
composite NusA-P-subunit surface with 
RNA may stabilize RNA structures and ex- 
plain NusA's ability to accelerate cotrans- 
criptional folding of RNA (25). 

How might an allosteric signal generated by 
flap contact affect catalysis in the active site, 
which is 65 A from the flap-tip helix? The flap 
domain connects to RNAP through a two-
stranded, antiparallel P sheet (the connector). 
The connector runs along the active-site cleft to 
highly conserved amino acids in the active site 
(E813, D814, and K1065; Fig. 2). E813 and 
D814 may chelate the Mg2+ ion bound to the 
substrate nucleoside triphosphate (NTP); 
K1065 contacts the oc phosphate of the 3'- 
terminal RNA nt; substitution of E813 or 
K1065 disrupts catalysis (26, 27). Therefore, 
the pause hairpin may affect catalysis by mov- 
ing the flap and, by way of the connector, 
critical residues in RNAP's active site. Altema- 
tively, hairpin formation could open the active- 
site cleft by moving the clamp domain. Con- 
versely, flap or clamp movement and possibly 
hairpin formation could be inhibited when 
NTPs bind efficiently (because bound NTP 
would constrain the position of E8 13D8 14), 
and may be coupled to movements of parts of 
RNAP that form the active-site cleft and down- 
stream DNA jaws (Fig. 2) (13). 

Definition of the flap-tip helix as an alloste- 
ric site on RNAP provides a new framework for 
understanding RNAP's regulation. a also binds 
RNAP's flap (28); o may open the RNA exit 
channel to thread RNA into the channel; o 
release may allow the channel to close for 
efficient transcript elongation (13). Like pause 
hairpins, terminator hairpins probably also open 
the RNA exit channel, rather than pull RNA out 
of RNAP, and then dissociate the TEC by 
invading the RNA:DNA hybrid, opening the 
active-site cleft, and triggering collapse of the 
transcription bubble (3, 6). Finally, eukaryotic 
RNAPs also contain a flap domain, making the 
flap an attractive target for both prokaryotic and 
eukaryotic regulators of transcription. 
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Reversible Unfolding of Single 

RNA Molecules by Mechanical 


Force 

Jan Liphardt.' Bibiana Onoa,' Steven B. Smiths2 

lgnacio Tinoco ~ r . , '  Carlos B~stamante' .~*  

Here we use mechanical force to induce the unfolding and refolding of single 
RNA molecules: a simple RNA hairpin, a molecule containing a three-helix 
junction, and the P5abc domain of the Tetrahymena thermophila ribozyme. All 
three molecules (P5abc only in the absence of Mg2+) can be mechanically 
unfolded at equilibrium, and when kept at constant force within a critical force 
range, are bi-stable and hop between folded and unfolded states. We determine 
the force-dependent equilibrium constants for foldinglunfolding these single 
RNA molecules and the positions of their transition states along the reaction 
coordinate. 

RNA molecules must fold into specific three- 
dimensional shapes to perform catalysis. 
However, bulk studies of folding are often 
frustrated by the presence of multiple species 
and multiple folding pathways, whereas sin- 
gle-molecule studies can follow foldinglun- 
folding trajectories of individual molecules 
(1). Furthermore, in mechanically induced 
unfolding, the reaction can be followed along 
a well-defined coordinate, the molecular end- 
to-end distance (x). 

We studied three types of RNA molecules 
representing major structural units of large 
RNA assemblies. P5ab (Fig. 1A) is a simple 
RNA hairpin that typifies the basic unit of RNA 
structure, an A-form double helix. P5abcAA 
has an additional helix and thus a three-helix 
junction. Finally, P5abc is comparatively com- 
plex and contains an A-rich bulge, enabling 
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Hughes Medical Institute, University of California, 
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P5abc to pack into a stable tertiary structure (a 
metal-ion core) in the presence of Mg2+ ions 
(2-9). 

The individual RNA molecules were at-
tached to polystyrene beads by RNADNA hy- 
brid "handles" (Fig. 1B) (10). One bead was 
held in a force-measuring optical trap, and the 
other bead was linked to a piezo-electric actua- 
tor through a micropipette (11, 12). When the 
handles alone were pulled, the force increased 
monotonically with extension (Fig. 2A, red 
line), but when the handles with the P5ab RNA 
were pulled, the force-extension curve was in- 
terrupted at 14.5 pN by an -18-nrn plateau 
(black curve), consistent with complete unfold- 
ing of the hairpin. The force of 14.5 pN is 
similar to that required to unzip DNA helices 
(13, 14). P5ab switched from the folded to the 
unfolded state, and vice-versa, in less than 10 
ms and without intermediates. Forward and re- 
verse curves nearly coincided, indicating ther- 
ma1 equilibrium. The variation of foldingiun- 

force (SD 0.4pN) reflects the 
nature of a thermally facilitated process. Indeed, 
a plot of the fraction versus force 
2B, dots) is fit well by the statistics of a two- 
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state system in an external field at finite tem- 
perature (solid line). From this analysis, P5ab's 
unfolding free energy (AG) is 193 ? 6 kJ 
mol-' (12, 15). A second, independent, mea- 
sure of P5ab's AG is the average area under the 
reversible foldinglunfolding plateau, which 
equals the potential of mean force of folding 
and yields a AG of 157 ? 20 kJ mol-I. Afler 
correction for the free energg reduction of the 
unfolded state due to tethering (calculated to be 
44 t- 10 kJ mol-I) (12), these values compare 
well with the predicted AG of unfolding 
untethered P5ab calculated with the mfold free 
energy-minimization method (AGsigmoid = 
149 ? 16; AGc,,,,, = 113 t- 30; AG ,,!,;, = 147 
kJ mol-I) (12, 16). 

Several force-extension traces showed the 
molecule's extension jumping between two val- 
ues when the force was within - I  pN of the 
unfolding plateau (Fig. 2A, lee inset). We in- 
vestigated this bi-stability by imposing a con- 
stant force on the molecule with feedback-sta- 
bilized optical tweezers capable of maintaining 
a preset force within t-0.05 pN by moving the 
beads closer or further apart. Then, the end-to- 
end distance of the P5ab hairpin hopped back 
and forth by -18 nm, signaling the repeated 
folding and unfolding of a single RNA mole- 
cule. As in the pulling experiments, transitions 
between the two states were unresolvably fast 
(<I0 ms) and without intermediates. By in- 
creasing the pre-set force, it was possible to tilt 
the folded~~infolded equilibrium toward the 
unfolded state and thus directly to control the 
thermodynamics and kinetics of RNA folding 
in real time (Fig. 2C). As the force was in- 
creased, the molecule spent more time in the 
extended open form and less time in the short 
folded form. 

Whether hopping can be observed with a 
particular type of RNA depends on the time 
resolution of the instrument, its drift rate, and 
the kinetic barrier to foldinglunfolding as de- 
termined by the potential energy surface of 
the molecule (12). In the instrument we used, 
hopping could be observed for rates between 
approximately 0.05 Hz and 20 Hz. 

A ratio of the average lifetimes of the mol- 
ecule in the two states yields the equilibrium 
constant K(F) for foldinglunfolding at that force 
(Fig. 2D). Linear extrapolation of K(F) to zero 
force, and correction for free energy reduction 
due to tethering (as above), yields a AG of 
156 + 8 kJ mol-I, which coincides with the 
AG values obtained from stretching and the 

r 
100 150 200 250 

Exwnslon (nm) 

predicted value. Therefore, three different 
methods of measuring P5ab's unfolding AG 
give similar results: (i) the fit to the distribution 
of opening forces, (ii) the average area under 
the foldinglunfolding plateau, and (iii) the ratio 
of folded and unfolded lifetimes. 

The sensitivity of RNA hopping to exter- 
nal force is determined by the force-depen- 
dent length difference between the unfolded 
and folded forms, Ax(F). In particular, an 
expression analogous to the van't Hoff for- 
mula holds: d In K (F)IdF = Ax(F)lk,T (17). 
Indeed, the slope of the In K versus F plot 
(Fig. 2D) multiplied by k,T is 23 t- 4 nm, and 
the Ax(F,,,) value thus obtained is within 
experimental error of the value from the 

-"".. Dlgox C L.. 
Fig. 1. (A) Sequence and secondary structure of 
the PSab, PSabcAA, and P5abc RNAs. The five 
green dots represent magnesium ions that form 
bonds (green lines) with groups in the P5c helix 
and the A-rich bulge (3). (B) RNA molecules 
were attached between two 2-km beads with 
-500-base pair RNA:DNA hybrid handles. 

E Extmslon (nm) 

Fig. 2. (A) Force-extension curves of the RNA-DNA handles without an insert (red) and with the 
P5ab RNA (black) in 10 mM MgZ+. Stretching and relaxing curves are superimposed. Inset, detail 
of force-extension trace showing hopping. Right inset, force-extension curves for the RNA hairpin 
without Mg2+. (B) Probability of opening versus force in MgZ+ was obtained by summing a 
normalized histogram of hairpins opened versus force. Data are from 36 consecutive pulls of one 
molecule. Solid line, probability p(E) of a two-state system: p(E) = 1 (1 + eNksT). Best-fit (least 
squares) values, AG(FlIz) = 193 ? 6 kJ mol-', Ax = 22 ? 1 nm (72). (C) Length versus time traces 
of the RNA hairpin at various constant forces in 10 mM Mg2'-. (D) The logarithm of the equilibrium 
constant in Mg2+ plotted as a function of force (error bar = 1 SD). (E) Detail of the stretching (blue) 
and relaxing (green) force-extension curves of the P5abcAA molecule taken at low and high loading 
rates in 10 mM MgZ+. 
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length-time trace (18 % 2 nm. Table 1) (18). 
P5ab's folding kinetics in Mg2+ were de- 

termined from the force-dependent average 
lifetimes of the folded and unfolded forms, 
(T,) and ( T , ~ )(Fig. 2C). The logarithm of the 
mechanical foldinglunfolding rate appears to 
be a linear function of external force, with 
k,-L, increasing from 0.5 sp '  to 30 sp '  with 
force. and k L , ,  decreasing from 30 s p '  to 
0.4 s p l  (Table 1) (12). These rate constants 
then can be fit to Arrhenius-like expressions 
of the fonn: 

where k,,, represents the contribution of han- 
dle and bead fluctuations to the absolute rates 
(19), k, is the RNA's unfolding rate at zero 
force. and Ax;-,, is the thermally averaged 
distance between the folded state and the 
transition state along the direction of force 
(20). A similar expression holds for the re- 
verse reaction. Consistent with the predicted 
shape of P5ab's free energy curve along the 
reaction coordinate (I?), the position of 
P5ab's transition state on the reaction coor- 
dinate determined from the slope of the In k 
versus F plots is equidistant from the unfold- 
ed and folded states: Ax:-, = 11.5 nm, 
and = 11.9 nm. By contrast, the tran- 
sition state for mechanical unfolding of cer- 
tain protein domains, e.g., titin immunoglob- 
ulin, is closer to the native state (-0.3 nm) 
than the denatured state (beta-een 2 and 8 nm) 
(21. 22). These positioning differences may 
reflect the absence of nonlocal (tertiary) con- 
tacts in the P5ab hairpin and the dependence 

Table 1. Force-extension and constant force rneasul 

No. of Molecule 
nucleotides 

P5ab, Mg2+ 
P5ab, EDTA 
P5abcAA, Mg2- 
PSabcAA, EDTA 
P5abc1, Mg2- 
P5abc2, EDTA 

Molecule 

p~
-- -- - - -~ 

PSab, Mg2- 1 9 2 2  -81 
P5ab, EDTA 18 t 2 -69 
P5abcAA, Mg2+ 22 t 4 -98 
P5abcAA, EDTA 23 t 2 -63 
P5abc5, Mg2+ 26 i 3 
P5abc7, EDTA 1 7 1 2  

of the stability of the protein-folded state on 
nonlocal interactions. 

Removal of Mg2+ lowers the average 
force of foldinglunfolding in pulling experi- 
ments from 14.5 to 13.3 pN, thus reducing 
the AG ,,,.,,, by 8%. It does not. however. 
affect the transition state position on the re- 
action coordinate (Table I). Mg" thus 
slightly stabilizes the P5ab hairpin, presuni- 
ably through nonspecific ionic shielding of 
phosphate repulsions (23, 24).  

Having explored the simplest RNA struc- 
tural unit. we characterized the mechanical 
behavior of a helix junction. The P5abclA 
three-helix junction (Fig. 1A) also hopped 
between two states when held at constant 
force in Mg2+ and EDTA (Table 1). How- 
ever, a force-hysteresis of -1.5 pN was ob- 
served in the force-extension curves in both 
ionic conditions, indicating a loading rate 
faster than the slowest relaxation process of 
the molecule. Thermodynamic equilibrium, 
as marked by coincident stretch and relax 
curves, was attained when loading rates (20) 
were reduced to 5 1  pN s p l  (Fig. 2E). The 
rates of P5abclA's foldingiunfolding are 
smaller than those of PSab, despite identical 
effective transition state location, presumably 
because two hairpins must nucleate, and 
therefore, two kinetic barriers. representing 
two transition states, must be crossed to fold 
P5abcAA. Similarly, two helices must be 
opened sequentially to unfold P5abclA. The 
overall activation barrier for P5abcAA fold- 
ingiunfolding is therefore larger than that of 
P5ab. slowing its kinetics. 

Force-extension measurements (298 K) 

AG (k]/rnol) F112 (PN) of 
Mfold16 unfolding 

Constant force measurements (298 K)4 

Although helices and their combinations are 
fundamental units of RNA structure, they are 
not sufficient for three-dimensional organiza- 
tion. Consequently, we investigated Mg2+- 
dependent tertiary contacts using the P5abc 
RNA. whose structure is stabilized by 
Mg" ions that form a metal-ion core be- 
tween the P5c helix and the A-rich bulge 
(Fig. 1A) (3). 

As shown in Fig. 3A, the tertiary interac- 
tions formed in Mg2+ lead to substantial 
curve hysteresis (loading rate: 3 pN sp ' ) .  
Forces as high as 22 pN are needed before the 
molecule suddenly unfolds (blue curves), dis- 
playing a "molecular stick-slip" or "ripping" 
behavior (25). Typically, the molecule un-
folds suddenly at a high force (19 i 3 pN, 
96% of curves, ~z = 150, Fig. 3A, blue ar- 
row). Rarely (4% of curves). unfolding is 
interrupted after 13 nm, and the force then 
rises again until a second rip (inset, red stars) 
completes unfolding. The two-step unfolding 
reveals two distinct kinetic barriers to me- 
chanical unfolding of P5abc in Mg2+. Con- 
sidering the ionic requirements of those bar- 
riers (see below). and their absence in the 
P5ab and P5abclA curves, we assign them 
to Mg2+-dependent tertiary interactions 
among the P5c helix. the A-rich bulge. and 
the rest of the molecule. Because it is not 
preceded by other unfolding. the first rip 
must represent opening of P5a followed by 
rip propagation through the entire RNA 
structure (Fig. 3F, most probable path, blue 
arrow). Unfolding is sometimes interrupted 
by the second barrier, probably located at 

%I,(nm) 1Cl12 (kl/rnol) 
of plateausfrips F,~2A .x1,2 

In K vs. In k(s-l) vs. force (pN) In k(s-') vs. force (pN) 
force ( P N ) ~  (55 t o  h a i r ~ i n ) ~  (hairpin to SS)4 

2 3.5 + (5.7 -+ 0.2)F 41 i1.9 - (2.8 i0.1)F -39 i2.3 (2.9 i0.2)F 
i 4.4 + (5.3 t 0.4)F 37 t 4.0 - (2.7 i0.3)F -32 i4.8 + (2.6 t 0.4)F 
i9.5 + (6.9 i 0.7)F 58 i 7.5 - (4.2 -+ 0.5)F -39 -+ 9.3 + (2.7 i0.7)F 
i14 + (5.1 i1.2)F 31 t 6.0 - (2.6 -+ 0.5)F -31 -+ 11 + (2.5 i0.3)F 

-8.5 t 0.7 + (0.4 i0.02)F6 

'PSabc's unfolding is not  reversible in MgZi. These values are the forces and length-changes of the unfolding rips. 2Foldinglunfolding was not  two-state. The change in length 
between the folded and unfolded states was determined by measuring the tota l  offset of the pulling curve following complete unwinding of PSabc. 'From the extension time 
trace. 4The change in the end-to-end distance across the transition, and thus the slope of the In K and In k versus force plots, is force-dependent. The force dependence of Ax 
and Ax' may be neglected for small differences of force but based on the WLC model (72) they wi l l  need t o  be taken into account when extrapolating t o  zero-force. Also, the relative 
position of the transition state on the reaction coordinate may be force-dependent. 5P5abc does not  hop in the presence of Mg2+. 6From the fits of the varible-rate 
experiments (Fig. 3C). 7PSabc's hopping in EDTA is not  two-state. 
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the base of the P5b helix (Fig. 3F, rare path, 
red arrow). Consistent with the slow kinet- 
ics of PSabc in Mg2+ (Fig. 3A), these 
molecules do not hop when held at constant 
force; rather, they unfold suddenly and do 
not refold for the duration of the experi- 
ment (5 niin, Fig. 3E). 

Removal of Mg2+ removes the kinetic 
barriers, and folding/unfolding becomes re- 
versible. Unfolding then begins at 7 pN (Fig. 
3B), showing that in EDTA the A-rich 
bulge destabilizes PSabc. The refolding 
curves in Mg2+ and EDTA coincide, except 
for an offset of 1.5 pN due to charge neu- 
tralization (Fig. 3B, green curves). In con- 
trast to the all-or-none behavior of PSab, 
refolding of P5abc both with and without 
Mg2+ has intermediates: the force curve 
inflects gradually between 14 and 11 pN 
(Fig. 3B, black stars) and this inflection is 
followed by a fast (<I0  ms) hop without 
intermediates at 8 pN (green arrows). The 
cooperativity of mechanically induced 
foldinglunfolding is determined by the 
shape of the free-energy surface along the 
reaction coordinate and, thus, by the RNA 
sequence (12). 

The different widths of the two transitions 
and their force-separation suggest that the 
inflection (Fig. 3B, stars) marks folding of 
the PSbIc helices, whereas the hop (Fig. 3B, 
arrows) marks P5a helix formation. The fold- 
inglunfolding of P5a as compared with P5bIc 
can be resolved in constant-force experi- 
ments. Now, although the molecule hops 

(Fig. 3D), the average length of its hops 
(-17-nm) is only about two-thirds the ex- 
pected value, and a second type of hop is 
occasionally observed (red arrow) (12). Evi- 
dently, in EDTA PSabc hops between partial- 
ly folded states, with the - 17 nm transitions 
presumably representing folding/unfolding of 
the P5a helix and parts of the three-helix 
junction. 

To measure P5abc's unfolding kinetics 
in Mg2+, we determined the probability 
that the molecule will be unfolded (ripped) 
at a given force from a series of unfolding 
curves like Fig. 3A (blue). From these data, 
the unfolding rate and the position of the 
transition state of the first barrier were 
obtained using (20): 

P,,,b 
N(F,r)  = e~ (cb" - 1 )  (2) 

In the high-force limit (>3 pN), this expres- 
sion may be simplified to the following: 

where N is the fraction folded, r  is the 
loading rate (pN s-I), k, is the zero-force 
opening rate, and b = A X $ / ~ , ~ T .  Plots of the 
In [rln (IIN)] versus force for the first 
barrier at loading rates of 1 and 10 pN s-I 
are shown in Fig. 3C. A fit of the data in 
Fig. 3C yields a distance of 1.6 + 0.1 nm 
from the folded to the transition state 
(Ax;.,,,) along the reaction coordinate, and 
an apparent k, of 2 X s- ' .  Thus the 
A-rich bulge, in the presence of Mg2+, 
converts an RNA with a Ax;.,,, of 12 nm 

I 1Wnm 
100 200 

Extensfon (nm) 
250 

(PSabcAA). into one with a transition dis- , , 

tance similar to those of globular proteins. 
Apparently, the nonlocal contacts in hydro- 
phobic and electrostatic cores of proteins 
and RNAs, respectively, are responsible for 
their cooperative unfolding behavior under 
locally applied mechanical forces. 

How does the metal-ion core stabilize 
P5abc against mechanical unfolding? The 
AGX of opening PSabc's tertiary contact is 
about 80 kJ molp' smaller than the AGZ of 
opening the PSab and PSabcAA helices (zero- 
force rate: versus lo-", Table 1). Why 
then is opening PSabc's tertiary contact, and 
not its helices, rate limiting to mechanical 
unfolding? At any finite pulling rate, and for 
a given AG:, the average force required to 
commence unfolding is inversely proportion- 
al to AK;.,,, which, for the tertiary contact, is 
7 times as short as for a helix. P5abc in Mg2+ 
is consequently a "brittle" structure that re- 
sists mechanical deformation but fractures 
once deformed slightly. Conversely, the PSab 
helix is compliant and unfolds reversibly un- 
der mechanical force. 

Unlike the secondary structural ele- 
ments of proteins, those of RNA are inde- 
pendently stable. The free energies of sec- 
ondary and tertiary interactions of RNA 
may therefore be additive and separable. 
By revealing these free energies, niechani- 
cal and fluorescence studies ( I )  of individ- 
ual RNAs will help develop an auj71au al- 
gorithm for RNA folding (26). Mechanical 
studies permit uninterrupted access (lasting 

Fig. 3. (A) Stretch (blue) and relax (green) force-extension curves for P5abc the first kinetic barrier at loading rates of 1 and 10 pN s-'. Best fit (least 
in 10 mM MgZi.. Inset, detail of P5abc stretching curves showing unfolding squares) values, Ax = 1.6 + 0.1 nm, k = 2 X s-'. (D) Length 
intermediates (red stars). (0) Comparison of P5abc force-extension curves in versus time traces &?~5abc in EDTA (12). [E) Length versus time traces of 
the presence and absence of MgZi-. (C) The force-distribution of unfolding of P5abc in 10 mM Mg2+. (F) Model for P5abc's unfolding by force in Mg2+. 
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minutes to hours) to the kinetic and ther- 
modynamic properties of single polymers; 
investigation of foldinglunfolding in phys- 
iological ionic strengths and temperatures; 
and determination of the effects of ions, 
drugs, and proteins on RNA structure (27). 
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Switching Repulsion to 
Attraction: Changing Responses 

to Slit  During Transition in 
Mesoderm Migration 

Sunita G. Kramer, Thomas Kidd,* Julie H. Simpson, Corey S. Goodman? 

Slit is secreted by cells a t  the midline of the central nervous system, where it 
binds t o  Roundabout (Robo) receptors and functions as a potent repellent. We 
found that migrating mesodermal cells in  vivo respond t o  Slit as both an 
attractant and a repellent and that Robo receptors are required for both 
functions. Mesoderm cells expressing Robo receptors initially migrate away 
from Slit at the midline. A few hours after migration, these same cells change 
their behavior and require Robo t o  extend toward Slit-expressing muscle at- 
tachment sites. Thus, Slit functions as a chemoattractant t o  provide specificity 
for muscle patterning. 

Migrating cells are guided by attractive and 
repulsive signals (1). Many of these factors 
are bifunctional (1-5). In addition, migrating 
cells can switch on or off their responsiveness 
to particular guidance cues (6-8). In vitro, 
growth cones can switch between attraction 
and repulsion if the internal state of the cell is 
altered [e.g., (9, lo)]. Here we show that such 
a change takes place in the developing meso- 
derm in the Drosophila embryo. Migrating 
mesodermal cells switch their responsiveness 
to Slit as they switch phases in their differ- 
entiation. Initially, they are repelled by Slit 
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emanating from the midline, but only a few 
hours later, they are attracted to Slit secret- 
ed by epidermal muscle attachment sites 
(MASs). 

The first phase of cell migration during 
Drosophila myogenesis occurs after gastrula- 
tion, when muscle precursor cells migrate 
through the ventral furrow and spread dorsal- 
ly to coat the inner surface of the ectoderm. In 
the second phase, muscle precursors fuse to 
form individual muscle fibers as they extend 
growth cone-like processes, which migrate 
toward specific MASs within the epidermis 
(1 1-13). 

The migration of the mesodermal cells -
that will form ventral muscles is dependent 
On the expression of 'lit' an extracellular 
matrix molecule secreted by midline cells 
(14). In slit mutant embryos, many ventral 
muscle precursors fail to migrate away from 
the midline and fuse to form muscles that 

"machine" constant k, and a molecule constant k,. 
Therefore, hopping reveals the sensitivity of RNA 
foldinglunfolding to external force (the distance to 
the transition state Ax:) and the difference between 
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absolute rates or AC: values (12). 
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inappropriately stretch across the central ner- 
vous system (CNS) (Fig. 1B) (15,16). On the 
basis of staining with several muscle-specific 
markers, we identified most of these mis- 
placed muscles as ventral muscles 6 and 7 
(17). These defects are rescued by expressing 
UAS-slit at the ventral midline using single- 
minded-GAL4 (la),  confirming that the mid- 
line expression of Slit is required for the 
migration of muscle precursors away from 
this region (Fig. 1D) (16). 

In the Drosophila CNS, Slit is the repulsive 
ligand for the Roundabout (Robo) family of 
receptors (7, 15, 19-23). The Drosophila ge- 
nome encodes three Robo receptors: Robo, 
Robo2, and Robo3. Robo and Rob02 together 
control repulsive axon guidance at the midline 
(20, 22). The repulsion of mesodermal cells by 
Slit at the midline also requires Robo and 
Robo2. In robo mutant embrvos, occasional 
muscles can be seen crossing the midline (15, 
16), whereas in the robo,robo2 double mutant, 
the muscle phenotype resembles that of slit, 
with most segments containing multiple mus- 
cles 6 and 7 stretched across the midline (Fig. 
1C) (16). This defect can be rescued by ex- 
pressing either a robo or rob02 transgene in all 
muscles with the 24B-GAL4 driver (18). 

After their migration away from the mid- 
line, specific muscle precursor cells fuse with 
neighboring myoblasts to form muscle fibers 
(11, 24). These muscles extend growth cone- 
like processes toward their appropriate MASs 
(12, 13). Little is known about the cues that 
guide these cell-specific migrations. Here we 
show that Slit is one of these cues, but in this 
case, Slit functions as an attractant for mus- 
cles expressing Robo andlor Robo2. 

All MASs express the zinc-finger protein 
Stripe (Fig. 2A) (18, 25). Beginning at stage 13 
of embryogenesis, slit is also expressed at the 
subset of MASs that lies along the segment 
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