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Actin is a protein essential for a wide range of cellular 
functions.  Monomeric actin (G-actin) forms polar 
filaments (F-actin), with a fast growing (barbed) end, 
and a slow growing (pointed) end.  This process is 
highly regulated in order to form proper cell shapes 
or to control cell movement.  Capping of the actin 
filament on the barbed end by capping protein (CP) 
prevents the filament from further elongation.  The 
CP interaction (CPI) motif found in a handful of pro-
teins can inhibit CP and uncap the actin filament.  R. 
Robinson’s group in Singapore has solved structures 
of the CPI motifs from proteins CARMIL and CD2AP 
in complex with CP.  The CPI motif wraps around the 
stalk of the mushroom-shaped CP and restricts CP to 
a low-affinity actin filament-binding conformation. 
By structure-based sequence alignments, the family 
of CPI motif containing proteins has been extended to 
include CapZIP and WASHCAP (FAM21).

Actin is one of the most abundant proteins of the 
cell, providing the cell with mechanical support, and a 
driving force for movement.  It is involved in many dif-
ferent functions, such as cellular signaling, endocytosis, 
cell motility, cell shape maintenance, cytokinesis and 
transcription.  The actin monomer (G-actin) can form fila-
ments (F-actin) in a very dynamic fashion.  Actin filament 
dynamics is controlled by several hundred proteins that 
are collectively named actin-binding proteins (ABPs).  
One such ABP is capping protein (CP), which binds to the 
fast growing (barbed) end of the polar actin filament, 
inhibiting filament elongation.  The atomic structure of 
CP has been determined, and it revealed a mushroom-
shaped heterodimer consisting of two structurally re-
lated α- and β-subunits.1  The stalk of the molecule is 
formed by the N-termini from both subunits, and the 
mushroom cap consists of a common inter-subunit 
β-sheet, across which the C-terminal regions form anti-
parallel helices.  The ends of these helices terminate in 
unrelated structures termed tentacles.  A model of CP 
capping of the actin filament has been suggested, where 
the α-tentacle and the mushroom cap provide the major 
interaction surface with the barbed end of the actin fila-
ment, and the flexible β-tentacle seems to attach to the 
terminal actin protomer to form a second interaction.2

There are several protein inhibitors of CP actin fila-
ment capping.  Many of these inhibitors contain a CP 
interaction (CPI) motif, but how the CPI motif uncaps the 
actin filament has been poorly understood.  Here, we 
have investigated the uncapping mechanism of the CPI 
motifs of the two proteins CP, Arp2/3 and myosin I linker 
(CARMIL) and CD2-associated protein (CD2AP).

The crystal structures of CP lacking its flexible 
β-tentacle (CP βTent) in complex with the CARMIL CPI 
motif (CBR37) or with the CD2AP CPI motif were solved 
to a resolution of 2.2 Å and 2.0 Å, respectively (Fig. 1(a) 
and (b)).  The CPI motif encircles the α-helices comprising 
the CP mushroom stalk underneath of the CP mushroom 
cap, where the N-terminal one-third interacts with the 
α-subunit, and the rest interacts with the β-subunit.  The 
C-terminal path across the β-subunit, which includes the 
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previously determined LXHXTXXRPK(6X)P CP interac-
tion motif, is shared by the two CPI motifs, but the two 
structures differ in the interaction across the α-subunit, 
where the two CPI motifs take a slightly divergent path.  
Uncapping and inhibition assays showed that a longer 
peptide (CBR115) from CARMIL has a higher affinity to 
CP.  To understand what distinguishs the longer CBR115 
peptide from the shorter CBR37 peptide, the crystal 
structure of CP in complex with CBR115 was solved to 2.7 
Å resolution (Fig. 2).  This structure revealed two ordered 
CARMIL regions.  The first interaction region corresponds 
to the CPI motif, identical to that in the CP βTent/CAR-
MIL CPI motif (CBR37) complex.  The second ordered 
interaction region, Arg1021-Thr1035, binds on the oppo-
site side of the CP mushroom stalk compared to the CPI 

motif (Fig. 2). This extra region 
is not present in other CPI motif 
containing proteins as judged 
by sequence alignments, and is 
here termed the CARMIL-spe-
cific interaction (CSI) motif.  The 
structural definition of the CPI 
motif led to the reinvestigation 
of sequence databases to find 
additional members of the CPI 
motif containing family, previ-
ously known to, apart from CAR-
MIL and CD2AP, also comprise 
of Cbl-interacting protein of 85 
kDa (CIN85) and CK2-interacting 
protein 1 (CKIP-1).  Homology 
was found to CapZ-interacting 
protein (CapZIP) and the novel 
Arp2/3 complex interacting pro-
tein FAM21, here named WASH- 
and capping protein-associated 
protein (WASHCAP), for its re-
cently found interactions with 
the WASH complex.  No homol-
ogy was found between the CPI 
motif and either V-1 or twinfilin, 
two other CP-interacting pro-
teins.  The atomic structure of V-1 
has also recently been solved, 
which showed that V-1, in differ-
ence to the CPI motif, binds on 
top of the CP mushroom cap, di-
rectly interfering with the actin-
binding interface, explaining 
the lack of any CPI motif in this 
protein.  Peptides containing 

the CPI motif from all members of this new extended CPI 
motif family were shown to both inhibit CP and uncap 
CP capped filaments in our biochemical assays. 

Several models of uncapping were developed to de-
termine the mechanism of how the CPI motif can uncap 
the actin filament by removing CP.  Firstly, the CARMIL CPI 
motif was superimposed onto the low resolution (23 Å)  
cryo-electron microscopy structure of a CP-capped actin 
filament.2  No steric hindrance between the last actin 
protomer and the CPI motif could be seen in this model, 
suggesting no direct interference of the CPI motif with 
the actin-binding interface.  However, the side chains of 
Lys980, Glu983 and Phe985 from the CARMIL CPI motif 
are close to the last actin protomer side chains Ile287 

(a) (b)

Fig. 1: (a) The structure of the CP βTent/CARMIL CPI motif (CBR37) complex.  The 
CARMIL CPI motif is shown in yellow, the CP α-subunit in red and the CP 
β-subunit in violet.  (b) The structure of the CP βTent/CD2AP CPI motif 
complex.  The CD2AP CPI motif is shown in cyan, the CP α-subunit in red 
and the CP β-subunit in violet.

(a) (b)

Fig. 2: The structure of the CP/CBR115 complex from the front (a) and from below 
(b).  Two ordered CARMIL regions are seen: The CPI motif (Ile971-Cys1004) 
shown in yellow and the CSI motif (Arg1021 - Thr1035) shown in green.  The 
CP α-subunit is shown in red and the CP β-subunit in violet.  The β-tentacle 
is not ordered in this structure. 
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(7.5 Å), Arg290 (9 Å) and Met283 (8 Å). These residues 
are not well conserved within the CARMIL protein across 
different species nor within the CPI motif family, also 
arguing against a direct competition of the binding 
sites.  The disordered residues between the CPI and CSI 
motifs could possibly reach toward the actin-binding 
interface on top of the CP mushroom cap, but neither 
in this region any sequence conservation could be de-
tected across different species.  Furthermore, a CPI motif 
construct containing eight extra residues from this dis-
ordered region did not show any different uncapping 
activity compared to the short CPI motif peptide in our 
biochemical assays.  On the other hand, the low resolu-
tion of the CP-capped actin filament structure requires 
this model to still be considered.  Secondly, we focused 
on the current model of CP binding to the actin filament. 
It involves the movement of the flexible β-tentacle to in-
teract with the terminal actin protomer between subdo-
main 1 and 3.  The CARMIL CPI motif binds the α-subunit 
of CP near the β-tentacle.  Therefore, we speculated 
that a possible mechanism could be the creation of a 
β-tentacle sequestration motif at the interface of the 
α-subunit and the CPI motif, which could then compete 
with the β-tentacle/actin interaction.  But, no interac-
tion between the β-tentacle and the β-tentacle-lacking  

CP βTent in complex with the CPI motif could be ob-
served in our biochemical assays.  Moreover, the CPI 
motif showed uncapping activity for CP βTent, and the 
β-tentacle was disordered in our CBR115/CP complex 
structure (Fig. 2), ruling out this β-tentacle sequestration 
model of CP uncapping.  Finally, we looked into the pos-
sibility that the CPI motif could lock CP into a conforma-
tion with lower affinity for the actin filament.  This model 
would require CP to undergo a conformational change 
when binding to the CPI motif.  This can be supported by 
the difference in the curvature of the common inter-sub-
unit β-sheet of the CP mushroom cap between the two 
CP molecules in the asymmetric unit of the published CP 
atomic structure.  Superimposing this alternate confor-
mation of CP onto the CP-capped filament model shows 
small but apparent differences at the actin interface  
(Fig. 3).  The CPI motif could alter this CP flexibility, disfa-
voring the filament-bound conformation, making this al-
losteric model plausible.  Still, high-resolution structures 
of the F-actin/CP complex are desirable to distinguish 
between the direct competition and allosteric models of 
CP uncapping by the CPI motif.

In summary, we have structurally and functionally 
characterized the CPI motifs from CARMIL and CD2AP. 
We have by sequence alignments extended the CPI-mo-
tif containing family to include the known CP interact-
ing protein CapZIP and the novel CP interacting protein 
WASHCAP, and we have biochemically shown that CPI 
motifs from all these family members are able to inhibit 
CP and uncap CP-bound actin filaments
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Fig. 3: Superimposition of the alternate CP conforma-
tions in the asymmetric unit from the published 
CP atomic structure (first CP conformation 
shown in cyan and second CP conformation 
shown in pink) showing the relative positions 
of the CARMIL CPI motif (yellow) and CSI motif 
(green).
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