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The bacterial flagellar motor. The bacterial flagellar motor is a complex biological 
nanomachine, assembled by coordinated expression of many genes. It spans the cell membrane 
and rotates an extracellular filament that extends several micrometers from the cell surface, at 
speed of hundreds of Hertz. It contains ∼13 different proteins and is powered by a 
transmembrane ion flux through a ring of stator complexes pushing on a central rotor. The E. 
coli motor switches direction stochastically in response to binding of the ‘response regulator’ 
protein (CheY) to the rotor switch component (FliM). Much is known about the static motor 
structure, but the dynamics of its individual components are less well understood. This paper 
describes measurements of the stoichiometry and turnover of FliM in functioning flagellar 
motors, obtained using high-resolution fluorescence microscopy of E. coli cells containing FliM 
with an attached fluorescent protein.  
 
Question: Describe how the stoichiometry and dynamics of the flagellar motor were studied.  
 

Answer:  Wild type E. coli FliM was replaced with a version that had an attached fluorescent 
protein (FliM-yPet).  The new strain showed wild-type levels of protein expression and similar 
motor properties to wild-type cells. Cells were attached to a microscope coverslip via an 
antibody that bound to the motor filament and were observed using bright-field (illuminated 
from below and observed from above) and total internal reflection fluorescence (TIRF) 
microscopy (Fig. 1; book Fig. 7.1.15). Cells were observed to either rotate freely around a single 
motor or were immobile (presumably because of multiple rather than single filament 
attachments to the surface). Bright-field images of the rotating cells allowed the center of 
rotation to be found.  The TIRF images indicated a fluorescent spot at this center, confirming the 
presence of a functional motor containing fluorescent FliM. The observed fluorescence intensity 
from the spot was carefully analyzed using a symmetrical 2D Gaussian function (Fig. 7.2.6 in 
book) plus a uniform local background. Two components could thus be assigned to circular 
regions centered on each spot (radius 400 nm) and imaging software was used to separate and 
quantify these two components. The full width at half maximum of spots was typically 300–350 
nm, consistent with a FliM ring of diameter of ∼50 nm convolved with a microscope point 
spread function of a single YPet molecule of 250–300 nm. Fig. 2B shows the decay in the 
fluorescence intensity of the tethered spinning motor shown in Fig. 2A, under continuous TIRF 
illumination. The decay is stepwise with roughly integer spacing that is consistent with 
irreversible photobleaching of single YPet molecules (intensity IYPet). The initial intensity I0 was 
calculated by using an exponential fit to extrapolate the trace back to the start of the bleach and 
the stoichiometry was estimated as the ratio of I0 divided by IYpet. Analysis of these data 
suggested that there are 20–70 FliM molecules per motor.   
 

FliM turnover was studied by photobleaching FliM-yPet in tethered, spinning motors with a 
300-ms focused laser pulse. The exchange of photobleached molecules in the motor with 
unbleached molecules from elsewhere in the cell was detected using FRAP (see book Fig. 
7.1.10). The reciprocal technique of FLIP in which unbleached motors lose fluorescence because 
of exchange with bleached molecules from elsewhere in the cell, proved technically challenging 
in circulating tethered cells but both FRAP and FLIP could be performed on immobilized cells.  
These results indicated a turnover of FliM-YPet in the motor of ∼10 min. Simulations of the 
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results indicated that the recovery traces could be best fitted by using two different populations 
of FliM-YPet in each motor: 10 molecules fixed in the motor over the experimental time scale 
and 20 mobile molecules with a mean dwell time in the motor of ~40 s. This scheme is 
consistent with structural models of the C ring that suggest the existence of two different FliM 
conformations in the motor.  


