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The eukaryotic actin cytoskeleton has an important role 
in remarkably diverse processes, including cell migration, 
endocytosis, vesicle trafficking and cytokinesis, many of 
which are essential for the survival of the cell. The core 
constituent of the actin cytoskeleton is monomeric globular 
(G)-actin, a 43-kDa ATPase that can self-assemble into 
filamentous (F)-actin. Each asymmetric filament pos-
sesses a fast growing barbed end and a slower growing 
pointed end that are distinguishable by their structural 
characteristics and kinetic properties. ATP hydrolysis 
in the filament is tightly coupled to polymerization and 
regulates the kinetics of assembly and disassembly, as 
well as the association of interacting proteins. These bio-
chemical properties are integral to the cellular activities 
of actin1.

In cells, actin filaments function as force-generating 
polymer motors, structural scaffolds and tracks for motor 
proteins. The dynamic assembly and disassembly of 
filaments and the formation of larger scale filament 
structures are crucial aspects of actin’s function, and are 
therefore under scrupulous control by over a hundred 
actin-binding proteins. These proteins bind directly to 
filaments or monomers and control actin structure and 
dynamics by: nucleating; capping; stabilizing; severing; 
depolymerizing; crosslinking; bundling; sequestering 
or delivering monomers; or by promoting monomer 
nucleotide exchange. The coordinated actions of specific 
subsets of actin-binding proteins regulate the dynamics 
of distinct arrays of actin filaments at specific times and 
places within the cell1.

An important set of actin regulators initiate formation 
of new actin filaments by a process that is called nucleation 
(BOX 1). Spontaneous nucleation is a kinetic hurdle in the 
process of actin polymerization, and, therefore, factors that 
can accelerate or bypass this step are important for efficient 
actin assembly in the cell. So far, three classes of protein have 

been identified that initiate new filament polymerization: 
the actin-related protein-2/3 (ARP2/3) complex, the 
formins and spire (BOX 1). Formins and spire have been 
reviewed in detail recently2,3 and are not discussed further. 
Instead, this review focuses on the ARP2/3 complex, 
which was the first of these molecules to be identified, and 
has since been shown to have a crucial role in the form-
ation of branched-actin-filament networks during diverse 
processes ranging from cell motility to endocytosis. This 
review introduces the ARP2/3 complex, describes recent 
advances in understanding its molecular mechanism of 
action and details the cellular processes that use its activity. 
We conclude by discussing the ways in which the ARP2/3 
complex is misregulated during disease.

ARP2/3 complex 101
The intact ARP2/3 complex was first purified from 
Acanthamoeba castellanii based on its affinity for the actin-
binding protein profilin4, and was shown to consist of a 
stable assembly of seven polypeptides (FIG. 1a–c). Two of 
the subunits were actin-related proteins of the ARP2 
and ARP3 subfamilies, giving the complex its name. 
These proteins had been previously identified by genetic 
and genomic approaches in Saccharomyces cerevisiae, 
Schizosaccharomyces pombe5,6, Drosophila melanogaster7 
and Caenorhabditis elegans8. The remaining five subunits 
were originally named by size, but are now referred to 
as ARPC1 (actin-related protein complex-1), ARPC2, 
ARPC3, ARPC4 and ARPC5. ARPC1 (which is present 
in two isoforms in humans, ARPC1A and ARPC1B) is 
a WD-repeat-containing protein, whereas the other 
four ARPC subunits do not contain common sequence 
motifs. Since its isolation from A. castellanii, the entire 
complex has been purified from yeasts9,10 and verte-
brates11,12. Moreover, most eukaryotes for which genomes 
have been sequenced contain genes that are predicted to 
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Abstract | The cellular functions of the actin cytoskeleton require precise regulation of 
both the initiation of actin polymerization and the organization of the resulting filaments. 
The actin-related protein-2/3 (ARP2/3) complex is a central player in this regulation. 
A decade of study has begun to shed light on the molecular mechanisms by which this 
powerful machine controls the polymerization, organization and recycling of actin-filament 
networks, both in vitro and in the living cell.
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encode all seven subunits, with the apparent exception of 
some protistan parasites including the Apicomplexa13 and 
Leishmania major14.

The ARP2/3 complex possesses little biochemical 
activity on its own. However, when engaged by nucleation-
promoting factor (NPF) proteins, it is activated to initiate 
the formation of a new (daughter) filament that emerges 
from an existing (mother) filament in a y-branch con-
figuration with a regular 70o branch angle15,16 (FIG. 1d). 
This coupling of nucleation and branching by the 
ARP2/3 complex is referred to as autocatalytic branching 
or dendritic nucleation, and is central to its functions 
in vivo.

Subunit organization and structure. Early attempts to 
gain insight into the structure of the ARP2/3 complex 
relied on genetics, biochemical reconstitution and 
chemical crosslinking in vitro17–21. These techniques led 
to a crude picture of the interactions between subunits 
that has held up well in light of more recent structural 
studies. The details of the ARP2/3 complex organiza-
tion were revealed when a crystal structure of the bovine 
complex was solved at 2.0-Å resolution22 (FIG. 1b). In this 
structure, ARP2 and ARP3 are structurally similar to 
actin, as predicted from their sequences23. However, their 
nucleotide-binding clefts are empty and open compared 
to ATP-bound actin, a result of the fact that the complex 
was purified in the absence of ATP. A nucleotide-bound 
structure has also been solved24 (see below). Of the other 
subunits, ARPC2 and ARPC4 form the structural core 

of the complex, with the remaining subunits organized 
around them, consistent with information from genetic 
and biochemical reconstitution experiments18,20,21. 
ARPC1 is a seven-bladed β-propeller protein, whereas 
ARPC3 and ARPC5 are primarily α-helical and are the 
most peripheral of the subunits.

The ARP2/3 complex captured in the crystal is pro-
posed to be in an inactive conformation because none 
of the binding partners that are required for activity are 
present. Moreover, ARP2 and ARP3 are splayed apart 
in the structure, which is inconsistent with the leading 
hypothesis that they function as an actin-like heterodimer 
to template the nucleation of the daughter filament. 
Therefore, activation of the complex is proposed to 
require a significant conformational change22 (FIG. 1b,c). So 
far, there are no high-resolution structures of activation 
intermediates, so further structural studies are needed to 
define the transitions that occur during activation.

There is also only limited structural information 
available about how the ARP2/3 complex crosslinks 
actin filaments at a y-branch junction. Nevertheless, 
new data is emerging and two models have recently been 
proposed25,26 (FIG. 1e). One is based on the mapping of 
conserved surface residues on the complex together with 
data from cryo-electron microscopy (EM), the crystal 
structure and biochemical studies25. The other is based 
on recent cryo-EM of activated ARP2/3-containing 
bulky tags that were used to map the positions of indi-
vidual subunits in the branch point26. These two models 
differ in their details, but each proposes the following 

Box 1 | Paths to nucleation

The spontaneous initiation of actin-filament assembly 
requires the formation of a trimeric nucleus in a process 
that is called nucleation (part a). Spontaneous nucleation 
is kinetically unfavourable and is the rate-limiting step in 
polymerization, because the actin dimer intermediate is 
very unstable1.

So far, three main classes of protein have been identified 
that bypass the need for spontaneous nucleation and 
promote the initiation of new filament assembly. These 
factors, commonly referred to as nucleators, are the actin-
related protein-2/3 (ARP2/3) complex, spire and formins. 
Each promotes nucleation by a distinct mechanism. The 
ARP2/3 complex is thought to mimic an actin dimer or 
trimer and to function as a template for the initiation of a 
new actin filament that branches off of an existing 
filament, generating y-branched actin networks (part b). 
The spire proteins, which are conserved among metazoan 
species, were recently discovered to nucleate actin 
assembly. Biochemical studies with Drosophila 
melanogaster spire indicate that its four tandem G-actin-binding Wiskott–Aldrich syndrome protein (WASP)-homology-2 
(WH2) domains mediate longitudinal association of four actin subunits and function as a scaffold for polymerization into 
an unbranched filament167 (part c). Spire might remain associated with the pointed end of the filament, as it can cap 
pointed ends and prevent their depolymerization in vitro167.

The formins, which are conserved in most eukaryotes, also promote the nucleation of unbranched filaments3. 
Biochemical and structural studies with yeast and mammalian formins indicate that a dimer of formin-homology-2 (FH2) 
domains stabilizes an actin dimer or trimer to facilitate the nucleation event (part d). In contrast to spire and ARP2/3, 
formins remain associated with the growing barbed ends of filaments, and sequential binding and release interactions 
might allow formins to ‘walk’ with the polymerizing barbed end. The existence of multiple classes of nucleator gives the 
cell the flexibility to assemble distinct populations of actin filaments with particular geometries and polymerization 
characteristics in response to diverse signals. NPF; nucleation-promoting factor.
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common principles: ARP2 and ARP3 interact with 
the pointed end of the daughter filament, and ARPC2 
and ARPC4 make substantial contacts with the mother 
filament (FIG. 1e). However, the resolution of EM is still 
too low to present a clear picture of these interactions at 
the atomic level. Future structural studies are required 
to incorporate activating factors such as NPFs, actin 
filaments and G-actin into the picture during ARP2/3 
complex activation and branching.

Regulation of ARP2/3 complex activity by ATP
The mechanisms of the transition of the ARP2/3 com-
plex from the inactive state to the active form that is 
found in a branch point, and the transition back again, 
have been the subject of intense study since the activities 
of the complex were first characterized. As with actin, 
nucleotide binding and hydrolysis by ARP2 and ARP3 
influence the structure and function of the complex. 
ARP2 and ARP3 each bind to ATP with micromolar 
affinity27–30, and mutations that lower the affinity of either 
ARP for ATP cause severe reductions in activity29,30, 

indicating that nucleotide binding to both ARPs is 
important. The crystal structure of the ATP-bound 
complex24 and fluorescence resonance energy transfer 
(FRET) experiments29 showed that the binding of ATP to 
ARP3 closes its nucleotide-binding cleft and causes a 
global conformational change in the complex. However, 
the ATP-bound structure still does not resemble the pre-
dicted active conformation. Notably, subdomain-1 and -2 
of ARP2 are flexible and disordered in the presence and 
absence of ATP24. The disordered structure of ARP2 
could result from a constraint that was introduced by 
the method of crystallization, which involved soaking 
nucleotide-free crystals in ATP, rather than crystal-
lization in the presence of ATP. On the other hand, the 
structure might reflect a physiological role for NPFs or 
actin in ATP binding. Consistent with this idea, bind-
ing of an NPF to the complex increases its affinity for 
nucleotide27,28 and the nucleotide bound to the complex 
influences its affinity for NPF27.

In addition to nucleotide binding, nucleotide hydro-
lysis also has a role in the function of the ARP2/3 complex. 
ATP hydrolysis on ARP2 is observed using the purified 
ARP2/3 complex in vitro, but only in the presence 
of actin and an NPF31–33. Curiously, hydrolysis has not 
been observed on ARP3, although its ATPase activity 
might require as yet unidentified cofactors. Nucleotide 
hydrolysis by ARP2 and/or ARP3 was initially thought 
to be essential for ARP2/3 activity, as nucleation and 
branching are inhibited by the non-hydrolysable ATP 
analogue AMP–PNP27,28. However, recently character-
ized Arp2 and Arp3 yeast mutants that are incapable of 
ATP hydrolysis are as active as the wild-type proteins in 
promoting actin assembly in vitro33.

The role of hydrolysis by ARP2 is controversial, as it 
has been linked temporally to the nucleation event32, or 
temporally and functionally to branch disassembly and the 
recycling of the ARP2/3 complex31 (FIG. 2). The most recent 
evidence from hydrolysis-defective mutants in yeast indi-
cates that both ideas are likely to be correct33, as hydrolysis 
was found to be temporally linked to nucleation and func-
tionally important for promoting branch disassembly33. 
How hydrolysis is coupled to branch disassembly remains 
to be determined, but it might involve the weakening of 
ARP–actin contacts, similar to the role of ATP hydrolysis 
and phosphate release in the actin filament.

Activation of the ARP2/3 complex by NPFs
Since the discovery of the first NPF nearly a decade ago, 
many more have been identified (FIG. 3). These proteins are 
classified into two main groups, class I and class II, based 
on the mechanism by which they activate the ARP2/3 
complex and their effect on the y-branching reaction.

Importantly, the activities of NPFs are regulated by 
signal-transduction pathways that coordinate actin poly-
merization in space and time. The best studied of these 
pathways involve the activation of class I NPFs by the 
Rho-family GTPases CDC42 and Rac (BOX 2). Because 
the regulation of NPFs has been the focus of several recent 
reviews34,35, this section focuses instead on the molecular 
mechanisms by which NPFs interact with and activate 
ARP2/3, and on the cellular processes that NPFs direct.

Figure 1 | Structure and function of the ARP2/3 complex. a | Cartoon representation 
of the subunit organization in the inactive actin-related protein-2/3 (ARP2/3) complex. 
ARP2, ARP3 and ARP complex-1 (ARPC1) through ARPC5 are shown (labelled as 1–5). 
b | Ribbon diagram of the crystal structure of the bovine ARP2/3 complex (Protein Data 
Bank (PDB) accession code 1A8K) with subunits labelled and displayed in different 
colours. Subdomain-1 and -2 of ARP2 were modelled on the corresponding subdomains 
of actin (PDB accession code 1ATN)22. c | Ribbon diagram of the predicted active 
conformation of the ARP2/3 complex. Structure was modelled after that proposed by 
Robinson et al.22. Subunits are coloured as in part b. d | Cartoon diagram of ARP2/3 
complex binding to the side of the mother filament and the pointed end of the daughter 
filament in the y-branch. The two filaments are oriented at a ~70o angle. e | Two models 
for the orientation of the ARP2/3 complex at a y-branch junction. Subunits are coloured 
as in part b. Both models propose that ARP2 (light blue) and ARP3 (yellow) associate with 
the pointed end of the daughter filament, and ARPC2 (grey), ARPC4 (pink) and other 
subunits mediate contacts with the mother filament. In the Egile et al. model26 (displayed 
on the right), the complex is rotated ~100o anticlockwise relative to the axis of the 
mother filament compared to the Beltzner and Pollard model25 (displayed on the left).
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Class I NPFs. The first class I NPF to be identified was 
ActA36, a protein that is found on the surface of the bac-
terial pathogen Listeria monocytogenes and is required 
for actin-based bacterial motility in the host cytoplasm. 
The characterization of ActA was quickly followed by the 
identification of two eukaryotic class I NPFs: Wiskott—
Aldrich syndrome protein (WASP), and suppressor of 
cyclic AMP repressor (SCAR; also called WASP-family 
verprolin-homologous protein (WAVE))18,37–40. Other 
class I NPFs that were recently identified include fungal 
type I myosins41,42, metazoan CARMIL (capping protein 
ARP2/3 and myosin-I linker)43 and pathogen proteins such 
as RickA from Rickettsia44,45. The number and diversity 
of class I NPFs varies from one organism to another; 
S. cerevisiae and S. pombe each have one WASP homo-
logue; D. melanogaster and C. elegans have both WASP 
and SCAR/WAVE; plants only have SCAR/WAVE; 
and mammals have WASP, the closely related neural 
(N)-WASP, and three SCAR/WAVE isoforms.

Class I NPFs are diverse in their overall domain 
organization (FIG. 3). They only possess a common WCA 
domain, which consists of a WASP-homology-2 (WH2 
or W; also called verprolin-homology) domain that binds 
to G-actin in a manner that enables polymerization onto 
the barbed end of a growing filament46 and a central (C; 
also called cofilin-homology or connector) and acidic 
(A; both regions together are known as CA) region 
that mediates binding to ARP2/3 (REFS 47,48) (note that 
CARMIL and type I myosins might lack some elements 
of WCA). The WCA domain is sufficient for the acti-
vation of the ARP2/3 complex in vitro to polymerize 
branched actin filaments.

The simplest model for the action of the WCA 
domain is that it delivers an actin monomer to the 
complex, forming a trimer of ARP2, ARP3 and actin 
that functions as the nucleus for the new filament. 
However, several lines of evidence indicate that the 
actual mechanism is more complex. For example, NPFs 
differ in their capability to activate ARP2/3, but NPF 
activity does not correlate directly with the affinities 
of NPFs for either the ARP2/3 complex or G-actin48,49. 
Moreover, kinetic modelling of ARP2/3-mediated 
nucleation indicates the existence of a distinct activa-
tion step that occurs subsequently to formation of the 
NPF–ARP2/3–actin assembly49. Last, tethering of a 
WH2 domain to the ARP2/3 complex is not sufficient 
to promote activation; the ARP2/3-binding CA region 
is also required in trans29. Therefore, the CA region 
seems to have a more complex function than simply 
delivering G-actin.

Recent evidence indicates that CA promotes a confor-
mational change in the ARP2/3 complex that depends on 
conserved residues in the central region of an NPF. This 
structural rearrangement in the complex, which brings 
ARP2 and ARP3 closer together, has been observed by 
both FRET29 and cryo-EM50. Consistent with the idea 
that NPF binding closes a gap between ARP2 and ARP3, 
WCA fragments have been chemically crosslinked to 
ARP2, ARP3 and the neighbouring ARPC1 and ARPC3 
subunits51–53. Moreover, cryo-EM places the WCA 
domain near the interface of these subunits50. As well 
as modulating ARP2/3 conformation, the central region 
of the WCA domain has been shown to interact with an 
actin monomer in a manner that is mutually exclusive 

Figure 2 | Model for activation and recycling of the ARP2/3 complex. Actin-related protein-2/3 (ARP2/3) complex is 
shown in blue and actin in red. The nucleotide state of ARPs and actin is indicated by different shading (ARPs: ARP2/3–ATP, 
blue; ARP2/3–ADP–inorganic-phosphate (Pi), grey; ARP2/3–ADP, light grey. Actin: actin–ATP, red; actin–ADP–Pi, pink; 
actin–ADP, light pink). The ARP2/3 complex starts in an inactive, open conformation. (step 1) Binding of WCA (Wiskott–
Aldrich syndrome protein (WASP)-homology-2, central, acidic) domain promotes a conformational change that primes the 
complex for activation, which occurs upon binding of the WCA–actin–ARP2/3 assembly to the mother filament, 
preferentially near the barbed end. WCA domain presents an ATP–actin monomer to the complex and/or possibly to the 
barbed end of the mother filament. (step 2) ATP is hydrolyzed on ARP2 concomitant with or shortly after nucleation of the 
daughter filament. The WCA dissociates, although the trigger for this is unknown. (step 3) Phosphate is released from 
ARP2. Mother and daughter filaments elongate and age by ATP hydrolysis and phosphate release. (step 4) Phosphate 
release from ARP2 and filament ageing weaken the interactions between ARP2/3 and the daughter and/or mother 
filament, (step 5) allowing branch disassembly and release of the ARP2/3 complex, presumably in an inactive, ADP-bound 
conformation. (step 6) Nucleotide exchange on ARP2 (and possibly on ARP3) occurs and the cycle begins again.
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with its binding to the ARP2/3 complex, indicating that 
it undergoes a dynamic series of interactions with both 
G-actin and ARP2/3 (REF. 54).

Taken together, these data indicate a model for class 
I NPF function in which (FIG. 2) the acidic region medi-
ates binding to ARP2/3, the central region initiates an 
activating conformational change in the complex and 
the WH2 and central regions present an actin monomer 

to the complex, facilitating the formation of a nucleus 
for the polymerization of the daughter filament. After the 
initiation of a y-branch, class I NPFs dissociate from 
the ARP2/3 complex26 and might function catalytically 
in multiple rounds of ARP2/3 activation. The precise 
nature and timing of the dynamic interactions between 
the class I NPFs, G-actin and the ARP2/3 complex that 
result in actin nucleation still remain to be defined.

Class II NPFs. Class II NPFs include S. cerevisiae actin-
binding protein-1 (Abp1)55 and Pan1 (REF. 56), as well as 
metazoan cortactin57–59. Like class I NPFs, these proteins 
contain an ARP2/3-binding acidic region, but they lack 
a G-actin-binding region. Instead, they contain an 
F-actin-binding region that is required for the activa-
tion of ARP2/3 (FIG. 3). This is a functionally relevant 
distinction, as Abp1, Pan1 and cortactin are far less 
potent activators of the ARP2/3 complex in vitro than 
class I NPFs.

The mechanism of ARP2/3 activation by class II NPFs 
is not entirely clear. Cortactin lacks a central region and 
fails to promote an activating conformational change 
in the ARP2/3 complex29, perhaps explaining its weak 
NPF activity. The mechanism by which class II NPFs 
activate ARP2/3 might involve a capability to promote 
the association of ARP2/3 with F-actin55,58,59, which itself 
is an activator of the complex (see below). Cortactin 
and N-WASP can bind simultaneously to the ARP2/3 
complex52; N-WASP is released after y-branching, 
whereas cortactin remains associated with the complex 
at the branch point26 and inhibits branch dissociation59. 
Therefore, rather than serving as primary activators 
of the ARP2/3 complex, the more important function of 
class II NPFs might be to stabilize the y-branched 
organization of actin networks that are generated by 
the ARP2/3 complex and class I NPFs. It remains to 
be determined how the activities of class I and class II 
NPFs are coordinated to regulate the dynamics of actin 
networks in the cell.

Actin branching and debranching
Preformed actin filaments are also activators of ARP2/3-
mediated nucleation in vitro37,60. Kinetic models indicate 
that actin polymerization by the ARP2/3 complex is auto-
catalytic, with the rate of the reaction increasing as more 
polymer is generated61. This conclusion is corroborated 
by other functional evidence, for example, anti-ARP2/3 
antibodies that prevent binding to filaments diminish 
nucleation activity62. These observations indicate that 
filament nucleation and y-branching are tightly coupled, 
perhaps inseparable, activities.

Exactly how the nucleation and branching activities 
are linked together has been a matter of debate, and 
two competing models have been suggested. The first 
one proposes that branching occurs from the sides 
of existing filaments, and the second proposes that 
it occurs from the barbed ends of filaments. The 
most compelling experimental evidence supports the 
side-branching model, as branching from the sides of 
filaments can be directly observed with purified pro-
teins in vitro using fluorescence microscopy16,63,64. Other 

Figure 3 | Domain organization of nucleation-promoting factors. a | Domain 
organization of representative class I and class II nucleation-promoting factors (NPFs). 
For class I NPFs, activation of actin-related protein-2/3 (ARP2/3) requires binding of 
globular (G)-actin through the Wiskott–Aldrich syndrome protein (WASP)-homology-2 
(WH2) region and binding of ARP2/3 complex through the central (C) and acidic (A) 
region. Note that CARMIL (capping protein ARP2/3 and myosin-I linker) lacks a 
discernible central region and myosin-I lacks a WH2 region. Activation of the ARP2/3 
complex by class II NPFs requires binding to the ARP2/3 complex through the A region 
and to filamentous (F)-actin through the central tandem repeat (TR) of cortactin, the 
actin-depolymerizing-factor homology (ADFH) of actin-binding protein-1 (Abp1), or the 
coiled-coil (CC) of Pan1. Other regions of NPFs bind to signalling molecules and other 
cytoskeletal regulators.  IQ is a calmodulin-binding motif. B, basic; EH, Eps15 homology; 
GBD, GTPase-binding domain; LRR, Leu-rich repeat; LR, long repeat; NT, N-terminal; PP, 
poly-proline; SCAR, suppressor of cyclic AMP repressor; SHD, SCAR-homology domain; 
SH3, Src-homology-3; SS, signal sequence; TH, tail homology; TM, transmembrane; 
WAVE, WASP-family verprolin-homologous protein. b | Alignment of the ARP2/3-binding 
central and acidic regions of human (Hs) NPFs, ActA from Listeria monocytogenes (Lm) 
and Abp1 from Saccharomyces cerevisiae (Sc). Grey boxes highlight conserved residues in 
the predicted amphipathic helix in the central region and the conserved tryptophan 
residue in the acidic region. Acidic residues are in bold. N, neural. 
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experimental results are more equivocal. For example, 
some studies conclude that capping barbed ends has 
no effect on ARP2/3 activation and branching, in sup-
port of the side-branching model65, whereas others 
conclude that capping inhibits branching, in support 
of the barbed-end-branching model66,67. Support for 
the barbed-end-branching model is also derived from 
EM data, which shows a correlation between mother-
filament and daughter-filament lengths at the branch 
point61.

An attractive compromise between these models 
(FIG. 2) is based on observations that side branching 
is biased to newer ATP-containing portions near the 
barbed ends of mother filaments compared to older 
ADP-containing portions towards the pointed ends16,64. 
Further support for this biased-side-branching mecha-
nism comes from kinetic modelling, which indicates 
that this model gives the best fit to kinetic data68. Biased 
side branching would ensure that new filament ends are 
generated proximal to sites that require actin-mediated 

Box 2 | Signalling to WASP and SCAR/WAVE

The capability of nucleation-promoting factors (NPFs) to activate the actin-related protein-2/3 (ARP2/3) complex is 
regulated by signal-transduction pathways that involve Rho-family GTPases and lipid second messengers. The mechanism 
of regulation has been well characterized for two class I NPFs, Wiskott–Aldrich syndrome protein (WASP and neural 
(N)-WASP) and SCAR (suppressor of cyclic AMP repressor; also known as WAVE (WASP-family verprolin-homologous 
protein)), and differs between the two protein families35. Under resting conditions, WASP and N-WASP exist in an 
autoinhibited conformation in which intramolecular interactions between the GTPase-binding domain (GBD) and the 
central (C) region obscure the regions that are required for ARP2/3 activation (part a). WASP-interacting protein (WIP) or 
related proteins interact with WASP and N-WASP through the WASP-homology-1 (WH1) domains and modulate 
activation. Autoinhibition is regulated by the binding of the lipid second messenger phosphatidylinositol-(4,5)-
bisphosphate (PtdIns(4,5)P2) to the basic (B) region, the binding of GTP-loaded CDC42 to the GBD region, and the binding 
of Src-homology-3 (SH3)-domain-containing proteins such as Nck, Grb2 and Toca1 to the poly-proline (PP) region. These 
factors function both individually and in combination to relieve autoinhibition and to promote ARP2/3 activation.

Regulation of SCAR/WAVE proteins is less well mechanistically understood (part b). Nevertheless, it is clear that under 
resting conditions these proteins form a complex with four other proteins: PIR121 (p53-inducible mRNA), NAP125 (Nck-
associated protein), ABI (Abl-interactor), and HSPC300 (haematopoietic stem-cell progenitor). ABI and HSPC300 directly 
bind to SCAR/WAVE, and ABI links PIR121 and NAP125 to the NPF. Upon stimulation, GTP-bound Rac binds directly to 
PIR121 and leads to SCAR/WAVE activation. Two models have been proposed to explain the activation of actin 
nucleation. In the repression model, association of PIR121, NAP125 and ABI with SCAR/WAVE inhibits SCAR/WAVE 
activity and Rac binding dissociates these factors to activate actin nucleation. In the activation and localization model, 
binding of activated Rac causes the recruitment of the entire SCAR/WAVE complex to the membrane, where it can then 
function to promote nucleation. A, acidic; SHD, SCAR-homology domain. 
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Ring canal
Intercellular bridges that 
connect the developing D. 
melanogaster oocyte to the 
nurse cells and serve as 
conduits for the transfer of 
cytoplasmic components.

Lamellipodia
Flat, sheet-like cellular 
protrusions that contain a 
network of actin filaments that 
mediate the protrusion of the 
leading edge of a migrating 
cell.

Pseudopodia
Large cellular protrusions that 
contain a network of actin 
filaments that mediate the 
protrusion of the leading edge 
of an amoeboid cell or a 
phagocyte during crawling 
migration.

Filopodia
Thin, finger-like structures with 
a bundled core of actin 
filaments that form at the 
leading edge of migrating 
animal cells.

force generation in cells. Future experiments will address 
how the branching reaction occurs and what contributes 
to the autocatalytic nature of this reaction.

Mechanisms of debranching. Release of the mother or 
daughter filament from the ARP2/3 complex, known as 
debranching, is crucial for recycling actin networks in 
the cell. In vitro, the half-life of a y-branch ranges from 
8 to 27 minutes31,33,69. This half-life is probably much 
shorter in cells, as actin filaments turn over in less than 
a minute in regions of dynamic actin disassembly70.

Several factors have been reported to contribute 
to debranching. Nucleotide hydrolysis and release 
of in organic phosphate (Pi) by actin subunits in the 
mother filament have been proposed to affect branching 
frequency64,69, however, these data did not distinguish 
between effects on branch initiation or dissociation. 
ATP hydrolysis and Pi release from actin subunits in the 
daughter filament have also been reported to reduce 
the affinity of the ARP2/3 complex for pointed ends and 
to promote dissociation69. These results are inconsistent 
with observations showing that locking actin in the 
ADP–Pi state has no effect on debranching31, and that 
ATP hydrolysis and Pi release from actin occur much 
more rapidly than debranching. Resolution of these issues 
might require the development of more physiological 
and quantitative debranching assays.

Despite this confusion, it is becoming clear that ATP 
hydrolysis and Pi release from ARP2 has an important 
role in debranching31,33. Although the precise timing of 
ARP2 ATP hydrolysis in relation to debranching has been 
a matter of debate31,32 (see above), a recent study using a 
mutant ARP2 that cannot hydrolyze ATP showed that 
hydrolysis is temporally linked to nucleation but func-
tionally important for the facilitation of debranching33. 
This intriguing result indicates that nucleotide hydro-
lysis on ARP2 might initiate the debranching clock, but 
does not directly trigger the branch dissociation. Actin-
binding proteins, similarly to nucleotide, can regulate 
y-branch lifetime. For example, debranching can be 
accelerated by actin-depolymerizing factor (ADF; also 
known as cofilin)69, and can be inhibited by the class II 
NPF cortactin59. These and other regulatory factors are 
likely to function in the cell to ensure that the ARP2/3 
complex and actin are recycled and that the actin 
network is remodelled as required.

Cellular functions of the ARP2/3 complex
Coordinated nucleation and branching by the ARP2/3 
complex has an important role in several cellular 
processes.

Evidence from genetics. Genetic studies have shown that 
the ARP2/3 complex is essential for viability of both 
unicellular and multicellular organisms. In S. cerevisiae 
and S. pombe, inactivating or deleting genes that encode 
subunits of the ARP2/3 complex causes severe growth 
defects or lethality5,9,10,19,71. In D. melanogaster, the dis-
ruption of ARP2/3 function causes lethality before adult-
hood, with defects in cytoplasmic organization in the 
blastoderm, axon development, ring canal expansion and 

eye morphology72,73. RNA interference (RNAi)-mediated 
knockdown of ARP2/3 subunits in C. elegans results in 
lethality and affects ventral enclosure in the developing 
worm74. Although there are no published reports of 
ARP2/3-knockout mammals, the inactivation of ARPC3 
in human HeLa cells by RNAi is lethal75. Furthermore, 
inactivation or knockout of individual NPFs in mice 
results in defects ranging from embryonic or post-natal 
mortality to more mild tissue-specific irregularities76–81.

The function of the ARP2/3 complex is clearly impor-
tant for some organisms, however, it is not essential for 
all eukaryotes. In Arabidopsis thaliana, mutations in 
subunits of the ARP2/3 complex cause defects in the 
shape of epidermal cells but do not affect the viability of 
the plant82–84. Also, apicomplexan parasites completely 
lack the ARP2/3 complex13 and L. major encodes only 
some of the subunits14. Nevertheless, the severity of 
the phenotypes that are induced when the function of the 
ARP2/3 complex is perturbed in diverse species reflects 
its role in fundamental and conserved cellular processes 
(see following sections).

Cell migration and adhesion. Crawling cell migration is 
a basic behaviour of many cell types, ranging from uni-
cellular amoeba that migrate to forage for food, to cells 
in multicellular organisms that migrate during develop-
ment, wound healing and immune response. Efficient 
migration involves dynamic actin assembly adjacent to 
the plasma membrane in structures known as lamellipodia, 
pseudopodia and filopodia, which are protrusions that 
drive the advance of the leading edge of the cell1.

The ARP2/3 complex is localized to lamellipodia 
and pseudopodia, usually within several micrometers of 
the leading edge23,85–87, but not to filopodia. Moreover, the 
ARP2/3 complex has been observed by immuno-EM to 
organize actin into y-branched networks in lamellipodia, 
similar to its activity in vitro15,88. The notion that the 
ARP2/3 complex has an important role in lamellipodial 
protrusion is supported by findings showing that this 
process is inhibited when ARP2/3 activity is reduced in 
various cell types using RNAi89,90, inhibitory antibodies62 
or dominant-negative fragments of NPFs18. There is a 
conflicting report that silencing ARP3 expression by RNAi 
does not inhibit lamellipodial protrusion91, but in this case 
RNAi also failed to completely inhibit L. monocytogenes 
motility, a process that is known to depend on ARP2/3 
activity 40,92.

Some of these discrepancies might be due to a differ-
ential role for the ARP2/3 complex in different cell types, 
as ARP2/3 activity was also found to be dispensable 
for leading-edge protrusion during neuronal growth 
cone translocation93. Moreover, the failure to form 
detectable lamellipodia that contain ARP2/3 does not 
necessarily inhibit leading-edge protrusion or whole-cell 
migration94. With regard to filopodia, it has been pro-
posed that their bundled filament cores originate from 
ARP2/3-generated y-branched-filament networks in 
lamellipodia95,96. Nevertheless, a recent study concludes 
that ARP2/3 is not required for filopodia formation90. 
These observations highlight the potential importance 
of other actin-polymerization pathways.
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The NPFs that are responsible for activating the 
ARP2/3 complex in lamellipodia and pseudopodia 
are the SCAR/WAVE proteins (FIG. 4). In mammalian 
cells there are three SCAR/WAVE isoforms that exhibit 
tissue-specific expression patterns97,98, all of which localize 
to the leading edge of migrating cells99–101. By examining 
fibroblasts and other cells types that are depleted of 
these proteins by mutations or RNAi, it has become 
clear that SCAR2/WAVE2 (REFS 80,81) and SCAR3/
WAVE3 (REF. 102) are crucial for lamellipodia formation 
and directed cell migration, whereas SCAR1/WAVE1 
is important for dorsal ruffle formation and stabiliza-
tion of lamellipodial protrusions103,104. The importance 
of SCAR/WAVE proteins is not unique to mammals, 
as the loss of these proteins in D. melanogaster S2 cells 

also prevents formation of lamella89. The function of 
SCAR/WAVE proteins at the leading edge is thought to 
be controlled by the small GTPase Rac, which has a key 
role in lamellipodia formation105 (BOX 2). Future work is 
needed to understand how the SCAR/WAVE–ARP2/3 
pathway cooperates with other pathways to mediate 
actin polymerization during cell migration.

Actin remodelling in the lamellipodium is coupled 
to the formation of adhesive contacts that link the actin 
cytoskeleton to the extracellular matrix or to neighbouring 
cells. Emerging evidence indicates that the ARP2/3 
complex might be transiently associated with nascent 
focal contacts through its direct binding to the integrin-
associated protein vinculin, perhaps functioning to link 
adhesion with membrane protrusion106. Similarly, it was 

Figure 4 | Cellular functions of the ARP2/3 complex. The actin-related protein-2/3 (ARP2/3) complex organizes actin 
filaments (red lines) into branched networks that are capable of generating protrusive force and resisting mechanical 
deformation. Its nucleation and branching activities are implicated in (a) lamellipodial protrusion, (b) adhesion and 
podosome formation, (c) phagocytosis, (d) endocytosis, (e) vesicle and organelle motility, (f) trafficking within and from the 
Golgi apparatus, and (g) exocytosis. Insets illustrate the nucleation-promoting factors (NPFs) that have been demonstrated 
to be involved in each process (Wiskott–Aldrich syndrome protein (WASP), blue; neural (N)-WASP, light blue; suppressor 
of cyclic AMP repressor (SCAR; also known as WASP-family verprolin-homologous protein (WAVE)), green; cortactin, 
purple), and a subset of the molecules involved in recruiting and/or activating the NPFs at the sites of actin polymerization. 
During lamellipodia protrusion (a), adhesion (b), and phagocytosis (c), engagement of transmembrane proteins (integrins 
and receptors) causes activation of Rho-family GTPases (CDC42 and Rac) and NPFs, leading to ARP2/3-mediated actin 
polymerization. At sites of endocytosis (d) and internal membranes (e,f), coat proteins (coatamer as well as others), 
Rho-family GTPases, and other molecules (for example, dynamin and ARF1) activate NPFs and the ARP2/3 complex. 
FcγR, Fcγ receptor.
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Fcγ receptor
A family of receptors found on 
the surface of phagocytic cells. 
They bind to the constant (Fc) 
region of immunoglobulins and 
mediate the phagocytosis of 
pathogens.

Complement receptor
A family of receptors found on 
the surface of phagocytic cells. 
They bind to complement 
proteins and mediate the 
phagocytosis of pathogens.

Clathrin-mediated 
endocytosis
The uptake of material into the 
cell by a mechanism that 
involves the assembly of a 
clathrin protein into a cage-like 
structure on the cytoplasmic 
surface of the membrane.

Type III secretion system
A needle-like complex of 
proteins used by many Gram-
negative bacterial pathogens 
to inject virulence factors 
(called effectors) directly into 
the cytoplasm of a host cell.

recently observed that E-cadherin interacts with the 
ARP2/3 complex to promote local actin assembly and 
lamellipodial protrusion during the formation of early 
cell–cell adhesive contacts107, an effect that is reduced 
upon maturation of adhesion sites108. This provides an 
explanation for the transition of these sites from dynamic 
contact sites to quiescent junctions that are required for 
a stable interaction between cells.

Moving membranes and their cargoes. Actin polymeriz-
ation has also been linked to the generation of forces 
that remodel or transport membranes during trafficking 
events. Phagocytosis, or engulfment of large (greater than 
0.5 µm in diameter) particles such as bacteria, requires 
actin polymerization to drive the extension of the plasma 
membrane around the particle surface (FIG. 4). The 
ARP2/3 complex localizes to both Fcγ  receptor-mediated 
and complement receptor-mediated phagosomes and 
is essential for actin polymerization in the phagocytic 
cup as well as subsequent particle engulfment109. This 
function is likely to be of primary importance in profes-
sional phagocytes of the immune system, which help to 
clear infectious agents. The only NPF so far implicated 
in phagocytosis is WASP, which is specifically expressed in 
haematopoietic cells in mammals. WASP localizes to 
Fcγ-receptor-induced phagocytic cups110,111, and cells 
from patients with Wiskott–Aldrich syndrome (WAS) 
that have null alleles for WASP show a reduced capacity 
for phagocytosis and defects in actin accumulation at 
phagocytic structures112.

Actin is also involved in the internalization of small 
cargoes by endocytosis (FIG. 4). In S. cerevisiae, the 
ARP2/3 complex and NPFs including Pan1, myosin-5, 
Las17 (the WASP homologue) and Abp1 are recruited 
to endocytic sites prior to, or concomitant with, actin 
polymerization113,114. Likewise, in mammalian cells, 
N-WASP, cortactin and the ARP2/3 complex localize to 
sites of clathrin-mediated endocytosis115,116. Disrupting the 
activity of the ARP2/3 complex and its activators in yeasts 
or mammalian cells causes defects in endocytosis117–120.

The precise role of ARP2/3-mediated actin poly-
merization in endocytosis is not yet clear. Actin polymer-
ization might assist in invaginating the membrane, 
pinching off vesicles, and/or driving vesicles away from 
the plasma membrane121. The possibility that actin 
polymerization drives vesicles away from the plasma 
membrane is supported by the observations that endo-
somes, phagosomes, macropinosomes and lysosomes 
can rocket through the cytoplasm or through cell-free 
extracts by the polymerization of a closely associated 
comet tail of actin filaments122–125. Rocketing motil-
ity of endosomes involves the activity of the NPFs 
WASP or N-WASP, which localize to the surface of 
motile vesicles124 and are functionally important for 
actin assembly122,126.

ARP2/3-mediated actin polymerization has also been 
implicated in other membrane trafficking events (FIG. 4). 
Actin and actin-binding proteins associate with the Golgi 
apparatus and have a role in both anterograde and retro-
grade transport127. Initiation of actin polymerization at 
Golgi membranes is regulated by the recruitment of the 

ARP2/3 complex, N-WASP and its upstream regulator 
CDC42 (REFS 128–131). The precise role of actin in trans-
port to and from the Golgi remains to be shown, but 
similarly to its roles in endocytosis, it might function in 
vesicle scission or motility. The ARP2/3 complex might 
also have a role in exocytosis. Although the details of its 
involvement are unclear, the ARP2/3 complex has been 
localized to secretory granules in PC12 neuroendocrine 
cells, and N-WASP and CDC42 have been shown to 
promote exocytosis132. Understanding the biophysical 
role of ARP2/3 in membrane remodelling and how this 
process is controlled in cells are important areas for 
future investigation.

The ARP2/3 complex and disease
Given the range of important cellular functions that are 
attributed to the ARP2/3 complex, it is not surprising 
that its malfunction is associated with disease.

Pathogens abuse the ARP2/3 complex’s power. Numerous 
microbial pathogens manipulate the ARP2/3 complex to 
their advantage during infection (FIG. 5). Microbes differ 
considerably in the mechanism by which they access and 
activate the ARP2/3 complex, but they can generally be 
grouped into two classes: those that activate the ARP2/3 
complex from the outside of the cell, and those that 
activate the complex intracellularly.

Pathogens that activate ARP2/3 from the outside 
have evolved strategies to mimic or tap into receptor-
mediated-signalling events that lead to actin polymeriza-
tion at the plasma membrane. Two related examples of 
this are the diarrhoeagenic agents enteropathogenic and 
enterohaemorrhagic Escherichia coli (EPEC and EHEC), 
which form actin-rich pedestals that mediate bacterial 
attachment to and motility across intestinal epithelial 
cells133. EPEC uses a type III secretion system to introduce 
the translocated intimin receptor (Tir) into the host 
cell’s plasma membrane. Tir in turn recruits host factors 
including the NPF N-WASP, leading to activation of 
the ARP2/3 complex76,134,135. In a slight variation on this 
strategy, EHEC uses the bacterial effector protein EspFU 
in combination with Tir to recruit host N-WASP and the 
ARP2/3 complex136. Vaccinia virus, a relative of the caus-
ative agent of smallpox, forms pedestals upon exit from 
host cells in a process that is thought to promote cell–cell 
spread137. Similar to EPEC and EHEC, the vaccinia A36R 
protein mimics receptor-tyrosine-kinase signalling, 
leading to activation of host N-WASP and the ARP2/3 
complex138. Another example is Salmonella enterica, 
which induces actin polymerization in non-phagocytic 
cells to promote bacterial internalization. Like E. coli, 
S. enterica uses type III secretion to deliver bacterial 
effectors into the host cell cytoplasm139. However, the S. 
enterica effectors activate CDC42 and Rac, which in turn 
activate WASP or N-WASP and SCAR/WAVE, leading 
to ARP2/3-mediated membrane ruffling that gathers up 
and internalizes bacteria140–142.

In contrast to the example above, pathogens that 
reside within the cytoplasm have direct access to the 
ARP2/3 complex and NPFs. Many of these pathogens 
have evolved the capability to recruit and activate 
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ARP2/3 at their surface, leading to actin polymerization 
and actin-based motility that promotes bacterial 
cell–cell spread (FIG. 5). This type of motility was first 
described for L. monocytogenes and Shigella flexneri, 
and was later observed with phylogenetically diverse 
bacteria including Rickettsia species, Burkholderia 
pseudomallei and Mycobacterium marinum133. In the 
case of L. monocytogenes and Rickettsia species, the bac-
teria encode their own NPFs (ActA and RickA, respec-
tively) that directly activate the ARP2/3 complex36,44,45. 
By contrast, S. flexneri expresses a protein called IcsA that 
recruits host N-WASP143, and M. marinum also recruits 
host WASP or N-WASP by an unknown mechanism144. 
The precise mechanisms used by B. pseudomallei to poly-
merize actin are not yet understood145. The actin-based 
motility of L. monocytogenes and S. flexneri can now 
be reconstituted with purified components in vitro146, 
serving as a beautiful model for understanding the bio-
chemical and biophysical properties of force-generating 
actin networks.

The ARP2/3 complex and human disease. In addition 
to abuse by invading microorganisms, the improper 
function of the ARP2/3 complex and its regulators can 
lead to disease. One important example is WAS, a rare 
recessive X-linked genetic disorder that involves defects 
in blood-cell function147 and leads to susceptibility to 
infection, eczema and internal haemorrhages. The gene 
that is mutated in WAS encodes WASP, an NPF that 
is specifically expressed in haematopoietic cells148. In 
T cells, mutations in WASP cause specific defects in the 
function of the actin-rich immunological synapse that 
forms the interface between the T cell and the antigen-
presenting cell149,150, leading to defects in T-cell receptor 
signalling, interleukin-2 production and T-cell prolifer-
ation147. Recent work indicates that SCAR/WAVE 
proteins also have a prominent role in mediating actin 
dynamics at the immunological synapse151,152.

In platelets, mutations in WASP cause cytoskeletal 
defects that result in low platelet number and vol-
ume147. Moreover, mutations in WASP cause defects 

Figure 5 | Pathogens use ARP2/3 complex activities during infection. Several viral and bacterial pathogens have 
adapted mechanisms that tap into actin-related protein-2/3 (ARP2/3)-mediated actin nucleation and branching. Some 
activate the ARP2/3 complex from outside the cell to promote actin polymerization at the plasma membrane, facilitating 
attachment (a, enteropathogenic and enterohaemorrhagic Escherichia coli (EPEC and EHEC)), cell–cell spread (c, vaccinia 
virus), or phagocytosis (b, Salmonella). Others (d, Shigella; e, Listeria; f, Rickettsia) initiate actin assembly at their surface 
after entry into the cytoplasm by recruitment and activation of the ARP2/3 complex to form a comet tail of filaments that 
mediates their motility and cell–cell spread. Insets illustrate the nucleation-promoting factors  (NPFs) that have been 
demonstrated to be involved in each process (neural Wiskott–Aldrich syndrome protein (N-WASP), light blue; suppressor 
of cyclic AMP repressor (SCAR; also known as WASP-family verprolin-homologous protein (WAVE)), green; ActA and 
RickA, light purple), and the molecules involved in recruiting and activating NPFs at the sites of actin polymerization. 
EPEC and EHEC (a), as well as vaccinia (c) insert proteins (Tir (which binds to bacterial intimin) and A36R) into the plasma 
membrane, thereby recruiting adaptor proteins (Grb2 and Nck), that bind and activate N-WASP. Salmonella (b) injects 
effectors into the cytoplasm, thereby activating Rac and CDC42, leading to NPF activation and actin polymerization. 
The Shigella (d) protein IcsA recruits N-WASP to the bacterial surface, whereas Listeria (e) and Rickettsia (f) produce their 
own NPFs (ActA and RickA) that initiate ARP2/3-mediated actin polymerization. 
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in actin-rich podosome formation in macrophages153 
and osteoclasts154, phagocytic efficiency in macro-
phages112 and chemotaxis in macrophages and den-
dritic cells155–157. The severity of the disease that results 
when the function of this single NPF is compromised 
emphasizes the importance of the precise regulation 
of the ARP2/3 complex in the immune response, and 
highlights the potential relevance of these factors in 
understanding and treating diseases of immunity and 
inflammation.

ARP2/3 complex dysfunction might also be 
associated with cancer metastasis, which relies on 
the capability of cancer cells to migrate away from 
primary tumours and invade healthy tissues158. 
The expression of ARP2/3 mRNAs and their protein 
levels159–161, together with N-WASP162, WAVE2 (REF. 161) 
and other factors that are functionally associated with 
cell motility158, are upregulated in some tumour tissues 
and invasive cells. Cancer-cell invasion into tissues also 
requires the formation of actin-rich structures such as 
podosomes and invadopodia that have adhesive and 
protrusive activities and promote the degradation of 
the extracellular matrix. The activation of the ARP2/3 
complex is required for podosome formation153,154,163, 
and the complex has been colocalized with WASP163, 
N-WASP164 and cortactin165 in the F-actin-rich podo-
some core (FIG. 4). Likewise, the ARP2/3 complex and 
N-WASP localize to invadopodia and are required for 
their formation166. The ARP2/3 complex and its activ-
ators are therefore likely to be crucial participants in 

the process of tumour-cell invasion and metastasis, and 
might represent targets for therapeutic intervention.

Concluding remarks
Ten years of research into the function and regulation of 
the ARP2/3 complex has produced abundant information 
about this fascinating molecular machine. Nevertheless, 
many questions remain to be answered. One important 
area for exploration relates to how the activity of ARP2/3 
is regulated in the cell. For example, we know little about 
how the activities of distinct NPFs are coordinated to 
mediate actin polymerization and organization dur-
ing different cellular behaviours. Moreover, we need to 
determine whether there are undiscovered NPFs that 
link the ARP2/3 complex to unique signalling path-
ways, subcellular locales and actin-dependent events. 
A second important area for exploration relates to the 
precise mechanism of actin nucleation and organization 
by the ARP2/3 complex. What is missing is a detailed 
molecular map of the complex when it is engaged with 
an NPF, mother filament, and daughter filament. Last, 
we are beginning to characterize the role of the ARP2/3 
complex in pathogenesis, immunity, inflammation and 
cancer progression, and the information we gain from 
basic studies could be relevant to translational research 
that is aimed at diagnosing and treating disease. With 
the basic paradigms of ARP2/3 complex regulation and 
function defined, we are poised to begin exploring the 
complex web of interactions that allow it to function 
precisely in the complicated cellular world.
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