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I
n 1683 Antony van Leeuwenhoek published the first 
microscopic description of bacteria, which he isolated 
from the plaque between his own teeth. He acquired 
the images using a simple magnification device 
with a hand-ground lens. This important milestone 
highlights a common occurrence in the microbiological 

sciences – significant advances in our understanding of the 
microscopic world are often linked closely to technological 
developments. In the last three decades, advances in laser 
and light detection technologies have allowed us to quantify 
the small displacements, and associated forces, generated by 
a single enzyme molecule. This article aims to make clear the 
need for single-molecule studies on microbial systems, and 
to highlight some recent milestones in this area.

The unfamiliar world of a single molecule
The nature of the ‘nanoscopic’ environment where an enzyme 
must function is very different to the macroscopic world in 

which we live. Imagine standing in a crowded room where 
people are standing elbow-to-elbow and trying to move  
across the room while the floor beneath you is jiggled violent- 
ly. Your attempts to move in a directed way will be scrambled 
by frequent collisions with your neighbours. This resembles 
the effects of ‘thermal noise’ (Brownian motion) and molecular 
collisions on single molecules, which together drive the pro-
cess of diffusion in a liquid by pushing molecules in random 
directions. This is a good approximation of the environment 
where enzyme molecules must function and the physical 
obstructions to movement that they must overcome.
 At first glance, the ‘noisy’ environment inside a cell appears 
an inhospitable place for any molecular process. Furthermore, 
thermal noise increases with temperature, thus it is amazing 
that certain microbes can flourish under extremely hot 
conditions. In fact, it is thought that an enzyme can use the 
energy released from a chemical reaction to bias the thermal 
forces acting on it and drive mechanical motion.

 Here, two key bacterial enzyme  
complexes are used to show how single-
molecule-level investigations have  
advanced our understanding of ‘nano- 
scopic’ motion: Escherichia coli RNA 
polymerase and the bacterial flagellar 
motor. These examples are typical of  
two classes of ‘molecular motors’, which  
are characterized by their ability to 
couple a favourable chemical reaction 
to directed ‘linear’ and ‘rotary’ motion, 
respectively. Using state-of-the-art phys-
ical techniques, the motion of these 
tiny motors can be observed in real 
time and provide new insight into their 
mechanisms. Advances in fluorescent 
imaging have allowed single molecules 
to be observed in living cells. Recent 

work on gene expression at the single-
cell level is used as an example of this 
approach.

Mechanics of gene 
transcription
Transcription of a gene into RNA is a 
vital biological process as it is the first 
committed step in gene expression. The 
enzyme responsible for transcription 
in bacteria, RNA polymerase (RNAP), 
must move along the DNA template. 
Due to its relatively large physical 
size, an RNAP molecule may pull the 
DNA through its active site during 
transcription, rather than moving 
along the DNA and pushing through 
the crowded cytoplasmic environment. 

If this occurs, RNAP should be able  
to generate force and do ‘work’ (work =  
force × distance moved).
 To determine if RNAP could do work, 
researchers tethered an appropriate 
DNA template between an E. coli RNAP 
immobilized on a surface, and a micron-
sized bead held in optical tweezers. 
Optical tweezers use photon pressure  
to ‘trap’ a micron-sized particle at a  
spot in solution where a laser beam 
is focused. When transcription was  
restarted, the RNAP pulled on the DNA  
tether and displaced the bead held in the  
optical trap (Fig. 1). These displace- 
ments were converted into linear velo- 
cities of ~10 bp s–1, or ~3.4 nm s–1. By  
increasing the force against which  
the RNAP must act, the researchers  
were able to stall transcription. This  
force, ~25 picoNewtons (pN), is equi- 
valent to the weight of ~25 red  
blood cells. These were the first experi- 
ments to show that RNAP is able to 
do work and thus can be considered a 
‘molecular motor’.
 A simple model for RNAP movement 
along the DNA template might pre- 
dict that this molecule should move 
in discrete ~0.34 nm steps, which are  
equivalent to the distance between two  
base pairs. Recent technological im-
provements have allowed this discrete 
stepping to be observed at the single-
molecule level. The steps observed are 
consistent with E. coli RNAP moving 
forward 1 bp for every ribonucleotide 
triphosphate incorporated into the 
growing RNA chain. This result implies 
RNAP couples polymerization directly 
to forward translocation along the DNA 
template, which is consistent with a 
Brownian ratchet type model.

Recent advances in imaging 

technologies have enabled 

researchers to pinpoint individual 

molecules in living cells, as 

Christoph Baumann describes.

Studying  
single  
molecules  
in microbial  
systems

 Coloured transmission electron micrograph of transcription 
complexes from Escherichia coli on DNA (blue horizontal line). 
During DNA transcription, complementary mRNA strands (blue 
vertical lines) are synthesized. Dr Elena Kiseleva / Science Photo 
Library
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How does RNAP track along the DNA helix?
The DNA duplex is composed of two complementary 
strands running in opposite directions, which coil around a 
common axis to form the DNA double helix. To determine if 
E. coli RNAP follows a helical path along the DNA template, 
researchers used a similar experimental geometry as described 
above. However, instead of using optical tweezers to trap 
the bead, an iron magnet was used to hold a micron-sized 
magnetic bead and stretch the tethered DNA template above 
a glass surface, i.e. magnetic tweezers. The magnetic bead 
was labelled with small (20 nm) fluorescent beads, allowing 
the rotation of the large bead to be followed by viewing its 
magnified image from above by fluorescence microscopy 
(Fig. 2). If the surface-immobilized RNAP followed the 
right-handed helical path of the DNA template, the bead 
should rotate once for every ~10 bp traversed (number of 
base pairs per helical turn of DNA). Indeed, the bead was 
observed to rotate clockwise at a rate ≤1 DNA turn s–1 during 
transcription, which was consistent with the linear velocity 
(~10 bp s–1) measured in the optical tweezers experiments. 
The ability of the RNAP to rotate the bead, and by association 
the DNA, also showed that it could produce torque just like 
a macroscopic motor.

Bacterial propulsion
Many bacteria are able to propel themselves through their  
liquid environment using flagella. The rotary motor 
responsible for this propulsion is known as the bacterial 
flagellar motor – it consists of ~10 torque-generating units 
arranged like a static bearing around the rotor shaft and 
anchored in the bacterial cell wall. The flagellar motor can 
be fuelled by either proton-motive force or sodium-motive 
force, whereby the inward flux of ions across the cytoplasmic 
membrane, and down an electrochemical gradient, drives 
rotation. The flagellar motor should undergo discrete mech-
anical steps; however, its high speed and predicted small 
step size had prevented the resolution of these steps. Using a 
bacterial strain expressing a ‘slower’ sodium-driven chimaeric 
flagellar motor, and high-speed video recording of a 200 nm 
fluorescent bead attached to an intrinsically sticky flagellar 
filament (Fig. 3), researchers have been able to visualize indi- 
vidual steps for the first time. 13.7° steps were observed with 
typically 26 steps per revolution. The number of steps observed 

per revolution is consistent with the 
number of FliG molecules thought to 
exist in the torque-generating rotor. 
This work begins to shed light on how 
electrochemical gradients are coupled 
to directed motion and highlights how 
recent technological advances enable 
new milestones in the single-molecule 
field to be achieved.

Gene expression at the  
single-cell level
All biological events are dependent on 
the collision of one or more molecules. 
The expression level of a protein in a 
cell is dependent on several collisional 
complexes leading to ‘active’ complexes, 
e.g. one or more transcriptional acti- 
vators binding to RNAP and the 
promoter DNA, and a ribosome binding 
and translating the RNA transcript. In 
addition, most genes in bacteria exist in 

only one copy, which further reduces 
the probability of a collision. These 
collisions are driven by thermal forces, 
which are random or stochastic events. 
As a result, gene expression can often 
be random too.
 The expression level of a protein 
is usually determined by averaging 
a population of cells, which masks 
its random nature. By combining 
laser-induced fluorescence and cell 
microscopy (Fig. 4), the production of 
a fluorescent protein (GFP) localized 
on the inner bacterial membrane could 
be followed in real-time in individual 
cells. Single-molecule detection of 
fluorescent proteins in live bacterial 
cells removes the aforementioned 
ensemble averaging. The GFP gene 
was under the control of a repressed 
lac promoter, thus protein production 
represented leaky gene expression. 
This work showed that each gene 
expression event, or mRNA molecule, 
was translated to yield approximately 
four protein molecules per molecule of 
mRNA. By allowing low-copy-number 
proteins to be imaged in real time, 
this approach allows the effects of 
stochasticity on fundamental biological 
processes to be investigated directly.

Future prospects
The last decade has seen great advances 
in the areas of single-molecule detec- 
tion and manipulation. These advances  
will continue as new technologies  
from the physical and chemical sci-
ences are applied in the biological 
sciences. Such developments will allow 
greater temporal and spatial resolution 
at both the single-molecule and single-
cell levels.
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Advances in single-molecule detection 
will continue as new technologies  
from the physical and chemical sciences 
are applied in the biological sciences.

 Figs 1–3. Determination of the ability of RNAP to do work by watching it pull 
on a DNA molecule (1), measurement of the ability of RNAP to rotate a DNA 
molecule and thus track along the DNA helix (2), and observation of discrete 
mechanical steps of a bacterial sodium-driven chimaeric flagellar motor (3).  
C. Baumann, based on images in the Further reading articles
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 Fig. 4. Using laser-induced fluorescence 
and cell microscopy to follow the 
production of a fluorescent protein (GFP) 
localized on the inner bacterial membrane 
in real time. C. Baumann, based on an 
image in a Further reading article
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