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Historical - histochemistry with fluorochromes

• Fluorochromes were generally used to study preserved cells and tissues.

• Microtechnical preparation of cells can alter their chemical composition and 
morphology.

• Developmental processes were difficult to study in fixed and killed organisms.



Trends in cytochemistry

• Fluorochromes that stain living cells and tissues are becoming widely used.

• In particular, many of the membrane staining fluorochromes available from 
Molecular Probes can diffuse throughout cells, e.g. Alexa Fluors, cy-series, FM 
stains, Di-series.

• They are for the most part, however, only short term indicators of developmental 
processes.



Fluorescent proteins

• Continually produced within living cells and subject to cellular targeting, 
partitioning, and turnover processes as with all other proteins.

• These proteins are very bright and non-toxic which means that cell and tissue 
development can be monitored over the long term.

• Importantly, fluorescent protein expression and sub-cellular localisation can be 
controlled using molecular biological techniques.

• Enabled super resolution

• Optogenteics



First…what are fluorescent proteins?

• The most widely used fluorescent proteins are derivatives of a native protein from 
the jellyfish Aequorea victoria.

• Many wild type fluorescent proteins are known from coelenterates.

• Fluorescent proteins serve as energy-transfer acceptors, receiving energy from a 
Ca2+-activated chemiluminescent protein called aequorin.



First…what are fluorescent proteins?

• Aequorin binds Ca2+ and emits blue chemiluminescence.

• energy is transferred to GFP which fluoresces in green
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Discovery and development of fluorescent proteins

• Osamu Shimomura first noticed green fluorescent protein in 
1962

• Douglas Prasher cloned the GFP gene in 1992 but didn’t get 
to test it.

• Martin Chalfie expressed the gene in bacteria in 1994. It 
worked! 

• Tulle Hazelrigg was among first to express GFP as a fusion 
protein

• Roger Tsien mutated GFP and obtained variants that excite 
at different wavelengths, emit different colors, or fold more 
efficiently at high temperature.



Wild type GFP wtGFP

• wtGFP is a 238 amino acid protein that fluoresces maximally when excited at 400 
nm with a lesser peak at 475 nm, and a fluorescence emission peak at 509nm.



3D-Structure of GFP

• “Paint in a can”

• Composed of 238 amino acids (27KDa).

• Each monomer composed of a central 
helix surrounded by an eleven 
stranded cylinder of anti-parallel beta-
sheets (shields fluorophore from 
solvent)

• Cylinder has a diameter of about 30 Å 
and is about 40 Å long

• Fluorophore is located on the central 
helix

• Deprotonated phenolate of Tyr66 is 
cause of fluorescence



Wild type GFP maturation

• Chromophore includes amino acids Ser65, Tyr66, and Gly67

It is postulated that the protonated 
excited form of the fluorophore 
converts to the excited phenolate
which is the only fluorescent 
species and emits light at 509 nm.

As a result, a cycle is formed, in 
which the flourophore absorbs a 
photon, then loses a proton, emits 
a photon and finally takes up a 
proton, returning to its original 
state. 



Wild type GFP

• Slow rate of fluorescence acquisition in vivo. Oxidation of fluoropore takes (2-4 
hours).

• Relatively low level of fluorescence.

• Multiple excitation peaks.

• Poor expression in many types of organism.



The green fluorescent protein family

Shaner et al., J. Cell Sci., 2007



Fluorescent protein variants

• Re-engineered GFP has preferred human (or plant etc.) codon usage.

• 20-fold enhancement of fluorescence because of 20-fold increase of GFP protein 
levels

• GFP spectral variants emit different colors and be used simultaneously to monitor 
independent events in cells.

• Some GFP mutants exhibit more rapid formation of the fluorophore.

• Clontech’s Reef Coral Fluorescent Protein (RCFP) family

www.clontech.com



How do we use fluorescent proteins?



How do we use fluorescent proteins?

• Structural studies Genetic modification of an organism for fluorescent protein 
expression.  Promotor can be constitutive or tissue-specific.



How do we use fluorescent proteins?

• Fluorescent protein gene can be fused to a known gene for sub-cellular targeting.



What organisms have been transformed?

C. elegans

bacteria, fungi, Dictyostelium, C. elegans, plants, Drosophila, mammals

Drosophila embryos.



GloFish, the first pet sold with these proteins artificially present.

http://en.wikipedia.org/wiki/GloFish
http://en.wikipedia.org/wiki/Pet


Photo-Activatable Green Fluorescent Proteins

Eric Betzig et al

Cy3 Cy5

Activator Reporter

fluorescent "optical highlighters "



Photo-Activatable Green Fluorescent Protein (PA-GFP)

• The wild type of this protein is extracted from a Pacific Ocean jelly fish “Aequorea
Victoria”  The protein has 238 amino acids and the mutation at the amino acid site 
203 Threonine with a Histidine (T203H) is known as PA-GFP.

G. H. Patterson et al., Science 297, 1873 (2002)

A) β barrel structure of GFP. Has a diameter of ~30Å and a length of ~40 Å. (B)
chemical structure of the chromophore also shown at the center in fig 1. A (yellow
structure).

A B



PA-GFP

G. H. Patterson et al., Science 297, 1873 (2002)



Photoconversion Scheme

• Common Photoconversion Scheme for PAGFP and wEosFP kdp and kp are the rate 
constants for ground state inter-conversions.
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Can show that the functional dependence of the active type molecules upon activation time is given by,

Where,  k a / kb – Activation / Bleaching excitation rates per molecule.
Φa  / Φ b - Activation / Bleaching Yields. 

n a / nn - Number of Active / Inactive type molecules, the 0 subscript denotes the initial numbers.



Irreversible Photoactivation / Photoswitching

G. H. Patterson et al., Science 297, 1873 (2002)



Reversible Photoactivation / Photoswitching





Comparison of the spectroscopic properties of selected photoactivatable
fluorescent proteins (PFAPs)



Few recent Photo-Activatable Proteins  



Photo-Activatable Proteins 



PhotoActivated Localization Microscopy (PALM) principle 

Eric Betzig et al



PALM principle 

• 1. Establish Sparse Subset with Fractional Activation

• 2. Localize: 

– Fit Point Spread Function s ~ 200 nm

– Center Location w Error s~ seN ~ 10 nm



PhotoActivated Localization Microscopy (PALM) principle 

Harald Hess

http://www.hhmi.org/research/fellows/figs/hess_fig.html

A small fraction of a sample's fluorescent 
proteins are put into an "on" state, where 
they glow red when illuminated with yellow 
light. At the highest optical magnification 
each molecule looks like a fuzzy ball about 
250 nm in diameter. However, the center 
where the fluorescent label is located can 
be determined to a fraction of that size. 

Next, a new sparse set of fluorescent 
proteins is turned on and the process 
iterates. In the top frame the accumulation 
of all the fuzzy balls forms the diffraction-
limited image seen in a far-field microscope. 
The bottom frame shows the accumulation 
of the center spots, which builds a higher 
resolution PALM image



PALM: Photo-Activatable Localization Microscopy

• The World’s highest resolution (1-10 nm !!!) optical microscope was developed and 
built in a living room in Michigan. PALM: Photo-Activatable Localization Microscopy

Betzig, E. et al. 313, 1642–1645 (2006)

September 2006!



Gradual assembly of a PALM image

Gradual assembly of a photoactivated localization microscope (PALM) image (right) 
from the center coordinates of the images of many single molecules (flashing spots 
at left), activated and localized one-at-a-time. If the images are summed without 
localization, the conventional optical image is eventually recovered (center).

The process takes anywhere from 2–12 hours per sample and generates 104–105

images.



Obtaining Fiducial Data

• PALM /STORM fiducials are identified as stable light sources during imaging this 
light sources are always on and it could be tracked to 

Betzig, E. et al. 313, 1642–1645 (2006)



First PALM images fixed cells  

Betzig, E. et al. 313, 1642–1645 (2006)



First PALM images fixed cells 

• Mitochondria Section Eos in lumin

•

Betzig, E. et al. 313, 1642–1645 (2006)



First PALM images fixed cells 

• Mitochondria Section Eos in lumin, 

Betzig, E. et al. 313, 1642–1645 (2006)



First PALM images fixed cells 

• Mitochondria Section Eos in lumin, TEM image, 

Betzig, E. et al. 313, 1642–1645 (2006)



First PALM images fixed cells 

• PALM TEM Composite Image

Betzig, E. et al. 313, 1642–1645 (2006)



• ONE EXAMPLE OF THE 
BIOLOGICAL PROBLEM:

• SINGLE PROTEIN EXPRESSION 

Monitor gene expression in real time  with single protein 
molecule sensitivity in living individual bacterial cells



Central Dogma of Molecular Genetic

• The transfer of information from 
DNA to make a protein

• Transcription of DNA into mRNA 
RNA splicing (and alternative 
splicing) to create mature mRNA

• Translation – convert information 
encoded by mRNA into amino acid 
sequence 

The traditional methods for studying the elements of the central dogma involve bulk 
experiments involving ensembles of many molecules. The problem with such 
systems, while they have been very powerful, is that important information is lost 
due to averaging of all states within the system.



How to measure gene expression

• Expression level can be 
estimated by examining any of 
the material or processes in 
red;

• Methods  Northern Blots, 
Microarray

• None of these provides 
complete or accurate 
information – why not?

The only way to solve this is to synchronize all molecules within the 
population. Practically, this is very difficult and synchronization would be rapidly 
lost due to the stochastic nature of these steps; the solution is to observe the 
events of the central dogma at the single-molecule level in the cells .



Imaging Gene expression in Living Cells 

• “Living cells are the test tubes in the 21st century.“

• Nonequilibrium steady state

• Complex reaction network

• Biomolecules (DNA, mRNA) in low copy numbers

• Gene Expression Is A Single-Molecule Problem!

• Monitor gene expression in real time  with single protein molecule sensitivity in 
living individual bacterial cells

Jonathan Widom

E. Coli has 4,288 genes
in the single cell usually  one 

or two copies of the single 
gene



Gene Expression Is A Single-Molecule Problem

• A particular mRNA has only a few copies owing to the short cellular mRNA lifetime. 
Although the copy number for a particular protein varies from 1 to 10000 some 
important proteins such as transcription factors and DNA polymerases are present 
at low copy numbers. 

• Due to the low copy numbers of participating macromolecules, cellular processes, 
such as transcription, translation, gene regulation, and DNA repair, often exhibit 
stochastic reaction events. This means a particular time trace for one cell’s 
behavior is not reproducible and cannot be synchronized with that of another cell, 
even though the statistical properties are reproducible.

• Cellular biochemical reactions often occur under nonequilibrium conditions. Many 
cellular enzymatic reactions such as transcription, translation, and replication occur 
with a constant supply of free energy and substrates.

• Their biochemical reactions are stochastic in nature  and therefore requires

– Real-time measurement in single cells

– With single molecule sensitivity due to the often very low protein copies



Copy numbers in Escherichia coli

Molecular unit Number

Replication errors per genome 0.002

Double-strand breaks per genome 0.2

Replication forks per cell 1.5–6

Gene copies per cell 1–5

β-galactosidase tetramers per uninduced cell 1

F-plasmids per cell 1–3

Transposon copies per genome 1–15

lac repressor tetramers per cell 5

RNAPs per induced lac gene 5–20

DNA polymerase III per cell 10–20

lacZ mRNA per cell 10–30

Ribosomes per lac mRNA 20

DnaG primases per cell 50

Actively transcribing RNAPs per cell 200–2000

RecA molecules per cell 1000

Single-stranded DNA binding protein 1000–7000

Total RNAPs per cell 1000–10,000

Ribosomes per cell 7000–50,000

β-galactosidase tetramers per induced cell 10,000

Total nucleoid proteins (e.g., Fis, HU, H-NS) per 
cell

50,000–200,000

tRNA per cell 60,000–400,000



Immobilizing GFP for Single Molecule Sensitivity

• A GFP molecule in cytoplasm undergoes fast diffusion. Its signal is overwhelmed by 
the strong autofluorescence background

• Problems related to use GFP as gene reporter 

– Long maturation time of the Fluorophore  (after the three Fluorophore forming amino 
acids are  brought together by protein folding  it normally takes 20 min for them to be 
oxidized  

– It normally requires 30 copies of fluorescent protein molecules per Escherichia  coli cell 
in thin order to detect the signal above autoluoresce background 

DIC Image

Fluorescence Image

A few diffusing GFP molecule



Single Fluorophore Detection by Localization

• Immobilizing GFP for 
Single Molecule 
Sensitivity

• A GFP molecule in 
cytoplasm undergoes 
fast diffusion. Its signal 
is overwhelmed by the 
strong 
autofluorescence 
background.

• The proof of detecting 
a single molecule is 
the quantized 
photobleaching of the 
fluorescence signal 

"Nature, 440, 358-362 (2006). 

50-100



Stroboscopic excitation 

• A short laser pulse can overcome the limitation of the slow shutter or frame rate of 
the camera. The shutter and the CCD can be left open for longer times . An intense 
laser pulse for a short duration (∼0.3 ms), during which a protein reporter does not 
diffuse beyond the diffraction limited spot



Stroboscopic excitation 

• Time resolution of live-cell single-molecule detection can be submillisecond, no 
longer dictated by the shutter speed or frame rate of the CCD, but by the laser 
pulse width. 

• The pulse width and dwell time can be varied to probe dynamical properties such 
as residence times of weak binding and diffusion constants

• The drawback of the stroboscopic excitation is that single FP molecules are more 
photolabile under the high pulse intensity.

The fluorescence image was taken with a 300 μs, 50 kW cm−2 laser excitation



Choice of FP

• Bacteria exhibit strong autofluorescence at short wavelength excitation, 
monomeric yellow and red FPs are preferred over blue and green variants for 
single-fluorophore detection

• color, photostability and brightness of FP

• Maturation time of the fluorophore can be the rate-limiting step and determine 
the time resolution of a live-cell experiment measuring protein production.

• Venus variant (YFP) has a short maturation time of ∼7 min in bacteria cells. 

• Does a protein fused to an FP have the same activity and structure as the wild-type 
protein? 

• Repeated photoexcitation of a single FP molecule results in intensity fluctuations 
known as blinking making it difficult to quantify fluorophore numbers from the 
intensity. Under the excitation conditions of a single FP experiment, blinking usually 
occurs on a ∼1-s timescale, which fortunately does not affect data collection with 
an exposure time of 0.1 s



Microscope setup

• An optimized fluorescence microscope  with

– 1. high power argon ion laser >500 mW at 514

– 2. cooled CCD camera with single photon detection capability 

– 3. microscope with motorized xyz stage allows simultaneous  imaging of multiple 
regions and autofocusing

– 4. combination of appropriate diachronic mirrors and filters   and high NA objective

– 5. uniform illumination 



Microscope setup/ stroboscopic illumination 

• To create short laser 
exposure for stroboscopic 
illumination, an acousto-
optical modulator 
(40MHz,LiCONix) was placed 
in the laser beam path as a 
shutter. A high-speed EMCCD 
camera (Cascade 512B, 
Photometrics) was used to 
achieve fast frame rates up 
to 100 frames/sec. 

The acousto-optical modulator is synchronized with the CCD frame rate through a 
Labview based delay generator. At each frame the CCD controller triggers the

Labview program, which then generates a delayed pulse with controllable delay time 
and pulse duration. The pulse train is fed into the AOM driver. In this way we created 
pulsed excitation that is synchronized with the camera



Sample preparation

• Requirements for efficient cell growth 

– Constant temperate for several generation  without drying out

– Two number one coverslips sandwiched 

–
NO FLOW sealed chamber but with enough 
oxygen for  normal cell growth 

FLOW 



Experimental parameters 

• Acquisition time 

• Increasing the acquisition time will lead to photobleaching of the fluorophore for 
instance Venus YFP variant will photo bleach after 250 ms  on average  and this 
leads to decreased signal to noise

• Increasing the acquisition time leads to increased variation in the integrated 
fluorescence intensity due to the stochasticity of different fluorophores 
photobleaching at different times 

• Even for the membrane immobilized Venus fluorophore it slowly diffuses during 
the long  long acquisition time  which further contributes to blurred images  

• Time interval of 3 min between two consecutive acquisition allows

– Cells to grow with minimal photodamge

– If severe photodamage is induced cells will stop dividing after one or two generations 

– With optimal conditions cells keep dividing for more than 5 hours 

– If you are about to track only newly generated YFP – use photobleaching strategy 

– Immediately after 100 ms acquisition photobleach for 1000 ms 

– General  guideline is that photobleaching period must be at least  4 times longer than 
acquisition 



Immobilizing FP for Single Molecule Sensitivity

• PROBLEM how to confine the protein from freely diffusing 

• Monitoring protein production by detecting newly generated protein molecules on 
the cell’s  membrane by fusing them with the Venus gene under the control of lac
promoter once expressed  the membrane targeted protein Venus molecule  quickly 
folds, mature and translocates onto the cell's plasma membrane where they can 
be detected individually 

• Specific binding of Venus labeled transcription factor to its specific site on the 
chromosome DNA which is stationary on the data collection timescale upon 
specific binding transcription factor might be detected at single molecule level and 
in vivo kinetics of IPTG induction 

• Stroboscopic /a short excitation pulses this allow detection of the FP in cytoplasm 
0.3 ms pulses during which transcription factor is nonspecifically bound to DNA . 
Continues stroboscopic illumination can be used to measure protein mobility also 
by determining the shortest excitation pulse needed to maintain diffraction limited 
spot size in the image it is possible to estimate upper limit for the mean resident 
time of the protein on DNA before dissociation



Dynamics of transcription factors 

• repressor-Venus fusion proteins 

• DNA protein interaction can be specific or nonspecific in nature. Specific binding 
means binding to a specific sequence of DNA, whereas nonspecific binding means 
transient, weaker binding to DNA regardless of the sequence context. Both specific 
and nonspecific binding are dynamic equilibrium phenomena with stochastic 
binding and unbinding events, which can now be probed by single-molecule 
experiments in a living cell.

• EXAMPLE lac repressor controls gene expression of the lac operon by binding to 
specific operator sequences of DNA and has been a model system for 
understanding transcription factor-mediated gene regulation

• Confinement due to the stationary  chromosomal DNA

• the repressors dissociate, leading to the disappearance of the fluorescent spots. 
This loss of fluorescent spots signals the onset of gene expression.



Dynamics of transcription factors 

• The dissociation times are stochastic , fraction of operons of a population of cells 
with at least one bound repressor as a function of time at different IPTG 
concentrations. This gives the rate of the repressor dissociation from the operon
upon induction, which is the rate of IPTG binding to the repressor. The latter might 
be limited by the influx of IPTG through the cell membrane. This experiment 
demonstrates the measurement of live-cell kinetics of transcription factors.

• reverse experiment IPTG is diluted  

This gives the first experimental measurement of how fast an individual DNA binding 
protein searches for its target sequence in a living cell. 



Searching for specific binding site

• Von Hippel&Berg studied this subject in the 1980s. Facilitated diffusion

• In searching for a target DNA sequence, a DNA binding protein first nonspecifically 
binds to DNA and undergoes 1D diffusion along a short segment of DNA before 
dissociating from DNA, diffusing in 3D through the cytoplasm, and rebinding to 
different DNA segment.



Searching for specific binding site

• Mean-square displacement for nonspecifically bound transcription factors for 
different time intervals. The red line shows a linear fit of the mean-square 
displacement. The fitting agrees well with normal diffusion in the imaging plane,

• <x2> = 4Deff t, with Deff = 0.4 mm2 s−1

D1D 0.046 μm2 s−1

D3D 3 μm2 s−1 measured by fluorescence correlation spectroscopy 

Deff = D3D (1 − F) + FD1D /3, where F is the fraction of time the repressor is 
nonspecifically bound to DNA, and that the second term is negligible, 

F =90%. 



Imaging Gene Expression in a Live E. coli Cell

• Confinement on plasma membrane Tsr gene in place of LacZ under repressed 
conditions , repressor is tightly bound to its operator sites , however infrequent 
dissociations result in transcription events that generate few  copies of the protein 
molecules

Nature, 440, 358-362 (2006). 

YFP Venus variant 



DATA analysis -Creating a cell lineage map with gene activities 

• Extracting the number of expressed protein molecules in each image  frame of the 
fluorescent movie

• Assigning each molecule to individual cells according to bright filed images

• For extracting use thresholding algorithm 

• Next  each fluorescent dot must be assigned to the corresponding  cell this part can 
be automated but it is crucial to inspect results since some dots that appear at the 
edge of the cell might confuse the program/ perfect alignment between 
fluorescence  and bright filed imaging is required

• The last step just simply plots the number of protein molecules generated in each 
cell lineage along the time axis 

FP proteins used as tags +COOH can be purified  from the cell culture immobilized on 
the surface and characterized 



Single Molecules of Membrane Immobilized GFP

Cell division cycle: 40 min



Stochastic Gene Expression Bursts of Cell Lineages/Translation 

• Time-lapse movie of fluorescence images ( yellow) overlaid with simultaneous DIC 
images ( gray) of Escherichia coli cells expressing Tsr-Venus fusion proteins under 
the repressed condition. In the experiment, images are collected every 3 min with a 
100-ms exposure immediately followed by a 1-s exposure for photobleaching to 
prevent accumulation of FPs. 



Translation 

• Although most studies have been limited to protein expression at high levels 
because of low sensitivity, it is important to study the repressed condition for two 
reasons. 

• many important regulatory proteins, such as transcription factors, have low protein 
copy numbers

• the analysis of the stochastic time trajectories at a low expression level allows us 
to obtain quantitative information about the size and shape of translational bursts 
and the cell cycle dependence of the bursts

• What do the translational burst size and shape tell us?



Stochastic Gene Expression Bursts of Cell Lineages

• Time traces of the expression of Tsr-Venus protein molecules (left) along three 
particular cell lineages (right) extracted from time-lapse fluorescence movies. The 
vertical axis is the number of protein molecules newly synthesized during the last 
three minutes. The dotted lines mark the cell division times. The time traces show 
that protein production occurs in random bursts, within which variable numbers of 
protein molecules are generated.



Distribution of GFP Molecules per Burst

• bursts have a larger characteristic width of 7 min, given by the time constant of the 
exponential autocorrelation function of ∼7 min time constant is consistent with 
the live-cell maturation time of Venus measured by an ensemble assay.

An exponential distribution with an average of burst size b = 4.2 per mRNA molecule

The origin of the exponential distribution is related to the short cellular lifetime of 
mRNA because of the presence of RNase E, a ribonuclease, which degrades mRNA 
upon binding to the ribosome binding site.



mRNA Degradation Determines the Burst Size

Number of protein per mRNA, N,

follows an exponential distribution

( ) (1 )Np N   



mRNA Degradation Determines the Burst Size

• mRNA lifetime measurement, with a 1.5 min exponential decay of mRNA over time, 
which means, on a single molecule basis, the probability density of cellular mRNA 
lifetime also follows an exponential distribution with a 1.5 min time constant

Histogram of the number of expression events per cell cycle. The data fit well to  
Poisson distribution (solid line), with an average of 1.2 gene expression bursts per cell 
cycle. 

Cell cycle dependence of the gene expression rate for lac promoter under repressed 
conditions. The division cycle of each cell was divided into four time windows of 
equal length. The result shows that more gene expression bursts are observed at the 
later stage of the cell cycle.



Why more gene expression bursts are observed at the later stage …

• replication of the chromosome results in two or more gene copies at later stages of 
the cell cycle, which increase the protein production rate

• a collision between the replication machinery and the repressor as the replication 
fork moves through the gene may result in the dissociation of the repressor from 
its operator and hence a burst of proteins

• the probability of bursts is still well distributed across the entire cell cycle, which 
suggests that basal level of expression does not result solely from the collision 
between the replication machinery and repressor. Had that been the case, the 
bursts would only occur at a specific point during the cell cycle.



Membrane proteins and stochastic nature of protein expression 

• Many proteins involved in cell sensing or signaling reside on the membrane

• Lactose permease, a membrane transporter for lactose encoded by the lac operon. 
Expression of the permease is controlled by the lac repressor responding to the 
level of inducer (IPTG) in the media IPTG-isopropyl-d-1-thiogalactopyranoside 

• Under partial induction, genetically identical cells in a population can exhibit two 
different phenotypes, induced and uninduced, with extremely different expression 
levels of the permease



Summary  What Have We Learned?

• Many important cellular processes, such as transcription, translation, and 
replication, occur with low copy numbers of macromolecules and hence require 
single-molecule sensitivity to probe their dynamics.

• The low copy numbers of macromolecules result in the stochastic behavior of 
biochemical reactions and molecular motions, which cannot be synchronized 
among a population of molecules or cells.

• Detection by localization allows a single FP to be imaged upon binding on DNA or 
attaching to the cell membrane. Stroboscopic excitation allows detection of a single 
FP nonspecifically bound to DNA or freely diffusing in the cytoplasm with 
submillisecond time resolution. Tandem repeats of fluorophores can be used to 
visualize single DNA loci and mRNA molecules.

• A transcription factor searches for a target sequence on the genome by repeated 
nonspecific binding on and 1D diffusion along different DNA segments, with a 
residence time of less than 5 ms, separated by much faster diffusion through the 
cytoplasm between two segments in less than 0.5 ms.



Summary What Have We Learned?

• Under repressed conditions, mRNA molecules are generated in a Poisson process 
owing to random dissociation of the repressor from the operator. Under induced 
conditions, however, multiple mRNA molecules are generated in pulses of 
transcriptional activity.

• Protein production occurs in bursts with one mRNA generating a few copies of 
protein molecules. The number of protein molecules produced per mRNA follows 
an exponential distribution.

• Stochasticity in gene expression is manifested both in the random events of 
transcription or translation in time in a single cell, and in the variation of copy 
numbers of protein or mRNA per cell in a population of cells at a particular time. 
Both measurements give the same values for the transcription frequency and 
translational burst size.


