming of this motif
as the ankyrin (ANK) repeat. ANK-repeat
proteins carry out a wide variety of bio-
logical activities and have been de-
tected in organisms ranging from
viruses to humans. The motif has now
been recognized in >400 proteins3, in-
cluding cyclin-dependent kinase (CDK)
inhibitors, transcriptional regulators,
cytoskeletal organizers, developmental
regulators and toxins3,4. These mol-
ecules are present in the nucleus, cyto-
plasm and the extracellular milieu. The
number of repeats within any one pro-
tein is highly variable. The Drosophila
plutonium protein contains only two re-
peats5, but 20 or more are not uncom-
mon. Some ANK-repeat proteins consist
solely of ANK repeats; others are mul-
tidomain molecules in which ANK re-
peats are combined with other unre-
lated structural modules.

As argued earlier4, the myriad of dif-
ferent roles for ANK-repeat proteins
makes a common function such as an
enzymatic activity extremely unlikely.
However, the role of ANK repeats in me-
diating protein–protein interactions has
been well documented, and their pres-
ence is often interpreted as an indicator
of a similar function in otherwise un-
characterized systems. There are sev-
eral examples of protein modules that
recognize specific sequence motifs or
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S. G. Sedgwick and S. J. Smerdon are at the
Division of Yeast Genetics and the Division of
Protein Structure, respectively, National
Institute for Medical Research, The Ridgeway,
Mill Hill, London, UK  NW7 1AA.
Email: ssedgwi@nimr.mrc.ac.uk and 
s-smerdo@darwin.nimr.mrc.ac.uk



REVIEWS TIBS 24 – AUGUST 1999

312

protein modifications such as SH3 and
SH2 domains. By contrast, ANK proteins
do not bind selectively to a single class
of protein target. Rather, the diversity of
biological roles of ANK proteins is paral-
leled by the diversity of unrelated pro-
teins with which they interact. Here, we
use the recently determined structures
of several ANK-repeat molecules and
their complexes (Table 1) as a frame-
work to review the structure and func-
tion of the ANK repeat.

Structural organization of ANK repeats
The first three-dimensional structure

of an ANK-repeat molecule, that of
53BP2 bound to the p53 cell-cycle tu-
mour suppressor6, was determined al-
most ten years after the discovery of the
motif. This and subsequent structures
have shown that the ANK repeat con-
sists of pairs of antiparallel a-helices
stacked side by side and connected by a
series of intervening b-hairpin motifs
(Fig. 1a). The extended b-sheet projects
away from the helical pairs almost at
right angles to them, resulting in a char-
acteristic L-shaped cross-section
(Fig. 1a). This assembled structure has
been likened to a cupped hand: the
b-hairpins form the fingers and the con-
cave, inner surface of the ankyrin
groove, which is made up of solvent-
exposed residues from the a-helical
bundle, forms the palm7.

Although some molecules appear to
contain only ANK repeats, others con-
tain insertions between the repeats or,
less often, within it. The N- and C-ter-
mini of consensus sequences3,4, based
on the exon boundaries of the ankyrin
gene (Fig. 1b; consensus 2), separated
the two b-strands of the b-hairpin. This
necessarily incorporated the most

commonly occurring non-conserved el-
ements within the repeating unit. The
structure-based consensus that we pro-
pose (Fig. 1b; consensus 1) largely
avoids these problems and reflects the
architecture of the ANK domain more
logically. We therefore consider the
ANK-repeat motif to be defined as a b-
hairpin–helix–loop–helix (b2a2) structure.

Clearly, specific types of residues are
prevalent at any one position within the
consensus. However, ANK repeats can
sustain a considerable variety of amino
acid substitutions3,4. Usually, deviations
from the consensus are highly conserved
between orthologues; this strongly sug-
gests that they are responsible for the ob-
served specificity of ANK-repeat-protein
function. More sophisticated homology-
search algorithms have now identified
~3000 ANK repeats from ~400 proteins in
the non-redundant protein database (see
http://coot.embl-heidelberg.de/SMART).

The structural roles of conserved
residues in ANK repeats can be divided
loosely into those involved in the for-
mation and stabilization of the individ-
ual repeating unit and those that form
the interface between repeats. Although
the sequence shown in Fig. 1b gives no
impression of the sequence variation
evident in ANK-repeat proteins, it high-
lights several of the most highly con-
served residues that play important
structural roles. The b-hairpin is stabi-
lized through main-chain hydrogen-
bonding interactions with the side-chain
of the aspartate residue at position 1 of
the canonical 33-residue ANK-repeat se-
quence (Fig. 1b, upper). Three glycine
residues are conserved at consensus
positions 4, 15 and 27. Gly4 terminates
b2 whereas Gly15 and Gly27 terminate
the ANK-repeat helices. The characteris-

tic Thr-Pro-Leu-His (TPLH) tetrapeptide
motif forms a tight turn and initiates the
first a-helix of the ANK repeat. This turn
conformation is stabilized through re-
ciprocal hydrogen-bonding interactions
between the side-chain and main-chain
atoms of Thr6 and His9.

Stacking of repeats relies predomi-
nantly on conserved hydrophobic side
chains associated with the a-helices.
These create non-polar surfaces that are
highly complementary in shape and as-
semble in a lock-and-key fashion to pro-
duce the extended helical bundle (Fig. 1c).
Packing of multiple repeats orients the
b-hairpin motifs side by side, such that
b2 of ANKn forms a b-sheet hydrogen
bond to b1 of ANKn+1, etc. Stacking is 
further stabilized by several hydrogen-
bonding interactions between con-
served polar residues (His9, His16 and
Asn31) and main-chain atoms from adja-
cent ANK-repeat modules. Together,
these interactions combine to create a
rather non-globular domain that, never-
theless, is sufficiently stable to permit
ANK-repeat proteins to function in both
intra- and extracellular locations. Con-
served non-polar side chains associated
with the inner helices of the bundle tend
to be smaller in volume than those
associated with the outer helices7,8.
This, in combination with a left-handed
twist that is intrinsic to the stacked ar-
rangement of the adjacent helical pairs,
causes a distinct curvature towards the
ankyrin groove (Fig. 2). These features
might be exaggerated to some extent by
the presence of additional, non-ANK
structural elements in the block (Fig. 2).

The ANK-domain architectures of the
current set of X-ray and NMR structures
vary considerably (Fig. 2). GA-binding
protein b (GABPb) contains four and a
half repeats and exhibits little structural
or sequence deviation from the canoni-
cal repeating unit9. In the three INK4
proteins, p16INK4a (Refs 10,11), p18INK4c

(Refs 8,12) and p19INK4d (Refs 11,13–15),
the first helix of the second repeat is
atypically short and, as in myotrophin16,
the b-hairpins do not all interact with
one another to form a continuous
b-sheet. In IkBa, short insertions be-
tween repeats 1 and 2 and between re-
peats 3 and 4 form additional helical
segments within the connecting linker
regions. IkBb is closely related to IkBa
but contains an additional 47-residue 
insertion between repeats 3 and 4.
Similarly, IkBe and the Drosophila homo-
logue, Cactus, have 10 and 30 additional
residues, respectively, at the same pos-
ition7,17. Swi6 has five repeats but also

Table 1. X-ray and NMR structures of ANK-repeat proteins and complexesa

Proteina Function Structure PDB IDa Number Ref.
determination of repeats

53BP2–p53 ? X-ray 1YCS 4 6
p16INK4a CDK inhibitor NMR 1A5E 4 10
p16INK4a–CDK6 X-ray 1BI7 4 11
p18INK4c CDK inhibitor X-ray 1IHB 5 8

NMR 12
p19INK4d CDK inhibitor NMR 1AP7 5 13

X-ray 1BD8 14
p19INK4d–CDK6 X-ray 1BI8 11

X-ray 1BLX 15
GABPa–GABPb–DNA Transcription factor X-ray 1AWC 4 9
Myotrophin Trigger of cardiac hypertrophy? NMR 1MYO 4 16
IkBa–NFkB NFkB inhibitor X-ray 1NF1 6 7

X-ray 1IKN 17
Swi6 Transcription factor X-ray 1SW6 5 18

aAbbreviations used: ANK, ankryin; CDK, cyclin-dependent kinase; GABP, GA-binding protein; PDB ID,
protein database identification code.
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contains several additional structural el-
ements18. The region between repeats 3
and 4 is particularly striking: ~40 addi-
tional residues contribute to an atypi-
cally long second helix of the third re-
peat, a short section of b-sheet, an
unstructured loop and two additional
short helices. Another extra helix is
found in the linker between ANK2 and
ANK3. In the cupped-hand analogy,
these elements protrude from the back
of the knuckles of the ANK-repeat stack.
Finally, the loop joining the two helices
of ANK2 also has a short helical el-
ement. In spite of these structural vari-
ations, the regular stacking of the ANK re-
peats is unimpaired. In fact, side-chains
from the additional helical segments
contribute to the hydrophobic core of
the molecule. The incorporation of addi-
tional elements within a conserved
structural core in Swi6 exemplifies the
structural resilience of the ANK-repeat
domain. However, the embellishments
of the ANK domain of Swi6 are unlikely
to be unique and, doubtless, even more
baroque variations on the ANK-repeat
domain organization will be found.

Intermolecular interactions
Eight X-ray structures of complexes in-

volving ANK repeats have been deter-
mined (Table 1). Despite the overall se-
quence similarity shared by ANK proteins,
the mechanism of binding to specific
partner molecules varies considerably.
Binding can use much of the available sol-
vent-accessible surface, and contacts are
not restricted to any particular secondary
structural element within the ANK repeat.
Nevertheless, these structures have re-
vealed some common features of molec-
ular interactions. The first of these was
suggested by the structure of the
53BP2–p53 complex6. The C-terminal
229-residue fragment of 53BP2 used in
this study comprises four ANK repeats
followed by an Src-homology-3 (SH3) do-
main. Although the majority of the inter-
actions between this pair of molecules
are mediated through the 53BP2 SH3 do-
main, the b-hairpin of ANK4 of 53BP2
also makes contact with p53. The
importance of the b-hairpin elements in
binding and recognition is better illus-
trated by the GABPb–GABPa–DNA com-
plex (Fig. 3a). GABPa is a transcription
factor of the Ets-domain family that
binds to DNA in combination with an
ANK-repeat accessory factor, GABPb.
GABPb primarily contacts GABPa
through two residues at the tips of all
four of its b-hairpin fingers. These
residues play no structural role in the

REVIEWS

Figure 1
(a) The X-ray structure of 53BP2 shows the arrangement of a-helices (cylinders) and b-hair-
pins (arrows), which is characteristic of the ankyrin (ANK)-repeat architecture viewed from
the ‘top’ of the domain (left). A single ANK repeat is highlighted in red. The continuous
b-sheet projects away from the helical stack to form the ankyrin groove, which is indicated
by the dotted arc (right). (b) The ANK-repeat consensus. ANK-repeat domains are assem-
bled from multiple, sequential copies of a ~33 residue motif. The structure-based consen-
sus (consensus 1) defines the ANK repeat as a b2a2 motif highlighted in red [compare with
(a)]. In many ANK-repeat molecules, sequence insertions (highlighted in blue) occur most
often within the region that connects helix 2 to the first b-strand of the adjacent repeat.
Many alternative definitions of the N- and C-terminal limits of the repeat have been sug-
gested. The most common is shown in the lower panel (consensus 2) and is based on the
location of exon boundaries in the ankyrin gene. In both consensus sequences, the extent
of a single ANK repeat is indicated by a black arrow. Variations might occur at any position
within the consensus. The sequence shown has been chosen only to illustrate some of the
structural roles played by some of the most highly conserved residues. (c) Assembly of the
ANK-repeat domain. The backbone of three consecutive ANK motifs is shown as red, green
and purple coils. Non-polar side-chain atoms, shown in a space-filling representation, are lo-
cated on both the N-terminal face (olive green) and C-terminal face (blue) of the helical
pairs. These form complementary surfaces that associate and constitute the core interac-
tions that form the ANK-repeat stack.
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overall domain assembly, and are not con-
served in the ANK consensus, which is
consistent with a role in specific interac-
tions. Further contacts involve residues
on the exposed face of the a-helices in the
ankyrin groove that are also not con-
served in ANK-repeat proteins as a whole.

The ankyrin groove is also employed
in contacts that both p16INK4a and

p19INK4d make with CDK6 (Refs 11,15) to
inhibit the kinase activity of CDK6 as
part of a complex regulatory network in
the late G1 phase of the mammalian cell
cycle (Fig. 3b). CDKs contain a catalytic
cleft formed by juxtaposition of N- and 
C-terminal domains (lobes) after activ-
ation by phosphorylation and cyclin
binding. Together these events rearrange

and stabilize two regulatory elements of
the kinase, the T-loop and the PSTAIRE
helix, and reorganize the enzyme into a
catalytically competent conformation.
Binding of the INK4 proteins to CDK6
locks the kinase in a conformation that
is unfavourable for activation and is in-
capable of binding ATP. The helical face
of the ankyrin groove of repeats 1, 2 and
3, together with the intervening b-hair-
pins, clamps the N-terminal lobe of
CDK6. The connecting loops between
the helix pairs of ANK1, ANK2 and ANK3
make further contacts with the T-loop
located in the C-terminal lobe of CDK6.
As a result, the N- and C-lobes of CDK6
are rotationally misaligned relative to the
activated conformation, and movement
of the highly conserved PSTAIRE helix
into the catalytic cleft is blocked. Several
point mutations in p16INK4a play a well
documented role in the production of tu-
mours. Although most of these simply
destabilize the ANK-repeat structure, a
subset now appears to disrupt inter-
actions with CDK6 directly8,10–12,15,19.
These findings emphasize the functional 
distinction between residues required
for the structural integrity of the repeat
and those involved in recognition and
binding of target molecules. 

The structures of two complexes
formed by slightly different fragments of
IkBa and the NFkB p50–p65 heterodimer
(Fig. 4a) reveal the most extensive inter-
face described thus far for any ANK-
repeat domain7,17. IkBa antagonizes
gene expression driven by NFkB tran-
scriptional activators: it sequesters
NFkB in the cytoplasm and inhibits
phosphorylation events that stimulate
DNA binding activity. Crystallization of
these ternary complexes necessitated
the use of partially deleted fragments of
each component. Nevertheless, the vari-
ety of contacts and conformational
changes observed in these structures
have provided unprecedented insights
into the multilevel regulation of NFkB by
IkBa (Refs 20,21).

Cytoplasmic retention of NFkB by
IkBa appears to be achieved through
masking of the p65 nuclear localization
signal (NLS). This region is unstructured
in solution but adopts a helical confor-
mation in the Jacobs and Harrison com-
plex7 (Fig. 4a). The surface of the
ankyrin groove, formed by repeats 1, 2
and 3 of IkBa, contacts the NLS region of
p65. Residues C-terminal to the p65 NLS
wrap around the N-terminal end of IkBa,
interacting with hydrophobic residues
on the exposed face of the helical seg-
ments of ANK1. In addition, residues

Figure 2
Schematic representations of four ankyrin (ANK)-repeat domains that illustrate the variations
in architecture that might occur. (a) GABPb consists only of ANK-repeat motifs. (b) Helix 1 of
the second repeat of p18INK4c and the other INK4 family members is significantly shortened.
Furthermore, the b -sheet structure is distorted by dislocation of the ANK1 b-hairpin (lilac).
(c) Insertions within and between repeats are the most common variations of the basic ANK
fold. Two helical insertions (yellow) occur between repeats 1 and 2, and between 3 and 4 of
IkBa and the positions of these additional sequences appear to be conserved in the IkB fam-
ily. (d) The ANK-repeat domain of Swi6 contains the largest number and variety of inserted 
elements observed thus far (yellow). Short helical segments are located between repeats 2
and 3 and, unusually, within the loop connecting helices 1 and 2 of ANK2. ANK3 and ANK4
are separated by a ~40-residue sequence that contains two a-helices, a short region of 
b-strand structure and a disordered loop. The transcriptional activation region (red) is tightly
associated with the ANK-repeat domain and interacts with many of the insertion elements.

Figure 3
(a) The complex of GABPa with the ankyrin (ANK)-repeat accessory factor GABPb clearly 
illustrates the use of the ankyrin groove as a binding surface. The structure was solved as a
ternary complex of GABPa–GABPb with a DNA duplex, but for clarity the DNA is not shown.
(b) The INK4 family of ANK-repeat proteins function as cell-cycle regulators through interac-
tion and inhibition of CDK6. The N-lobe of CDK6 (cyan) interacts with the ankyrin groove,
whereas the base of the ankyrin stack binds to the PSTAIRE helix and the T-loop (yellow), 
preventing activation of the CDK (see text for details). CDK, cyclin-dependent kinase.
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from the ANK2 b-hairpin, which is lo-
cated on the upper surface of the ankyrin
domain, contact residues that are lo-
cated immediately N-terminal to the NLS
of p50 in the full-length molecule.
Together, the observed interactions are
sufficient to explain the particularly 
potent biological activity of IkBa com-
pared with IkBb and IkBk in retaining
NFkB in the cytoplasm22.

IkBa also contacts the p65–p50 dimer-
ization interface located within the 
N-terminal domain of the Rel-homology
region of each subunit (p50dim, p65dim;
Fig. 4). The b-hairpins of repeats 4, 5 and
6 contact the dimerization surface of
p50, whereas the helices in the ankyrin
groove of repeats 5 and 6 make contact
with the corresponding region of p65.
Helix 1 of ANK6 and the C-terminal 
PEST residues contact the N-terminal
DNA-binding domain of the p65 moiety
(p65db), which is dramatically repos-
itioned relative to the position in the
p50–p65–DNA complex. Normally, the two
DNA-binding domains of the p65–p50
heterodimer straddle the longitudinal
axis of DNA and interact extensively
with the major groove (Fig. 4b). Ad-
ditional, sequence-specific contacts are
supplied by residues from the dimeri-
zation domain. This ‘molecular pincer’
is held together by the dimerization 
domains of the two molecules, which
are connected to the DNA-binding do-
mains by flexible linkers. The reorienta-
tion of the DNA-binding domain, ob-
served in the IkBa complex, disrupts
this ‘pincer’ geometry and antagonizes
DNA binding (Fig. 4c). Furthermore, it is
likely that this structural rearrangement
might reduce or prevent activation of
p65 by cAMP-dependent protein kinase
through occlusion of the phosphorylation
site at Ser276 (Fig. 4a).

Intramolecular interactions 
The structure of a central 36-kDa frag-

ment of Swi6 provides the only example
so far of intramolecular interactions in-
volving ANK repeats18 (Fig. 2d). In this
case, a region that is capable of tran-
scriptional activation in vivo23 interacts
with a core domain consisting of five
ANK-repeat motifs. The interaction sur-
face on the ANK-repeat domain differs
considerably from those of the inter-
molecular complexes described above.
In the cupped-hand analogy, the tran-
scriptional activator interacts with the
back of the hand and fingers, using, in
part, the distinctive non-ANK structural
elements that form part of this surface.
In addition, the helical section of the 

activation domain is anchored across an
extensive hydrophobic surface on the N-
terminal face of the ankyrin block.
Several temperature-sensitive muta-
tions in Swi6 appear to disrupt interac-
tions with the transactivation region
rather than perturb the ANK-repeat
core24, underlining the structural signifi-
cance of these intramolecular interac-
tions. Sequence conservation indicates
that similar interactions are likely to
occur in the other members of the
Swi6/Cdc10 family18. At the functional
level, the ANK-repeat domains within
these transcription factors might regu-
late, positively and negatively, the 

biological activities of flanking re-
gions/domains and vice versa23,25. This
might be a general feature of ANK-repeat
domains, given that inhibition of the bud-
ding yeast Pho80p-Pho85p-cyclin–CDK
complex by the ANK-repeat domain of
Pho81p is modulated by distinct N- and
C-terminal regions26,27.

Summary
Protein evolution demands conser-

vation of key residues to maintain struc-
tural integrity, but allows for sequence
variations that, in turn, provide func-
tional specificity. In fact, the complex
biochemical requirements of a living cell

REVIEWS

Figure 4
(a) Two independent structures of NFkB bound to the IkBa inhibitor have revealed the most
extensive interface yet observed for any ankyrin (ANK)-repeat protein complex. Contacts
with the IkBa ANK domain are shown as red patches on the molecular surface, which is
viewed into the ankyrin groove and oriented with the b-hairpins projecting out of the plane
of the page. Individual domains of the p50–p65 NFkB heterodimer and the nuclear local-
ization signal (NLS) of p65 are shown as a backbone ‘worm’. The dimerization (dim) do-
mains of p50 (upper) and p65 (lower) are coloured grey. The DNA-binding domain (db) of
p65 is shown in purple and the NLS is highlighted in yellow. (b) Domain arrangements as
observed in NFkB–DNA co-crystal structures28–32. In this case, the p65–p50–DNA complex
is shown with the dimerization domains (grey) oriented as shown in (a). The DNA duplex
makes extensive interactions with the DNA-binding domains of both p50 (blue) and p65
(cyan). (c) Comparison of the domain arrangements of p65 observed in the IkBa complex
(a) and the DNA complex (b). The view is towards the upper surface of the ANK domain by
rotation of the molecule by ~60° about the horizontal axis with respect to the orientation in
(a) and (b), as indicated. The p65 dimerization domains (grey) have been superimposed and
the p50 subunits removed for clarity. The relative movement of the DNA-binding domain of
p65 between the IkBa (purple) and DNA-bound (cyan) complexes is indicated by the arrow
and represents a rotation of ~180° about the horizontal axis.
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appear to be largely fulfilled by a rela-
tively small number of protein architec-
tures. In some cases, versatility has been
achieved through the assembly of multi-
ple copies of amino acid sequences to
form families of structurally related but
functionally diverse protein modules
(e.g. Zn-finger motifs, WD40 repeats, ar-
madillo repeats, HEAT repeats, leucine-
rich repeats and ANK repeats). 

Crystallographic, spectroscopic and
biochemical studies of ANK-repeat pro-
teins have now revealed how the struc-
tural and functional demands are recon-
ciled simultaneously in these molecules.
The core structure is sufficiently mal-
leable to withstand considerable se-
quence variation, while still providing a
stable framework for presenting surface
contact residues. Binding to target mol-
ecules commonly involves contacts
with the tips of the b-hairpins and the
surface of the helical bundle facing into
the ankyrin groove. In general, these
residues are not conserved in the ANK
consensus. As such, they are not struc-
turally constrained and are ideally lo-
cated to perform binding roles. The
modular stacking of the repeat motifs al-
lows incorporation of additional non-con-
served elements that might contribute
both to the structural stability of the 
domain and to the binding to the target

molecule. Furthermore, as in the cases of
other repetitive structural motifs, the
ANK repeat lends itself to variation in
overall domain size by simple sequence
duplication or deletion. In this way, the
ANK-repeat fold can recognize and bind
to target molecules that vary consider-
ably in size and shape. Although binding
within the ankyrin groove is a common
feature of known complex structures,
the variations observed suggest that any
part of the ANK-domain surface can be
used in inter- and/or intramolecular con-
tacts. The true diversity of these interac-
tions will only be revealed by further
structural studies of this remarkable
family of proteins.
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