
ments of gas-phase species used as tracers (39) 
indicate that the lavers had been transoorted 
from the tropics. such  layered profifes are 
typical of the lower mid-latitude stratosphere 
in fall, winter, and spring (our summertime 
data are too few to allow general interpreta- 
tion). Other analyses of tracer measurements 
have shown that quasi-horizontal transport 
from the near-tropopause region of the tropics 
occurs rapidly in fall, winter, and spring to the 
mid-latitudes between the tropopause and al- 
titudes of at least 19 km (38, 40). Together, 
these observations indicate that oarticles Dro- 
duced in the upper tropical troposphere are 
frequently transported to the lower mid-lati- 
tude stratosphere, where they may significant- 
ly affect particle number and surface area mix- 
ing ratios. 
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Transcription Against an Applied Force 
Hong Yin, Michelle D. Wang, Karel Svoboda, Robert Landick, 

Steven M. Block, Jeff Gelles* 

The force produced by a single molecule of Escherichia coli RNA polymerase during 
transcription was measured optically. Polymerase immobilized on a surface was used to 
transcribe a DNA template attached to a polystyrene bead 0.5 micrometer in diameter. The 
bead position was measured by interferometry while a force opposing translocation of the 
polymerase along the DNA was applied with an optical trap. At saturating nucleoside 
triphosphate concentrations, polymerase molecules stalled reversibly at a mean applied 
force estimated to be 14 piconewtons. This force is substantially largerthan those measured 
for the cytoskeletal motors kinesin and myosin and exceeds mechanical loads that are 
estimated to oppose transcriptional elongation in vivo. The data are consistent with efficient 
conversion of the free energy liberated by RNA synthesis into mechanical work. 

RNA polymerases play a critical role in 
gene expression by synthesizing R N A  tran- 
scripts containing genetic information cop- 
ied from D N A  templates. T h e  nascent R N A  
chain is elongated in a chemical reaction - 
during which appropriate ribonucleoside 
triphosphates (NTPs) are condensed with 
the R N A  3' end and pyrophosphate anions 
(PP,) are released. R N A  polyinerases move 
along D N A  while copying it, advancing on 
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average a distance of 1 base pair (bp) (-0.34 
n m  along the D N A  helix axis) for each 
nucleotide added to the transcript [ ( I )  but 
see also (2, 3)]. In  vivo, this movement 
performs mechanical work against hydrody- 
namic drag and other external forces (4,  5) 
and therefore requires a source of free energy. 
T h e  energy is provided by the condensation 
reaction itself, which is energetically favor- 
able at physiological N T P  and PP, concen- 
trations (1 ). Thus, R N A  polymerases may be 
viewed as molecular motors that catalyze a 
biosynthetic reaction while using a portion 
of the excess free energy from the reaction to 
perform mechanical work. Although trans- 
location of R N A  polymerase molecules 
along D N A  has been detected by microscopy 
(6-8), little is known about the ability of 
these enzymes to move against opposing 
forces or about their energy conversion effi- 
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ciencies. We report here observations of the 
movement of single E. coli RNA polymerase 
molecules along DNA templates. The mea- 
surements were made with a microscope- 
based optical trapping interferometer (9). 
Calibrated forces were applied in the direc- 
tion opposing translocation by the poly- 
merase to a small spherical particle (a poly- 
stvrene bead) attached to the DNA, while 
the position of the particle was simulta- 
neously measured. When a sufficiently high 
force was applied, movement by the enzyme 
could be stalled, in many cases reversibly. 
Our results show that this nucleic acid poly- 
merase is a powerful biological motor that 
can exert considerable force and mav oDerate , . 
with energy conversion efficiencies compa- 
rable to those of prototypical mechanoen- 
zymes, such as myosin and kinesin. 

We conducted experiments using an as- 
say developed (6,7) to study transcriptional 
elongation by single molecules of E. coli 
RNA polymerase in vitro (10). Ternary 
transcription complexes consisting of single 
molecules of RNA polymerase associated 
with a DNA template and a nascent RNA 
transcript were assembled in solution, halt- 
ed by NTP depletion, and adsorbed onto 
the cover glass surface of a microscope flow 
cell. Polystyrene beads (0.52 p,m in diame- 
ter) were attached to the transcriptionally 
downstream ends of the DNA molecules so 
that each bead became tethered to the sur- 
face by its connection through the DNA 
and the polymerase. When supplied with 
NTPs, up to half of the immobilized tran- 
scription complexes are enzymatically ac- 
tive; bead-labeled complexes display elon- 
eation kinetics indistinguishable from those " - 
of unlabeled complexes in solution (6, 7). 
In a typical experiment, a transcription 
complex was first located by video-en- 
hanced, differential interference contrast 
light microscopy. The complex was identi- 
fied visually by the Brownian motion of the 
bead, which was constrained by the length 
of its DNA tether to a small region centered 
over the attachment position of the poly- 
merase (6, 7). For the studies described 
here, the microscope was equipped with an 
optical trapping interferometer ("optical 
tweezers" plus a position sensor) that could 
exert calibrated forces UD to -100 DN on a 
bead while simultaneously measuring its 
displacement with subnanometer precision 
and millisecond time resolution (9, 11 ). 
With the laser light shuttered, the optical 
trap was moved to the region near the bead. 
The shutter was then opened to activate 
the trap, and the bead was captured. By 
adjusting the trap controls, we positioned 
the center of the bead directly over the 
polymerase, typically at a height of -590 
nm above the cover glass surface (this par- 
ticular height was chosen to bring the bead 
as close as possible to the surface without 

the risk of touching during subsequent mea- 
surements). We then repositioned the trap 
by moving it at a constant height along the 
direction of greatest detector sensitivity 
[the direction defined by the shear axis of 
the Wollaston prism; see (9, 12) ]  until the 
DNA straightened and was held under verv " 
light tension, with the bead displaced just 
30 to 70 nm from the traD center (Fie. 1A). . -  . 

We started transcriptional elongation of 
bead-labeled complexes by exchanging the 
buffer inside the flow cell with one contain- 
ing NTPs. In most experiments, elongation 
was beeun immediatelv before establish- - 
ment of the initial configuration just de- 
scribed. During elongation, the template 
was pulled by the stationary polymerase 
molecule, developing further tension in the 
DNA between the bead and the polymerase 
and drawing the bead away from the trap 
center (Fig. 1B). The optical trap acts as a 
nearly linear spring of stiffness a,,, at- 
tached to a stationary reference frame and 
exerts a force F,,,, on the bead (Fig. 1C). 
The bead adopts a position where F,,, is 
balanced by the force FCC exerted by the 
polymerase, acting through the DNA. The 
series elasticity due to the DNA, poly- 
merase, and associated linkages acts as a 
spring of stiffness a,,. By calibrating the 
optical trap stiffness and determining the 
displacement of the bead, we could measure 
F,,, and thus F,,. The force could be de- 
termined without knowledge of the stiffness 
a,,, which depends on the length of DNA 
as well as the applied force (13). 

During control experiments in which no 
NTPs were added, beads remained at an 
approximately fixed distance from the trap 
center. Slight changes seen in the inter- 
ferometer signal (mean rate -0.3 nm s-' 
toward the center of the trap) were attrib- 
utable to instrumental drift. 

In elongation experiments using high con- 
centrations of NTPs (1 mM each of adenosine 
triphosphate, guanosine triphosphate, cyti- 
dine 5'-triphosphate, and uridine 5'-triphos- 
phate), 1 p,M PP, and low trapping force 
(laser power at specimen, 25 mW; trap stiff- 
ness a ,,,, -0.03 pN nm-') (14), we ob- 
served continuous movement of beads out to 
the limit of the usable range of the trap, 
located roughly 200 nm from the trap center. 
Once a bead reached this limit, the trap was 
manually repositioned to bring the bead closer 
to the trap center so that observation could 
continue (Fig. 2A). In five of seven elongat- 
ing complexes studied in this way, beads 
moved continuously to the limit without stop- 
ping, moving at similar velocities after the 
trap was repositioned. (One complex stopped 
and failed to restart: another s t o ~ ~ e d  for -18 . . 
s and then continued elongation to the trap 
limit.) The bead velocity, 4.3 + 1.3 nm s- ' 
(mean + SD) (15), was comparable to elon- 
gation rates measured under similar condi- 

tions in solution (4.4 to 6.8 nm s-l) (6) and 
in previous microscope experiments (4.2 2 
1.7 nm s-l) (7). 

Different behavior was observed when 
higher trapping forces were used (laser power 
at specimen, 82 to 107 mW; a,,,,, -0.09 to 
0.12 pN nm-I). In this regime, 66 of 77 
elongating complexes (86%) stopped translo- 
cating (stalled) once the bead encountered 
the high-force region of the trap (Fig. 2, B and 
C)  (16, 17). To test whether stalling was 
reversible, we maintained the bead at stall, 
typically for 10 to 15 s, then repositioned the 
trap center closer to the bead, reducing F,,,. 
After force reduction, 24 of the 66 stalled 
complexes resumed movement, and some 
complexes could even be stalled multiple 
times this way (Fig. 2C). After recovery from 
stall, the velocity of bead movement in the 
low-force region of the trap was similar to that 

Fig. 1. A cartoon illustrating essential features of 
the experiment (not to scale). (A) The configuration 
at the start of transcriptional elongation. An RNA 
polymerase molecule (green ellipsoid) is attached 
to the cover glass surface of a flow cell. The poly- 
merase is bound to template DNA (red) and has 
begun to synthesize a transcript RNA (green). A 
polystyrene bead (blue sphere) is attached to the 
downstream end of the DNA and is captured and 
held under slight tension by the light of the optical 
trap (pink). (B) The configuration during subse- 
quent transcriptional elongation. The trap center is 
located on the optical axis but slightly above the 
narrow waist of the focused laser beam. The poly- 
merase has proceeded for some distance along 
the DNA, shortening the segment between the 
bead and the polymerase. The bead is pulled 
away from the trap center, increasing the restoring 
force of the traD. fC) The mechanical eauivalent of 
the e ~ ~ e r i m e ~ a l ' ~ ~ o r n e t r ~  shown in (A) and (B). 
All components lie centered in a vertical plane 
oriented parallel to the Wollaston shear axis. 
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before stall. The remaining fraction of RNA 
polymerase molecules stalled irreversibly in 
that thev did not resume eloneatlon when " 
F,,,, was reduced. Irreversible stalling may be 
attributable to one or more of several possible 
causes: The polyrnerase may have been direct- 
ly inactivated by the mechanical load, have 
suffered photodanlage from the laser light, or 
have spontaneously converted into an inac- 
tive species ("transcriptional arrest") similar 
to that formed during transcriptional stalling 
induced hy NTP depletion (1 8, 19). 

The simplest physical interpretation of re- 
versible stalling is that it corresponds to the 
situation in which F,,,, has increased to a 
level where it balances the lnaximal force that 
the polyrnerase can exert (F,,,ll), and no f~lr- 
ther progress is made. When Ftr, is reduced, 
enzyme activity resumes (20). !%ring both 
reversible and irreversible stalls, movement 
sometimes slowed gradually during the ap- 

Time (s) 

Fig. 2. Tme courses for dspacement from the 
trap center and the correspondng optca force 
app~ed to sngle beads drven by translocat~on of 
an RNA polymerase molecule along DNA Force 
scales (r~ght-hand axes) are nonilnear (14) The 
zero of the tme axls IS arbtrary React~ons were 
conducted at 1 mM NTPs w~th 0 001 mM (A) or 1 
mM (Band C) PP at laser powers of 25 (A), 82 (B), 
or 99 (C) mW Vert~cal arrows des~gnate t~mes at 
wh~ch the trap was repos~t~oned to reduce the 
opt~cal force An ~rrevers~ble stall IS shown In (B), 
and reversbe stalls (frst two stalls) and an Irre- 
vers~ble stall (th~rd stall) are shown n (C) 

proach to FSra,, (for example, the third stall in 
Fig. 2C), whereas in other cases movement 
continued at nearly constant velocity, slow~ng 
abruptly close to FSrd,, (for example, the first 
and second stalls in Fig. 2C). Transcription 
complexes display differing biochemical prop- 
erties depending on the nucleotide sequence 
of the DNA to which they are bound (21). 
Abrupt reversible stalling may correspond to 
the arrival of the enzyme at a template posi- 
tion for which F,,,,, is somewhat lower than 
that of the preceding positions, producing rap- 
id arrest. This interpretation also could ex- 
plain why F,,,,, values determined for multiple 
stalls of a single complex often differed hy 
more than the experimental uncertainty in 
measurement (22). It is tempting to speculate 
that some sites of abrupt stalling might corre- 
spond to DNA sequences that trigger cycles of 
discontinuous elongation (2, 3) or "jumping." 
At such sequences, a portion of the RNA 
polyrnerase molecule may, during a single nu- 
cleotide addition cycle, move along the DNA 
by -10 bp, an axial distance of -3.4 nm (23). 
These large movements of the enzyme would 
be expected, all else being equal, to give stall 
forces significantly lower than those of single 
base pair movements, because the free energy 
available from nucleotide addition would he 
applied over a larger distance. Nucleotide se- 
quence effects on behavior under mechanical 
load could he studied in future exveriments 
through the use of DNA templates containing 
homopolymer tracts or direct repeats. 

The distributions of Fsra,, values were 
obtained at 1 lnM NTPs with 1 pM PP,. 
The distributions of reversible and irrevers- 
ible stall forces were statistically indistin- 
guishable, with values of 13.0 i- 4.0 pN 
(mean i- SD, n = 8)  and 12.6 i- 3.5 pN (n  
= 14), respectively. A possible explanation 
for the similarity of the distributions is that 
the reversibly stalled state is a precursor of 
the irreversibly stalled state. In this view, 
most or all of the stalled complexes are 
initially stalled reversibly, but a fraction of 
these are s~~bsequently inactivated and 
therefore fail to resume elongation when 
F,,,, is reduced. 

FSfdll was also determined at two higher 
concentrations of PP, (0.5 and 1 mM) with 1 

Fig. 3. Stall force d~str~but~ons measured from 
pooled data obtained at 1 mM NTPs with 0.001, 
0.5, and 1 0 mM PP,. For beads exhibiting revers- 
ible stalls, only data from the frst stall were incud- 
ed. Laser powers (and correspondng maxmum 
measurable forces) of 82 mW (1 5 pN), 99 mW (1 8 
pN), and 107 mW (20 pN) were used in 25, 33, 

mM NTPs. Increasing the PP, concentration 
to 1 mM slowed transcriptional elongation by 
about twofold (24), but Fsrall remained nearly 
constant [at 0.5 mM PP,, 13.0 i 4.1 pN (n = 
5) for reversible and 13.1 i 2.6 pN (n = 10) 
for irreversible stalls; at 1.0 mM PP,, 11.5 i 
2.9 pN (n = 11) for reversible and 9.9 i 3.4 
pN (n = 18) for irreversible stalls]; this obser- 
vation may place important constraints on 
the RNA polymerase force-generation mech- 
anism. In light of this result, stalls observed at 
all PP, concentrations were pooled (Fig. 3A) 
to generate a global distribution with mean 
F,, ,,, = 12.3 2 3.5 pN (n = 24) for all 
reversible stalls. We previously found that 
single immobilized transcription complexes 
exhibit a range of velocities (7). Such heter- 
ogeneity among complexes may also contrib- 
ute to the width of FSfall distributions. The 
polymerase is fixed to the glass at random and 
~resumablv is not free to rotate. Different 
spatial orkntations of the polymerase with 
respect to the direction of the applied force 
might also cause Fsrall to vary from molecule 
to molecule. A small fraction of the complex- 
es did not stall before reaching the limit of the 
usable range of the trap (Fig. 3B). The as- 
sumption that these complexes would stall at 
a force larger than the maximum measurable - 
force at the laser power used yields a lower 
limit estimate of 13.6 pN for the mean revers- 
ible F,,,,, (25). Despite systematic instrumen- 
tation errors for these measurements estimat- 
ed at -30% (22), the FStal1 values for single 
RNA polymerase molecules are clearly much 
larger than are forces previously measured for 
single molecules of other mechanoenzymes: 
up to 6 pN for kinesin (26) and 3 to 5 pN for 
myosin 127). , , 

The  efficiency of chemomechanical en- 
ergy conversion in RNA polymerase may be 
defined as the fraction of the total free 
energy change of the chemical RNA poly- 
merization reaction (AG',,l,,n) that the en- 
zyme expends to perform mechanical work 
against an external load. Thermodynami- 
callv reversible motors are most efficient as 
they approach the point of stalling. The free 
energy available from the chemical reaction 
varies with the PP,-to-NTP concentration 
ratio because these are the product and 

and 19 measurements, respect~vely (A) Stacked 
hstogram of stall forces for ~rreversbe (open por- 
t~on of bars, n = 42) and reversble ( sod  pori~on of n 

E 

lower bound of stall forces for com~lexes in = 1 1 i 
bars, n = 24) stalls (B) H~stogram of est~mated 2 o0 20 

that d d  not stall before ex~t~ng the cal~brated range Stall force ( p ~ )  

of the trap The number below each bar represents the maxlmum measurable force for the laser power 
used 
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reactant species, respectively. For the con- 
ditions used, AGf, ,~, , ,  ranged from -7.2 
kcal mol-' (a t  1 p M  PP,) to -3.1 kcal 
~ n o l - '  (a t  1 LLM P P )  ( 1 ) .  Under the as- ,, ~ , 

sumption th't each N T P  consumed ad- 
vances the polymerase 1 bp on  average 
along the D N A  (0.34 nln along the D N A  
axis), the mean F,,,311 estimate corresponds 
to ~ n a x l ~ n a l  energy conversion efficiencies 
of 9, 19, and 22% at 0.001, 0.5, and 1 mM 
PP,, respectively. These efficiencies are 
comparable to values obtained for biologl- 
cal motors such as kinesin [40 to  60% ( I  I ,  
28)] or myosin [12 to  42% (27)] (29).  

Nucleic acid polymerases carry out biosyn- 
thetlc reactions and are not ordinarily classi- 
fied as mechanoenzvmes. Nevertheless. our 
results indicate that'mdlvidual molecules of 
E. coli RNA polrtnerase exert forces and op- 
erate a,ith energy conversion efficiencies that 
are similar to those of prototyplcal mecha- 
noenzvmes, whose s~eclalized function is to , , 

generate biologically useful force and motion. 
Inside living cells, Interactions between tran- 
scription co~nplexes and cellular structures or 
DNA-bound protelns create substantial forces 
that oppose the translocation of polrmerases 
relative to DNA (4, 5). For example, to func- 
tion in opposition to loads imposed by tran- 
scription-induced supercoiling of plasmid 
DNA 111 vivo, E. coli RNA polymerase must 
generate forcei estimated at -6 pN (30). 
Forces of this magnitude are sufficient, for 
example, to stall solltary ~nolecules of kinesin 
or mvosin, but are nonetheless smaller than 
the fArces achieved by RNA polymerase rnol- 
ecules in vitro. W e  anticipate that further 
developtnent of optical tneasurements on sin- 
gle transcription complexes will allow detailed 
characterization of the tnultiple mechanical 
processes (2, 3,  23) 137 a,hich RNA poly- 
merase moves along DNA. 

REFERENCES AND NOTES 

1. T. D. Yager and P. H, von Hippel, In Escherichia col~ 
and Salmonella typhmur~um Cellular and Molecular 
Biology, F. C Ne~dhardt et a / .  Eds, (Amer~can Soci- 
ety for M~croboogy, Washington DC, 1987), vol. 2, 
pp. 1241-1 275, D. A. Er~e. T D Yager, P. H von 
H~ppel, Annu. Rev. Biophys. Biomol. Struct 21, 379 
(1 992) 

2. C. L. Chan and R. Landck, n Transcription, Mecha- 
nism and Regulation R Conaway and J Conaway. 
Eds (Raven, New York, 1994), pp 297-320 

3 M. J. Chamberl~n, In The Hanjey Lectures (W~ley- 
LISS, New York, 1994) Ser, 88 pp 1-21 

4 P. R Cook, Bioessays 16, 425 (1 994) 
5 J C Wang In Transcriptional Regulation S L Mc- 

Kn~ght and K. R. Yamamoto, Eds. (Cold Spr~ng Har- 
bor Laboratory Press, Cold Spr~ng Harbor, NY, 
1992), pp. 1253-1269: D N. Cook, D Ma, J .  E 
Hearst, In Nucleic Acids and Molecular Bioloav F 
Ecksteln and D. M J. Llliey, Eds (Spr~nger-Grlag, 
Berl~n, 19941, vol 8, pp. 133-1 46. 

6. D. A. Schafer, J. Gelles, M. P. Sheetz, R Landck, 
Nature 352, 444 (1 991 ) 

7. H. Yln, R Land~ck, J Gelles, Biophys. J .  67, 2468 
(1 994) 

8 H Kabata et a1 Science 262 1561 (1 993) 
9 K Svoboda, C F Schm~dt B J Schnapp, S M 

Block Nature 365, 721 (1 993) 
10 Sample preparation methods buffers and react~on 

conditons were the same as those used prevously 
(71, except that d~sodium pyrophosphate (Sigma) 
was added at the specfled concentraton together 
w~th the NTPs, and 0.52-pm-diameter carboxylat- 
ed polystyrene beads (Poiysc~ences, Warr~ngton, 
PA) were used In place of 0.226-pm beads. DNA 
template no. 5 (61, whlch contans the strong T7  A1 
promoter followed by 3908 downstream base 
pairs. was used In all experlments Transcrpton 
complex sutface density was measured and con- 
trolled as in (7), so that each bead had a probability 
~ 0 . 2 0  of being attached to more than one tran- 
scrlptlon complex 

11 K. Svoboda and S M. Block, Cell 77, 773 (1 994) 
12. , A n n u .  Rev. Biophys. Biomol Struct 23,247 

(1 994) 
13. S. B. Smth, L. Fnz~, C. Bustamante, Science 258, 

11 22 (1 992); C. Bustamante. J F Marko, E D. Slg- 
gia, S. Smith, ibid. 265, 1599 (1 994). More complete 
characterizaton of the serles eastc sprlng constant 
a,, (whch includes contrbut~ons from the stiffness of 
the DNA as well as from the stiffness of other struc- 
tures, such as the polymerase, through whch the 
DNA is I~nked to the cover sl~p) could be used to 
simultaneously measure both the force and velocity 
generated by the polymerase, as has been done for 
kinesln (1 7) A compl~cat~on of ths approach IS the 
fact that a,, has a time-varying component, due to 
the changing length of the DNA tether 

14. We calibrated trap stiffness (a,,,,) uslng free beads, 
either by measurlng the power spectrum of the 
BrownIan motion or by measurlng the bead dis- 
placement from the trap center produced by v~scous 
drag forces (9, 11, 12). Stffnesses obtained with the 
use of these two methods d~ffered by <10°6 for 
excurslons below half the usable detector range 
(<I00 nm). For larger excurslons, the drag force 
method was used exclus~vely. Calbraton was ac- 
complished in two stages First, the relat~on between 
dg~t~zed lnterferometer output voltage and true ds -  
placement (In nanometers) was establ~shed as de- 
scr~bed prevously (9) Second, the relation between 
trapplng force (in piconewtons) and displacement (In 
nanometers) was determ~ned by the drag force 
method, with vscous forces being corrected for the 
proximty of the cover glass surface (12). The two 
data sets were then combned. In contrast to the 
case of sllca particles (1 11, the force-dsplacement 
relation for polystyrene beads has significant nonln- 
eartes in the outermost part of the trap; therefore, 
calbraton data out to 150 nm weref~t by af~fth-order 
polynomla to extrapolate ntetferometer slgnals Into 
the regon between 150 nm and -200 nm Ths 
procedure may m~scalculate the actual force pro- 
duced In the regon beyond 150 nm: however, ex- 
clus~on from the analyss of data taken In ths reglon 
d d  not significantly alter the mean stall forces report- 
ed here. The estmated force at 200 nm displace- 
ment was taken to be the largest measurable force at 
a given laser power. 

15 A correction for the contribution of tether elastic~ty 
(spr~ng constant a,,) has not been appl~ed to the 
bead velocity measurement. Therefore, ths bead ve- 
locty represents a lower bound on the polymerase 
elongation rate. 

16 Interferometer output was low-pass-fltered at 1 kHz 
and d~g~t~zed at 1-ms nten/aIs. Before analys~s 
records were averaged In blocks of 100 por ts  to 
glve a flnal tlme resout~on of 100 ms Bead veoc~ty 
(v,,,,) was measured as the slope of the lne f ~ t  to 
bead positon versus tme w~thln a 10-s sl~dng win- 

dow. Beads achevng v,,,, 2 0.6 nm s-' contnu- 
ously for 2 5  s (posit~ve veloc~ty beng def~ned as 
movement away from the trap center) were judged 
to be attached to funct~onal transcrlpton complexes 
and were selected for further analys~s. Any ntenlal 
dur~ng whlch v,,,, was <O 6 nm s-' continuously 
for 2 5  s was taken to represent a stall. By ths 
cr~ter~on, 13 of 77 complexes spontaneously un- 
derwent br~ef transent stalls that were apparently 
uncorrelated w~th the amount of force and were 
excluded from subsequent analyses Such events 
may correspond to transcrptonal pauslng (1, 2) 
because movement resumed w~thout the trap be- 
n g  repos~t~oned. 

17. Intally, 87 eongatng complexes were observed at 

h~gh laser powers. However, in 10 of them the bead 
spontaneously detached from ts  tether before the 
trap could be repos~t~oned The slte of breakage 
could not be determned Data from such complexes 
were excluded from further anaiys~s Eleven of the 
remaining 77 complexes d d  not stall before reaching 
the I m t  of the usable range of the trap 

18 D. A Er~e, 0. Hajlseyedjavadi, M C Young, P H von 
Hppel, Science 262, 867 (1993). 

19 Although nact~ve enzyme speces induced by chem- 
~ c a  stalling in solut~on can be reactivated by GreB 
protein [S. Borukhov, V. Sag~tov. A Goldfarb. Cell 
72, 459 (1 99311, the fracton of complexes that were 
irrevers~bly stalled by mechanical load d ~ d  not de- 
crease when 100 nM GreB protein was included n 
the buffer (24), wh~ch suggests either that these 
complexes are In a dfferent state than that produced 
in the chemcal stall~ng experiments or that GreB 
cannot act on complexes adsorbed to cover slps. 

20. It is unlkely that the reversible stalling events are due 
to radaton-nduced damage to RNA polymerase, 
because enzyme photodamage 1s generally Irrevers- 
b e  The vlew that reversible stalls are due to applied 
force, not laser rrad~at~on alone. IS further supported 
by the obsetvat~on that 9506 of reversibly stalled 
complexes resumed bead movement shortly after 
the trap was repos~tioned Repos~tionng the trap 
decreases F,,,, but increases the laser intensity at 
the RNA polymerase because the trap IS moved 
closer to the enzyme molecule Control experiments 
[at laser powers 82 to 99 mW, all reported laser 
powers are est~mates In the speclmen plane deter- 
mned by the method of (1 l ) ]  In whch the trap was 
repostioned before the stall (In 14 of 15 complexes) 
subjected the transcrlpton complexes to h~gher av- 
erage g h t  lntens~t~es and ower average trap forces 
than those In the stall~ng experlments. In the con- 
trols, complexes were inactvated In 82 i 58 s (mean 
i SD, n = 15) exposure to the laser, whereas In the 
staling experments frst stalls (reversible or Irrevers- 
b e )  occurred sgnf~cantly earlier, in 38 t 16 s (mean 
t SD, n = 66), conf~rmng that the frst stalls cannot 
be explaned by photodamage alone. 

21. B. Krummel and M. J. Chamberlin, J. Mol. 6/01 225, 
221 (1 992) 

22. Stall force measurements are subject to systemat~c 
errors, which we attempted to estimate. The two 
prmary sources of error have opposing effects and 
arlse from the fact that the bead motion IS not strictly 
parallel to the cover glass surface but has a vert~cal 
component. Dur~ng elongat~on, beads experience a 
force directed downward at an angle R, where 8 IS 

the angle between the DNA and the cover glass (Fig. 
1 C). Ths angle vares contnuously during the course 
of an experiment as the DNA tether shoriens. Ne- 
glect of the downward force component will cause 
underestmation of the actual force produced by the 
polymerase by a factor (cos8) The minimal DNA 
tether length at stall was estmated by vdeo analys~s 
of the bead BrownIan moton (7) w~th the trap shut- 
tered. The tether length was >I91 5 bp (651 nm) in all 
experlments, corresponding to 8 < 41". Thls geomet- 
r ~ c a  consideraton alone would lead to a value for Fstal1 
that underestmates the appl~ed force by a var~able 
amount up to -2496 A second source of systematic 
error, whch has the opposlte sgn, arses from the fact 
that the lnterferometer IS most senst~ve to mot~on In 
the plane of the laser beam walst and along the Wol- 
aston shear drecton Polystyrene spheres are lntally 
trapped at a pont sl~ghtly above the postlon of the 
true beam wast (Fg. 1 B), and the downward force 
component actlng along the DNA has the effect of 
carryng the bead Into the regon of greater detector 
senstlvty (In contrast, vscous drag callbraton exper- 
~ments, In wh~ch purely hor~zontal forces are generat- 
ed are not subject to ths art~fact) Ths leads to an 
overest~mate of the d~stance moved, hence to an 
overest~mate of the force Fstal1. We est~mated the 
magn~tude of ths effect at 26% or less, based on 
experlments In whlch beads f~xed to a cover glass 
were moved In the speclmen plane through the de- 
tector at varlous he~ghts relat~ve to the laser beam 
wa~st (24). Yet other uncerta~ntes arlse because the 
trap stffness, hence the restorng force, varles w~th 
he~ght, the trap beng weaker n the vertcal dlrecton 
than In the hor~zontal drecton Gven these varlous 

SCIENCE VOL. 270 8 LlECEhlBER 1995 



opposlng effects, ~t seems reasonable to estlmate the 
overall systematic errors In force at 5-30% 

23 B Krumme and M. J. Chamberlln, J. Mol. 5101. 225, 
239 (1995); E. Nudler, A. Godfarb, M. Kashlev, Sci- 
ence 265, 793 (1 994); D. Wang et a / ,  Cell 81, 341 
(1995), E. Nuder, M. Kashlev, V Nikforov, A God- 
farb, ibid., p. 351 

24. H. Yln eta1 , data not shown. 
25. Ths est~mate 1s a lower I m ~ t  because ~t Includes data 

from complexes that d d  not stall before reachlng the 
trap l m t  and because we cannot exclude the pos- 
s~bil~ty that some events class~f~ed as stalls may In 
fact be lengthy transcr~pt~onal pauses (16) 

26. S. M. Block, T,-ends Cell 5/01, 5, 169 (1 995). 
27. J. T. F~ner, R. M. S~mmons, J A. Spudlch, Nature 

368, 11 3 (1 994); J. T. F~ner, A. D. Mehta, J. A. Spu- 
dlch, Biophys. J. 68, 291s (1 995); A lshljlma et a/. , 
Biochem. Biopliys Res. Commun. 199, 1057 
(1 994); H Miyata et a/. , Biophys. J. 68, 286s (1995). 

28. A. J. Hunt, F. G~ttes, J. Howard, Biophys. J. 67, 766 
(1 994). 

29. Underestmat~on of Fstal1 (25) wII cause underest~ma- 
tlon of the maximum energy converslon eff~c~ency. 
Moreover, our eff~c~ency calculat~on assumes that 
stalng occurs when the free energy avalable todr~ve 
movement In one cycle of the chemcal reacton ba-  
ances the free energy requred to translocate 1 bp 
along the DNA aganst the app~ed force. However, 
stalng could also occur because of structural alter- 
atons In the transcr~pton complex (for example, sta- 
b~lzat~on of a catalyt~caly lnactlve enzyme conforma- 
ton by the app~ed force). In that case, the maxlmum 
efficiency calculated from F,,, would underest~mate 
the true eff~cency. In contrast, enzymatc consump- 
t~on of NTPs uncoupled to translocation would re- 
duce the energy converslon effc~ency below that 
calculated from Fstal1. Although l~ttle such consump- 
tlon has been reported for transcrlptlon complexes In 
solut~on [for example, see M. Chambern, R.  L. Bad- 
wn,  P. B e r g , .  Mol. 6/01, 7, 334 (1 963)], we cannot 
exclude tiie possibll~ty that such uncoupled reac- 
tlons are catalyzed by mmobized enzyme mole- 
cules subjected to the hgh app~edforces used In the 
stall~ng experments. Est~mates of energy converson 
eff~cency from the stall forces of sngle klnesln and 
myosln molecules carry analogous uncertaint~es. 
Recent ev~dence (1 1) suggests that k~nesln 1s not 
t~ghtly coupled near stall. 

30. Escherichia coli pasmids that carry multiple tran- 
scription units can accumulate high densities of tran- 
scr~pton-nduced supercoils (31) Ths effect can be 
obsetved In the absence of DNA gyrase or topol- 
somerase I act~v~tes (whch relax negat~ve or pos~t~ve 
supercoils, respectively) when one or more of the 
transcribed genes encodes a membrane-interacting 
proten (5). Spec~f~c llnkng dfferences (u) of -0.013 
in topoisomerase I mutants [D. N. Cook, D. Ma, N. G. 
Pon, J. E. Hearst, Proc. Natl. Acad. Sci U.S.A. 89, 
10603 (1992)l and 0.024 In the presence of a DNA 
gyrase inhibitor [H. Y. Wu, S. H. Shyy, J. C. Wang, L. 
F. Liu. Cell 53, 433 (1 988)] have been reported. RNA 
polymerase transcription is accompanied by an 
obligatory rotation relative to the DNA helix. There- 
fore, the supercoiling torque :, [ (  u )  1.4 x 1 N 
m rad-' (31)] is expected to exert a force opposing 
translocation that is estimated by F, = 2v:,/h, where 
h is the pitch of the DNA helix. 3.6 nm. F, = 3 and 6 
pN, respectively, in the two cited cases. However, 
this calculat~on may underestimate the force by a 
factor of -2 because supercoils in vivo are thought 
to be confined to a limited portion of the plasmid 
DNA. 

31. L. F. Liu and J. C. Wang. Proc. Nail. Acad. Sci. 
U.S.A. 84, 7024 (1 987). 

32. Supported by grants from the National Institute of 
General Medical Sclences to J.G.. R.L., and S.M.B. 
M.D.W. was supported by a Damon Runyon-Walter 
Winchel Cancer Research Fund postdoctoral fellow- 
ship. K.S. and S.M.B. thank the Rowland Institute for 
Science for support during the early stages of this 
work. A movie of the experiment shown in Fig. 2A 
can be v~ewed on the World Wide Web at http:// 
www.rose. brande~s.edu/users/gelles/stall/. 

11 August 1995: accepted 26 October 1995 

Minimization of a Polypeptide Hormone 
Bing Li, Jeff Y. K. Tom, David Oare, Randy Yen, 

Wayne J. Fairbrother, James A. Wells,* Brian C. Cunningham* 

A stepwise approach for reducing the size of a polypeptide hormone, atrial natriuretic 
peptide (ANP), from 28 residues to 15 while retaining high biopotency is described. 
Systematic structural and functional analysis identified a discontinuous functional epitope 
for receptor binding and activation, most of which was placed onto a smaller ring (Cys6 
to Cys17) that was created by repositioning the ANP native disulfide bond (Cys7 to CysZ3). 
High affinity was subsequently restored by optimizing the remaining noncritical residues 
by means of phage display. Residues that flanked the mini-ring structure were then 
deleted in stages, and affinity losses were rectified by additional phage-sorting experi- 
ments. Thus, structural and functional data on hormones, coupled with phage display 
methods, can be used to shrink the hormones to moieties more amenable to small- 
molecule design. 

T h e  generation of leads for drug deslgn is 
usuallv achieved through a laborious dis- 
covery process wherein a large number of 
small molecules are screened for b ~ n d i n g  
to  a  articular receDtor or for modulation 
of a particular biological response. Al-  
though structure-based approaches have 
been used in some cases for generating 
candidate molecules directly ( I ) ,  this ap- 
 roach has been limited to  bindine sites - 
for small substrate molecules or short, con-  
tinuous peptide segments. 

Protein-~rotein interactions are crucial 
events in most biological processes and are 
therefore important targets for drug design. 
Such interfaces aie generally large (600 to 
more than 1300 A2) ,  with 10 to 30 contact 
side chains o n  each side of the interface (2).  
Moreover, each patch of contact residues is 
presented from peptide segments that are of- 
ten distant in pritnary sequence. Mimicking 
such large and discontinuous binding surfaces 
with rationallv deslened small molecules is a , " 
daunting prospect, but it may be simplified 
because only a small subset of contact side 
chains appears to be necessary for tight bind- 
ing at these interfaces (3). Displaying these 
functional e ~ i t o ~ e s  on minimal structured 

L L 

scaffolds may permit stnaller candidate com- 
pounds to be generated that bind at protein- 
protein interfaces. 

Atrial natriuretic peptide is a 28-residue 
peptide hormone that is important for regu- 
lation of blood pressure and salt balance (4). 
Smaller A N P  peptides produced by the 
screening of synthetic analogs are at least 
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Point San Bruno Boulevard, South San Francisco, CA 
94080. USA. 
J. Y. K. Tom and D. Oare. Bioorganic Chemistry, Gen- 
entech. 460 Point San Bruno Boulevard, South San Fran- 
cisco, CA 94080, USA. 
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500 times weaker in receptor-binding affin- 
ity (5). It is likely that the binding of A N P  
to its signaling receptor is highly sensitive to 
the conformation of ANP,  as indicated by 
the loss of bindine caused bv the reduction of 
its single disulfidlbond. us ing a constrained 
scaffold designed to preserve the structural 
presentation of the critical binding determi- 
nants, we present a systematic strategy for 
reducing the size of A N P  while maintaining 
high binding affinity and biopotency. 

The  first step in our minimization process 
(Fie. 1)  was to detertnine which ANP residues 
, u ,  

are important for binding to the extracellular 
dotnain of the natriuretic peptide receptor-A 
(NPR-A) by alanine-scanning mutagenesis 
(6). Each of the 28 residues in ANP was 
converted to alanine, except those comprising 
the Cys7 to C ~ S ~ ~  disulfide and Alan. A n  
enzvme-linked immunosorbent assay (ELISA) 
of ihese ANP mutants, produced as peptide 
fusions with gene 111 coat protein on phage 
(7) .  allowed us to ra~idlv  assess the relative , , ,  L ,  

binding affinity of the mutants by eliminating 
the need to purify each peptide to homogene- 
ity. Mutations at only seven positions (Phe8, 
Met12, AspI3, ArgI4, Ile15, Leu2', and Arg2') 
each resulted in an  affinitv that was more 
than 10 times lower than ;hat of wild-type 
A N P  (Fig. 2). These results are consistent 
with effects on an aortic ring contraction 
assay reported for substitutions with D-amino 
acids or alanines in A N P  (8). 

Five of the seven most important resi- 
dues (PheR, Met1', Asp1', Argl', and Ile") 
formed a small functional epitope on one 
side of the  hortnone (Fig. 3A) .  O n  the basis 
of the structure of A N P  (9), three alterna- 
tive disulfide forms of the inklecule (Cysi to 
Cysl', Cys6 to Cysl', and Crs5 to CYs1') 
were designed to  isolate this functional 
epitope o n  a smaller disulfide ring and elim- 
inate the native Cys' to disulfide 
(Fig. 3B). Of these three variants, Cys6 to  

CA 94080. USA. Cysl' was the  best, albeit with an  affinity 
*To whom corresnondence should be addressed. that was more than 100 titnes lower than 
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