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Summary
KRIT1 (Krev/Rap1 Interaction Trapped-1) mutations are observed in ~40% of autosomal
dominant cerebral cavernous malformations (CCM), a disease occurring in up to 0.5% of the
population. We show that KRIT1 functions as a switch for β1 integrin activation by antagonizing
ICAP1 (Integrin Cytoplasmic Associated Protein-1)-mediated modulation of “inside-out”
activation. We present co-crystal structures of KRIT1 with ICAP1 and ICAP1 with integrin β1
cytoplasmic tail to 2.54 Å and 3.0 Å resolution (the resolutions at which I/σI = 2 are 2.75 Å and
3.0 Å, respectively). We find that KRIT1 binds ICAP1 by a bidentate surface, KRIT1 directly
competes with integrin β1 to bind ICAP1, and that KRIT1 antagonizes ICAP1-modulated integrin
activation using this site. We also find that KRIT1 contains an N-terminal Nudix domain, in a
region previously designated as unstructured. We therefore provide new insights to integrin
regulation and CCM-associated KRIT1 function.
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Introduction
Cerebral cavernous malformations (CCM) occur in up to 0.5% of the human population
resulting in mulberry-shaped lesions, predominantly in the neurovasculature, that increase
risk of hemorrhagic stroke (Cavalcanti et al., 2011; Revencu and Vikkula, 2006). CCM
lesions are characterized by collections of irregular, dilated, thin-walled, capillary channels
with a single layer of endothelium, leaky endothelial cell junctions and an altered sub-
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endothelial matrix (Cavalcanti et al., 2011; Revencu and Vikkula, 2006). Familial loss-of-
function mutations in KRIT1 (CCM1), CCM2, or PDCD10 (CCM3) predispose to CCM and
can lead to stroke, seizures or neurological disorders (Cavalcanti et al., 2011). KRIT1 was
the first gene linked to CCM (Gunel et al., 1995) and over 40% of CCM-associated
mutations occur in KRIT1. The disease is associated with a second acquired somatic
mutation causing complete loss of KRIT1 (Akers et al., 2009; Pagenstecher et al., 2009).
Recent studies of KRIT1 emphasize its role in regulation of cell-cell junctions (Stockton et
al., 2010; Whitehead et al., 2009) where it acts downstream of the Rap1 GTPase (Beraud-
Dufour et al., 2007; Glading et al., 2007; Liu et al., 2011), however, aberrant integrin-
mediated endothelial cell adhesion to extracellular matrices is also likely to contribute to the
CCM phenotype (Faurobert and Albiges-Rizo, 2010).

Integrin adhesion receptors are an evolutionally conserved family of heterodimeric
glycoproteins that play essential roles during development, tissue formation, hemostasis, and
in response to injury and infection (Hynes, 2002). Integrins are composed of non-covalently
associated α and β subunits, each a type I trans-membrane protein with multi-domain
extracellular regions, a single trans-membrane helix and a generally short cytoplasmic tail
(Hynes, 2002). The cytoplasmic regions link integrins to the actin filament network and to a
variety of intracellular signaling cascades (Harburger and Calderwood, 2009).
Conformational changes in the extracellular domains alter integrin activation state and
affinity for ligand (Kim et al., 2011a; Luo et al., 2007). These conformational changes are
induced by interactions of the short integrin cytoplasmic tail with cytoplasmic proteins
(Calderwood, 2004; Harburger and Calderwood, 2009; Kim et al., 2011a) an `inside-out'
signaling mechanism. ICAP1 (integrin cytoplasmic-associated protein 1) is a small 200
amino acid protein that is predicted to contain a C-terminal PH/PTB fold domain that binds
specifically to the integrin β1 cytoplasmic tail (Calderwood et al., 2003; Chang et al., 2002;
Chang et al., 1997; Zhang and Hemler, 1999). ICAP1 is a known suppressor of integrin
activation (Bouvard et al., 2007; Bouvard et al., 2003; Brunner et al., 2011) believed to act
by competing with the integrin activators talin (Bouvard et al., 2007; Bouvard et al., 2003)
and kindlin (Brunner et al., 2011). As ICAP1 is one of the few proteins so far shown to
negatively regulate integrin activation, because it modulates focal adhesion turnover and
hence matrix sensing in vitro and in vivo (Bouvard et al., 2007; Bouvard et al., 2006;
Millon-Fremillon et al., 2008), and because pathways that release ICAP1-mediated
suppression of integrin activation are likely to control integrin activation, understanding
ICAP1's mechanism of action is highly significant.

KRIT1 is a 736 amino acid protein that contains three regions, an N-terminal NPxY motif-
rich region, an ankyrin repeat domain (ARD) and a band four-point-one, ezrin, radixin,
moesin (FERM) domain. The N-terminal region of KRIT1 contains three NPxY-like motifs
and can bind ICAP1 (Zawistowski et al., 2002; Zhang et al., 2001). This binding competes
ICAP1 from integrin cytoplasmic tails (Zhang et al., 2001) and has been suggested to
sequester ICAP1 to the nucleus (Zhang et al., 2008). The discovery that mutations in KRIT1
are associated with >40% of autosomal dominant CCM (Revencu and Vikkula, 2006)
highlights the clinical importance of understanding the molecular mechanisms of KRIT1
function. In the context of CCM it is notable that integrins containing the β1 subunit are
required for vascular development and their loss results in altered vascular remodeling (Lei
et al., 2008). β1 integrins are also important for vascular morphogenesis and essential for
endothelial cell migration, adhesion and survival during angiogenesis (Abraham et al., 2008;
Carlson et al., 2008; Zovein et al., 2010). This potentially implicates altered integrin
adhesion dynamics in CCM, indeed ICAP1 has been implicated in formation of vascular
malformations (Brutsch et al., 2011).
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To probe the role of the KRIT1-ICAP1 axis as a switch that regulates integrin activation, we
investigated the structural basis for KRIT1-ICAP1 and ICAP1-integrin interactions and
assessed their impact on integrin activation. We determined crystal structures for the N-
terminus of KRIT1 in complex with ICAP1 PTB domain and the ICAP1 PTB domain in
complex with the cytoplasmic tail of integrin β1. We found that KRIT1 binds ICAP1 using a
bidentate interaction surface. One part of this surface represents an unpredicted recognition
motif between ICAP1 and KRIT1; the other part of this surface completely overlaps with the
interaction between ICAP1 and integrin β1. Thus we provide a structural basis for KRIT1
antagonization of ICAP1-mediated suppression of integrin activation. We validate these
interactions by pull-down and surface plasmon resonance assays, and show, using integrin
activation assays and KRIT1 knockdown cells, that these direct binding interactions
functionally impact integrin activation. Finally, we discover a previously unpredicted N-
terminal Nudix domain in KRIT1.

Results
Crystal structure of KRIT1 N-terminus in complex with ICAP1 PTB domain

KRIT1 contains an N-terminal region of previously unknown structure followed by
predicted ankyrin repeat and FERM domains (Fig 1A). We set out to study the interaction of
the N-terminal NPxY motif-rich region with the predicted PTB domain of ICAP1
(Zawistowski et al., 2002; Zhang et al., 2001). The N-terminal portion of human KRIT1 was
recalcitrant to purification but we found that co-expression with the ICAP1 PTB domain
allowed co-expression and co-purification. We were thus able to determine the 2.54 Å co-
crystal structure of KRIT1 residues 1 to 198 in complex with the ICAP1 PTB domain (Fig
1B and S1, Table 1). This provided the first atomic-level structure for these regions of
KRIT1 or ICAP1 and revealed that KRIT1 residues 172–195 mediate binding to ICAP1
while the N-terminal 170 KRIT1 residues fold with high structural similarity to members of
the Nudix (Nucleotide Diphosphate linked to an X moiety) group of hydrolases (Bessman et
al., 1996) (discussed below).

In the KRIT1-ICAP1 co-crystal structure the ICAP1 construct spans residues 49 to 200 but
the first residue visible in all copies of the asymmetric unit is C60ICAP and the final well-
ordered residue is Ser193ICAP. Therefore the ICAP1 PTB domain spans residues 60–193.
ICAP1 adopts a Dab-like PTB/PH fold.

KRIT1 directly binds ICAP1 using an extended 24-residue region beginning at H172KRIT

and ending at Y195KRIT. This interface buries 2969 Å2, has a shape complementarity of
0.71, and is highly conserved (Fig S2 and S3). Notably, the interaction surface is bidentate
containing two distinct sites, which we term “RR” and “NPxY” (Fig 2A). NPxY-site
residues Ile186KRIT to Y195KRIT bind ICAP1 between its β5 strand and α2 helix (Figs 1B,
2A and 2B) via a canonical PTB-NPxY binding interaction. Y195KRIT is clearly visible in
the electron density, stacks against ICAP1 residue I139ICAP and hydrogen bonds to the
backbone carbonyl of Y136ICAP. In contrast, site RR is an unpredicted binding motif
encompassing residues H172KRIT to R185KRIT (Fig 2A). The KRIT1 RR site wraps around
the side of the ICAP1 PTB β-barrel in the form of two α-helices and is accommodated
between the ICAP1 β1–β2 helix insert (helix α1) and the β5–β6 loop (Fig 1B). Interestingly
the PTB insert helix α1, that is observed in Dab-like PTB domains and participates
significantly in KRIT1 binding by forming one side of the RR site, is shifted towards the
β5–β6 loop by approximately 9 Å from its location in X11 (1AQC) and other Dab-like PTB
domains. The KRIT1-ICAP1 RR site interaction is spearheaded by two completely
conserved KRIT1 arginine residues R179KRIT and R185KRIT (Fig 2A) which interact with
an extensive patch of negative potential (Fig S2E) formed by D93ICAP, Q96ICAP and the
backbone carbonyl of D146ICAP. The KRIT1 RR site forms two α-helices (α5 and α6), with
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the break between them caused by the completely conserved R179KRIT–P180KRIT pair, and
stabilized by the completely conserved R90KRIT hydrogen bonding to the backbone
carbonyls of R179KRIT and P180KRIT (Fig 2A). Notably, the RR site is a novel and
unanticipated interface between KRIT1 and ICAP1 and the key ICAP1 and KRIT1 residues
that mediate the interaction are completely conserved through evolution (Figs S2 and S3).

Validation of the KRIT1-ICAP1 interaction
Pull-down assays using the ICAP1-binding portion of KRIT1 (residues 170–198) confirmed
that KRIT1 binds ICAP1, but revealed that point mutations in either the RR (R179AKRIT/
R185AKRIT or A176DKRIT/P182DKRIT) or the NPxY sites (N192AKRIT/Y195AKRIT) of
KRIT1 significantly inhibited the interaction (Fig 2C and S2G). Importantly, mutating both
RR and NPxY sites in tandem reduced binding to background levels (Fig 2C and S2G).
Simultaneous RR and NPxY site mutations also prevented co-purification of KRIT1(1–274)
with ICAP1, showing that these sites are necessary for ICAP1 binding even when the Nudix
domain and all three NPxY/F motifs are present (Fig S2H). Consistent with this, ICAP1
mutations in the NPxY-binding site (L135AICAP/I138AICAP/I139AICAP or C184DICAP) or
at the RR-binding site (I89RICAP or D93AICAP/Q96AICAP) significantly impaired KRIT1
binding (Fig 2D and S2I).

KRIT1 N-terminus folds as a previously unpredicted Nudix domain
In addition to the molecular basis for ICAP1-KRIT1 interactions, our structure revealed a
completely unanticipated Nudix domain in KRIT1 (Fig 3A and 3B). Nudix domains are
found in a diverse group of hydrolases with a wide array of substrates (e.g. nucleotide
sugars, NADH, dinuceloside polyphosphates, capped RNA, nucleoside triphosphates), and
are mostly, but not exclusively, characterized by the presence of a “Nudix box” motif
Gx5Ex7REUxEExGU sequence (where U is hydrophobic)(Bessman et al., 1996). KRIT1
does not include the canonical “Nudix box” motif or other Nudix motifs (Fig 3C) but does,
however, very clearly adopt a Nudix fold (Fig S4) with a central β-sheet flanked by two α-
helices (Bessman et al., 1996)(Fig 3B). Structural analysis revealed no indication that
KRIT1 falls into any of the previously described classes of Nudix fold hydolases (Fig 3C),
and superposition of KRIT1 Nudix domain on all previously determined structures of Nudix
domains in complex with substrates (81 in total) does not suggest potential substrates.
Consistent with our analysis, we found no evidence of KRIT1 hydrolase activity for a range
of canonical nucleotide substrates (Fig 3D). While the role of the KRIT1 Nudix domain is
yet to be elucidated, its presence suggests a previously unreported function for KRIT1 that
must be considered in parallel to KRIT1's role in modulating cell-cell and cell-ECM
adhesion.

Crystal structure of ICAP1 in complex with integrin β cytoplasmic tail
ICAP1 was first identified as an integrin β1 cytoplasmic tail-binding protein (Chang et al.,
1997). Mutagenesis implicated the integrin β1 tail NPKY motif and a preceding VTTV
sequence as important for ICAP1 binding, and molecular modeling suggested the interaction
occurred via a classical PTB-domain ligand interaction (Chang et al., 2002), which would be
expected to compete with the KRIT1-ICAP1 interaction described above. To understand the
ICAP1-β1 integrin interface in detail we determined the 3.0 Å resolution co-crystal structure
of ICAP1 in complex with a 15mer peptide of the integrin β1A cytoplasmic tail (residues
784 to 798) (Fig 4A, 4B and S5, Table 1). We found no significant conformational changes
in ICAP1 between the KRIT1-bound or integrin β1-bound ICAP1 structures. The major
difference is a 1–2 Å movement in the β5–β6 loop on KRIT1 binding that is probably an
induced fit effect. Overall, for well-observed copies, the ICAP1-integrin β1 complex
superposes with an RMSD of ~1.0 Å over ~107 Cα atoms, the ICAP1 from the integrin β1
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complex superposes with an RMSD of ~1.1 Å over ~111 Cα atoms to ICAP1 from the
KRIT1 complex, and the ICAP1 copies from the KRIT1-ICAP1 complex superpose with
RMSD of 0.4 Å over 133 residues.

ICAP1 is bound to the β1 tail in the canonical PTB binding site between the β3 and the α5
helix allowing integrin β1 to form an antiparallel β-sheet with ICAP1 stand β3. Consistent
with published mutagenic analyses (Chang et al., 2002), the interaction is mediated by
integrin β1 residues S783Iβ1 to N792Iβ1 (SAVTTVVN). This interaction interface is highly
conserved (Fig S3) and broadly hydrophobic, with V787Iβ1 and V790Iβ1 packing against
hydrophobic patches. Direct backbone hydrogen bonds are observed between V790Iβ1 and
N792Iβ1 of integrin β1 and M141ICAP and I139ICAP of ICAP1 forming an antiparallel β-
sheet. Hydrogen bonding is also observed between the backbone and side chains of T788Iβ1

and C143ICAP (Fig 4A and 4B). Surprisingly, although the β1 integrin N792PxY motif binds
ICAP1 and mutagenesis confirms the importance of Y795Iβ1 (Chang et al., 2002), Y795Iβ1

binding to the ICAP1 PTB domain is not observed in our crystal structure. In total 981 Å2

are buried in the interaction between ICAP1 and integrin β1 with a shape complementarity
of 0.63.

Validation of the ICAP1-integrin β1 interaction
We validated the crystallographic ICAP1-integrin β1 interaction by mutagenesis and pull-
down assays (Fig 4C, 4D, S5D and S5E). We found that T788DIβ1/V790DIβ1 or N792AIβ1/
Y795AIβ1 double mutations in integrin β1 very strongly inhibit ICAP1 binding, (Fig 4C and
S5D). We also tested ICAP1 mutants generated for KRIT1 interaction studies and,
consistent with the ICAP1-β1 crystal structure, found that NPxY site mutations strongly
inhibited β1 tail binding while RR site mutations had no significant effect (Fig 4D and S5E).
Thus, we show that, in contrast to the bidentate KRIT1 binding, β1 integrin binds only at the
canonical PTB domain ligand-binding site, and that the interface involves β1 residues
S783Iβ1 to N792Iβ1.

ICAP1 is a direct modulator of integrin activation
The ICAP1-binding site in the β1 tail overlaps the kindlin-binding site and abuts that for
talin, two key integrin-activating proteins (Harburger and Calderwood, 2009), suggesting
steric hindrance as a possible mechanism for the reported competition between ICAP1 and
kindlin or talin (Bouvard et al., 2003; Brunner et al., 2011). This competition presumably
explains the reported ICAP1-mediated inhibition of integrin activation (Bouvard et al.,
2003). We therefore employed a well-validated flow cytometric integrin activation assay
(Bouaouina et al., 2012) to examine the role of ICAP1 in integrin activation. We first
showed that GFP-ICAP1 expression induced a dose-dependent inhibition of activation of
chimeric αIIbα5β3β1 integrins stably expressed in CHO cells (Fig 4E). These integrins
contain the cytoplasmic domains of α5β1 and so are regulated like normal β1 integrins
(O'Toole et al., 1994) but have the extracellular and transmembrane domains of αIIbβ3,
allowing us to assess activation by measuring binding of the ligand-mimetic anti-αIIbβ3
antibody PAC1 (Bouaouina et al., 2012). Notably, expression of comparable levels of
integrin-binding defective ICAP1 mutants (C184DICAP or L135AICAP/I138AICAP/
I139AICAP) had no impact on integrin activation (Fig 4E). Cell-surface integrin expression
levels (assessed in parallel with activation independent anti-integrin antibodies) were
comparable in all conditions. As these experiments relied on exogenously expressed
chimeric integrins we confirmed that ICAP1 also suppressed activation of endogenous CHO
cell α5β1 integrins using a recombinant fragment of fibronectin as a reporter (Bouaouina et
al., 2012) (Fig 4F). We then tested the effect of ICAP1 on integrin β3 activation and found
that ICAP1 does not appreciably suppress activation of integrin αIIbβ3 (Fig 4G). Consistent
with this, ICAP1 pulled down with β1 but not β3 integrin tails (Fig 4H). Finally, we
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investigated whether ICAP1 could antagonize talin-mediated activation of β1 integrins.
Cells were co-transfected with GFP or GFP-talin head and DsRed or DsRed-ICAP1 and
integrin activation was assessed in cell populations with defined GFP and DsRed signals. As
expected talin head enhanced integrin activation and this activation was inhibited in the
presence of co-expressed ICAP1. Similar results were obtained for both endogenous and
chimeric β1 integrins (Fig 4I). Thus, we establish ICAP1 as a direct inhibitor of β1 integrin
activation and an antagonist of talin-mediated β1 integrin activation, and show that ICAP1-
mediated modulation of β1 integrin activation requires formation of a typical PTB-peptide
β-sheet between integrin β1 and ICAP1.

Detailed comparison of integrin β 1 and KRIT1 binding to ICAP1
Analysis of the modes of binding of KRIT1 and integrin β1 to ICAP1 reveals similarities
and differences. For KRIT1 the NPxY tyrosine, Y195KRIT, which is at the C-terminus of a
short 310 helix encompassing the P193KRIT, A194KRIT and Y195KRIT, packs against a
hydrophobic patch at the N-terminus of β5 formed by I139ICAP and hydrogen bonds to the
backbone carbonyl of Y136ICAP. For integrin β1 Y795Iβ1 is only visible in the electron
density for one built copy, where it is extended away from ICAP1. Y795Iβ1 is known to be
important for binding ICAP1 (Chang et al., 2002), and our pull-down assays confirm a role
for this residue (Fig 4C, 4H), but it is poorly ordered in our crystal structure and is
apparently not intrinsic to the interaction (Fig S5C). It is not clear from the structure why the
integrin β1 peptide (which includes residues to the extreme C-terminus of integrin β1) does
not form a 310 helix or type I β-turn on binding to ICAP1, there are no crystal contacts that
would perturb this binding, and solvent channels are nearby that allow C-terminal residues
to be accommodated.

N-terminal to the NPxY motif, both integrin β1 and KRIT1 form an extended anti-parallel
β-sheet with ICAP1 strand β5 spanning residues V787Iβ1-V791Iβ1 (sequence: VTTVV) in
integrin β1 and K187KRIT-I191KRIT (sequence: KTNVI) in KRIT1 (Fig 5A). A similar
hydrophobic/hydrogen-bonding profile is found for both integrin β1 and KRIT1 binding.
This is typified by V790Iβ1 and V190KRIT1 which pack snugly in an experimentally
identical fashion into an hydrophobic pocket formed by L187ICAP, S188ICAP, M141ICAP

and C184ICAP. Interestingly, while ICAP1 is specific for integrin β1 over β3 (Chang et al.,
1997)(Fig 4H), the structure does not provide a clear explanation for the mechanism of
specificity.

To measure the affinity of the interactions of ICAP1 with integrin β1 and KRIT1 we
conducted surface plasmon resonance (SPR) (Fig S6A). We found a KD of 1.24 ± 0.03 μM
for the ICAP1-KRIT1 interaction and KD of 5.0 ± 0.15 μM for the ICAP1-integrin β1,
approximately a 4-fold increase in affinity between ICAP1 and KRIT1 compared to ICAP1
and integrin β1 (Fig S6A). Additionally, our SPR measurements qualitatively suggest that
the dissociation of ICAP1 from KRIT1 is slower than the dissociation of ICAP1 from
integrin β1. These data correlate well with our structural data.

KRIT1 antagonizes ICAP1 modulation of integrin activation
The NPxY site of ICAP1 is used to bind either integrin β1 or KRIT1. Superposition of
ICAP1-KRIT1 and ICAP1-β1 structures reveals the similarities between these interactions
(Fig 5A) and suggests that KRIT1 and β1 integrin will compete for ICAP1 binding. To
confirm this we used purified recombinant proteins to show that GST-KRIT1(170–198) and
GST-β1 tails compete for binding to His-ICAP1(49–200) coated beads (Fig 5B).
Furthermore, competition was reduced using an ICAP1-binding-deficient KRIT1 mutant
(Fig 5B). This, together with our data showing ICAP1 suppresses integrin activation (Fig
4D), suggests that KRIT1 will antagonize the inhibitory effect of ICAP1 on β1 integrin
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activation via direct competition at the ICAP1 NPxY site. To test this we assessed the effect
of co-expressed GFP-tagged KRIT1 on DsRed-ICAP1-mediated suppression of β1 integrin
activation in CHO cells. β1 integrin activation was measured in double GFP- DsRed-
positive populations by flow cytometry (Fig S6B and S6C). Whereas co-expression of GFP
and DsRed-ICAP1 represses activation of chimeric or endogenous β1 integrins, co-
expression of GFP-KRIT1(1–198) with DsRed-ICAP1 restores integrin activation (Fig 5C
and 5D), presumably by sequestering ICAP1 away from integrins. Consistent with this idea,
ICAP1-binding defective KRIT1 mutants fail to antagonize ICAP1 repression of integrin
activation (Fig 5C). Interestingly, a shorter KRIT1 construct (170–198), which lacks the
Nudix domain only partially restores integrin activation indicating a potential contribution of
the Nudix domain (Fig 5C). KRIT1 therefore antagonizes ICAP1 modulation of integrin
activation by direct competition with the integrin binding site.

Loss of KRIT1 decreases integrin activation
Finally, to further test our hypothesis that KRIT1 antagonizes ICAP1-mediated integrin
suppression we investigated the consequences of KRIT1 knockdown in two more
physiologically relevant human cell types, EA.hy926 endothelial cells and U118
glioblastoma cells, that each express endogenous KRIT1 and ICAP1 (Fig 5E). Cells were
infected with lentiviral constructs encoding one of two separate shRNAs targeting human
KRIT1 (shKRIT1-1 and shKRIT1-2) or a control shRNA against luciferase. Infected cells
were selected based on puromycin resistance and GFP expression and integrin activation
was assessed by flow cytometry in GFP positive cells. Both shRNA constructs targeting
KRIT1 reduced endogenous KRIT1 expression in EA.hy926 and U118 cells (Fig 5E), and
also significantly inhibited activation of endogenous α5β1 in both cell types, when
compared with uninfected parental cells or cells infected with control luciferase shRNA (Fig
5F). Notably, the effect on activation was strongest for the shKRIT1-2 construct which
produces the greatest KRIT1 knockdown (Fig 5F). These data clearly implicate KRIT1 in
regulation of integrin activation.

To further substantiate our model where KRIT1 binding to ICAP1 prevents ICAP1-mediated
inhibition of integrin activation we performed rescue experiments in KRIT1 knockdown
U118 cells with a KRIT1 fragment not targeted by shKRIT1-1 or shKRIT1-2. Expression of
the DsRed-tagged ICAP1-binding fragment of KRIT1(1–198) in KRIT1-knockdown U118
cells reversed the observed inhibition of integrin activation but this reversal was not evident
when KRIT1 mutants defective in ICAP1 binding were used (Fig 5G). Taken together with
our structural and biochemical studies these data confirm that KRIT1-ICAP1 interactions are
important for KRIT1-mediated regulation of integrin activation and support a model where
competition between KRIT1 and integrin for binding to ICAP1 modulates integrin activation
(Fig 6).

Discussion
Integrin activation is tightly regulated through association of activating or inhibitory proteins
with the integrin cytoplasmic tails (Kim et al., 2011a). This in turn influences a wide range
of cellular phenotypes including cell adhesion, migration, signaling and differentiation and
so controls key physiological and pathological processes. While the process of integrin
activation is increasingly well understood (Harburger and Calderwood, 2009), relatively few
direct inhibitors of activation have been identified. ICAP1 is one of the better-characterized
inhibitors in integrin activation (Faurobert and Albiges-Rizo, 2010; Kim et al., 2011a).
ICAP1 selectively binds integrin β1 cytoplasmic tails and is believed to suppress activation
by preventing the binding of integrin activators talin and kindlin (Bouvard et al., 2007;
Bouvard et al., 2003; Brunner et al., 2011). Stimulated integrin activation may therefore
require mechanisms to release ICAP1-mediated suppression. Here we have used X-ray
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crystallography, protein biochemistry, and cell-based integrin activation assays to
characterize ICAP1-β1 integrin interactions, to show that ICAP1-integrin interactions are
required to suppress integrin activation, and to reveal that KRIT1 competes with integrin β
tails for binding to ICAP1 and hence that KRIT1 antagonizes ICAP1-mediated suppression
of β1 integrin activation. Notably, loss of function mutations in KRIT1 are observed in
~40% of familial cerebral cavernous malformations (CCM), a disease occurring in up to
0.5% of the population (Cavalcanti et al., 2011; Revencu and Vikkula, 2006). Our data
suggest that loss of KRIT1 in CCM may lead to reduced β1 activation, potentially
contributing to the leaky vasculature (Faurobert and Albiges-Rizo, 2010; Lei et al., 2008).
Indeed our knockdown studies confirm that loss of KRIT1 impairs α5β1 activation in two
independent cell types. Whether integrin activation is similarly inhibited in CCM lesions in
vivo remains to be determined; one study suggests that ICAP1 may also be lost from
KRIT1-deficient lesions (Zhang et al., 2008) potentially increasing β1 integrin activation in
CCM. Nonetheless, we did not observe loss of ICAP1 from KRIT1 knockdown cells and our
data strongly suggest that integrin signaling may be altered in CCM. In addition, our
structures reveal that KRIT1 contains an N-terminal Nudix domain in a region previously
designated as unstructured. These studies therefore provide insight to the understanding of
both integrin regulation and CCM disease.

Implications for understanding ICAP1 action as a suppressor of integrin activation
ICAP1 was first identified as an integrin β1 tail-binding protein (Chang et al., 1997) and was
subsequently shown to regulate β1 integrin-mediated cell spreading, cell migration and focal
adhesion dynamics (Bouvard et al., 2003). ICAP1 competes with the integrin activating
protein talin for binding to integrin β1 tails in vitro (Bouvard et al., 2003), ICAP1 over-
expression inhibits kindlin-2 binding to β1 tails (Brunner et al., 2011), and ICAP1-deficient
mice have osteoblast defects consistent with increased integrin activation (Bouvard et al.,
2007). Together these data suggest that ICAP1 functions as a direct suppressor of integrin
activation through competition with talin and kindlin (Bouvard et al., 2007; Bouvard et al.,
2003; Brunner et al., 2011). The ICAP1 binding site on integrin β1 revealed by this study is
immediately adjacent to the structurally-defined talin-integrin interaction site (Anthis et al.,
2009) and overlaps with the kindlin-binding site on integrin β1 tails defined by mutagenesis
(Harburger et al., 2009), raising the potential of steric hindrance or direct competition. Our
functional studies establish that ICAP1 suppresses β1 integrin activation and that direct
ICAP1-β1 interactions are required for this suppression.

Mechanism for KRIT1 release of ICAP1-mediated integrin activation suppression
KRIT1 function is still being deciphered. It has been shown to interact with microtubules
(Gunel et al., 2002) and is released from microtubules by Rap1 small GTPase binding to the
FERM domain (Beraud-Dufour et al., 2007; Liu et al., 2011). Rap1 also enhances KRIT1
localization to cell-cell contacts, perhaps through interactions with heart-of-glass receptor
and β-catenin (Kleaveland et al., 2009; Liu et al., 2011). KRIT1 also interacts with ICAP1
and as shown here, this releases ICAP1 from integrin β tails, potentially facilitating nuclear
translocation of ICAP1 (Faurobert and Albiges-Rizo, 2010; Fournier et al., 2005) and
preventing further competition with talin and kindlin. Phosphorylation of ICAP1 by CamKII
is one mechanism that has been suggested to impact binding specificity to integrin β1 or
KRIT1 (Bouvard et al., 2006; Kim et al., 2011b). Our structural, biochemical and functional
data support a KRIT1-specific release mechanism for ICAP1 suppression of integrin
activation (Fig 6). As both KRIT1 and ICAP1 contain nuclear localization signals, there is
the potential that the KRIT1-ICAP1 complex can then be efficiently targeted away from the
membrane to allow talin or kindlin-mediated integrin activation.
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The KRIT1 Nudix domain
The discovery of the Nudix domain in KRIT1 is surprising. No previous prediction
suggested that the KRIT1 N-terminus contains any folded region and on comparison of the
KRIT1 Nudix domain with structures of Nudix fold proteins, the structure-based sequence
identity is on average only 11%. The role of the KRIT1 Nudix domain is unclear. These
enzymes have extremely diverse substrates, so if KRIT1 Nudix is a functional enzyme the
discovery of its substrate may be non-trivial. Furthermore, Nudix domains can also play
roles as protein or DNA-interaction partners, raising the possibility that the KRIT1 Nudix
domain could interact with diverse partners at microtubules, the cell membrane, or in the
nucleus. Elucidation of the proper function of the KRIT1 Nudix domain may provide an
important step to understanding the roles of KRIT1 in normal tissues and in CCM disease.

Implications for understanding KRIT1 function and CCM disease
In addition to their importance for the understanding of normal integrin signaling, as ~40%
of CCM cases are associated with loss of KRIT1 our findings will improve understanding of
the pathology and etiology of this life-threatening disorder. Recent studies have focused on
the roles of KRIT1 in Rho/ROCK and Rap1 signaling pathways (Liu et al., 2011; McDonald
et al., 2010). Our findings suggest that loss of KRIT1 should also reduce β1 activation,
potentially contributing to a leaky vasculature (Faurobert and Albiges-Rizo, 2010; Lei et al.,
2008). Finally, our discovery of an unexpected N-terminal Nudix domain in KRIT1 reveals
the potential for KRIT1 enzymatic activity and highlights the need to identify KRIT1
substrates and to test their roles in the pathology and etiology of CCM.

Experimental Procedures
Full methods are provided in the Supplemental Experimental Procedures.

ICAP1 expression and purification
Codon-optimized human ICAP1 (residues 49–200) was expressed as a GST-fusion protein
and was purified to homogeneity by anion exchange and size exclusion chromatography.
Selenomethionine-labeled ICAP1 was purified as per the native protein.

ICAP1-integrin β1 co-crystallization
Before crystallization trials, ICAP1 was concentrated to 5.0 mg/ml and incubated with a
peptide from the C-terminal tail of integrin β1 (K784SAVTTVVNPKYEGK) in a 1:2 ratio
(protein:peptide). Crystals grew in precipitant conditions of 1.15 – 1.25 M sodium citrate,
pH 6.5. The final refined structure of ICAP1 in complex with integrin β1 is for a SeMet
substituted protein crystal.

KRIT1-ICAP1 co-expression and co-purification
The N-terminal portion of KRIT1 was recalcitrant to purification on its own. Therefore we
conducted a co-expression and co-purification protocol for the KRIT1-ICAP1 complex
using human KRIT1 (residues 1 – 198) and codon-optimized human ICAP1 (residues 49–
200).

KRIT1-ICAP1 co-crystallization
KRIT1-ICAP1 complex was concentrated to ~20.0 mg/ml for crystallization. The best
crystals grew within 4 to 7 days at room temperature by hanging drop vapor diffusion using
precipitant conditions of 2.04 to 2.08 M AmSO4, 0.2 M ammonium formate. For
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cryoprotection, the crystals were transferred to 3.2 M AmSO4 substituted with 0.5 M NaBr
and then flash frozen in liquid nitrogen prior to data collection.

Structure determination and refinement
The 3.0 Å structure of selenomethionine substituted ICAP1-integrin β1 complex was
determined using SAD phasing. This allowed a model to be generated that could be used for
molecular replacement for the 2.54Å KRIT1-ICAP1 structure. The molecular replacement
solution provided a seed for automated model building which accurately built almost the
whole structure of ICAP1 in the KRIT1-ICAP1 complex; manual building and refinement
completed the structure of KRIT1-ICAP1. This completed model of refined ICAP1 was then
used as a molecular replacement model for the ICAP1-integrin β1 complex and standard
refinement and model building completed the structure.

Generation of ICAP1 mutant proteins and pull-down assays
GST-integrin β1 fusion protein (residues 752 to 798) or GST-KRIT1 (residues 170 to 198)
were bound to beads and incubated with His-tagged ICAP1. Pull-down assays were all
conducted more than three times and showed consistent results. ICAP1 mutants were
generated by site-directed mutagenesis.

Competition assay
GST-integrin β1 and His-ICAP1 were purified and mixed with Nickel resin (Novagen) in
the presence of increasing amounts of GST-KRIT1(170–198). The relative amount GST-
integrin β1 remaining bound to nickel beads was measured.

KRIT1-N-terminal Nudix-like domain enzymatic assay
The enzymatic activity of N-terminal KRIT1 Nudix domain was examined by measuring
release free phosphate using the Malachite green reagents (BioAssay Systems). Then the
absorption of 620 nm was measured using a SAFIRE plate reader (Tecan), this was
compared to measurements for no enzyme and the difference plotted in Fig 3D. Each
measurement was repeated at least three times.

Cell culture and integrin activation assays
A previously described CHO cell line stably expressing chimeric αIIbα5β3β1 integrins
(O'Toole et al., 1994) was used for all integrin activation assays and integrin activation
states were assessed in three-color FACS assays using a modification of previously
described methods (Bouaouina et al., 2012).

Surface Plasmon Resonance
GST, GST-KRIT1 (residues 170–198), GST-KRIT1-mut (R179AKRIT/R185AKRIT/
N192AKRIT/Y195AKRIT quadruple mutation) and GST-integrin β1 were used as ligand and
ICAP1 as the analyte. Binding assays were performed using a Biacore T100 (GE).

shRNA
Lentiviral shRNA constructs were from Open Biosystems. Lentiviruses were produced by
cotransfecting packaging vectors psPAX2 and pMD2.G (Addgene) into HEK-293T cells
with the shRNA construct. Viral supernatant was collected, filtered, and incubated with
target cells. Infected cells were selected with 2 μg/mL Puromycin. Re-expression of KRIT1
was achieved by nucleofection (AMAXA).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Co-crystal structure of KRIT1 with ICAP1 shows a bidentate interaction
interface

• Co-crystal structure of ICAP1 with integrin β1 shows a PTB-peptide interaction

• KRIT1 antagonizes ICAP1-modulated integrin activation by the bidentate
interaction

• KRIT1 contains a previously undescribed N-terminal Nudix domain
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Fig. 1. Structural basis for the KRIT1-ICAP1 complex
A) Domain schematic of KRIT1. This study reveals that KRIT1 contains an N-terminal
Nudix domain followed by the bidentate ICAP1-binding region; sites RR and NPxY. C-
terminal to this there are two NPxF motifs, an ankyrin repeat domain (ARD) and a FERM
domain that includes sub-domains F1, F2 and F3. B) Overall structure of KRIT1 in complex
with ICAP1. ICAP1 is shown in green and KRIT1 in salmon. Dashed lines indicate
unstructured loops. See also Figure S1.
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Fig. 2. KRIT1 binds ICAP1 using a bidentate interaction surface
A) KRIT1-ICAP1 co-crystal structure with the surface of ICAP1 shown. KRIT1 (in salmon)
directly binds both the “NPxY” site of ICAP1 shown in green, and the “RR” site shown in
purple. Exploded views show the mode of KRIT1 binding to the NPxY and RR sites.
Residues mutated in this study are indicated in red. B) Schematic map showing the
interactions between KRIT1 (orange) and ICAP1 (green). Mutated residues are colored red
and both the RR and NPxY sites are indicated. Hydrogen bonds indicated by red lines and
non-bonding contacts as dashed lines. C and D) Pull-down assays demonstrate that
mutations in either the RR or NPxY interfaces inhibit ICAP149–200 binding to
KRIT1170–198, but that mutation in both sites reduces binding to undetectable levels.
Densitometry was used to measure bound protein and is reported as a percentage of wild-
type binding from each experiment, normalized for KRIT1 loading. Error bars indicate the
standard error of the mean (S.E.M.) for three independent experiments. (C) WT indicates
wild-type KRIT1; NY/AA, N192AKRIT/Y195AKRIT (to impact NPxY site binding); RR/
AA, R179AKRIT/R185AKRIT (to impact RR site binding) and AP/DD, A176DKRIT/
P182DKRIT (to impact RR site binding). (D) WT indicates wild-type ICAP1; LII/AAA,
L135AICAP/I138AICAP/I139AICAP; C184D, C184DICAP; I89R, I89RICAP; DQ/AA,
D93AICAP/Q96AICAP. See also Figure S2.
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Fig. 3. KRIT1 contains an N-terminal Nudix domain
A) Comparison and superposition of the KRIT1 Nudix domain with the crystal structure of
MutT hydrolase in complex with 8-OXO-dGMP (PDB ID: 3A6U)(Nakamura et al., 2010).
The locations of the Nudix motif and active site in MutT are indicated. The bound
nucleotide is shown in stick format. The superposition shows that KRIT1 N-terminal domain
folds as a Nudix domain, similar to the founder member of the family, MutT. B) Topology
maps of the KRIT1 and MutT Nudix domains. α-helices shown as cylinders and β-strands
as arrows. The Nudix motif of MutT is indicated. C) Structure-based sequence alignment of
KRIT1 Nudix domain with the Nudix domains of five representative members of the domain
family. The structures aligned with KRIT1 are: 1nqy, a CoA pyrophosphatase from D.
Radiodurans; 1v8i, an ADP-ribose pyrophosphatase; 3i7v, an AP4A hydrolase from Aquifex
eolicus; 1vk6, an NADH pyrophosphatase from E. Coli (unpublished); and 1rrq, a MUTY
adenine glycosylase. β-strands are shaded grey, and α-helices shaded yellow. The “Nudix
box” motif (GxxxxxExxxxxxxREUxEExGU) is shaded red and highlighted where present.
The CoA enzyme (LLTxRSxxxRxxxGxxxFPGG) and NADH diphosphatase hydrolase
(SQPWPFPxS) motifs are also indicated where present. KRIT1 does not contain any of the
conserved motifs. D) Hydrolase assay for KRIT1 Nudix domain. 50 μM (d)NTPs were
incubated with 1 μM purified KRIT1-ICAP1 in the presence of MgCl2 and the reaction
analyzed using Malachite green reagents. Controls of 5 μM and 10 μM phosphate standard
were included. The assay shows no hydrolase activity for the KRIT1 Nudix domain against
this panel of known Nudix hydrolase substrates. Results are mean ± S.E.M. for 4
independent experiments. See also Figure S4.
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Fig. 4. Structural basis for ICAP1 repression of integrin β1 activation
A) Co-crystal structure of ICAP1 in complex with integrin β1; ICAP1 (green), integrin β1
(yellow). Exploded view shows that integrin β1 forms a β-sheet extension from ICAP1
strand β3. Residues mutated in this study are boxed in red. B) Schematic map showing the
interactions between integrin β1 (yellow) and ICAP1 (green). Mutated residues are colored
red. Hydrogen bonds indicated by red lines, and non-bonding contacts as dashed lines. C,D)
Validation of the binding interface by mutagenesis. Binding of wild-type and mutant
ICAP149–200 to wild-type or mutant β1752–798 was assessed by pull-down, quantified by
densitometry and is reported as mean percentage of wild-type binding ± SEM for three
independent experiments. WT indicates wild-type, NY/AA, N792AIβ1/Y795AIβ1; TV/DD,
T788DIβ1/V790DIβ1; LII/AAA, L135AICAP/I138AICAP/I139AICAP; C184D, C184DICAP;
I89R, I89RICAP; DQ/AA, D93AICAP/Q96AICAP. For ICAP1 mutations in the RR site (I89R,
DQ/AA) there is no detectable alteration in binding. E–G) ICAP1 binding to the integrin β
tails is required to suppress integrin activation CHO cells were transfected with GFP, GFP-
ICAP149–200, or GFP-ICAP149–200 mutants and the activation of stably expressed chimeric
αIIbα5β3β1 integrins (E), αIIbβ3 (G) or endogenous α5β1 integrins (F) was assessed by
flow cytometry. Gating on cell populations with different GFP intensities permits analysis of
the dose-dependency of effects. Talin head activates all integrins in this assay. Results are
the mean percentage ± S.E.M of the untransfected (GFP-) population from at least 3
independent experiments. H) Western blot pull-down showing GFP-ICAP149–200 binds
better to recombinant integrin β1 tails than β3 tails. I) Integrin activation assay showing that
ICAP1 suppresses talin head-mediated activation of β1 integrins. CHO cells stably
expressing chimeric αIIbα5β3β1 integrins (left panel) or wild-type CHO cells (right panel)
were co-transfected with GFP or GFP-talin head and DsRed or DsRed-ICAP149–200 and
activation assessed using PAC1 or FN9-11 as appropriate. Results are the mean percentage
± S.E.M of the GFP+DsRed control from at least 3 independent experiments. See also
Figure S5.
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Fig. 5. The KRIT1-ICAP1 axis of integrin regulation
A) Superposition of the integrin β1-ICAP1 and KRIT1-ICAP1 crystal structures with the
surface of ICAP1 shown. Integrin β1 (in yellow) and KRIT1 (in salmon) directly compete to
bind the “NPxY” site of ICAP1 shown in green, however, only KRIT1 binds the “RR” site
shown in purple. B) Competition assay. Increasing amounts of GST-KRIT1 (170–198)
competes with GST-integrin β1 to bind ICAP1 immobilized on nickel beads, however GST-
KRIT1-mut (quadruple mutation A176DKRIT/P182DKRIT/N192AKRIT/Y195AKRIT) displays
significantly reduced competition. This shows that integrin β1 and KRIT1 compete to bind
ICAP1. Error bars indicate S.E.M. for 3 independent experiments. C and D) Integrin
activation assays in CHO cells show that co-expression of GFP-KRIT11–198 with DsRed-
ICAP149–200 rescues ICAP1 suppression of activation of chimeric αIIbα5β3β1 integrins
(C) or endogenous CHO cell α5β1 (D) and that quadruple KRIT1 mutations NY/AA-RR/
AA (R179AKRIT/R185AKRIT/N192AKRIT/Y195AKRIT and NY/AA-AP/AA (A176DKRIT/
P182DKRIT/N192AKRIT/Y195AKRIT) prevent rescue. A short KRIT1 construct (residues
170–198, KRIT1-short) is less effective at rescue of ICAP1 suppression of integrin
activation. Error bars indicate S.E.M. for at least 3 independent experiments. E)
Quantification KRIT1 knock-down. Lysates from shRNA infected U118 and EA.hy926 cells
were detected in an anti-KRIT1 immuno-blot and bands were quantified using ImageJ. Bar
graph shows the average of three separate blots +/− S.E.M. F) Integrin activation assays in
U118 and EA.hy926 cells show that activation of endogenous α5β1 is suppressed upon
KRIT1 knockdown. Error bars indicate S.E.M. for 4 independent experiments. G) The
suppression of α5β1 activation in KRIT1-knockdown cells is reversed when wild-type
DsRed-KRIT11–198 is expressed but quadruple KRIT1 mutation NY/AA-RR/AA
(R179AKRIT/R185AKRIT/N192AKRIT/Y195AKRIT) prevents rescue. Error bars indicate
S.E.M. for 3 independent experiments. See also Figure S6.
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Fig. 6. Schematic of the KRIT1-ICAP1 switch for integrin activation
ICAP1-binds integrin β1 cytoplasmic tail and protects from talin- or kindlin-mediated
activation. Activated KRIT1 is recruited to ICAP1 by the RR site and displaces integrin by
the NPxY site. This sequesters ICAP1 from integrin to allow talin- and kindlin-mediated
integrin activation.
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