
Soc, London Ser. B 254, 83 (1993); H. P. Erickson, 
Proc. Nati. Acad. Sci. U. S.A. 91, 101 14 (1 994) 

11. Ttln fragments of interest were amplif~ed by poymer- 
ase cha~n reaction from prlmary lambda cDNA 
clones and cloned nto PET 9d. NH2-terminal domain 
boundares were as in (24). The clones were fused 
w~th an NH2-termnal His6 tag and a COOH-terminal 
Cys2 tag for ~mmob~lizat~on on solid surfaces. The 
Identity of the cloned fragments was ver~fed by DNA 
sequencng with the use of a standard automated 
sequencer. Expression of the fragments was n -  
duced in BL21(DE)3 by 0.1 mM sopropyl-o-D-th~o- 
galactopyranoside at 37°C for 3 hours. The proteins 
were expressed souby and were purified from bac- 
ter~al ysates as descr~bed (25). Protein was stored 
frozen in aliquots in 20 mM sod~um phosphate (pH 7) 
and 5 mM dith~othre~to (DTT). C~rcular d~chroism 
spectroscopy In the far ultrav~olet was recorded in 
storage buffer on a Jasco J-710 spectropolarimeter 
f~tted w~th a thermostatted cell holder. For further 
detas, see (1) .  The spectra were typical for the beta- 
barrel structure of tit~n lg dorna~ns and confirmed the 
fold of the constructs. Native cardiac t~tin was purl- 
fied from bovine heart tssue following the protocol of 
(26) except that the final ammonum sulfate precip- 
Itation was om~tted. Electrophoresis of the prepara- 
tion on 396 SDS-polyactylam~de gel electrophores~s 
showed essent~ally undegraded tit~n. The proteln 
was stored at 0.5 mg/m in 200 mM sodium phos- 
phate (pH 7), 5096 glycerol, 5 mM EGTA, 5 mM DTT, 
and leupeptin (2 t~glml) at -20°C. 

12. The character~stlc pattern of the force extenslon 
curves observed upon stretchng of t t n  fragments is 
sensitive to denaturing and crosslink~ng agents. In- 
cubat~on of lg8 in a soluton containing 6.6 M urea 
produced force extension curves that were e~ther 
featureless or peaked at long extensions w~th a varl- 
able spacing. Treating g 4  titin fragments with gutar- 
aldehyde (0.1 to 596) also elmnated the sawtooth 
pattern in the force extension curves. Instead, we 
could only observe a featureless and short-ranged 
force extenslon curve. These observations suggest 
that we could either destroy the tertiary structure of 
the proten by denaturation or that we could render ~t 
rigid by cross-Inking. 

13. It cannot be ruled out that fibronectin I dorna~ns, 
which have a structure smiar to that of g doma~ns, 
also contribute to the sawtooth pattern of nativettin. 

14. The first unfodng peak is typically camouflaged due 
to multiple adsorptions. The absolute pos~tion of the 
frst peak vares because of a random pickup of the 
protein w~th respect to the anchorng cysteines, we 
beeve, but also because of rearrangements of the 
adsorbed segments of the proten on the tip. 

15. Note that the unfolding force ~sthe maxlmum forceof 
the peaks above the baseline of the free cantilever on 
the approach part of the cycle and not the dfference 
between the peaks and the troughs. 

16. Geometric effects can also diminish the observed 
rupture force of the f~rst peaks. When the Ine defined 
by the cyste~ne tag to the gold surface and the ad- 
hesion pont on the AFM tip 1s not in parallel w~th the 
drection of pulling, the measured rupture force of the 
first peak can be up to 1596 below the actual force. 
However, th~s effect w~ll be unmeasurable from the 
third peak on. 
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Folding-Unfolding Transitions in Single Titin 
Molecules Characterized with Laser Tweezers 

Miklos S. Z. Kellermayer,*T Steven B. Smith," 
Henk L. Granzier,$ Carlos Bustamante* 

Titin, a giant filamentous polypeptide, is believed to play a fundamental role in main- 
taining sarcomeric structural integrity and developing what is known as passive force in 
muscle. Measurements of the force required to stretch a single molecule revealed that 
titin behaves as a highly nonlinear entropic spring. The molecule unfolds in a high-force 
transition beginning at 20 to 30 piconewtons and refolds in a low-force transition at -2.5 
piconewtons. A fraction of the molecule (5 to 40 percent) remains permanently unfolded, 
behaving as a wormlike chain with a persistence length (a measure of the chain's bending 
rigidity) of 20 angstroms. Force hysteresis arises from a difference between the unfolding 
and refolding kinetics of the molecule relative to the stretch and release rates in the 
experiments, respectively. Scaling the molecular data up to sarcomeric dimensions 
reproduced many features of the passive force versus extension curve of muscle fibers. 

Passive force develo~s when a relaxed mus- 
cle is stretched; this force is responsible for 
restoring muscle length after release, and it 
is required for maintaining the structural 
integrity of the sarcolnere in actively con- 
tracting muscle (1). Titin (2),  a giant 3.5- 
MD protein, spans the half-sarcomere, from 
the Z line to the M line (3) (Fig. 1A). 
Because titin is anchored both to the Z line 
and to the thick filaments of the A band, 
passive force while the sarcomere is 
stretched is probably generated by exten- 
sion of the I-band segment of the ~nolecule 
(4, 5). It has been suggested (6, 7) that the 
elasticity of titin derives from the reversible 
unfolding of the linear array of -300 im- 
munoglobulin C2 (Ig) and fibronectin type 
111 (FNIII) domains (8) that make up the 
molecule. In addition, a unique proline 
(P)-, glutamate (E)-, valine (V)-, and lysine 
(K)-rich (PEVK) domain recently identi- 
fied in titin (9) has been hypothesized to 
form a sernistable region that operates as a 
low-stiffness s ~ r i n e  (9). - . ,  

Here, we stretched titin by attaching 
each of its ends to a different latex bead 
( lo ) ,  one of which was held by a movable 
micropipette and the other was trapped in 
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force-measuring laser tweezers (1 1 ) (Fig. 
1B). The micropipette was then rnoved at a 
constant rate while the force generated in 
the molecule was continuously monitored. 
When a maximum medetermined force 
(fnIax) was reached, the process was reversed 
to obtain the release half-cycle. The force 
versus extension (f versus z )  curves from 
these experiments (Fig. 2)  illustrate several 
characteristics of the data. (i) The end-to- 
end distance (z) at which the common fm,, 
is reached varies considerably, probably as a 
result of a variation in the location of the 
bead attachments in titin. (ii) Many mole- 
cules were extended far beyond the -1-pm 
contour length of native titin (12). (iii) 
Normalizing the curves to the same length 
scale reveals that the force generated for a 
given fractional extension (the ratio of z to 
the contour length, L) also varies from ex- 
periment to experiment, probably reflecting 
different numbers of titin molecules within 
the tethers. (iv) All curves show hysteresis. 

To identify single-molecule tethers and 
determine their length, we segregated the 
data into classes by comparing them with 
the predictions of two entropic elasticity 
models: the freely jointed chain [FJC (1 3)] 
and the wormlike chain [WLC (14)] mod- 
els. The FJC model did not describe the 
data, but the WLC model fit the stretch 
data at low to moderate forces and the 
release data at moderate to high forces (15). 
The WLC model describes the chain as a 
deformable continuum (rod) of persistence 
length A, which 1s a measure of the chain's 
bending rigidity. For a WLC, s is related to 
the external force ( f )  by fA/k,T = z/L + 
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Fig. 1. (A) Diagram of the location A 
of titin and the binding sites of the Half I band I Half A band 
antibodies to titin (TI2 and T51) 2 h 

mere. (B) Min molecules were .... IU.C..- 
":-I( filament 

stretched between two beads by 
moving the micropipette away from I 

T2 

tical trap (bead at left) was coated t T I  (full-length titin) 

with antibody T12, and the other T I 2  

bead was held by a micropipette Myomesin 

and bound to the M line end of tiiin. B light j .. 18 - , 
The end-to-end length (z) was mea- 
sured as previously described (1 l), 
and the force on the trapped bead 
was measured by detecting the 
change in the light momentum (de- 
flection) as it left the trap (1 1). Use of 
a coaxial dual-beam optical trap 
permitted high-force manipulation 
(-70 pN) far from cover glass sur- 
faces (100 pm) with minimal light 
power input (1 00 mW ). 

1/4(1 - dL)2 - 114, where kg is the Boltz- 
mann constant and T is absolute tempera- 
ture (16). The end-to-end length (z) of a 
WLC approaches its contour length (L) as 
f-'I2. The contour lengths of the tethers 
were thus estimated by plotting the data as 
f-'I2 versus z and extrapolating to infinite 
force (16) (Fig. 3A). A histogram of the 
release contour lengths obtained in this way 
showed a bimodal distribution with peaks at 
-1.5 and -4 pm (15), reflecting the pres- 
ence of two titin sizes in our preparations 
[Tl and the difference fragment (Fig. lA)]. 
However, there is a discrepancy between 
the calculated 10-pm contour length for a 
fully unfolded titin molecule (17) and the 
observed contour-length peak at -4 pm. 
Possibly the molecules were never fully un- 
folded and extended under the forces used 
(18). 

In the f-'I2 versus z plot, the extrapolat- 
ed force-axis intercept of a curve at high 
extension indicates the persistence length 

of a molecule by the relation A = kBT/4F 
[where F is force at the intercept (Fig. 3A)l. 
When multiple molecules are present in a 
tether, this intercept (the apparent persis- 
tence length of the tether) is divided pro- 
portionately. The frequency of apparent 
persistence lengths for 302 releases of 45 
tethers is shown in Fig. 3B. The distribution 
is multimodal with peaks corresponding to 
single, double, and triple parallel strands of 
the molecule. Accordingly, the persistence 
lengtb of the single, unfolded molecule is 
-20 A. For a given extension, proportion- 
ally greater amounts of force were generated 
when multiple strands of titin were subject- 
ed to the stretch-release cycle than when 
only a single molecule was present (Fig. 3B, 
inset). 

The f-'I2 versus z plots revealed that 
titin does not behave as a WLC throughout 
the entire stretch-release cycle: Its behavior 
deviates from that of a WLC at high force 
during stretch and at low force during re- 

2 (pm) 

Fig. 2. Ensemble off versusz curves for three titin 
tethers. The directions of data acquisition are in- 
dicated by arrows. Stretch and release rates were 
-90 nrn/s. 

lease, indicating the onset of structural 
transitions (Fie. 3A). Because in most ex- . -  , 

periments the stretch and the release tran- 
sitions occurred at extensions larger than 
the contour length of the extended but 
native titin, these transitions must involve 
force-induced unfolding and refolding in 
the molecule. Accordingly, we propose the 
followine model to rationalize these obser- 
vations:-(i) At the beginning of stretch, a 
variable fraction of the molecule, 5 to 40%, 
is already unfolded (1 9). In this early part of 
the stretch curve (WLC region 1 in Fig. 3A, 
and from points a to c in Fig. 4A), the 
molecule behaves as a WLC whose proper- 
ties are dominated by this pre-unfolded 
fraction. Consistent with this model, Lstretch 
(Fig. 3A) b more than twice as long as the 
contour length of the native molecule, and 
the persistence length associated with this 
part of the curve (20 A) is about one- 
seventh that estimated for native titin (20). . . 
The pre-unfolded fraction may contain the 
PEVK domain, although in most cases it 
exceeds the length attributable to this do- 
main (1 9). (ii) As titin is stretched to high 
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force (20 to 30 pN), transitions begin to 
occur in the molecule (onset of stretch 
transition in Fig. 3A, and point c in Fig. 
4A) that convert part of the folded fraction 
into unfolded protein. As titin is further 
stretched, mechanical denaturation (un- 
folding) of additional Ig- and FNIII-type 
domains in the molecule takes place, a pro- 
cess that mav not be com~leted when the 
maximum force allowed by the instrument, 
f,,, is reached (stretch transition in Fig. 
3A, and points c to d in Fig. 4A). Thus, the 
contour leneth of the fullv denatured titin ., 
was never observed in our experiments. (iii) 
Upon release of the unfolded titin, the mol- 
ecule does not refold in the initial - 15 s of 
the release part of the cycle but behaves 
instead as a WLC (points d to e in Fig. 4A) 
with the properties of an unfolded polypep- 
tide (persistence length -20 A). (iv) Only 
when the molecule is allowed to shorten 
down to about one-half of its release con- 
tour length (LEI,,) does refolding begin to 
take place, which is seen as a transition in 

both the f versus curve (from points e to b 
in Fig. 4A) and in the f-'I2 versus z plots 
(release transition, Fig. 3A). In this region, 
much of the shortening occurs around 2.5 
pN as the data cross various WLC curves 
corresponding to different persistence 
lengths. The release transition marks the 
refolding of the Ig and FNIII domains. (v) 
As titin shortens below -40% of its release 
contour length, the refolding ceases and the 
force drops (points b to a in Fig. 4), and the 
molecule again behaves as a WLC with a 
shortened contour length (L,,,,, Fig. 3A). 

In this model, the f versus z curves dis- 
play hysteresis because the rate at which the 
molecule is stretched or released exceeds 
the rate of unfolding and refolding of the 
molecule at equilibrium at that extension. If 
our stretch-release experiment had been 
done more slowly, the stretch and release 
portions of the force curve would have con- 
verged toward a single intermediate curve 
representing the true equilibrium denatur- 
ation-renaturation force. The unfolding and 

Fig. 4. (A) The f versus extension curve normalized to a single titin molecule (from a double-molecule 
tether), highlighting the points at the beginning and at the end of the transitions. Both stretch (red) and 
release (blue) had a rate of -60 rids. (Inset) Curves off versus2 for experiments where the stretch or 
the release of titin was stopped short of entering the stretch or release transition (points c and e, 
respectively). (B) Effect of repetitive cycles of stretch and release in the absence of chemical denaturant. 
Shown here are the second (A, red), third (B, green), and fifth (C, blue) cycles in a series taken at a rate 
of 65 nmk. 

Fig. 5. Calculated passive force per cross- I00 
sectional area of skeletal muscle as a func- .g 
tion of sarcomere length, scaled up from 3~ 8o 
single-tiiin data (stretch rate, 65 rids, Y 5 
open circles). The scaled-up curve is com- k f pared with one obtained for a rabbit m. 2 3 

60 

psoas fiber (estimated stretch rate, 3.3 
rids, filled squares). Ttin density per mus- 8 40 
cle cross-sectional area was assumed to g m 
be 2.8 x 1015/m2 (4, 20). Sarcomere g $ 20 
lengths for the scaled-up data were ob- '$ 
tained from lengths associated with the 
fractional extension of the elastic I band 1.5 2 2.5 3 3.5 
segment of tiin 0, thereby disregarding Sarcomere length (pm) 
any difference between the contour length 
of the I band segment and that of the titin molecules used in the experiments. (Inset) Curves of f-lI2 

versus sarcomere length for the psoas muscle fiber data, showing similar features to those of single titin 
molecules (Fig. 3A). 

refolding rates under force are much lower 
than those rates in the presence of strong 
chemical denaturants (21 ), suggesting that 
titin's domains must Dass through kinetic " 
folding intermediates with high activation 
energies (E,), and that pulling a domain 
does relatively little to lower those energies. 
During unfolding, such intermediate states 
might not increase the axial end-to-end 
length of a domain significantly and there- 
fore might be accessible only through the 
generation of force perpendicular to the 
pulling direction (by thermal fluctuations). 
Thus, an axial force would do little to speed 
UD the denaturation. Tension in the chain 
&st be increased above its folding-unfold- 
ing equilibrium value to access these states 
at the experimental rate. During renatur- 
ation under external force, intermediate 
states are required that would shorten the 
unfolded domains axially. Tension in the 
denatured chain will raise the energy of 
these states, which now stand as barriers 
(activation states) to renaturation. There- 
fore, to access these states at the experimen- 
tal rate, the tension in the chain must be 
lowered below its equilibrium value. A sim- 
ulation based on this model reproduces the 
hysteresis and other features seen in the f 
versus z curves of Fig. 4 (22). 

In support of our model, stopping short 
of the transition in either direction abol- 
ished hvsteresis. Thus. it was ~ossible to 
stretch and release the molecule reversibly 
between points b and c, and also between 
points d and e in Fig. 4 (Fig. 4A, inset). By 
comparison, hysteresis was reestablished 
when either transition was allowed to oc- 
cur, either in part or to completion. As a 
further test of this model, titin was 
stretched in the presence of the chemical 
denaturant guanidinium-HCl (GuC1) at a 
concentration of 1.6 M (6). Upon addition 
of GuCI, the molecule exhibited one nor- 
mal stretch half-cycle but failed to refold on 
the release half-cvcle. so the first stretch- 
release cycle showkd fbrce hysteresis. In the 
next cvcle. hvsteresis almost com~letelv dis- 
appearkd, Ad the stretch curve approaihed 
the release curve, indicating that the release 
data indeed represents the elastic behavior 
of an unfolded polypeptide. 

Repetitive cycles of stretch and release 
alone also led to the progressive denatur- 
ation of titin. During this process the 
stretch and release transitions shortened, 
and the stretch curve moved progressively 
toward the release curve (Fig. 4B). Thus, it 
appears that after each stretch-release cycle 
an increasing fraction of the unfolded titin 
failed to refold. Such a "wearing out" of 
titin may be caused by the randomization of 
proline isomer forms in the Ig and FNIII 
domains (23). . , 

The force measured for a single titin 
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molecule call be scaled ua bv tlie ~iilmber of 
L , 

titin molecules in tlie sarconiere to test tlie 
hypothesis that titiii 1s solely responsible for 
tlie passlre elastic response of milscle. As- 
suming six titills per thick filarneilt per 
half-sarcomere ( 4 ) ,  tlie calculated curves of 
passive force per muscle cross-sect~oiial area 
as a function of sarcomere length call be 
ohtaliled. Tlie calculated curve is verl- sim- 
ilar iii sliape aiid lliagiiitilile to tliat oh- 
taiilecl experimentally for a single skeletal 
rni~scle fiber in n-hich calclesmon had been 
~lsed to block the weak acto-myosin inter- 
action (24) (Fig. 5) .  Tliis agreement vali- 
dates tlie ~ r e v i o u s  conclusion (24)  that 
titin is tlie niaiii cleterminant of the passive 
force response of muscle. In  addition, this 
analysis iiidicates that the hysteresis oh- 
s e r ~ ~ e d  in stretch-release experiments in re- 
laxed muscle results from tlie combined 
f~>lding-unfolding kinetics of many inde- 
pendent tit111 molecules (Fig. 5 ,  inset). 

It has been argued (6 ,  7) that dolllaill 
unfolding-refoldiiig is likely to be inr~olved 
in the  role of titin as a n  e las t~c element in  
muscle phys~ology. Horrrever, ~f parts of tlie 
molecule unfold and refold each time a 
muscle is stretched and released, a n  amount 
of energy equal to tlie area lns~de  the hps- 
teresis cur17e wrould be rvasted as lieat. W e  
suggest, rather, tliat the pre-unfolded frac- 
tion of titin f ~ ~ n c t i o n s  as a n  efficient (re- 
versible) elitsopic spring In mi~scle. T h e n  
the ourrose of the slow, "\vearino out" of 

A 

titin n.ith recent folding-ref~>lclingg transi- 
tions (Fig. 4B) rnieht he to increase the  

b 

le~igtli  of the molecule's pre-unfolded re- 
gion; tlie longer the  yre-unfolLled region, 
tlie longer also 1s tlie range of rnotion or-er 
\\rllich the force cur1.e is r e ~ e r s i l ~ l e  ireoio~is 

b 

a to c in Fig. 4A) ,  therehy ~ni~i imii i l ig  sub- 
sequent liysteres~s and keeping efficiency 
high. By yre-unfolcling lust as much titin as 
necessary, the maximum of tlie range of 
efficient elastic response in  muscle may be 
adjusted. Regillat~ng the range of the  effi- 
cient elastic response in  muscle througli 
titin i l~ifoldi~ig and refolding may serve as 
a n  adaptive mechanism iluring the  repeti- 
tive meclia~lical loading of skeletal or car- 
diac mi~scle. 
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t t n ,  and t i e   molecule vias tethered. I tlie case ot a 
,nut mcecue tetber, t i e  a:tacn~mert stes of a tne 
~-~:cl~:ed , i ic les~les a*e k e y  tc be ??ithl,i the small 
a*ea cf bead-to-zead sortact. cecaJse tapp ng tthe 
zeads tocetiep??ias nesessa,-y to estab sn coinec- 
tlon To tet'ier t l t l i  by p!iotcpeasti\!e c r o s s n k , i g  a 
t t n-coated T I  2 cead a i d  a s  c a  zead \>]ere t a p ~ e d  
toset ie* L I I ~  a ter,pcpar,/ l i l tage kvas estab shed 
bet??ieei tielr, a i d  tbls tet~ier 'iusas exteided to a 
e ig t l i  cf -2 p.13 F~ially, ~.ltra\jclet (UV: g b t  'iusas 
pro:ected onto the s e a  bead by Lsng a clualtz op- 
t e a  fbe*  postoned neap tlie con:ugate focal pane 
of t i e  lr,~c*oscope ob.ect LLee After t tln \:das t e t i c e d  
tbe sa~mple chamber ?yas ?yasbed ?ytb assay burie,. 
:ABl 125 ~mh' i,nldazoIe-HC 25 m N  KCI, 4 , i iM 
NyCII. 1 mM EG'A ' ,nM d t i ~o t i r e~ to l  :DTT 1 ,  pH 
7 41 co,itan ng 2.2% T\:deen-20 a,id Ta lysozy,ne 
10 2 mg,,iill to prevent the nonspecifc b n d n g  or 
paqs of tbe ttln molec~lle to any of the beads 
T i ' o ~ g h o ~ ~ t  t i e  p~otocols AB contaned 42 ipN eLl- 
peptn :Peptides nternat onall anil ' 2  p.N E-E4 (Sg-  
ma; A l t i oL~g i  tlie s c a  beads d ~ d  not ppovde se- 
quence-speclflc attachment, they s~cn~f~cantly n -  
creased tbe success of t1t.i tetIie*lnc 

1 ' S B Smlth. Y CI-.I. C. Bustai-iante. Sc:e,?ce 271 
795 '1 396'1 . P 

r K \V:a,ic N P. Pamrez, D Palter, Prcc /\!ail Acad 
Scl d .S  A. 81.3685 :' 984;; R.  Naie D C F ~ ~ s t  K 
Ydebe*. ,'. Gel: Blcl 109. 2' 77 (1 9831 

- 3 1"d. K ~ ~ t i n  and F. G r~ .n  Kor:o:o'Z 101 , 248 (I 3a2l 
14 3 .  K*at.iv and G Porod ,7sc: Trai, Chim. Pavs-Bas 

68 - 1 0 i  1.943). 
'5. S B. Smtb N S 2. Kele*ma\;er C. B~.sta,iiante H. 

L. Granze*, In preparaton. 
'6 ,  C. J Bustan~ante, J. F Mavko E. D. S'ggla. S B. 

S.r,lti. Sc:ence 265, ' 399 1' 994'1: J F. Marko and E. 
[I S g g a  ;~.:acron7creci,res 28, 8753 (1 333) 

'7 .  'be lenztli of tbe f ~ , y  ~ .n foded,  denat~.red skeletal 
t i tn ~ m o e c ~ l e  extendng from t i e  T:2 eptope to the 
N n e  1s :I0 p.m, assumng -30,CCO amno acds 
14; at 3 5 k per amno a c d  

' 8 Absexe  of a ~-.nfo*n-~ dstrbut on of contour lenctbs 
oat to 10  IT, expected In t i e  case of nonspeclflc 
b . i dng  by s ca beads, cou d be expaned by sev- 
e*a ~r,echanlsms :I: the ~molec~~les ?yere never 
stretcbed beyond half ttiel* tlieopetlca lenctb at ttie 
rorces used I a fracron of tihe tetbers wepe oops 
attacied at botb ends to one bead and snagged in 
t i e  n-I d d e  by t i e  other : t i s  *r~ould n tL.rn be a  do^- 
b e  tetheri: and : I )  tbe*e vias specfcity n the nter- 
acton betvieen t t n  and s ca beads due to the l-.n- 
men ct iaqe d s t r ~ b ~ ~ t o n  along the tlt n m o l e c ~  e 195l 
'be poss~b~l~ty tbat tbe tPanstons In t i e  fwce vepsus 
extens on c u m s  cou d be expaned by the pres- 
ence or ~ r u  tlple m o l e c ~ ~  es of dlrie*ent contour 

engths zet'iuseer tthe beads 'iusas exc l~ded by a sim- 
a at cn  basec on the cetha~:ior c' 'J';LC~ of J1eqL.a 
1e.icti.s Th s smaailcl-, io??ie:er, >%!as trot ~ . sed  i o  
exc l~~de  a i y  n L l  t m o  esu e tether froln tbe data aial-  
yss siokvn I- FG .  3B. Tius, tetiers of r o i  itegral 
efecti\!e ce*sistence eigtbs I- FIG. 3 8  lnay re'lest 
S L I C ~  L.re\!ei yck,rg cf moIes~,es bet5iuseen tthe 
beads 

13. The pPe-l~nfc d i i g  c o i t c ~ *  eigtbs fops:ar c l ~ s  tetbers 
!fo* exalr,p e, i ',i Fie. 3A) \jar ed bet5i~,eei ' .3 tc 
3.2 KIT, A S S J I ~  nc :h s lenctti aso r c u d e d  -1 p.lr, 
ct nat :e tt1.1, tbe size ct tbe p'e-tl itc ded fracticl- 1s 
2.5 tc 2.0 p.m 'epresertil-G 5 tc 2CCc o'tthe e i t  re 
--0-p,mlo,ig prlmalry stp~lctldre, f some of t iese 
molec~les vie*e tethered r tber mddes ,  tbe ere- 
~ .n foded fract o i  c o ~  d co,ncpse 1C to 4 ~ 2 ' ~  ct t i e  
tet iered ia f -n io  ecae T i e  Jrfoded PEVK dclmair 
o' t t . 1  r skeletal ml~scle, ' i ~ , t i  2 '74 resdues, ,ray 
coitrcL.te uc tc 2.8 IJ.?T tc t i e  ccl-toup l e r c t i  cf t i e  
kvhcle mcles~.le I,$; Early elestpcr mlcpcgpapis o' 
t l t i ,  v i i  sb sio??ied tbe I--~olec~le as s t ' i ~ s  of beads 
coirected ' i~~l tb t i  n strat-ds, ias:e already m p  ed 
t i e  preseice o' *eg o i s  tbat eas y extend or un'cd 
JrdeP stress [I 79): J. T P ~ r c x  e l  a:., J. Idc:, Blo: 180 
33- !- 3W)] Pecert e e c t w  ,Tcrosccpc e\ jdeice 
fu?iep p c i t s  to the preseice c' a i  eas ly u i 'od  I-g 
op p*e-uitclded resloi  1.1 t1t11-, kvilch lnay corie- 
spond tc tne PEVK do, i ia~-  (95) Tne eat ivey sma 
~urfolded f*ast c r  see1 I- tbe eestror m s*cc*apis 
ccud  be due to the sbcrt t m e  13 te ' ibsi i  I sescrds per 
~r,cleculel alovied fcp deiaturatoi  by the p*epara- 
i c i  prccedure. 

22 H Hlgucbl, Y. Na.iatcIi1, K. Ma%yarna S Fuime, 
Biou'i!/s. J 65, 306 (' 393) 

2 ' .  Tbe *elaxat on tIr,e fc* the force-del-atLl*at 01- c't t I 
>!)as estlmated by rapdy  stretcbnc the moecue ro 
t i ~ i  faze I-EO cN) at-d b o d i g  t s  e l - c t i  set-stat-t 
kvb e viatsli re the tcrce decay Ti is *elaxat o r  '/!as 
best f t  ' i ~ ~ l t i  a tast decay t me cf -4 s a rd  a s l ~ ~ i ~ ~ e *  
chase cf -72 s. Thus, tthese processes are slckv 
compa'ed vi i t i  tbe stretch and reease *ates and 
ver,) sov! co,npa*ed vitb t i e  -1 s requ*ed to dena- 
tl-ire * e d ~ ~ c e d - d s ~ ~ I f ~ d e  lg dolmans n 4 M GuC [ Y  
Goto and K. Halr,aguctil. J. ;l.:cl. 5:c: 156 3" 
r 1982, 

22 f E a  1s nc*eased lo* r ed~ced )  by tbe external force :? 
because tbe ntePmedate state 1s loncer (op sbo-ter) 
t i an  tbe natve 1ordenat~red: state by an amount h. 
t i e  L.nro ding (o*rerold ngi *ate can tben be?yrltten as 
o , e E a  *3- vi iepe 0 1 ~  IS an atte~npt freq~.ency 
set by B*ownan dynamcs or tlie peptde cbain. The 
?versus z c L r e  n F I ~  4 was v i e  f ~ t  by assLlmng E? 
= 28 pN nm and h = 0.3 rill for anfodnc. E, = '2 
and 4: = 8  IT for rerod l ie ,  and o,, = '08 s-' fo' 
both processes. A *efodng ntermedate tbat c*e- 
ates a ne\:dfoId n ttie p ba-el of an g o* F U  doman 
m~ .s t  s ioqen t i e  denatJPed molec~ le  s extens on by 

j:- 8 nm befox  t i e  pmper set or nteractons can 
be ,r,ade. bl-.t an Jnfoldln~ n ter r~ed ate vi t l i  a l i  gb 
( *a te I~r r  t ng:fPee enepgy col-,ld be one In wb cb many 
bonds or tiydpopbobc nteractons a*e dsrupted by 
a reatvey small sli ft :h - 2.3 nml away Poni tbe 
deal sbape of tbe natve doman So~.rce code and 
s~ni~. lat~onresal tsa~eava~lab eatlittp:;, a ce.uopegon. 
edu,-cjbab on t i e  VVeb. 

23. 'lie *ate of reroldlng or tlie F N  I domalns coud 
stpongly depend on \:dietie* or not tlie ~.nfolding 
leads to trans-cs somerzaton of t i e  echt ppones 
at tbe c0rne.s or the p folds of tbese domains [A. L. 
N a n  eta: Cs:! 71, 67' :' 39211 Proten rerod ,ig is 
often I,r,lted by ttie rate of p p o n e  somePzaton IT  
Keriabe* H 1 Kotie*. F S c i m i d  J ;!.4ol B:cl 224, 
217 1'392)]. Because the state of a elgbt ppones 
sboud *andomze In a dolr,an tbat 1s unto ded for 12 
to ' 00 s correct ~some~~za t~on  of a elgit p,-olines 
IT gbt ta.ie t,iousands of seconds to occ~.**andomly 
Contrar,) to tbls vlew. K. Plaxco st a1 [P,rcccc, h'at:. 
Acao'. Sci. CI S.A. 93 1 CT03 1' 39Gl] found t i a t  an 
solated F N  domaln *efoIded *apldIy :<I s; after 
chemca denaturaton. Tltn force-rerod ng may be 
sovie* tban FU I chem~cal-refodnc for seiera rea- 
sons: :I) no *esdua c i e m c a  denatu*ani helps pre- 
vent .inetc t*aps durng *efodng. ( I  puled ppones 
may ppererent ally adopt the Incorrect c s  conflgura- 
ton,  r l  ava*ety of p *one - *ch  F N  and g domalns 
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are ppesent In tltn. and :IV: t t n  domans are connect- 
ed axially, mlt ing thei* access~ble conformations 
during refoldng Thus, "?~ea*~ng-out" could s t  re- 
flect the systematc Increase In the number of p'o- 
n e s  In the cis state and the consequent ncPeased 
fracton of slow-to-renatupe domans in the molecule 
Such ?~earing out pay  explain ,.:ihy the pre-unfolded 
Pacton of titn was ongerthan that att*butabe to the 
PEVK *eglon Because a tetheps ?yere fully stretched 
one o*  mope tmes before data was taken, the p*e- 
unfolded tltn could also contan unfolded g op FNIII 
domans that needed mo*e t m e  to ma tu re  Indeed. 

s n g e  molecules recoier f ef t  relaxed for several skeletal and Skin Dsease :AR-426521 to IH.L.G., 
mnutes and regan some of ther hysteress behav- and by grants from NIH (GN-325431 and NSF 
or .  Notably, wearng out and recovev has also been (MBC 9'184821 to C B H.L.G. IS an Established 
seen n muscle f1be.s (24. Investigator of the Amercan Heart Assocation The 

2a, H. L. h' GranzePand K. Wang Biopei;/s. J. 65. 214' T '2  and T3' antbodes were donated by D. 0 
('9931. Fljrst. We thank N. Hegnc fo r  h s  help v!~th atomc 

25. L. Tskhoi*eboia and J. T*~n~ck,  J Mol. Biol. 265, force m~croscopy, and G Fynn. J. Scheman.  E 
' ,-,- l 

d d  ,I 997'1. Relsler. G. Yang. K Campbell. C. Cremo. G H. 
26. K Tromb~tas and G. H Pollack. J. ;l.:uscle Res. Cell Pollack, and B SI~nke*fo*the~r insghtfu comments 

;~.4ot~l. 14  416 (1993; on the manuscp~pt. 
27. Suppotted by grants from the Whtaker Foundaton 

and the Natona Institute of Arthrits and Nuscuo- 'C February '997, accepted 9 A p r  1997 

Inhibition of Pathogenicity sf the Rice Blast 
Fungus by Saccharomyces cerevisiae a-Factor 

Janna L. Beckerman, Fred Naider, Daniel J. Ebbole* 

Magnaporthe grisea is a fungal pathogen with two mating types, MATI-1 and MAT1-2, 
that forms a specialized cell necessary for pathogenesis, the appressorium. Saccharo- 
myces cerevisiae a-factor pheromone blocked appressorium formation in a mating 
type-specific manner and protected plants from infection by MAT1-2 strains. Experi- 
ments with a-factor analogs suggest that the observed activity is due to a specific 
interaction of a-factor with an M. grisea receptor. Culture filtrates of a MATI - I  strain 
contained an activity that inhibited appressorium formation of mating type MATI-2 
strains. These findings provide evidence that a pheromone response pathway exists in 
M. grisea that can be exploited for plant protection. 

T h e  heterothallic ascomycete Magnaporthe 
grrsea is a pathogen of a wide variety of 
grasses but is best known as the causal agent " " 

of rice blast disease. The costs of controlling 
disease with fui~eicides and the difficultv in 

u 

breeding durable and effective resistance 
have led to intense interest in understand- 
ing the mechanisms governing the patho- 
genicity of this fungus (1 ) .  Conidia of M. 
grisea attach to the plant host with an ad- 
hesive that is released from the tip of the 
conidium upon hydration (2). After germi- 
nation, the fuileus resuonds to contact with 

u 

the host surface by producing an appresso- 
rium, a specialized cell that uses turgor pres- 
sure to aid in penetration of the host cell 
( 3 ) .  

The  mating behavior of M ,  wisea is de- " u 

termined by the mating-type locus, which 
contains either MAT1 -1 or MAT1 -2 DNA. 
One parent of each of the two mating types 
participates in a sexual cross. The mating- 
type loci of filamentous ascomycetes are 
thought to encode master regulators that 
control the expression of mating type-spe- 
cific genes, such as pheromones and pher- 

are produced by strains with M A T a  and 
MATa mating types. Each pheromone is 
recognized by a corresponding heterotri- 
meric GTP-binding protein-coupled recep- 
tor expressed in the opposite mating type 
( 5 ) .  

Appressorium formation of mating type 
hIAT1-2 strains of M .  grisea 1s inhibited 
t\zhen conidia are germinated in the pres- 
ence of 2% yeast extract. However, 2% 
peptone and 2% tryptone do not inhibit 
appressorium formation (6). We found that 

appressorium formation of MAT1-1 strams 
was not inhibited by yeast extract to the 
same degree as MATI-2 strains (Table I ) ,  
Yeast extract contained a n  unidentified fac- 
tor that could be partially purified by an 
organic extraction procedure designed for 
purification of small peptides (7). Thls frac- 
tion inhibited appressorium formatlon in 
MATI -2 strains, and the active component 
appears to be a polypeptide, We found 91 2 
7% appressorium formation of strain 4091- 
5-8 (MATI -2) with proteinase K-treated 
extract and 1 5 1% appressorium formation 
with untreated extract (8). The mating 
type-specific effect of yeast extract on  ap- 
pressorium formation suggested that M .  
grisea might respond to a pheromone by 
suppressing infection-related development. 

The a-factor pheromone of S. cereuisiae 
has activity in closely related yeast species 
(9).  We tested the effect of synthetic S. 
cereeisiae a-factor on M .  pisea and found 
that appressorium formation was inhibited 
in MATI-2 strains (Table 1 and Fig. 1, A 
and B) but not in MAT1 -1 strains (Table 1 
and Fig. 1C). The  concentration of a-factor 
needed to cause >95% inhibition of appres- 
sorium formatlon of all MATI-2 stralns 
tested was 300 $vlvl. This is 10'-fold higher 
than the concentration of a-factor required 

Table 1. Mating type-specfc ~nh~b~t~on of appressorium formation In M, gnsea. Conidia were incubated 
n 50 mM potassium phosphate buffer (pH 6.5) (control). 2% yeast extract, a-factor pheromone n 50 
mM potassium phosphate buffer (pH 6.5), or extracts of stran CP987 culture ftrate. Appressorium 
formaton assays were performed as descrbed (6). In each of three experments, a minimum of 300 
conda were counted. The average number of conida producng at least one appressorium IS reported. 
Var~ation in appressorum formation between experiments In controls was +I  0% or less; appressorium 
formaton in MATI-7 strains In yeast extract or CP987 extracts varied by 220% or less; for MATI-7 
strains in a-factor, var~ation was +I  0% or less, for MATI-2 strains in yeast extract, a-factor, or CP987. 
extract variation was ?2% or less. 

Appressorum formation (%) 

Strain Mating 
type Control Yeast a-Factor CP987 

extract (300 FM) extract 
omone receptors (4). In Saccharomyces cer- 
evisiae, a-factor and a-factor pheromones Guy1 1-2 92 0.0 0.8 2.2 

4091 -5-8 1-2 95 0.0 0.5 0.7 
4360-R-12 
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