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We have constructed a confocal fluorescence micro-
scope combined with force measurements. Our method
allows for simultaneous measurements of fluorescence
anisotropy, energy transfer and correlation. The metho-
dology and the sensitivity of the set-up using enhanced
green fluorescent protein are described. We present
results on (a) the detection of mRNA polymerization
during in vitro transcription using fluorescence corre-
lation spectroscopy and anisotropy, (b) detection of in
vivo protein-DNA interactions using fluorescence ani-
sotropy and (¢) nanomanipulation of polytene chro-
mosomes using the micropippete force sensor. Such a
combined method allows for probing novel structure-
function relationship underlying gene-expression.

RECENT progress in single-molecule force and fluores-
cence detection' ™ has opened new possibilities in the area
of nanobiology. Typical sensitivity in these measure-
ments is in the range of femtonewton forces* and sub-
nanomolar concentrations’. The ability to manipulate and
detect single-molecules provides a handle to probe the

*For correspondence. (e-mail: shiva@ncbs.res.in)
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subtle relation among structure, function and dynamics of
biomolecules and their interactions. In addition, such
methods are finding increasing analytical applications,
for example, in sorting and counting of single-molecules,
rare-event detection, probe-target binding, high through-
put screening, imaging of cells and single-molecule DNA
sequencings’g. In the above fluorescence-based studies, a
number of specific methods (such as fluorescence
correlation spectroscopy (FCS), anisotropy, energy
transfer and lifetime techniques) have been used with some
advantages and disadvantages. For example, in FCS when
analysing heterogeneous molecule ensemble samples, the
sampling of multiple events results in ensemble averaging
and hence an integrated method using both energy-
transfer and anisotropy of molecules would provide a more
quantitative method. The intensity and anisotropy recorded
at fast binning time (as low as 100 ns) can be used to re-
solve different conformations and conformational fluctua-
tions of single-molecules. Therefore, a combined experi-
mental set-up that incorporates various fluorescence
methods provides a powerful tool to investigate single
biomolecular interactions and their dynamics. In addition,
its integration to a force sensor allows one to tune the
biomolecular structure—function relationship.

Here we describe the development of a confocal fluo-
rescence microscope with fluorescence correlation and
anisotropy tracking combined with sensitive micropippete
force sensor. We present experiments to address the bio-
physical aspects of gene-expression that illustrate the im-
portance of the above methods. In particular, we show (a)
the detection of mRNA polymerization during in vitro
transcription using fluorescence anisotropy and correla-
tion spectroscopy, (b) detection of in vivo protein-DNA
interactions using fluorescence anisotropy and (c¢) nano-
manipulation of polytene chromosomes using the micro-
pipette force sensor.

Figure 1 is a schematic of our experimental set-up. An
inverted optical microscope (model IX 70; Olympus, Japan)
is placed on a vibration isolation table (model 63-573;
Technical Manufacturing Corporation, Peabody, MA, USA).
The instrument incorporates an Ar-ion laser (model 163-
DO0105, 125 mW; Spectra-Physics, Mountain View, CA,
USA) for the excitation of the sample. Neutral density (ND)
filters (model NDKO1; ThorLabs, Newton, NJ, USA) fit-
ted on a filter wheel (model FW2A; ThorLabs) in front of
the laser are used to attenuate the power of the laser when
so desired. The laser beam diameter is expanded from 0.7
to 4.2 mm using the appropriate lens combination to
minimize the focal diameter in the object plane. The
beam is passed through a polarizer (model 03 FPG 001,
dichroic sheet polarizer; Melles Griot, Rochester, NY,
USA) before being passed into the microscope. The laser
emits in three wavelengths — 458, 488 and 514 nm. The
488 nm laser line is selected using an excitation filter
(model HQ480/40x; Chroma, Brattleboro, VT, USA) fit-
ted in the filter cube (model UMF2; Olympus) of the micro-
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Figure 1. Schematic of the experimental set-up. D, Dichroic mirror; Fe.,, Emission filter; F.,, Excitation filter; L,, L,,

Ls, Ls, Focussing lens; My, M,, M3, Mirrors; Obj, Objective (100 x/1.4 NA), ND, Neutral density filter; P, Microscope
prism; PMT, Photomultiplier tube; PZT, Nanometre precision 3-axis piezoelectric transducer stage; APD, Avalanche pho-

todiode.

scope. The laser beam is reflected to the objective (100X,

1.4 NA, oil immersion; Olympus) using a dichroic mirror

(model DM500; Olympus) fitted in the cube. Using a
sliding lens ( f'= 300 mm, to focus in the back focal plane
of the objective) in the laser path, we can get a Kohler il-
lumination for fluorescence visualization of the complete
field of view.

Precise movement of the sample with respect to the
confocal spot is achieved using a nanometre-precision
three-axis piezo-electric transducer (PZT) stage (range
100 um X 100 pm x 20 pm, model 547.3CL; Physik In-
strumente, Waldbronn, Germany) controlled by a LVPZT
amplifier module (model E-503.00; Physik Instrumente)
with a Position servo controller (model E-509.C3; Physik
Instrumente) and a PZT displacement display (model E-
515.03; Physik Instrumente). The Position controller is
interfaced to the computer through a shielded BNC con-
nector board (model BNC-2090; National Instruments,
Austin, TX, USA) connected to a 16-bit data acquisition
(DAQ) board (PCI-MIO-16XE-10; National Instruments).
Coarse movement of the sample is provided by a manual
two-axis microscope stage (IX-MVR; Olympus). Coarse
movement on the third axis is provided by the focusing
controls of the objective.
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For force measurement, micropipettes (force cantile-
vers) are pulled from borosilicate glass capillaries
(BF120-94-10; Sutter Instrument Company, Novato, CA,
USA) using a pipette puller (horizontal puller, model P-
97; Sutter Instrument Company). The pulling is opti-
mized to consistently give us micropipettes with tip size
of about 0.5 um and taper length of a centimetre. The
micropipette is coated with 30 nm of gold using a sputter-
ing machine with a film thickness monitor (model sputter
coater 108 auto; Pelco International; Redding, CA, USA).
After coating, the micropipette is fixed onto a microma-
nipulator (right-handed motorized micromanipulator with
remote, model DC3001; World Precision Instruments
nc., Sarasota, FL, USA). The micromanipulator allows
the micropipette to be positioned relative to the fluores-
cence excitation and the red laser in the sample plane.
The light beam from a red laser (635 nm, 5 mW power,
model 31-0128; Coherent, Auburn, CA, USA) is ex-
panded using a combination of two lenses (aspheric lens,

f=4.5 mm, model C230TM; ThorLabs, and planoconvex

lens, f=100 mm, model BPX075; ThorLabs). A third lens
(planoconvex lens, f=50 mm, model BPX060; Thor-
Labs) is used to focus the beam onto the pipette. The
forward scatter from the pipette is collected through the
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objective and used to image the pipette on the quadrant
detector (QD; four-element, segmented photodiode, model
SPOT-4DMI; UDT sensors, Hawthorne, CA, USA). An
iris is used in front of the quadrant detector to block all
ambient scattered light and thereby improve the signal-to-
noise ratio. The output currents from the four segments
are fed into a quadrant amplifier (model 431 X-Y Posi-
tion Indicator; UDT Instruments, Baltimore, MD, USA).
The voltage output from the amplifier (a measure of the
position of the micropipette tip) is fed into the computer
through the data acquisition board. The displacement of
the micropipette tip, which gives us the bending of the
micropipette, is used to calculate the force exerted by the
micropipette. The custom-made micropipettes, whose
stiffness can be tuned by the fabrication process, offer a
flexible alternative to atomic force cantilevers. Bright
field imaging in transmission mode is achieved using a
fibre-optic microscope lamp (model PL-900; Dolan-Jenner,
Lawrence, MA, USA). A CCD camera (model XC-77CE;
Sony, Japan) attached to the camera port of the micro-
scope is used to acquire images, display it on a TV monitor
(model KV-B14PDI1; Sony), recorded on a videotape
through a video cassette recorder (model VC-MA33; Sharp,
Japan) or digitized onto the computer using an image
acquisition card (IMAQ card, model PCI-1411; National
Instruments).

The fluorescence collected from the sample through
the objective lens is reflected to the side port using the
microscope optics. A 50 um pinhole (model P50S; Thor-
Labs) is used to section the image plane. The pinhole is
mounted on a XYZ stage (model 460P-XYZ; Newport
Corporation, Irvine, CA, USA) with three motorized ac-
tuators (model 850G; Newport Corporation) connected to
a three-axis motion controller (model ESP 300-111N2;
Newport Corporation) interfaced to the computer through
the RS-232 interface. Light passing through the pinhole is
focused on the avalanche photodiodes (APDs; single pho-
ton counting modules, model SPCM-AQR-14; Perkin
Elmer, Fremont, CA, USA) by a biconvex lens (f= 35 mm,
model LB1811-B; ThorLabs). Prior to this, the beam is
passed through an emission filter (HQ535/50 m; Chroma),
to remove all the wavelengths other than the emission
band of the fluorescent molecule, and split into its polar-
ized components using a polarizing beamsplitter (model
5811; New Focus, Santa Clara, CA, USA). The APDs are
powered by a DC power supply (triple output DC power
supply, model 3630A; Agilent, Palo Alto, CA, USA). The
outputs from the APDs are used for correlation measure-
ments by connecting them to the correlator board (model
Flex99R-480; Correlator.com, Bridgewater, NJ, USA), or
sampled at a fast timescale using a dual channel gated
photon counter (model SR400; Stanford Research Sys-
tems, Sunnyvale, CA, USA) gated with a function gene-
rator (30 MHz Function and Arbitrary Waveform
Generator, model DS345; Stanford Research Systems), or
counted at a low time bin using the DAQ board. The cor-
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relator board and the dual channel photon counter are in-
terfaced to the computer using the USB and RS-232
interface respectively. A movable mirror, which can re-
flect light on to a photomultiplier tube (model P10PC;
Electron Tubes, Rockaway, NJ, USA), is used to align the
pinhole. For simultaneous force measurements, a dichroic
(model 580DCSP; Chroma) is used to reflect the forward
scatter of the red laser projected on the pipette, while the
fluorescence light is transmitted to the pinhole (Figure 1).

In Figure 2, a typical intensity time series is shown to
illustrate the detection of single-molecules passing through
the confocal volume. Figure 2 a shows the linear depend-
ence in fluorescence intensity to the sample concentration
down to sub-nanomolar concentration. In Figure 25 we
plot the typical correlation function of enhanced green
fluorescent protein (EGFP) molecules using FCS®. The
correlation function G(7) is defined as

G(x) = (F(OF(t+71))
(F(t)*)

where F(f) is the fluorescence intensity measured at time
t. To obtain the diffusion timescales of EGFP, the data
were fitted to

1

N[H‘] [1+‘]
Tp Tn,

where G(t) is the theoretical correlation function for
freely diffusing molecules in 3D, N the average number
of fluorophores in the confocal volume, T, the resident
time in the confocal volume along the XY plane and 1,

G(t)= +1,
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Figure 2. Plot of a typical time series of EGFP intensity measured

resolving individual molecular events. «, Plot of mean counts at vary-
ing concentration of EFGP; b, Typical correlation function of EGFP. ¢,
Histogram of the counts of the time series.
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the resident time in the confocal volume along the Z-axis,
which defines the correlation in a confocal volume. From
the fit, the G(0) value (which is a measure of the average
number of fluorescent particles in the confocal volume)
and T ((1)2 = 4D1;, where  is the 1/¢* radius of the con-
focal spot and D the diffusion constant) are obtained. T
for EGFP is obtained as 0.14 ms.

The sensitivity of the anisotropy’ measurement was
calibrated by measuring the anisotropy of EGFP at differ-
ent concentrations (Figure 3). As expected, the standard
deviation reduces with increasing concentration and the
mean value of anisotropy is independent of concentration
above 10 nM. In Figure 3 (inset), the anisotropy at differ-
ent viscosities (realized by mixing glycerol to the solu-
tion while keeping EGFP concentration fixed) is shown.
The viscosity dependence of anisotropy is given by the
Perrin equation,

"o
1+tRT’
nv

where r is the anisotropy of the fluorophores, ry is the
anisotropy of the immobilized fluorophores, n the viscos-
ity of the medium, V' the volume of the fluorophore mole-
cules, T the fluorescence lifetime, R, the gas constant and
T the temperature. The solid line (inset, Figure 3) shows
the fit to the above equation.

In Figure 4 (inset), a schematic of the transcription reac-
tion is shown. Transcription is a polymerization process
of the nucleotides, and in our experiment the fluorescent-
labelled nucleotides are incorporated into the growing
polymer chain. The anisotropy of the fluorophores in the
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Figure 3. Concentration dependence of anisotropy. Plot of mean ani-

sotropy and standard deviation at different concentrations of EGFP,
(Inset) Plot of mean anisotropy as a function of viscosity. EGFP con-
centration was kept constant at 30 nM. The fit to the Perrin equation is
also shown.
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polymer would be more than that of the fluorophores at-
tached to single nucleotides. Over time, the concentration
of the free nucleotides decreases as the mRNA concentra-
tion increases due to polymerization. The anisotropy of
the total solution is then given by

=Yt
i

where 7; is the anisotropy of a transcript of length i bases
(single nucleotides being i = 1), and f; is the fractional
contribution to total fluorescence from transcripts of
length /. Due to mRNA polymerization, the fractional
contribution to total fluorescence from the individual
fluorophores decreases as a function of time, and the con-
tribution from polymers increases. This causes an in-
crease in total anisotropy over time. To test this, a tran-
scription reaction was carried out using T7 luciferase
control DNA (Promega) and T7 transcription Kkit
(Promega). (Transcription protocol: The total reaction
volume is 20 pl and contains all the required ingredients
(T7 RNA polymerase, r-ATP, r-UTP, r-GTP, r-CTP) for
the production of the luciferase mRNA. In the 20 pl tran-
scription reaction mixture a fraction of 1/10 of r-UTP is
fluorescently labelled by mixing Alexa488-labelled r-UTP
(Molecular Probes) and non labelled r-UTP. Sample well is
made using an O-ring fixed onto a clean micro cover
glass using paraffin. All the reagents and the sample well
are made RNAse free. The control DNA concentration
used for transcription is 20 ng/ul.) In Figure 4, anisotropy
vs time is shown clearly depicting the polymerization
process. To confirm that the observation was due to poly-
merization of nucleotides to mRNA, the transcription re-
action was repeated in the absence of the template DNA.
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Figure 4. Plot of anisotropy as a function of time during transcription

reaction. Increase in anisotropy due to polymerization of nucleotides is
observed. (Inset) Cartoon of polymerization of mRNA from free nu-
cleotides during transcription.
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In the absence of DNA, no mRNA is formed, and there-
fore we find that the anisotropy signal remain constant.

In Figure 5, we plot the correlation function for the
mRNA, EGFP and the background to compare the distinct
changes in the diffusion timescales. For this the mRNA
was purified and FCS was done on the transcripts. The
mRNA transcripts from the transcription reaction were
purified using RNeasy kit (Qiagen). The transcripts were
then diluted five fold in nuclease-free water and the cor-
relation measurement was done. The characteristic time-
scale of diffusion T, is inversely proportional to the
radius of the diffusing species and is obtained from the
fits. As the polymerization produces mRNA of about
1700 bases length, the timescale should be of the order of
a few milliseconds, which is much higher than the EGFP
correlation timescales. From the plot, we calculated t) of
the mRNA to be 9 ms.

To rule out the possibility of the measurement being
from an aggregation of nucleotides and not mRNA, an
enzymatic digestion reaction for RNA was performed.
For this 1 ng of RNAase was added to the solution and
correlation was measured with time. RNAase degrades
the mRNA to its monomer units. This causes a decrease
in the size of the chains and therefore a decrease in the 1,
values (inset, Figure 5). The plot shows clearly the de-
crease in Tp values, which accompany the degradation of
mRNA, and finally the correlation is lost since the time-
scales decrease below the detection range and are masked
by the noise of our equipment.

Besides the in vitro measurement of mRNA polymeriza-
tion, we have also used the fluorescence anisotropy tech-
nique to measure in vivo protein-DNA interaction. The
system studied is the Escherichia coli bacterial system,
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Figure 5. Plot of autocorrelation functions of water (background),

EGFP and mRNA showing characteristic timescales calculated from
the fits (solid lines). (Inset) Plot of autocorrelation functions of mRNA
undergoing enzymatic degradation at three different time points.
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where the cells (MC4100 strain) were transformed either
with plasmids coding for EGFP or EGFP-lacl fusion pro-
tein. Lacl protein works as a repressor to gene-expression
from lac promoter by binding to specific DNA sites. It
also has strong non-specific interaction with DNA and
therefore is mostly found bound to the DNA in the cell.
Since anisotropy measures rotational mobility of the fluo-
rescent species (EGFP-lacl in our case), an enhanced ani-
sotropy is expected when the protein is bound to DNA,
than when freely floating. Figure 6 shows the distribution
of anisotropy measurements in cells with EGFP-lacl pro-
tein and those with only EGFP. Since EGFP-lacl is ex-
pected to bind to the DNA and therefore have slower
rotational motion, its anisotropy is higher than that meas-
ured for in vivo free-floating EGFP. Each distribution in
Figure 6 is one of anisotropy measured at a fixed point in
the cell acquiring every 0.1 s for 30 s. We also find dif-
ferent anisotropy values at different regions of the same
cell in the case of MC4100 with EGFP-lacl (data not
shown). DNA-rich regions show distinctly higher values
of anisotropy than the other regions, which have an almost
uniform anisotropy value. In contrast, for MC4100 with
EGFP there is uniform anisotropy throughout, since
EGFP has no preferential affinity for DNA. Our set-up
therefore has the sensitivity to pick up differential anisot-
ropy signals in vitro as well as in vivo.

We have combined the confocal fluorescence set-up
with glass micropipette (1 cm taper length and 0.5 pum tip
diameter)-based force detection®. We present here an ap-
plication to probe the unzipping forces of a condensed
polytene chromosome (Figure 7). A single salivary gland
cell, derived from Drosophila larvae, was squashed on a
glass cover slip. The micropipette was coated with poly-
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Figure 6. Distribution of anisotropy measurement on a cell with

EGFP (mean ~0.2) and that with EGFP-lacl. Increase in anisotropy for
EGFP-lacl (mean ~ 0.33) is caused by its binding to DNA.
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Figure 7. Force extension curve measured on a chromatin fibre. (In-

set) Micropipette tip with a 2 pm bead attached to it for comparison.

L-lysine and then touched on the polytene chromosome
lying on the coverslip. The chromatin fibre was then
pulled from the polytene chromosome of Drosophila sali-
vary gland using the micropipette. Typical force exten-
sion curves are plotted in Figure 7. The possibility to tune
the structure of the chromosome using the micropipettes
allow us now to simultaneously study the nucleosome
dynamics using single-molecule fluorescence tracking
methods.

We have constructed a confocal fluorescence measure-
ment set-up having subnanomolar detection sensitivity
with force measurement capability. The set-up is config-
ured to study various fluorescence properties, using
mainly fluorescence anisotropy, fluorescence resonance
energy transfer (FRET) and FCS measurements. We have
used our set-up to measure the changes in anisotropy dur-
ing transcription of mRNA, and confirmed the measure-
ment by FCS of the purified mRNA transcripts and
enzymatic degradation of the transcripts. The combination
of FCS, fluorescence anisotropy and FRET measurements
makes our set-up ideal for ultrasensitive measurements in
gene-expression studies. The multiple parameters would
allow us to resolve the heterogeneity of the sample by re-
cording the individual members of the ensemble with
high time resolution. We have also extended the applica-
tion of the set-up to measure protein-DNA binding inside
single bacterial cells. Apart from fluorescence, the set-up
also allows us to simultaneously measure and exert forces
while recording fluorescence.
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Signal recognition particle (SRP) plays a critical role
in the co-translational translocation of membrane-
bound and secreted proteins. An essential component
of SRP is the protein SRP19, which is the initiator of
the SRP assembly. An amphioxus cDNA clone, Amphi-
SRP19, encoding the protein SRP19 is isolated from
the gut cDNA library of Branchiostoma belcheri tsing-
taunese. The predicted amino acid sequence of Amphi-
SRP19 exhibits 52.8, 54.9, 42.3, 35.3, 28.2 and 19.7-
24.6% similarity to its known counterparts from
human, mouse, Drosophila, rice, thale cress and five
fungi species respectively. Like other eukaryotic
SRP19 proteins, AmphiSRP19 has the most conserved
amino acid residues located at the sites required for
binding to SRP RNA. Northern blotting and in situ
hybridization analyses show that AmphiSRP19 is ex-
pressed in all the tissues examined, including noto-
chord, gill, muscle, gut and fully-grown testes and
ovaries of adult amphioxus, and in all the embryos
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