
of the antibiotic alone to cause sustained 
suppression of lethality in this model is 
likely due to host inflammatory response to 
endotoxin released from bacteria killed by 
antibiotic (20); indeed, administration of 
antibiotic dramatically decreased blood 
bacterial counts, but plasma endotoxin lev­
el concomitantly increased in these animals 
(Fig. 3). This model of intraperitoneal in­
fection may thus be representative of the 
clinical situation for human sepsis (2). 

We have developed a potent endotoxin 
antagonist E5531 by organic synthesis. In 
vitro studies showed E5531 to be a pure and 
specific LPS antagonist, while in vivo ex­
periments demonstrated that E5531 pro­
tected BCG-primed mice from lethality in­
duced by LPS and also death caused by 
viable E. coli infection. That these remark­
able protective effects have been extended 
to humans (21) suggests that E5531 may be 
clinically useful in the treatment of Gram-
negative sepsis and septic shock. 
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The deformation of polymers in hydrody-
namic flows is a fundamental and still in­
completely resolved problem in polymer 
physics (I , 2). The major difficulty in the­
oretical descriptions of polymer chain dy­
namics is the hydrodynamic coupling with­
in the chain—the motion of one part of the 
chain perturbs the surrounding flow and 
modifies the hydrodynamic force exerted on 
another part. Here we present results of the 
stretching of single, tethered DNA mole­
cules in a uniform fluid flow. 

Direct observation and controlled defor­
mation of individual DNA molecules gives 
insights into the previously inaccessible re­
gime of single polymer dynamics (3-6), Ear­
lier, we observed the relaxation of stretched 
DNA molecules in dilute and concentrated 
polymer solutions, using optical tweezers (7) 
and fluorescence microscopy (3, 5, 6). The 
present experiment addresses the balance of 
forces between hydrodynamic drag on a de­
formed polymer and its entropic elasticity. In 
earlier work, Smith et al measured the ex­
tension of single DNA molecules stretched 
by a force applied at the ends (4)- They 
attached one end to a surface and exerted a 
combination of magnetic and hydrodynamic 
forces on a magnetic microsphere at the 
other end (4). Because the forces exerted on 
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the microsphere were larger than the hydro-
dynamic drag due to the DNA, Smith et al 
measured primarily the elastic force, a static 
property of a polymer in solution. Theoreti­
cal calculations (8, 9) show quantitative 
agreement between the elasticity data and 
the force law for a worm-like chain and give 
an approximate formula (8) of 

FA 1 / x \ " 2 1 x 

^ T = 4 l 1 - L J " 4 + L (1) 

where F is the force applied across the ends, 
A is the persistence length, x is the exten­
sion, L is the length of the polymer, and 
kBT is the thermal energy. 

We made our measurements by optical­
ly trapping a microsphere attached to one 
end of a DNA molecule while the other 
end remained free. In this way we .were 
able to investigate the hydrodynamic in­
teraction between the polymer and the 
fluid. The chain was positioned away from 
any surface, and we elongated it in a uni­
form (nonshearing) flow by translating the 
fluid past the trapped, stationary micro­
sphere (Fig. 1A). By determining the scal­
ing properties of the system as a function 
of polymer length and solvent viscosity, 
we investigated the effects of hydrody­
namic coupling. As Zimm showed (10), 
the hydrodynamic coupling within a poly­
mer near equilibrium causes, in the sim­
plest case, the total hydrodynamic drag to 
scale as Fdrag ~ L0 5 . If hydrodynamic cou-
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Stretching of a Single Tethered Polymer 
in a Uniform Flow 
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The stretching of single, tethered DNA molecules by a flow was directly visualized with 
fluorescence microscopy. Molecules ranging in length (L) from 22 to 84 micrometers were 
held stationary against the flow by the optical trapping of a latex microsphere attached 
to one end. The fractional extensionx/L is a universal function of T)VL054 ± 0 0 5 , where y\ 
and v are the viscosity and velocity of the flow, respectively. This relation shows that the 
DNA is not "free-draining" (that is, hydrodynamic coupling within the chain is not neg­
ligible) even near full extension (-80 percent). This function has the same form over a long 
range as the fractional extension versus force applied at the ends of a worm-like chain. 
For small deformations (<30 percent of full extension), the extension increases with 
velocity asx ~ v °-70 ± 0 0 8 . The relative size of fluctuations in extension decreases as ajx 
= 0.42 exp(-4.9x/Z_). Video images of the fluctuating chain have a cone-like envelope and 
show a sharp increase in intensity at the free end. 



pling is negligible, the chain is said to be 
"free-draining" and the hydrodynamic 
drag would be FdmS - L. It is often as- 
sumed that a polymer would become free- 
draining in the limit of large extensions. 
For example, de Gennes modeled the hy- 
drodynamic shape of a polymer in an elon- 
gational flow as a cylinder into which the 
flow field penetrated on a finite length 
scale, making the chain free-draining in 
the limit of large extensions (I I). 

In our experiment, we used a broad 
range of fluid velocities (v) and two differ- 
ent viscosities (q), 0.95 and 2.9 cP (centi- 
poise) (Fig. 1B). When the extension is 
plotted versus the product of the viscosity 
and the velocity, the data for both viscos- 
ities overlap, suggesting that the hydrody- 
namic drag on the chain is a function of 
qv (12). Furthermore, this overlap of the 
data for a 0.3- and a 1.0-pm sphere shows 
that perturbation on the hydrodynamic 

Fig. 1. (A) Images of a fluorescently labeled, 64.6- 
pm-long DNA molecule tethered at one end to a 
0.3-pm latex sphere and deformed by constant 
fluidflowsofv=1,2,3,4,5,7,10,12,15,20,30, 
40, and 50 pm s-I with a viscosity of q = 0.95 
cP. The microsphere was held stationary against 
the applied flow with optical tweezers and sus- 
pended 12 pm below the suiface of the cover slip 
(26). To generate a flow around the trapped, sta- 
tionary microsphere, the microscope stage was 
moved at a constant velocity of 1 to 200 pm s-I 
with a feedback-controlled motor (27). The frac- 
tional extensions are k/L) = 15, 22, 31, 38, 42, 
49,60,63,67,72,78,81, and 8396, respectiy. 
(6) A log-log plot of the extension versus the prod- 
uct of viscosity (q) and velocity (v) for a 34.6-pm- 
long DNA molecule (28). To minimize the fluid dis- 
turbance by the microsphere, we used a 0.3-pm 
sphere and a viscosity of q = 0.95 cP (filled cir- 
cles). To generate larger hydrodynamic forces, we 
increased the viscosity to q = 2.9 cP, and to trap 
at these higher forces, we used a 1 .O-pm-dime- 
ter sphere (open triangles). The superposition of 
both data sets confirms that the extension is a 
function of qv. (Inset) All of the data plotted with 
linear scales. (C) Comparison of the extension ver- 
sus flow velocity data (open circles) to the predict- 
ed form of the force versus extension law for a 
worm-like chain with a force applied at the ends 
(solid line) and the elasticity data of Smith eta/. (4) 
(filled circles). The elasticity data (in piconewtons) 
was multiplied by 122 to overlay our experimental 
data. (Inset) Plot of (L - x) versus v-'I2. This plot 
shows the deviation of the experimental data from 
the functional form of the dominant term of Eq. 1 
at large extensions IA/(1 - x/L)-7. Within the 
dumbbell model, the linear portion of the plot 
shows the independence of hydrodynamic drag 
with respect to conformation. The first four data 
points (highest qv) deviate from the linear behavior 
and were not used in determining an asymptotic 
length. 

drag due to the bead is small (13). 
Remarkably, the functional dependence 

of the extension versus flow velocity is the 
same as the extension versus force data of 
Smith et al. (4) for fractional extensions of 
-20 to 90% (Fig. 1C). This correspon- 
dence is unexpected and nontrivial because 
the nature of the force a ~ ~ l i e d  to the chain 

L .  

in the two cases is quite different. In our 
case, the applied force was zero at the free 
end; in contrast, in the experiment of 
Smith et al. the dominant force was applied 
to the end of the chain by means of the 
attached microsphere. Nevertheless, this 
functional correspondence allowed us to de- 
termine an asymptotic length of partially 
stretched chains by fitting our data to the 
force law given by Eq. 1. This fitted, asymp- 
totic length is robust and changed by only 
3% as the last data point was decreased 
from 183 to 12 cP pm s-'. However, our 
data at the largest extensions (>90%) are 

slightly higher than the values predicted by 
Eq. 1 (14). 

To look for scaling properties of the 
system, we measured the extension as a 
function of velocity (1 to 80 pm s-') and 
chain length (22 to 84 pm), using a 0.3-pm 
sphere to minimize the disturbance to the 
fluid flow (Fig. 2A). These sets of data 
collapsed onto a single curve when the 
fractional extension (4L) was plotted ver- 
sus vLa with a = 0.54 + 0.05 (Fig. 2B); this 
result shows that the fractional extension is 
a function of qvL0.54 when combined with 
the functional dependence shown in Fig. 
1B. When x/L. is plotted versus vL, as sug- 
gested by the free-draining model, the data 
for molecules of different lengths do not 
collapse onto a universal curve, even for 
extensions as laree as d L  - 0.80. 

This universal functional form of the ex- 
tension demonstrates that the DNA mole- 
cule is not freedraining. For a freedraining 
chain, the tension would increase as F(s) = 
yvs, where y is a constant drag coefficient 

v (pm s-I) 
, , , , I , , , , , , , , '  

B 

qv(cP Frn s-I) or F(pN1122) 
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Fig. 2. (A) Plots of the extension versus applied 
flow velocity for DNA molecules of lengths 22.4, 
34.8,44.0,53.1,63.6,and83.8pmattad7edtoa 
0.3-pm sphere with a viscosity of q = 0.95 cP. (6) 
The fractional extension (x/L) plotted versus vL0.54 
collapsed the data to a universal curve. (Inset) 
Diagram used in the computation of the chain 
deformation (where s is the distance along the 
contour and z is the projection of s in the -v 
direction). 



per unit length and s is position along the 
chain contour from the free end (Fig. 2B, 
inset). The tension at one segment of the 
chain is due to the hydrodynamic drag of the 
downstream portion of the chain. The cor- 
responding projected distance (2) antiparal- 
lel to the flow direction can be computed by 
integrating the local, coarse-grained stretch- 
ing of the chain, 

d4dS = f -' (FA/kBT) (2) 

where f1 is the inverse of a force function 
of the form FAkT = f(x/L). The total 
deformation is given by 

Numerical integration of this expression 
with the force function given by Eq. 1 
shows that x/L for a free-draining polymer is 
a universal function of qvL, in disagreement 
with the observed dependence (15). This 
analvsis shows that the DNA. within the 
size range investigated, is not freedraining, 
despite-being extended to almost its f i l  
contour length (-80%). 

A chain that is not free-draining inter- 
acts with and modifies the surrounding fluid 
flow differently from a free-draining chain. 
DNA undergoing electrophoresis in solu- 
tion is thought to be freedraining as a 
result of counterion flow because it does not 
separate by molecular weight (16). Our 
measurements highlight the difference be- 
tween electric and hydrodynamic forces on 
DNA. Similar single-molecule experiments 
could test this assumption that DNA driven 

. 0.0 0.4 0.8 
X L  

10-4 . . . l . . . l . . . l . . .  
0.0 0.2 0.4 0.6 0.8 

Fractional extension (x/L) 

Fig. 3. Fluctuations, measured by the standard 
deviation (a,) about the mean extension, are com- 
pared to a dumbbell model prediction of thermally 
driven fluctuations in the end-to-end distance. 
Standard deviations corresponding to less than 2 
pixels were excluded, which limited the fractional 
extension to less than 80%. (Inset) Log-linear plot 
of the relative size of fluctuations in extension ver- 
sus fractional extension. 

by electric fields is freedraining. Further, 
turbulent drag reduction in dilute polymer 
solution is also caused by the interaction of 
extended polymers with the surrounding 
flow (I). Our results suggest that this inter- 
action is different from what was ~reviouslv 
believed and thus may aid in understanding 
this effect. 

On an empirical level, our data show 
that a dumbbell model (with one bead held 
fixed, the other bead free, and a spring 
obeying the force law of Eq. 1) may be used 
to predict the steady-state extension of the 
chain in a uniform flow. The flow extends 
the chain as if a force ~ro~ortional to . . 
qvL0.54 were applied at its end by means of 
a fictitious bead. The fictitious bead's radius 
(rdf), and thus the chain's hydrodynamic 
drag, would be constant for a given chain 
length and would scale as As v goes to 
0, the size of the fictitious bead should scale 
as the radius of gyration (R,) because the 
coil is only slightly deformed. Such inde- 
pendence of hydrodynamic drag with re- 
spect to extension is consistent with the 

calculations of Larson and Magda for exten- 
sional flows (1 7). Our measurements give 
reff = 0.6 pm for a 34.6-pm chain (18). 

Although a dumbbell model describes - 
the steady-state extension, it should only be 
vHlid for dynamic processes slower than the 
slowest relaxation time of the polymer (1, 
19). For example, the rate of relaxation 
predicted by this model (Udt = -F/ 
67rqrdf) in conjunction with the measured 
force law (Eq. 1) does not agree with the 
measured relaxation of tethered DNA mol- 
ecules (6. 20). . ,  , 

Fluctuations of the chain conformation 
are an important part of polymer dynamics. 
These fluctuations are due to Brownian mo- 
tion and, in a flow, may also be driven by a 
variation in the hydrodynamic drag as the 
chain conformation changes. Present theo- 
ries do not consider this latter type of vari- 
ation in the hydrodynamic drag. To char- 
acterize the observed fluctuations. we com- 
puted the standard deviation (ox) in exten- 
sion x (Fig. 3). The relative sizes for the 
fluctuations were well described by ujx 2 

Fig. 4. (A) Ttrne-averaged Images 
of a 67.2-~m-long tethered DNA 
molecule deformed by constant flu- 
id flows of v = 2.4.6.8. and 10 Fm 
s '  with a viscosity of q = 0.95 cP. 
The relative extensions are (x/L) = 
19, 34, 44, 50, and 55%, respec- 
tively. Approximately 300 to 400 
video frames were digitally cap- 
tured and averaged with a delay of 
0.5 s Der frame. A backaround level 

3 . 1 . 1  was subtracted from -the image, 
and then the contrast was linearlv ,, 
enhanced. Fluctuations of the moc- I 

1 
ecule out of the depth of field were 1 I 1  
not included in the average. (B) We 
determined the transverse width 0 , -  J 

0 ' 10 20 ' & "40 '0 10 20 30 40 ( 2 ~ )  of the chain versus position 
along the flow direction v by fitting Position (pm) Position (pm) 

the intensity distribution along each perpendicular line to a Gaussian distribution. The width increased 
approximately linearly along the chain. For comparison, the dashed line at 0.40 Fm is the measured 
image width (20) of a highly extended DNA molecule (x/L = 0.91) stretched between two optical traps 
under the same imaging conditions. To reduce high-frequency noise for the purpose of fitting, we 
smoothed the images by convoluting each pixel with a two-dimensional Gaussian distribution (a = 0.1 3 
Fm). (C) We obtained normalized intensrty profiles along the flow direction (v) for each of the images by 
summing the total intensity along each digital line perpendicular to v. These plots show the appearance. 
on average, of a ball of excess chain segments at the free end of the chain and the progressive decrease 
in size of the ball as the flow velocity is increased and the chain extends. The zero position is the location 
of the tether point, and the values associated with a small, fixed spot in the images were removed from 
the analysis. The data were normalized so that the area under each curve is equal to 1. 
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0.42 exp(-4.9 x/L). This decrease in fluc- 
tuations at hieher extensions is caused bv 

u 

the nonlinear elasticity. As the spring stiff- 
ens, the fluctuations decrease. Within the 
dumbbell model, the fluctuations in exten- 
sion can be modeled as thermal fluctuatio'ns 
of a fictitious bead in the potential well 
resulting from the balance between the 
elastic (Eq. 1) and the hydrodynamic forces. 
This calculation gives 

which qualitatively has the correct depen- 
dence and gives a value only 35% smaller in 
magnitude than the experimental data. 

Direct visualization of the chain confor- 
mation gives us further insight into the 
deformation problem. Because the chain is 
uniformly labeled with dye molecules and 
the imaging system has linear gain, the 
chain segment distribution may be inferred 
from intensity measurements from instanta- 
neous images (Fig. 1A) and time-averaged 
images (Fig. 4A). The images are a two- 
dimensional projection of an  object fluctu- 
ating in three dimensions. To  extract infor- 
mation on the chain conformation, we an- 
alyzed only those video frames in which the 
molecule was reasonably well focused (50 to 
70% of the total number of frames). Al- 
though the fluctuations of the chain take 
place roughly within a cone-shaped enve- 
lope (Fig. 4B), the chain segment distribu- 
tion does not vary uniformly along the flow 
direction (Fig. 4C). There is a localized 
increase in chain segments at the free end 
of the chain where the tension goes to zero. 
A successful theoretical descri~tion should 
account for the observed conformations and 
for the de~endence  of the extension on 
velocity and length. 

Our results indicate that the Brochard 
theory (21) does not  describe tethered 
DNA molecules. For small deformations 
in the Hookean regime (x/L < 0.3), the 
extension increases with velocity as x - 
0 70 i 0.08 . 

u , in disagreement with Brochard's 
prediction of quadratic or exponential 
growth depending on  solvent quality. Al- 
though the chains we studied had 400 to 
1600 persistence lengths (-50 nm) ,  the 
scaling picture requires that each blob 
contain a large enough number of statisti- " " 

cal segments to be described by a random 
walk. The  blobs, esoeciallv those near the , 

microsphere, may not  be in the scaling 
regime and may not entirely exclude the 
fluid flow. 

Zimm, motivated by our measurements, 
modeled the stretching of a tethered poly- 
mer near equilibrium using a chain com- 
posed of multiple beads and Hookean 
springs (22). He replaced the force on each 
bead (Fbead) by the average over all beads 
and then computed the Oseen tensor using 

the Kirkwood-Riseman approximation (2,  
23). This leads to Fbead - rlu/L1iZ and, by 
summing the tension along chain, the frac- 
tional end-to-end extension of the wolvmer 

L ,  

R/L - rluL1iZ, close to our experimental 
result of x/L - (nuL0.54)0.7 for xIL < 0.30. , . 
As u goes 'to 0, the scaling of x k i t h  u may 
have an  exDonent that is smaller than 
unity because x is constrained to approach 
a constant, R,, at zero velocity rather than 
zero while R is not  so constrained. Al- 
though in thls model each bead experienc- 
es the same force. ~t is the hvdrodvnamic 
coupling within ;he chain that leads to 
the rescaling of Fbead and thus the ob- 
served functional dependence. 

For an investigation of the behavior far " 

from equilibrium, a detailed comparison be- 
tween theorv and exoeriment can be made 
with numerical simhations by including 
Brownian motion and the worm-like-chain 
force law and by recalculating the hydrody- 
namic coupling between the beads at each 
extension (24). In future studies, it is expect- 
ed that these measurements will be extended 
to longer molecules and to more comwlex " 
flows involving velocity gradients. Also, the 
instantaneous force on the t r a ~ ~ e d  micro- 

A A 

sphere can be measured (25), and these tech- 
niques can be applied to the dynamic un- 
winding of a polymer from a coil (21). 
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and the average extension (x) and its standard devia- acknowledge helpful discussions with J. Marko, S. beat kil~ematics in order to fix the position 
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some experiments. Under these conditions, 
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Muscle Efficiency and Elastic Storage in the modulating flight kinematics in order to gen- 
erate a compensatory torque opposite to the 

Flight Motor of Drosophila imposed bias. Additional modulation of 
wingbeat kinematics in some experiments 

Michael H. Dickinson* and John R. B. Lighton was achieved by modulating the gain of the 
closed-loop feedback. These active modula- 
tions in wing stroke amplitude and frequency 

Insects could minimize the high energetic costs of flight in two ways: by employing produced by these manipulations provided a 
high-efficiency muscles and by using elastic elements within the thorax to recover energy useful and rigorous means for comparing re- 
expended accelerating the wings. However, because muscle efficiency and elastic stor- spirometric and kinematic estimates of me- 
age have proven difficult variables to measure, it is not known which of these strategies chanical power. 
is actually used. By comparison of mechanical power measurements based on gas A representative flight sequence is dis- 
exchange with simultaneously measured flight kinematics in Drosophila, a method was played in Fig. 2 and shows the simultaneous 
developed for determining both the mechanical efficiency and the minimum degree of measurements of metabolic cost, stroke am- 
elastic storage within the flight motor. Muscle efficiency values of 10 percent suggest that plitude (summed from the two wings), wing- 
insects may minimize energy use in flight by employing an elastic flight motor rather than beat frequency, and yaw torque during the 
by using extraordinarily efficient muscles. Further, because of the trade-off between application of a sinusoidal bias under closed- 
inertial and aerodynamic power throughout the wing stroke, an elastic storage capacity loop conditions. As in all experiments, the 
as low as 10 percent may be enough to minimize the energetic costs of flight. fly was capable of stabilizing the visual stripe 

by generating a sinusoidal yaw torque to 
compensate for the applied bias. During this 
modulation in torque, the metabolic cost 

Fl ight  is an energetically costly form of ber and surrounded by a visual panorama oscillates at roughly twice the bias frequency 
locomotion, requiring metabolic rates as consisting of dark stripe on a bright back- and is highly correlated with changes in 
high as 100 times the resting rate ( 1 ) .  Most ground. All experiments were done under wingbeat frequency and stroke amplitude. 
of the total energy required for flight is 
dissipated as heat in the flight musculature. 
For hovering animals, the remaining me- Scrubbed air Fig. 1. Experimental apparatus for 
chanical energy is divided into three com- simultaneously measuring metabolic 
ponents: induced power required to gener- I output and wingbeat kinematics of 
ate lift, profile power necessary to overcome Drosophila during tethered fl~ght. 
drag on the wings, and inertial power re- Flies were tethered with light-activat- 

quired to accelerate and decelerate the ed adhes~ve to a yaw torque trans- 

wings during stroke reversal (2). Previous ducer that optically tracks the angu- 

comparisons of total metabolic rate and es- lar deflection of a laser beam aimed 
at a small mirror mounted to the fly's 

timated power output suggest that insects tether. The fly was enclosed within a 
minimize the high cost of flight either by 30-ml rectangular acrylic and glass 
using highly efficient muscles or by recov- respirometry chamber. Room air 
ering inertial power through elastic storage was scrubbed of water and CO,, 
(3). It is not certain, however, which of pulled through the flight chamber at 
these two strategies is actually used. a rate of 150 ml min-I, and sampled 

Female Drosophila hydei were tethered and by a CO, analyzer ( 1  1) .  The wingbeat 

flown in a flight arena that measured the frequency and wing stroke ampli- 

frequency and amplitude of the wing stroke tude of the flies were measured con- 
t~nuously by optical tracking of the 

as well as the yaw torque ~roduced by the shadows of the two wings cast by an 
animal (Fig. 1). The fly and the torque trans- Infrared light source (12). The respl- 
ducer were enclosed in a respirometry cham- rometry chamber was enclosed in a 

close-packed cylindrical array of 720 
M. H. Dickinson, Department of Organisma Biology and at green light-emitting diodes that pro- 
Anatomy, University of Chicago, Chicago, L 60637, 
USA. duced a 30" dark stripe on a bright 

J. R.  B. Lighton, Department of Biology, University of background. 
Utah, Salt Lake C~ty, UT 841 12, USA. 
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