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Bacterial Motility: Membrane Topology of the 
Esche.t.ichia coli MotB Protein 

The MotB protein of Escherichia coli is an essential component of the force generators 
that couple proton movement across the cytoplasmic membrane to rotation of the 
flagellar motors. The membrane topology of MotB was examined to explore the 
possibility that it might form a proton channel. MotB-alkaline phosphatase fusion 
proteins were constructed to identify likely periplasmic domains of the MotB mole- 
cule. Fusions distal to a putative membrane-spanning segment near the amino 
terminus of MotB exhibited alkaline phosphatase activity, indicating that an extensive 
carboxyl-terminal portion of MotB may be located on the periplasmic side of the 
membrane. Protease treatment of MotB in spheroplasts confirmed this view. The 
simple transmembrane organization of MotB is difficult to reconcile with a role as a 
proton conductor. 

OTILE CELLS OF Escherichia coli 
and many other bacteria swim by 
rotating flagellar filaments (1 ) . 

The rotational motion is generated by a 
motor composed of several dozen different 
proteins embedded in the cytoplasmic mem- 
brane, cell wall, and outer membrane (2, 3). 
Output from the motor is transmitted 
through a flexible hook to the flagellar fila- 
ments, which sen7e as semirigid propellers. 
Flagellar motors are powered by proton 
motive force (4) and can rotate in either 
direction (5). Two cytoplasmic membrane 
proteins, MotA and MotB, play key roles in 
this process. Mutants defective in either 
function possess morphologically normal 
basal bodies but cannot rotate their flagella 
(3, 6, 7). The Mot proteins are generally 
considered to be the primary energy-cou- 
pling devices responsible for converting pro- 
ton potential into mechanical work. They 
might, for example, form proton channels in 
the cytoplasmic membrane that interact with 
components of the flagellar basal structure 
and switching apparatus to power the rota- 
tional machinery. Determination of the 

transmembrane organization of MotA and 
MotB molecules may provide useful clues to 
understanding their functions. Here, we re- 
port genetic and biochemical studies that 
show that MotB has a simple topology; it 
crosses the cytoplasmic membrane only 
once, with the bulk of the molecule located 
in the periplasmic space. This finding raises 
the possibility that, rather than acting as a 
proton conductor, MotB might serve as a 
structural support that anchors the rotation- 
al machinery to the cell wall. 

To investigate the membrane topology of 
MotB, we used the Tnphd  transposon (8) 
to construct motB-phoA gene fusions in 
which the catalytic domain of alkaline phos- 
phatase (PhoA) was joined to various 
lengths of the NHz-terminus of MotB. 
Since alkaline phosphatase must be exported 
to the periplasm to acquire enzymatic activi- 
ty, fusion of PhoA to domains of MotB that 
are normally located on the periplasmic side 
of the membrane should result in a Pho+ 
phenotype, whereas hsion to cytoplasmic 
regions of MotB should produce a Pho- 
phenotype (9). We examined 22 indepen- 

Fig. 1. Location of TnphoA insertions and hydro- o 100 , 200 300 

phobic segments in 1MotB. Plasmid pJJ20, a NH2 I I I ' COOH 

pBR322 derivative carrying the motA and motB ,,o+,nphoa . - : : : .- 
loci, served as the target for insertional mutagene- insertions - A  A 

sis by A TnphaA-1, following the procedures of 
Manoil and Beckwith (8). Phosphatase-positive H~d,lp,"~,"~c -- - 
isolates were tested by complementation analysis A B c D 

and genetic mapping to identify plasmids with motB : : TnphoA inserts, and their precise hsion junctions 
were then established by dideoxy-DNA sequence analysis with double-stranded plasmid templates and 
an oligonucleotide primer complementary to the NH2-terminal coding sequence ofphoA. Each triangle 
represents an independent insertion event. The identification of hydrophobic segments in MotB is 
based on the analysis of Stader et al. (13). The relative hydropathicity of each segment is roughly 
proportional to the height of the boxed region. The scale at the top gives the positions of amino acid 
residues in the MotB protein. 

molecule (Fig. 1). As was expected, these 
Pho' fusions joined the motB and phoA 
coding sequences in the proper reading 
frame. In contrast, several Pho- isolates 
chosen as controls either had the p h d  cod- 
ing sequence joined out of frame or in 
inverted orientation. The Pho' isolates ex- 
hibited 20 to 50 times more alkaline phos- 
~hatase activitv than these controls. 

Plasmid-encoded proteins from each of 
the Pho+ isolates were labeled with [35S]- 
methionine and analyzed by electrophoresis 
in denaturing polyacrylamide gels. 1n every 
case the size of the hybrid protein corre- 
sponded closely to that predicted from the 
location of the fusion point in the motB and 
phoA coding sequences ( lo) ,  suggesting that 
MotB-PhoA hybrids are not readily degrad- 
ed, even though other PhoA fusion proteins 
undergo proteolytic processing (8, 9, 11). 
Since native PhoA functions as a dimer (12), 
these findings imply that MotB-PhoA mole- 
cules are capable of forming dimeric or 
higher order complexes. 

The MotB ~ro te in  is 308 amino acids in 
length and contains four moderately hydro- 
phobic segments, which might conceivably 
influence MotB topology by interacting 
with the membrane (13) (Fig. 1). None of 
these segments resembles a cleavable signal 
sequence, and comparison of in vivo and in 
vitro translation products has indicated that 
MotB molecules do not undergo extensive 
proteolytic processing (14). The first hydro- 
phobic region (segment A, residues 28 to 
49) resembles typical membrane-spanning 
sequences in overall hydrophobicity, length, 
and possible a-helical structure. It is flanked 
on the COOH-terminal side by segment B 
(residues 55 to 72), a less hydrophobic . . 

region. Stader et al. (13) have suggested that 
hydrophobic segments A and B both tra- 
verse the membrane, leading to the topology 
shown in Fig. 2 (I), in which most of the 
MotB polypeptide is located in the cytoplas- 
mic compartment. The distribution of Pho' 
wwtB : : ~ n p h o ~  insertion points argues 
against this model (see Fig. 1) .  Rather, it 
appears that much of MotB may reside on 
the periplasmic side of the membrane, since 
fusion of PhoA to many different points in 
the molecule yielded enzymatically active 
hybrids. ~ h e s e .  findings suggested an alter- 
native model of MotB topology, depicted 
in Fig. 2 (11), in which only hydrophobic 
segment A spans the membrane, leaving the 
COOH-terminus of the molecule in the 
periplasm. 

~b distinguish the two topology models 
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shown in Fig. 2, we examined the protease 
sensitivity of native MotB molecules in 
spheroplasts. Since proteases cannot enter 
spheroplasts, only those portions of MotB 
on the periplasmic side of the membrane 
should be susceptible to cleavage. Model I 
predi& that much of the MotB molecule 
should be protected fiom degradation, 
whereas model I1 predicts that much of it 
should be accessible to exogenous proteases. 
Two different enzymes were used in these 
experiments with similar results: protease 
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Fig. 2 Models of MotB membrane organization. 
Letters A to D refer to the hydrophobic segments 
indicated in Fig. 1. 

39 kD MotB - 

Flg. 3. MotB fragment patterns after treatment of 
spheroplasts with uypsin. MotB was expressed 
from plasmid pSYCS2, a derivative of pA- 
CYC184 carrying the motB gene, and labeled with 
[''Slyethionine by the maxicell method (19) in a 
Mot host strain. Spheroplasts were prepared 
with lymzyme and mild osmotic shock and resus- 
pended in 20% sucrose containing 0.03M uis- 
HCI (pH 7.6) and 5 mM EDTA (20). Samples 
were mated with aypsin at 5 mg/ml for 30 
minutes at O°C. Digestion was terminated by 
addition of bovine pancreatic trypsin inhibitor 
(50 m g w  10-minute incubation at O°C). Por- 
tions of the treated samples were then cenarfuged 
to separate intact cells and membranes from solu- 
ble actraceIIular material. Samples were analyzed 
on discontinuous 10% polyacrylamide-SDS gels. 
Approximate molecular sizes were determined by 
comparison to standard marker proteins on the 
same gel. Only the intact MotB protein and its 
two largest uyptic fragments (indicated by ar- 
rows) are shown. 

V8, which cleaves at glummic acid residues, 
and trypsin, which cleaves at arginine and 
lysine residues. The trypsin results are 
shown in Fig. 3. 

Spheroplasts treated with trypsin yielded 
two MotB fragments in the 30- to 33-kD " 
size range, presumably derived fiom one or 
more cleavages in the periplasmic domain 
(Fig. 3, left lane). Fractionation of the treat- 
ed samples by cenaifugation demonstrated 
that both fragments were present in the 
soluble fraction (Fig. 3, middle lane) but not 
in the cell pellet (Fig. 3, right lane), indicat- 
ing that they had originated from the peri- . 

plasmic side of the membrane. These results 
&nfirm the existence of a large periplasmic 
domain in MotB and show, moreover, that 
hydrophobic segments C and D, located in 
the middle of that domain, do not anchor 
the MotB molecule to the membrane. Thus, 
we propose that hydrophobic segment A 
initiates membrane insertion and directs the 
COOH-terminus of the molecule into the 
periplasmic compamnent, as shown in mod- 
el 11 (Fig. 2). 

The Fobable structural relation between 
MotB and the flagellar motor is summized 
in Fig. 4. Flagellar basal bodies are encircled 
by "studs," seen in freeze-fracture prepara- 
tions (15, 16), which Khan has shown are 
missing in cells lacking MotA and MotB 
(16). This finding provides circumstantial 
evidence that MotB molecules are located 
around the periphery of flagellar motors. 
The studs may correspond to the extensive 
periplasmic domain of MotB indicated by 
our topology studies. The cytoplasmic 
NH2-terminus or transmembrane portion of 
MotB could conceivablv interact with 
switch proteins located a; the base of the 
motor to produce or control rotational m e  
tion, as suggested by genetic suppression 
studies (1 7). However, with a single hydro- 
phobic membrane spanning segment, it 
seems improbable that MotB could form a 

Flagellar 
rotation 
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Fig. 4. Structural relation of MotB to the iIageIlar 
motor. The flagellar basal structure is com r i d  
of fau rings connected m a centraI mB that 
transmits rotational motion to the filament (2). 
The bottom ring, embedded in the cytoplasmic 
membrane, is most likely the rotor, whose direc- 
tion of rotation is controlled by associated switch 
proteirk. The MotB protein is probably arrayed 
around the periphery of the basal saucture with 
the bulk of the molecule protruding into the 
periplasmic space. 

proton conductance channel, a function 
more likely senred by MotA, which has at 
least four potential membrane-spanning seg- 
ments (18). What then is the role of MOB 
in flagellar rotation? 

Block and Berg (7) have shown that 
MotB molecules are essential components of 
the "force-generating units" of the flagellar 
motors, each of which produces a quantum 
increase in motor speed (torque). The force 
generators may correspond to the studs seen 
in structural studies. Berg (5) has pointed 
out that the "stator" components of the 
motor are most likely linked to the cell wall, 
providing a solid support from which they 
can push on the "rotor" components. We 
suggest that the periplasmic COOH-tenni- 
nal domain of MotB may serve to anchor 
the force-generators to the cell wall, either 
through direct interaction with the cell wall 
or indirectly through interaction with other 
motor structures, which in turn are attached 
to the cell wall. In either case, these interac- 
tions are probably noncovalent, since force- 
generating units appear to be reversibly 
incorporated into the motor complex (7). 
According to this model, changes in motor 
speed would correspond to variations in the 
n y b e r  of anchor points. More detailed 
structure-function studies of MotB should 
enable us to test these ideas and discern the 
functional role of this protein in bacterial 
motility. 
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Somatostatin Augments the M-Current 
in Hippocampal Neurons 

Imrnunocytochemical and electrophysiological evidence suggests that somatostatin 
may be a transmitter in the hippocampus. To characterize the ionic mechanisms 
underlying somatostatin effects, voltage-clamp and current-clamp studies on single 
CA1 pyramidal neurons in the hippocampal slice preparation were performed. Both 
somatostatin-28 and somatostatin-14 elicited a steady outward current and selectively 
augmented the noninactivating, voltage-dependent outward potassium current known 
as the M-current. Since the muscarinic cholinergic agonists carbachol and muscarine 
antagonized this current, these results suggest a reciprocal regulation of the M-current 
by somatostatin and acetylcholine. 

I MMUNOHISTOCHEMICAL STUDIES IN- 

dicate that prosomatostatin-derived 
peptides are present in intrinsic neurons 

of the hippocampus (1). These peptides 
include somatostatin-28 (SS28) and its 
cleavage fragments SS28(15-28) (SS14; so- 
matotropin release-inhibiting factor) and 
SS28(1-12). Other histochemical studies 
have shown a prohse innervation of the 
hippocampus by fibers containing markers 

for acetylcholine (ACh) (2) that appear to 
project to the same dendritic areas of hippo- 
campal neurons as the SS-containing fibers 
(1-3). Electrophysiological studies indicate 
that activation of chol&pagic muscarinic re- 
ceptors excites pyramidal neurons, probably 
by means of multiple mechanisms, including 
presynaptic actions, reduction of ca2+ cur- 
rents, and suppression of several different 
K+ currents (4-8). 

Fig. 1. Effect of SS superfuslon on transmem- A 
5514 1 pM on brane currents in CA1 pyramidal neurons: s~ngle - 

However, the function of SS14 in the 
hippocampus is less clear. In some studies, 
SS14 or SS28 elicited inhibitions and hyper- 
polarizations of CA1 pyramidal neurons 
with a reduction of input resistance (7, 9- 
l l ) ,  interpreted as an increase in Kt  con- 
ductance. Excitatory effects of SS14 have 
also been reported (12). These disparate 
results may derive from methodological dif- 
ferences or from the recently described inter- 
action of ACh and SS: when applied alone, 
SS elicited only inhibitory effects but en- 
hanced the excitatory effects of ACh on 
cortical and hippocampal neurow (13). 
Thus, excitatoj S ~ 1 4  -effects (12, could 
result from the presence of exogenous or 
endogenous ACh. 

We have pursued the mechanisms of this 
interaction (14) of SS and ACh by using 
intracellular recording techniques in the rat 
hippocampal slice, prepared as described (9, 
15, 16). The slices were completely im- 
mersed in a temperature-controlled record- 
ing chamber and superfused with standard 
artificial cerebrospinal fluid (ACSF) to 
which drugs and peptides were added (15, 
16). Current- and voltage-clamp (1 7-19) 
studies were performed with an Axoclamp 
preamplifier. A total of 39 pyramidal neu- 
rons met criteria for lack of penetration 
injury (15). Resting membrane potentials 
ranged from - 54 to - 75 mV and averaged 
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electrode voltage-clamp data were obtained with 
the use of potassium chloride-filled micropi- - -- 
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uettes. T T X  was ~resent in all records shown here A 
k d  in Flg 2 (A) In a pyramldal neuron held at 

I 

1 second 
restlng potential (-60 mV), SS14 Induces an - 
outward (upward) current accompan~ed by a B c D 
small lncrease m lonlc conductance, as lndcated - - - l o  - -15 -20 

-- - SS14 
by the 10 to 15% lncrease ln slze of the down- - 

ward deflections produced by a 10-mV hyperpo- control -, _- - ti - Ir control- , I 1- 

larlzlng command pulse. Upward deflections are & r " -  I"- C 

due to translent outward currents follow~ng com- s s j 4  -,, - I.,- SS14 -. 
mand offset (probably I,+) Upward arrows ~ndl-  0 5 pM - 1  2 100 - 

I-- 
- 

cate 5-rmnute gaps In the record durlng wh~ch 
- 

Wash -,--- -- 1, Wash --- ' current-voltage curves were generated. Down- h- ,+- 
ward arrowsmd~cate duratlon of SS14 superfu- 
slon (B) In a dfferent neuron, hyperpolar~z~ng 
voltage commands of 5, 10, and 15 mV (top 

f.- 1 second pW 
trace), from a depolarlzed holdng potentlal (VH = -40 mV), produce a 
small lnward lnstantaneous current followed by a slow relaxation to a greater 
lnward steady-state level. The dfference between the lnstantaneous and 
steady-state currents constitutes the M-current (8) Bottom two traces are 
enlargements ( x  1 7) of the relaxatlons obta~ned from control (triangle) and 
SS14-treated (clrcle) condltlons durlng the 15-mV commands, SS14 dou- 
bles the M-current Although only three commands are shown here, 
command steps of -5, -10, -15, -20, and -25 mV were used m thls and 
all other clamped cells (C) The same neuron held at -65 mV (restmg 
potentlal) to ellc~t the Q-current relaxatlons (8) wlth -20-mV commands 

,"-L- 
o- 

0 10 20 
Voltage step (mV) - 

(-10- and -30-mV steps gave equivalent results). Somatostatm-14 had no 
effect on these current relaxatlons as shown by the enlargements [bottom 
two traces ( X  1 7), symbols as In (B)]. (D) M-current relaxatlons from 14 
dfferent CA1 pyramldal cells tested w ~ t h  SS14 or SS28 (at 0.5 to 1 @) and 
averaged (t SEM) over a range of voltage commands. In all cells VH was near 
-40 mV. Somatostatlns double the average SIX of the relaxatlons but have 
no detectable effect on the voltage dependency of the relaxatlons. The 
extrapolated average apparent threshold potentlal for these currents was 
about -70 mV 
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