
convective mixing from heat flow and ther- 
mohaline circulation simply destroys the 
molecular difi~sion regime. 13ut in the polar -
Ice caps another effect intervenes: the accu- 
mulating firn acts like a giant columnar sieve 
througll which the gravitational enrichment 
can be maintained by molecular diff~~sion 
undisturbed by convective motions. Positive 
enrichments of the isotopic and gas compo- 
nents that are less than the maximum pre- 
dicted values probably represent significant 
var~ations in accumulation ratcs that deter- 
mine the advective efflux of air from the firn 
back to the atmosnhere. as well as with 
artifacts of aIlalyticai when 
fractures are presel'lt. Thus, 60 years after 
publication of the canonical theorem of 
Gibbs, a flLlidsystem at the earth's surface-
atmospheric gases in the firn layers of polar -
ice caps-has provided experimental verifi- 
cation of this effect (1 9). 
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Restoration of Torque in Defective Flagellar Motors 

DAVIDF. RLAIR AND HOWARDC. BERG 

Paralyzed motors of motA and motB point and deletion mutants of Escherichia coli 
were repaired by synthesis of wild-type protein. As found earlier with a point mutant 
of motB, torque was restored in a series of equally spaced steps. The size of the steps 
was the same for both MotA and MotB. Motors with one torque generator spent more 
time spinning counterclockwise than did motors with two or more generators. In 
deletion mutants, stepwise decreases in torque, rare in point mutants, were common. 
Several cells stopped accelerating after eight steps, suggesting that the maximum 
complement of torque generators is eight. Each generator appears to contain both 
MotA and MotB. 

CELLS OF EscItr~irItia coli AND MANY 

other motile bacteria swim by rotat- 
ing helical flagellar filaments (1, 2). 

Each filarnent is driven at its base by a motor 
powered by the transmembrane proton gra- 
dient (3).The motor is only about 20 ntn in 
diameter but is moderately complex, c ~ n -  
taining about 20 diffkrent polypeptides (4). 
Basal structures have been purified (5, 6) 
and shown by electron microscopy to con- 
sist o f  four rings (two in Gram-positive 
bacteria) mounted on a rod (6, 7).These 
basal structures are missing several proteins 
essential for torque generation (S), includ- 
ing MotA and MotB, which are both found 
in the cytoplasmic membrane (9).Mutants 
defective in MotA or MotR are paralyzed; 
their motors do  not generate torque, even 
though the basal stnlctllres appear normal 
(9, 1 0 ) .  By inducing transcription of a wild- 
type motB gene carried on a plasmid in 
tethered cells of a mofH missense mutant, 
Block and Berg (11) showed that restoration 
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of torque takes place in a series of equal 
steps, indicating that MotB is a component 
in each of several independent torque gener- 
ators. Here, we extend these studies to 
MotA as well as MotR, by use of deletion as 
well as missense mutants. 

Cells of motA or  motB strains were trans- 
formed with plasmids that carnr motA or 
motB hsed to the lactose promoter and ladQ 
(an allele that overexpresses the structural 
gene for the Isc repressor (12) (Table 1). 

Table ,.Stra"ls plasmids, 

Strain 
Or Ilelcvant genotype


plasmid 


R1'437 Wild type f o r  motility and chcmotaxis 
MS5037 motA 

K1'3087 '" 
R1'6666 	 AmotA 

amotBl 
K1'6894 A ~ ~ ~ A A ~ ~ ~ ~ ~ 
pDFR27 paru-motAtmot13+, uuuC+, ApR 
pDFR28 plac-motBt, lucls, ApR 
pDFH29 para-motA+, auaC+, ApR 
P ~ P ~ ~ ~ - ~ ~ ) ~ ~ + ,~ lacP> ~ ~' ~ 
pSYC62 pmocha-motBt, CmR 



When tethered (Z), these cells rotated very 
slowly o r  no t  at all. However, between 10 
and 20 min after the addition of the lac 
inducer isopropyl p-u-thiogalactopyrano-
side (IPTG) (13), the cells began to rotate, 
increasing their speed over the course of 
several minutes. The stepwise increase in the 
clockwise (CW) and counterclockwise 
(CCW) speed of one such motA cell is shown 
in Fig. 1. The steps werc of equal six,  
demonstrating the addition of equal torque 
increments. The close linear corklation be- 
tween speed and level number is illustrated by 
additional examples (Fig. 1, ilaet). 

Both CW and CCW rotation intervals 
were seen at all levels. Furthermore, the 
rotation speeds in the two directions were 
equal. his implies either that each torque 
generator can drive the motor with equal 
force in either direction, or  that CW and 
CCW torque generators, if distinct ones . -

exist, are always incorporated together. 
However, the cell shown in Fig. 1 spent a 
larger fraction of its time spinning CCW 
when at the lowest torque level than at 
higher levels. This behavior also was ob-
served in the wiotB background (1 1). 

The torque of a motor driving a tethered 
cell can be conlputed from the rotation 
speed, the viscosity of the medium, and the 
rotational and tralislational drag coefficients 
of the cell body (14, 15). The rotation speed 
can be measured by slow-speed playback of 
videotape records; the viscosity is known; 
and the drag coefficien can be calculated 
from the diameter, length, and radius of 
gyration of the image of the cell (15, 16). 
These nleasurenlents were made during res- -
urrections of several wiotA and wiotB cells, 
and the torques for the lowest level were 
calculated. The results for the rnotA and rnotB 
cells were nearly the same (Table 2, rows 1 
and 2). We also n~easured the torques in 
rnotA cells carrying pDFB36 (plac-motA') 
cultured for 4 hours in the presence of 2.5 
mM IPTG (Table 2, row 3), and in wild- 
type cells carrying pDFB27 (para-motA+- 
wiot~') cultured for 4 hours in the presence 
of 0.2 mM arabinose (Table 2, row 4). The 
latter strain, which is expected to produce 
more MotA and MotB than the wild type 
containing no plasmid, had a torque compa- 
rable to that of the rnotA strain. Thus, the 
IPTG-induced motA strain (Table 2, row 3) 
was operating with at least as many torque 
generators as the strain containing excess 
MotA and MotK (Table 2, row 4). The 
mean torque for the IPTG-induced motA 
strain able 2, row 3) was approxinlately 
sevenfold that of the motors of the same 
strain operating at the lowest level (Table 2, 
row 1). 

If we assume that the torque generators 
are independent and contribute equal 

torques, this ratio should reflect the number for the two populatio~ls were drawn from 
of torque generators in the complete motor. separate experiments, it is possible that the 
The larger values of 15 to 16 reported populations had diEerent characteristics, for 
previously (11) were based on two types of example, protonmotive force, cell si7xs, or 
nieasurements. (i) The mean speed of a tethering geometries. Rotational frictional 
population of wild-type cells was compared drag coefficients increase nearly as the cube 
to the mean speed at the lowest level of a of the cell length. (ii) The maximum speed 
population of motB cells. Because the data of a single resurrected cell was compared to 

Fig. 1. Rotation specd - ,o 
of a tethered motA cell -2 

aundergoing resurrcc-
tion. Filled circles, clock- s 
wise; and open circles, a 

counterclockwise. Cells 2C 4 

of strain MS5037 2 * 
(pDFH36) were cul- a 0 

turcd in tryptonc broth 
containing ampicillin 
(50 yglml) to a density -
of approximately 5 X 2 
lo8 cel!s per milliliter, 
then washed and teth-
crcd in motility medium 
as described (24). At 0 
time, this medium was 
replaced with minimal 
salts mcdium containing ij 1 

0.4% glycerol, 0.4% 
glucose, essential amino 0 

14 16 18 20 22 24 26

acids (1  tnM), and 2.5 
n1M II'TG. Rotation Time (min) 
spccd was measured 
from videotapes played back at slow (118 or 1116) specd; a stopwatch was used to tirnc only those 
rcvolutions that contained no rcvcrsals. (Inset) Filled circles: the mean rotation spccd of this ccll at cach 
levcl plotted as a function of the levcl number ( r S E M  for at least five measurements at cach level). 
Open circles: sinlilar data for four other cells of the same strain. 

Fig. 2. Rotation speeds of two Time (s) 
Level number 

motB 

(pDFH28) wcrc cultured in tryp- 

cells undergoing rcsurrec- [-tion. Glls of strain RP3087 2 

tone broth containing ampicillin r r  
1 5 - 


(50 yglnd) and washed and teth- - . *
ered in motility medium. Approx- 
imately 20 min before the periods 
shown, the medium was cx-

-
changed ti)r a medium consisting lo 

of 90% motility mcdium, 10% 2 
--

tryptone broth, and 2.5 mM u 
Il'TG. The solid lines reflect the o 
hypothesis that rcsurrcction takes 5 - - 1 0  g 
place in eight equal incrctncnts of .-c 
speed. In the top panel, the arrow .-

.-
m 

indicates when the cell fell offthe - a 
o 

I I
co>vcr slip. (Insets) Rotation o 100 200 300 a

speed versus level number for the Level number 

corresponding cell. Time (s) 




its initial speed. We reexamined the video- 
tape of this cell and found that it hesitated 
frequently at the lowcst level, causing its 
speed at this level to be underestimated by 
the computer-based method used earlier 
(1 1). It also is possible that small changes in 
the tethering geometry with time reciuced 
the drag on this cell at its maximum speed. 

Our estiniate of the number of torque 
generators, made on the basis of compari- 
sons of cell populations, would be biased if 
cells with unusually high torques tended to 
fall o f  the cover slip. This possibility was 
ruled out by measuring the torques of a 
population of IPTG-induced motA cells (Ta- 
ble 2, row 3) over the course of more than 1 
hour; no significant change in torque was 
obsenred [mean t SEM at 7 mi11 (37 cells), 
12.4 ? 0.5 x 10-l2 dyne-cm; at 32 mi11 

(29 cells), 12.6 -+ 0.5 x 10-l2 dyne-cm; 
anci at 68  rnin (26 cells), 11.9 ? 

0.9 x 1 0 ~ "  ciyne-cm]. 
The rates and yields of resurrections were 

substantially improved when resurrection 
was allowed to proceed in motility medium 
containing 10% tryptone broth (Fig. 2) 
instead of in niinirnal salts medium (Fig. 1). 
Many cells accelerated rapidly to a nearly 
constant speed. Among these, several were 
analyzed closely to resolve as many steps as 
possible. Two exanlples shown in Fig. 2 
indicate that the motor contains at least 
eight torque generators. The resurrection 
plotted in the lower panel suggests that 
there are no more than eight; that cell stayed 
at the eighth level for a long time, eventually 
slowing down as it grew longer and its drag 
coeficient increased. 

'I'he time course of resurrection of a strain 
carrying a deletion (AmotB) is shown in Fig. 
3. I11 contrast to the resurrections of the 
point mutants, rapid flucruations of torque 
were obsenred: decreases in torque after 
resurrection to a given level, rare in the 
point mutants, occurred frequently. Steps 
up and down were of equal s ix .  In acceler- 
ating to its final speed, this cell went from 
level 2 to level 8 in approximately 7 s (Fig. 
3). Similar results were seen in resurrections 
in a AmotA background, with the use of 
strain KP6894 (AmotAArnotB) containing 
pSYC62 (pwiocha-motH+) to restore MotR 
and pDFK36 (plac-wiotAi) to permit con-
trolled introduction of MotA. These results 
suggest that in the point mutants, defective 
copies of the Mot proteins are present in the 
motor bet-bre resurrection. During resurrec- 
tion, they delay the incorporation of hnction- 
a1 copies, but stabiliix: their association with 
the niotor once the copies are incorporated. 

If defective copies of MotA compete with 
f~uictional copies, then the population com- 
parisons of Table 2 underestimate the nuni- 
ber of torque generators in a fully functional 
motor, because both kinds of copies are 
present in the f ~ ~ l l y  induced cell. A correc-
tion for this etfect can be made if it is 
assumed that the replacement of mutant 
MotA protein by wild-type MotA protein is 
adequately described in terms of competitive 
binding to a limited number of sites on the 
motor. Presumably, such competition oc-
curs in a wild-type cell, where the nmnber of 
copies of MotA exceeds the number of 
available sites (17). The average niotor 
torque was found to increase hyperbolically 
with increasing concentration of IM'G in a 
culture of MS5037 (pl$FB36), with half- 
maximal torque at 25 pM I l T G  (1 8) .  Rased 
on assays of 0-galactosidase activity in an- 
other strain carrying / a r l V ,  the maximum 
level of expression from the lac promoter 
was about seven times larger than the level at 
25 K M IPTG (19). If these numbers are used 
to correct the torques in Table 2, the esti- 
mate of the number of torque generators in 
a fully functional niotor increases from 6.8 
to 8.2. 

The torques for the wild-type strain and 
for the wild-type strain containing pDFB27 
not inciuced with arabinose were only 4.6 
and 5.5 times larger, respectively, than those 
of the one-generator motors (Table 2). 
These results suggest that the average wild- 
type cell harvested in exponential phase does 
not possess a full complement of torque 
generators. Khan cpta / .  (20)have shown that 
cytoplasmic membranes of flagellated strains 
of E. coli contain rings of between 10 and 12 
particles. These rings were not found if 
either of the Mot proteins was absent. Rings 
of particles also were seen in Stvcptoroccus, 
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except that each ring contained between 14 
and 16 particles. Coulton and Murray saw 
rings of between 14 and 16 particles sur- 
rounding annular depressions in membranes 
at the poles of Aquaspivillum serpens (21). 
Taken together, these results suggest that 
the number of particles in a fully hnctional 
E. coli motor might be as high as 16. If so, 
our results would indicate that there are two 
particles per force generator. 

The amino acid sequences of Mot4  and 
MotB have been determined from the nucle- 
otide sequences of their genes (22). MotB is 
moderately hydrophobic, and MotA is sig- 
nificantly more so. The MotA sequence 
contains four strongly hydrophobic seg-
ments that are probably transmembrane a 
helices; the MotB sequence has only one. By 
using TnphoA insertions into motB and con- 
trolled proteolysis of MotB, Chun and Par- 
kinson (23) have shown that MotB traverses 
the cytoplasmic membrane once near its 
NH7-terminus, with its bulk situated in the 
periplasm. They suggest that MotB could 
serve as a linker that connects the torque- 
generating machinery of the motor to the 
cell wall. Mot4  topology has not yet been 
examined as closely, but its four hydropho- 
bic segments together contain enough mod- 
erately polar, hydrogen-bonding residues 
(for example, Ser, Thr, Asn, and His) to 
enable them to form a proton-conducting 
channel. If so, each pair of membrane parti- 
cles, and each force generator, might com- 
prise one or more MotH linkers and MotA 
channels. 
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Association of Transfer RNA Acceptor Identity with a 
Helical Irregularity 

The aminoacylation specificity ("acceptor identity") of  transfer RNAs (tRNAs) has 
previously been associated with the position of particular nucleotides, as opposed to 
distinctive elements of three-dimensional structure. The contribution of a G.U wobble 
pair in the acceptor helix of tRNAA'" to acceptor identity was examined with synthetic 
amber suppressor tRNAs in Escherichia coli. The acceptor identity was not affected by 
replacing the G.U wobble pair in tRNAA1" with a G.A, C-A, or U . U  wobble pair. 
Furthermore, a tRNAA'" acceptor identity was conferred on tRNA"Y' when the same 
site in the acceptor helix was replaced with any of several wobble pairs, Additional data 
with tRNAA'" show that a substantial acceptor identity was retained when the G.U 
wobble pair was translocated to another site in the acceptor helix. These results suggest 
that the G.U wobble pair induces an irregularity in the acceptor helix of tRNAA1" to 
match a complementary structure in the aminoacylating enzyme. 

TIIE ACCEI'TOR IDENTITY OF ESCHE- other tKNAs with a G.U wobble pair and 
nchla coli ~RNA"'" is partially deter- observing acceptor identity changing to 
mined by a G-U wobble pair in the tRNAA'" (2, 3).  The wobble pairing be-

acceptor stem of the molecule. The acceptor tween G and U displaces these bases relative 
stem is helical, and this structural feature is to those of Watson-Crlck pairs, giving the 
generally assunled to be common to all grooves of the helix a distinctive pattern of 
tKNAs. The importance of this G.U wobble functional groups (4). The available data 
pair to tKNAA'" acceptor identity was ini- indicate that the G-U wobble pair is incor- 
tially suggested in biochemical and genetic 
experiments ('1, and was estab-
lished by replacing the wild-type base pair in 
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ACCA ACCA 
G  C  B G  C  

A 	 2 G C 7 1  G  C  
3 G  U 7 0  3 G C 7 0  
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G  
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Fig. 1. Nucleotidc sequence of the EAG 
amber suppressors of (A) tKNAA'" 
(2) and (B) tKNA'-Ys(8).Numbers 
idcntifj, base pair positions in the 
acceptor helix. Shaded nucleotides 
in tlWA'-Y" ditfer from those in 
tlWAA'". 
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