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pollinator service and resembles a liumming- 
bird territory. These results are consistent 
with mist-net data from tlie same site (20) 
that show higher capture rates for territorial 
huminingbirds in the fragmented forest. 

Subsequently, not all pasture seeds passive- 
ly dropped beneath parent tsees and died; many 
were actively transported, often huuidreds of 
meters, to remnant forest (3 2 ha) that contained 
as many seedling genotypes as expected for the 
entire plot (38 5 ha) (8). Bats rarely eat in the 
fruiting tsees where they forage. Instead they 
carry h i t s  to roosts or feeding sites in dense 
foliage where seeds are dropped in clusters 
(21). We fi-equently observed putative roosts in 
remnant foiest as thick foliage with distmct 
clusters of several S. globidifern seedlings be- 
low, often far from any potential parent. These 
patterns mdicate that bats loaded renmant forest 
with pasture seeds, fileling the preexisting re- 
vroductive imbalance. 

Our findings slio\v that the co~nposition 
and performarice of tropical tree subpopula- 
tioris can differ among fragmented habitats. 
These differences can skew donorship to the 
gene pool. Donorship patterns also indicate 
shifts in the effective foraging of dispersal 
agents. These shifts appear to track tlie redis- 
tribution of food (flowers and fruits) and 
shelter (remnant forest) in the landscape, 
which further constricts tlie bottleneck. Nota- 
bly, this feedback loop can yield abriormally 
high seedling densities in suboptirnal habitat. 
These results deserve fi~rther research be- 
cause n~echailisnls favoring some species irn- 
mediately after fragmentation could deter- 
mine tlie pool of species available for long- 
term forest recovery. Failure to detect such 
dynamics, however, could lead to misman- 
agement of landscapes. 
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Interaction of Human Arp213 
Complex and the Listeria 

monocytogenes ActA Protein in 
Actin Filament Nucleation 
Matthew D. Welch," Jody Rosenblatt, Justin Skoble, 

Daniel A. Portnoy, Timothy J. Mitchison 

Actin filament assembly at the cell surface of the pathogenic bacterium Listeria 
monocytogenes requires the bacterial ActA surface protein and the host cell 
Arp2/3 complex. Purified Arp2/3 complex accelerated the nucleation of actin 
polymerization in vitro, but pure ActA had no effect. However, when combined, 
the Arp2/3 complex and ActA synergistically stimulated the nucleation of actin 
filaments. This mechanism of activating the host Arp2/3 complex at the L. 
monocytogenes surface may be similar to  the strategy used by cells to control 
Arp2/3 complex activity and hence the spatial and temporal distribution of actin 
polymerization. 

The pathogenic bacterium Listevia inonocy- polymerization is tightly coupled to intracel- 
togenes initiates actin filament polymeriza- lular bacterial motility (2) arid may provide 
tion at its cell surface after it gains access to the motile force (3). Thus the L. n~o~zocj.to- 
the cytosol of infected host cells (1).  Actin genes cell surface is functionally similar to 

the leading edge of lamellipodia in locornot- 
ing cells, arhere actin polymerization is linked 
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host cell factors. The only essential bacterial 
component is ActA (5, 6), a cell surface 
protein that recruits host cell factors that pro- 
mote actin assembly. A critical host factor is 
the Arp213 complex (7), an evolutionarily 
conserved protein complex that contains ac- 
tin-related proteins (Arp) in the Arp2 and 
Arp3 subfamilies as well as five additional 
proteins (8-10). This protein complex pro- 
motes actin assembly at the bacterial surface, 
mediates bacterial motility in vitro ( 3 ,  and is 
localized throughout actin "comet tails" as- 
sembled by moving L. monocytogenes in 
vivo (7, 10). Moreover, the Arp213 complex 
is concentrated in the lamellipodia of mam- 
malian cells (10, 11) and in pseudopodia of 
Acanthamoeba castellanii (8, 12, 13), which 
suggests that it is important for membrane 
protrusion. Genetic analysis in yeast has 
demonstrated that the Arp213 complex is 
essential for actin function and cell viability 
(9, 14). 

To further understand the biochemical 
function of the -213 complex in cells, we 
sought to determine how it promotes actin 
polymerization at the L. monocytogenes sur- 
face. Structural models of Arp2 and Arp3 
(12) suggest that the complex may serve as a 
nucleating site for the assembly of actin 
monomer (G-actin). Nucleation is the rate- 
limiting step in spontaneous actin polymer- 
ization and thus represents a kinetic bamer to 
actin assembly. Alternatively, the -213 
complex may recruit actin filaments (F-actin) 
(13), which themselves serve as a template 
for polymerization. ' To distinguish between 
these mechanisms, bacteria were incubated 
with Arp213 complex and equal concen- 
trations of rhodamine-labeled G-actin or F- 
actin (15). Actin clouds were observed sur- 
rounding bacteria incubated with Arp213 
complex and G-actin (Fig. 1A). In contrast, 

Fig. 1. Function of the Arp213 complex at the L. 
monocytogenes cell surface. (A) Composite im- 
age of DAPI-labeled L. monocytogenes (blue) 
that were incubated with 0.5 p M  TMR-labeled 
G-actin (red) and 0.07 p M  Arp213 complex 
(75). Between 30 and 50% of bacteria assem- 
bled actin clouds. (6) Composite image L. 
monocytogenes (blue) that were incubated 
with 0.5 p M  TMR-labeled F-actin (red) and 0.07 
p M  Arp213 complex (75). No actin was associ- 
ated with bacteria. These data represent a com- 
pilation of 17 individual experiments. Bar = 10 
wm. 

no actin was associated with bacteria in 
the presence of -213 complex and F-actin 
(Fig. 1B). This strongly favors the nucleation 
model for Arp213 complex function on L. 
monocytogenes. 

To determine whether the Arp213 com- 
plex nucleates actin polymerization in the 
absence of L. monocytogenes, we observed 
the effect of pure complex on the kinetics of 
actin assembly. Polymerization kinetics were 
monitored in vitro by an assay that employs 
pyrene-actin, a fluorescent derivative of actin 
that exhibits much higher intensity of fluo- 
rescence when present as F-actin than as 
G-actin (16). In this assay (17), actin alone 
exhibited typical assembly kinetics marked 
by an initial lag phase, indicative of the ki- 
netic bamer to nucleation, followed by a 
period of rapid assembly that represents fila- 
ment elongation (Fig. 2A). In the presence of 
the Arp213 complex, the kinetics of polymer- 
ization were accelerated relative to actin 
alone (Fig. 2A), but the initial lag phase of 
assembly was not significantly shortened, 
even at higher ratios of Arp213:actin. This 
effect on polymerization is consistent with an 
ability to accelerate actin filament generation 
by either facilitating nucleation or severing 
newly formed filaments. However, pure 
Arp213 complex did not affect the rate of 
filament depolymerization (13,  indicating 
that it does not sever filaments and suggest- 
ing that it facilitates nucleation. 

Fig. 2. Effects of the Arp213 
complex and ActA on actin poly- 
merization. (A, C, and E) Graphs 
of fluorescence intensity versus 
time after initiating polymeriza- 
tion in the pyrene-actin assay 

Actin nucleation by the Arp213 complex 
at the L. monocytogenes surface also requires 
the bacterial ActA surface protein ( 3 ,  and 
synthetic peptides derived from ActA bind to 
G- and F-actin (18), which suggests that 
ActA may itself possess nucleating activity. 
To determine how ActA affects polymeriza- 
tion kinetics, we constructed and purified a 
variant of ActA called ActA-His (19) (Fig. 3, 
A and B). The kinetics of actin polymeriza- 
tion in the presence of ActA-His and in the 
absence of added protein were identical (Fig. 
2C), indicating that full-length ActA does not 
affect actin assembly (18). 

In addition to testing the effects of -213 
complex and ActA on actin assembly indi- 
vidually, we monitored polymerization kinet- 
ics in the presence of both pure proteins. In 
the presence of Arp213 complex and ActA- 
His, the initial rate of actin assembly was 
accelerated up to 50-fold relative to the reac- 
tions in the presence of Arp213 or ActA alone 
(Fig. 2E). Moreover, with both factors present, 
the lag phase of polymerization was eliminat- 
ed (Fig. 2G), indicating that Arp213 complex 
and ActA function together as a highly effi- 
cient nucleating site, which is kinetically 
comparable to the end of an actin filament. 
Addition of increasing amounts of ActA to 
a fixed concentration of Arp213 complex 
caused a dose-dependent acceleration of the 
kinetics of actin polymerization (Fig. 2H). 
This effect was specific to ActA-His because 

(77). Curve 1; > p M  actin; curve o sbo ldoo +Sa, 
2.2 p M  actin with 30 nM Arp213 
complex (1 : 65 ratio Arp213:ac- 
tin); curve 3, 2pM actin with 30 
nM ActA-His (1:65 ratio ActA: 
actin); curve 4. 2pM actin with 
30 nM Arp213 complex and 30 
nM ActA (1:1:65 ratio Arp213: o 500 IMO is00 
ActAactin). (6, D, and F) Electron 
micrographs of grids spotted 
with polymerization reaction 
mixtures 30 s after initiating po- 
lymerization (27). (B) Actin (2 
pM) with 70 nM Arp213 complex 
lcorres~ondine to  (A) curve 21. o m ~ a a ~  rm - 
(D)  iti in (2;~) k i t h  70 n~ 
ActA-His [corresponding to  (C) 
curve 31. (F) (Top) Actin (2 pM) 
with 70 nM ActA and 70 nM 
Arp213 complex [corresponding 
to  (E) curve 41. Arrows indicate 
actin filaments. (Bottom) Higher 
magnification view of an ;tin . 
filament from the same reaction. tirr* (a) 
Bars = 500 nm. (G) Expanded view of the initial 40 s of the graph in (E). (H) Graphs from the 
pyrene-adin assay. Actin (2 pM) with 20 nM Arp213 and, from right to  left, 0, 0.04, 0.40, 4,8, 20, 
40, and 60 nM ActA-His. (I) Graphs from the pyrene-actin assay in the absence and presence of CD. 
Curve 0, 4 p M  actin; curve 1, 4 p M  actin with 1 p M  CD; curve 3, 4 p M  actin with 18 nM Arp213 
and 1 p M  CD; curve 4, 4pM actin with 18 nM Arp213, 10 nM ActA-His. and 1 pM CD. 

3 JUI .Y 1998 VOL 281 SCIENCE www.sciencemag.org 



R E P O R T S  

addition of an unrelated protein (His-XCTK2 
tail, the COOH-terminal domain of a kinesin 
family protein) (20) to the Arp213 complex 
did not accelerate polymerization kinetics rel- 
ative to the Arp213 complex alone. 

To confirm that the assembly kinetics mea- 
sured by the pyrene-actin assay represented the 
kinetics of filament formation, we visualized 
filaments in polymerization reactions by elec- 
tron microscopy during the lag phase of spon- 
taneous polymerization (30 s after initiating 
assembly) (21). Filaments were observed in the 
reaction mixtures containing both ActA and 
Arp213 complex (Fig. 2F) but not those with 
-213 complex or ActA alone (Fig. 2, B and 
D) (21). These results, together with those ob- 
tained by the pyrene-actin assay, demonstrate 
that the 4 2 1 3  complex and ActA act syner- 
gistically to nucleate actin assembly. We sug- 
gest that the nucleation activity of the Arp213 
complex is stimulated by a physical interaction 
with ActA because the Arp213 complex on its 
own accelerates actin polymerization, whereas 
ActA does not. However, we cannot rule out 
the possibility that ActA participates directly 
in nucleation. 

Actin filaments in the L. monocytogenes 
comet tail are oriented with their barbed (fast 
growing) ends toward the bacterial surface, 
and barbed-end elongation is thought to drive 
motility (22). To determine which end is 
elongating in filaments nucleated by Arp213 
complex and ActA, we performed the 
pyrene-actin assay in the presence of cy- 
tochalasin D (CD). This compound prevents 

A 
PRR 

AclA-Hls k59; , , I I 1 1 1 1 I 1 1 6 ~ 1 ~ 1  

29 263 390 613 

AC~A-N-H~S lsq ,  HIS 

1 2  
- 

B 200- c 2 10000 
l lf i  - 

Q- - - $ 8000 
66 - 
45 - - g 4000 4 I /  

Fig. 3. ActA derivatives and their effect on adin 
nucleation. (A) Schematic representation of 
AdA-His and ActA-N-His (79) showing the sig- 
nal sequence (SS), the NH,-terminal region 
that is essential for actin polymerization (hatched 
box; amino acids 29 to 263) (78, 24), the cen- 
tral region containing four proline-rich repeats 
(gray boxes. PRR; amino acids 263 to  390), and 
the COOH-terminal tag of six histidine residues 
(6H15; replaces the ActA transmembrane do- 
main in AdA-His). (8) Purified AdA-His (lane 
1) and AdA-N-His (lane 2) (79) visualized on a 
SDS-12% polyacrylamide gel stained with 
Coomassie blue. (C) Graphs from the pyrene- 
actin assay (77). Curve 1, 2 p M  actin with 20 
nM AdA-His and 20 nM Arp213 complex; curve 
2, 2 p M  actin with 20 nM ActA-N-His and 20 
nM Arp213 complex. 

assembly at barbed ends (23) and hence lim- 
its actin polymerization to pointed ends. 
When CD was included in the reaction mix- 
ture, the kinetics of Arp213 and ActA nucle- 
ated actin assembly were nearly identical to 
the kinetics in the presence of the Arp213 
complex or actin alone (Fig. 21). This indi- 
cates that filaments nucleated by the Arp213 
complex and ActA elongate predominantly at 
their barbed ends. 

We next sought to determine which domain 
of ActA is responsible for its activity. The 
MI2-terminal region (Fig. 3A) is essential for 
ActA to induce actin assembly (18, 24). In 
contrast, the four proline-rich repeats in the 
central region (Fig. 3A) are not essential but 
enhance the efficiency of polymerization and 
motility (24, 25). We generated and purified 
ActA-N-His, which consists only of the NH,- 
terminal domain of ActA (19) (Fig. 3, A and B). 
Equal amounts of ActA-N-His and ActA-His 
were equivalent in their ability to activate 
Arp213 complex nucleation activity in the 
pyrene-actin assay (1 7) (Fig. 3C). ActA-N-His 
alone had no effect on actin polymerization 
(1 7). Thus, the -213 complex interacts with 
the NH,-terminal region of Act4 to form a 
nucleating activity, and the proline-rich repeats 
do not contribute to nucleation in this assay. 
These repeats may enhance actin polymeriza- 
tion and bacterial motility by recruiting the 
Enabledlvasodilator-stimulated phosphoprotein 
(EnaNASP) family of proteins (26) and profi- 
lin (27), which may promote the elongation of 
filaments nucleated by the Arp213 complex and 
ActA. 

Our findings indicate that the Arp213 
complex and ActA function together to nu- 
cleate actin assembly at the L. monocyto- 
genes cell surface. We propose the following 
model for the potential role of these two 
proteins in actin polymerization and L. mono- 
cytogenes motility. Before encountering ActA, 
the Arp213 complex only weakly enhances 
the kinetics of actin polymerization. Upon 
interacting with the NH2-terminal domain of 
ActA, the activity of the complex is stimulat- 
ed and it nucleates actin assembly, generating 
actin filaments whose elongation propels the 
bacterium forward (3). Activation of the 
Arp213 complex may occur by two mecha- 
nisms. Interaction with ActA may induce a 
conformational change in the complex. Alter- 
natively, the complex may be activated by 
self-association facilitated by ActA, which is 
a dimer on the bacterial surface (28). In either 
case, the ability of ActA to activate the 
Arp213 complex explains how the complex 
can generate actin filaments only at the bac- 
terial surface, as is observed in vivo (2), 
although it is present throughout the actin 
tails assembled by moving bacteria (7, 10). 

Activation of the Arp213 complex with a 
spatially localized factor such as ActA may 
represent a general strategy used to regulate 

the distribution of actin polymerization in 
cells. Cellular proteins with functions similar 
to ActA may recruit the complex to lamelli- 
podia and activate its nucleating activity, 
leading to the generation of filaments that 
elongate to drive membrane protrusion. Al- 
though ActA is the only known regulator of 
the -213 complex, other factors such as 
posttranslational modification (7, 10) may 
also modulate its function. Thus, multiple 
pathways may operate in concert to regulate 
Arp213 complex activity. A more complete 
understanding of the cellular mechanisms 
that control actin polymerization awaits fur- 
ther determination of how Arp213-mediated 
nucleation is regulated and how it is inte- 
grated with other processes such as fila- 
ment uncapping, elongation, cross-linking, 
and depolymerization. 
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Congenital Heart Disease 
Caused by Mutations in the 
Transcription Factor NKX2-5 

Jean-Jacques Schott," D. Woodrow Benson,*f Craig T. Basson,: 
William Pease, G. Michael Silberbach, Jeffrey P. Moak, 

Barry J. Maron, Christine E. Seidman, J. G. Seidmans 

Mutations in the gene encoding the homeobox transcription factor NKX2-5 
were found t o  cause nonsyndromic, human congenital heart disease. A dom- 
inant disease locus associated wi th  cardiac malformations and atrioventricular 
conduction abnormalities was mapped t o  chromosome 5q35, where NKXZ-5,  
a Drosophila tinman homolog, is located. Three different NKXZ-5 mutations 
were identified. Two are predicted t o  impair binding of NKX2-5 t o  target DNA, 
resulting in haploinsufficiency, and a third potentially augments target-DNA 
binding. These data indicate that NKX2-5 is important for regulation of sep- 
tation during cardiac morphogenesis and for maturation and maintenance of 
atrioventricular node function throughout life. 

Cardiac development is a complex biological terns of expression or their phenotypic effects 
process requiring the integration of cell com- when they are functionally inactivated in flies 
mitment, morphogenesis, and excitation-con- or mice. Analyses of the tintnail gene in Dro- 
traction coupling (I, 2). Several transcription sophila melni~ogc~ster, which encodes a ho- 
factors (3) have been implicated in this process meobox transcription factor, indicate that it has 
on the basis of their spatial and temporal pat- an essential role for specification of heart mus- 
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cle progenitors in nascent mesodenn (4). Tar- 
geted disruption of a muuine homolog of tin- 
inan, !\TIa2.5, causes early embryonic lethality 
(j), with cardiac development arrested at the 
linear heart tube stage, prior to looping. Cardiac 
expression of 1Yh2.5 continues throughout de- 
velopment and into adult life (a, but the hnc- 
tions regulated by its continued expression are 
unknow1. 

Identification of human.. mutations that 
cause congenital heart disease offers a corn- 
plementa~y approach to gene ablation studies 
and particularly fosters definition of gene 
defects that perturb later stages of cardiac 
development. Cardiac septation is a critical 
~norphogenetic process in which the primor- 
dial single atrium and ventricle are parti- 
tioned into four chambers. Mistakes in this 
process occur com~nonly in humans; 1 in 
1500 live births have an atrial septa1 defect 
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