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Abbreviations
 
AFM atomic force microscope BSA bovine serum albumin 

DNA deoxyribonucleic acid TEW Tris, EDTA, Tween20 

OT optical tweezers Tween20 polysorbate 20 

MT magnetic tweezers DMA direct memory access 

RNA ribonucleic acid RF radio frequency 

ds double stranded FPGA field-programmable gate array 

ss single stranded PZT piezoelectric (lead zirconate titanate) 

NTP nucleoside triphosphate PD position sensitive detector 

PID proportional-integral-derivative Tris tris(hydroxymethyl)aminomethane 

WLC worm-like chain EDTA ethylenediaminetetraacetic acid 

FJC freely-jointed chain RF radio frequency 

AOD acousto-optical deflector FPGA field-programmable gate array 

NA numerical aperture PZT piezoelectric (lead zirconate titanate) 

BFP back-focal plane DDS direct digital frequency synthesizer 

AD analog-to-digital ABEL anti-Brownian electrokinetic 
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1. Introduction 

1.1. Single molecule manipulation techniques in biophysics 
Studies of single molecules can reveal the characteristic non-uniformity of biomolecules 
and biological functions. In comparison, traditional bulk experiments yield only average 
values of the molecular distributions. Moreover most ensemble methods are blind to short 
lived non-equilibrium states [1]. Single molecule manipulation methods such as atomic 
force microscopy (AFM) [2], optical tweezers (OT) [3], magnetic tweezers (MT) [4], or 
laminar flow fields [5] can exert force on single biomolecules and record spectrum of 
forces. AFM generates high forces (10-10000 pN) with nanometer spatial resolution [6]. 
OT apply forces in the range of 0-150 pN with simultaneous position resolution better 
than 1 nm [7]. MT and flow stretching work with forces lower than OT (typically below 
10 pN) with position resolution around 1-10 nm [5]. In all techniques the Brownian 
background introduces noise in to the measurements. Because the nature has found ways 
to utilize this "noise" in biomolecular functions, seems it only reasonable to expect similar 
innovativeness from the scientists designing the single molecule manipulation techniques. 

Many interesting biological phenomena fall into the force and position resolution range of 
optical tweezers, e.g. RNA polymerase step length 0.34 Å [7], RNA hairpin opening 
20 nm at 15 pN [8], DNA overstretching 60-70 pN [9], molecular motor stall force [10]. 
In future I would expect to see combined techniques which would incorporate the 
resolution advantage of OT to the speed and ease of data collection of bulk 
measurements. 

1.2. Optical tweezers and feedback control 
Optical tweezers use focused laser light to trap and manipulate small particles. In 
biophysical applications micrometer sized dielectric spheres (beads) are used as handles. 
Biological molecules or larger entities are attached to these beads and manipulated with 
OT. Experiments are usually performed in buffered aqueous solutions at room 
temperature. The aqueous environment produces random thermal forces that shows as 
Brownian motion of the trapped bead. Feedback control can reduce this Brownian motion 
and already the first OT instrument featured feedback [11].  

The efforts to reduce the Brownian motion of the trapped bead (position clamp) has 
resulted in a wide range of techniques to implement control. Wulff et al. constructed their 
feedback loop with fast steering mirrors [12]. Preece et al. used a spatial light modulator 
for beam steering in position-clamp experiments [13]. We used acousto-optic deflector 
based steering accompanied with simple proportional control on field programmable gate 
array (FPGA) based calculation to reduce the Brownian motion of the trapped bead [14]. 
The fast calculation and ease of re-programming the FPGA allowed us to improve our 
feedback by taking into account the control dynamics in our instrument [15]. Optical 
tweezers are limited to manipulate the dielectric spheres. The anti-Brownian 
electrokinetic (ABEL) traps utilize feedback controlled electric fields and have shown 
remarkable ability to track and control directly the biological molecules [16]. 

Biological machinery uses primarily chemical energy to generate motion and force. The 
movement ranges from Ångströms to tens of micrometers and in time spans from 
milliseconds to several minutes. Such movements can be monitored without changing the 
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potential energy landscape, which is the interaction potential between the motor and the 
substrate the motor is moving on, by using force-clamp control [17]. Force-clamp control, 
which keeps the load on the translocating motor constant, with OT has been accomplished 
by passive methods using the non-harmonic region of the optical potential [17,18]. Active 
control, which utilizes digital or analog feedback, have been demonstrated with piezo 
controlled stages [8,19], with beam steering by acousto-optical deflectors [20,21], with 
beam intensity modulation by acousto-optical modulators [22], and by line-scanning the 
beam and modulating the intensity to create constant optical potential field [23]. We will 
implement our force-clamp feedback in the dumbbell configuration: two beads, with the 
interesting biomolecule in between, are trapped with OT and the feedback controls the 
bead separation. The dumbbell configuration disentangles the experiment from the 
surface of the glass chamber and avoids instrumental and environmental noises rising 
thereof [24]. 

1.3. Lambda exonuclease 
The lambda phage is a bacterial virus infecting Escherichia coli. The entire genome of 
this bacteriophage is in a single linear 48502 base pairs long dsDNA molecule. One of the 
73 proteins that -phage encodes is exonuclease. DNA exonucleases, in general, are a 
vital part of the DNA replication, repair and recombination machinery [25,26]. In phage 
lambda, especially, the exonuclease is responsible for the DNA recombination [26,27]. 

-exonuclease converts dsDNA to ssDNA by digesting 5’ mononucleotides from the 
DNA duplex. The -exonuclease structure has been determined by X-ray 
crystallography [26]. It consists of three sub-units that form a toroidal homotrimeric 
molecule (Figure 1). The central opening narrows down in such a way that dsDNA fits 
the wide end but only ssDNA can fit through the narrow end. This structure also implies 
the high processivity (>3000 bp) of the enzyme—once the enzyme is bound to the DNA it 
remains there until the end of the strand or dissociation of the monomers [26]. 

 
Figure 1. A) Crystallographic structure of -exonuclease with 2.4 Å resolution shows three identical 
sub-units that form a toroid. (image from RCSB PDB www.pdb.org, PDB ID: 1AVQ, original data 
from [26]). B) Model for the binding of the -exonuclease to the dsDNA. (figure excerpt from [26]) 
C) Schematic representation of the enzymatic activity of the -exonuclease. -exonuclease digests 
dsDNA in the 5'-3' direction leaving ssDNA and free mononucleotides. 
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The -exonuclease requires no NTP hydrolysis; the energy comes from the degradation of 
the DNA strand [28]. Precence of Mg2+ and a 5'-terminal phosphate are prerequisites for 
the exonuclease activity [25].  

1.4. Aim of the thesis 
The specific aims of this thesis were: 

 to formulate a theory for force-clamp control of dual trap OT  
 to design a measurement protocol for OT experiments to measure linear motion of 

a molecular motor at constant force 
 to measure -exonuclease progress on dsDNA template under constant force at 

different temperatures 

2. Theory 

2.1. Force-clamp control on DNA dumbbell 
The focused laser beam of optical tweezers creates a steep light intensity gradient. This 
gradient forms a harmonic potential well for a micron sized polystyrene sphere (bead) 
immersed in water [29]. When trapping micron sized beads in water the mass of the 
object is often neglected due to its small contribution to the equation of motion [30]. The 
equation of motion of a bead in a harmonic potential well reads then 

 Fxxkx T .  (1) 

Here the driving force F is a random thermal force with a white Gaussian noise 
spectrum [30]. Bead and trap positions are x and xT, respectively. Spring constant k 
defines the stiffness of the harmonic trapping potential and  represents the friction 
coefficient of the surrounding liquid. The classical way of calibrating the OT is to Fourier 
transform equation 1 and fitting this to the power spectral density of the trapped bead 
position [30]. 

Two optically levitated beads, tethered together by a DNA construct, create a dumbbell. 
Similarly, as for one bead in an optical trap, an equation of motion can be written for the 
dumbbell. In matrix form this reads [24]  

 )()()()( T
1 tttt Fxkxx ,  (2) 

where x = [x1  x2]T is the bead position deviation, and xT = [xT1  xT2]T is the trap position 
deviation from equilibrium. The random thermal force is F = [F1   F2 ]T. The mobility 
matrix µ and the stiffness matrixes  and k are: 
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where ki;i=1,2 is the trap stiffness and kDNA is the stiffness of the DNA which is modeled as 
a harmonic spring. Figure 2 explains the used stiffness and position values in equation 2. 
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Figure 2. DNA-dumbbell construct in optical tweezers is modeled as two beads x1 and x2, trapped in 
harmonic potentials k1 and k2 at locations xT1 and xT2, damped by surrounding fluid with friction 
coefficients 1 and 2, and connected with a DNA with spring constant kDNA. 

From the mobility matrix µ we have omitted the hydrodynamic coupling between the 
beads. This coupling introduces off diagonal terms to the mobility matrix but they are 10-
fold smaller than the friction coefficients when using 16 µm long DNA tethers [24].  

In force clamp experiments the left bead is held in the stationary trap (xT1(t) = 0) whereas 
the right bead is held in the steerable trap. The steering algorithm uses the Proportional 
and Integral parts of the PID-controller. The PI-controller uses the difference between the 
measured force in the stationary trap k1x1(t) and the set-point force Fset as the error signal 
Ferr = Fset k1x1(t). The steerable trap position is thus 

 ...)2()()()()(
11

2 tFtFtF
k
GtF

k
Gtx errerrerr

I
err

P
T ,  (3) 

where GP and GI and are the proportional and integral gains, respectively. Equation 3 
takes into account the loop delay  = 19 µs between the bead position measurement x1 and 
the movement of the trap xT2 [14]. The integral term is defined as a sum of the preceding 
force-errors with sampling period intervals  = 5 µs. Equation 3 can be Fourier 
transformed to give 
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where the integral term at the final stage is written using the geometric series. Fourier 
transforming of equation 2 yields 
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have been used. 

Equation 5 can be solved for the Fourier transformations of the bead positions  
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These equations can be used to solve the power spectral density for the bead position in 
the stationary trap  
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and for the bead position in the steerable trap 
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as well as for the steerable trap position 
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and for the extension of the DNA 
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These equations 8-11 are plotted together with experimental data in Figure 11. With the 
above equations one can predict the behavior of the feedback system and use them to 
estimate the feedback gains before the experiments. 

2.2. Differential elasticity of DNA: worm like chain and freely jointed 
chain 

Double stranded deoxyribonucleic acid (dsDNA) is a double-helical structure of two 
chains of complementary nucleotides wound around each other [31]. In water solution 
dsDNA behaves as a flexible polymer. Without stretching it coils randomly to much 
shorter end-to-end distance than the fully stretched length of the polymer (contour 
length).  
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Figure 3. Possible coil formations of a flexible polymer. Without stretching the end-to-end distance is 
much shorter than the contour length. When pulling the polymer the number of distinct coil 
formations reduces. 

When pulling from the ends of the dsDNA one reduces the number of distinct coil 
formations the polymer may take (Figure 3). The stretching force is therefore doing work 
to reduce this conformational entropy of the polymer [32]. The mechanical properties of 
dsDNA are explained by the worm-like-chain (WLC) model. The WLC model describes 
dsDNA as an intermediate of a rigid rod and a flexible coil. The bending of the polymer is 
defined by single parameter: the persistence length Pds. It defines a length scale over 
which a local direction correlation persists (i.e. the expectation value of the cosine 
between the tangent of the zero position and the tangent at a distance s away falls like 
exp(-s/Pds) ). For dsDNA the persistence length in physiological salt solution is around 
50 nm [33]. Marko and Siggia proposed an interpolation formula for the WLC model [34] 
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to relate the stretching force F  to the extension of the DNA zds. Here kB, T, and L0 are 
Boltzmann constant, temperature, and DNA contour length, respectively. When equation 
12 is fitted to data it might cause a 5% uncertainty in the persistence length compared to 
an exact numerical solution with a seventh-order correction polynomial (into which 
equation 12 reduces when zds  0 or zds  L0) [35]. 

When applying forces that exceed 10 pN the chemical bonds of the DNA structure will be 
slightly modified. The stretching will reveal the elastic properties of the molecule when 
the polymer is pulled beyond its contour length [33]. Wang et al. modified the WLC 
model to account this fact by replacing zds/L0 with zds/L0 F/Sds where Sds is an elastic 
stretch modulus [36]. The elastic stretch modulus defines the force at which the contour 
length would be doubled. 

Modeling the entropic elasticity of single stranded (ss) DNA is less straight forward than 
with dsDNA. This is due to the hairpin formation caused by salts, ions, and pH in the 
solution [37]. Smith et al. suggested freely-jointed chain (FJC) model that has found wide 
use [9,38-40]. The FJC model describes ssDNA as a chain of statistically independent 
rigid (Kuhn) segments of length Pss whose orientations are uncorrelated. Taking into 
account that the Kuhn segments can stretch as well as align, the extension zss as a function 
of external force F is 
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where Sss is the elastic stretch modulus for ssDNA. 
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We followed the enzymatic activity of lambda exonuclease by using difference in 
elasticity between ssDNA and dsDNA at low forces. This configuration leaves the 
exonuclease free into the solution without the need to bind it into any surface that might 
affect its activity. The followed rate of the change in extension vext at constant force Fset 
can be converted to the actual rate of the exonuclease vexo 

 ext
setsssetds

setds
exo v

FzFz
Fzv

)()(
)( . (14) 

2.3. Enzymatic activity and temperature 
Usually enzyme catalyzed reactions increase the activity by a factor of 2-3 per 10°C 
temperature increase [41]. However, at higher temperatures the enzymes start to lose their 
three dimensional structures and the denaturation of the enzyme eventually stops the 
reaction. For most enzymes this happens at 40-50°C [41,42]. 

3. Methods 

3.1. Optical tweezers: trapping, detection, and steering 
The optical and electronic setup was explained in detail [14,15]. In short the optical 
tweezers were built around an inverted microscope (Eclipse TE2000-U, Nikon). Before 
entering the microscope the trapping laser beam (Compass 1064-4000, Coherent) was 
collimated and split with a polarizing beam splitter to two paths. One path went through 
AOD crystals (45035-3-6.5deg-1.06-xy, NEOS-Technologies) whereas the other path 
stayed unmodified. The beams were then combined and imaged onto the microscope 
objective's (CFI Apo TIRF 100XH, NA 1.49, Nikon) back-focal plane (BFP). Two diode 
lasers (785 nm, HL7851G, Hitachi, and 830 nm, DL5032-001, Thorlabs), coupled 
through single mode fibers and imaged onto the objective BFP, measured the position of 
the trapped beads. The sample chamber resided on top of the objective and the detection 
laser light scattered from the beads was collected with a condenser (HNA-OIL, NA 1.4, 
Nikon) on top of the chamber. The detection laser light was then imaged on position 
sensitive detectors (S2-0171, Sitek). These detectors provided a voltage signal according 
to the bead position in the detection laser beam. The voltage signals were recorded with 
the FPGA-card’s 16-bit AD converters. Figure 4 shows the schematic view of the optical 
setup. 

The AODs were controlled by direct digital frequency synthesizers (DDS) (64010-
20022AMDFS, Neos Technologies) which generated the 25 MHz-45 MHZ RF-signal that 
creates the standing wave in the AOD crystals. This standing wave pattern acts as a 
grating that deflects (steers) the laser beam. The DDS device took the digital control word 
from the FPGA (PCI-7833R, National Instruments) which defined the used frequency and 
hence the trapping beam deflection.  
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Figure 4. Schematic for dual trap setup. Trapping path: (1064) trapping laser source, (SH) shutter, 
(L) lens, (FI) Faraday isolator, (HWP) half-wave plate, (PBS) polarizing beam splitter, (AOD) 
acousto-optic deflector, (M) mirror, (D) dichroic mirror. Mcroscope: (CCD) camera, (TL) tube lens, 
(BFP) back-focal plane, (OBJ) objective, (COND) condenser, (PZT) piezo stage, (LED) light emitting 
diode, (F) filter, (PD) position sensitive detector. Detection path: (785, 830) detection laser source, 
(SMF) single mode fiber, (OC) output coupler. 

3.2. Sample chambers 
Experiments were performed in custom made sample chambers (see Figure 5 and Figure 
6). A microscope coverslip and a microscope glass slide were glued together with double 
sticking tape (200 µm thick, Tesa). The tape was cut with a knife to form three channels. 
Holes were drilled into the microscope slide where silicon tubings were glued. These 
tubes introduced the sample into the chamber pumped by a syringe pump. The syringe 
pump created three separate parallel laminar flows inside the chamber. With a pumping 
velocity of 1 µl/min the 400 µl sample volume permitted measurements lasting for several 
hours. At 1 µl/min the flow velocity 5 µm above the glass surface (spherical aberrations 
prevent experiments deep in the chamber [43]) was ca. 5 µm/s depending on the 
dimensions of the individual chamber. Moving inside the chamber and between the 
separate channels was accomplished with piezoelectric (PZT) stage featuring a 
20x20 mm2 moving range. 
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Figure 5. Sample chamber: double sticking tape glues microscope cover glass and microscope slide 
together to form the chamber.  

3.3. Biological samples 
The samples in the three channels were: CH#1 contained streptavidin coated polystyrene 
beads (1.87 µm diameter, Kaiser Biotech) in TEW buffer (20 mM Tris pH 8, 1 mM 
EDTA, 150 mM NaCl, 0.05 mg/ml BSA, and 0.1% Tween20). CH#2 carried the DNA at 
3.5 pM concentration in the same buffer. CH#3 contained either TEW buffer (static force-
clamp experiment, Section 4.1) or -exonuclease (125 U/ml) in 1x exonuclease reaction 
buffer (New England Biolabs) (exonuclease experiment, Sections 4.2, 4.3). The 48 kb 
(16 µm) long DNA construct used in the experiments was prepared from phage  DNA by 
annealing biotinylated oligonucletides on the same strand to both the 5’ and 3’ ends [44].  

Experiments started by trapping two SA coated beads, one in the stationary and one in the 
steerable trap, in CH#1. The steerable trap was moved so that the trapped beads were 
positioned 10 µm apart from each other. The PZT stage was then used to move the beads 
into the second channel containing the DNA. In CH#2 the DNA was "fished" between the 
beads by extending the DNA with PZT movement. To check whether there is a tether or 
not, beads were pulled 16 µm apart until there was a change in the force signal indicating 
the presence of a tether. After this confirmation the dumbbell construct was transferred to 
the CH#3 for experiments. During this transportation the dumbbell configuration was 
kept normal to the moving direction (orthogonal to the flow) to prevent new tethers from 
forming while travelling through the DNA channel. During the static force-clamping the 
flow was stopped whereas for the exonuclease experiments the flow was on. 

 
Figure 6. Syringe pump injects the samples and maintains the laminar flows in separate channels. 
CH#1: Bead trapping, CH#2: DNA fishing, CH#3: experiments. 

3.4. Temperature control 
To achieve the specified temperature inside the sample chamber we machined an 
aluminum jacket to encase the objective (Figure 7) [45]. The hollow Al-jacket was sealed 
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with a ceramic plate glued and screwed water tight. The circulating water was pumped 
through the collar. The water was heated and pumped with a lauda pump (MT, MGW 
Lauda, Lauda Dr. R. Wobser GmbH & Co. KG). The lauda was heated to the specified 
temperature before starting the experiments. 

 
Figure 7. Schematic view of the heating element on the objective. 

3.5. Configuration of the field programmable gate array 
The field programmable gate array (FPGA) -card collected the signal from the position 
sensitive detectors and controlled the AODs through the DDS. We used a LabView 
FPGA Module (version 2009, National Instruments) to program the card. The FPGA 
program consisted of three main loops, see Figure 8, which run in parallel. The feedback 
loop consisted of blocks which handled the data acquisition, filtering, feedback 
calculation, and AOD control. This loop was running at 200 kHz rate. Voltages were 
measured with 16-bit precision and filters were 4th order digital butterworth low pass 
filters with modifiable corner frequency. The second loop communicated with the host 
computer for data recording and analysis through direct memory access (DMA) FIFOs. 
The loop rate of this loop could be adjusted depending on the experimental requirements. 
The third loop read in the manual controls from the operator and passed these commands 
to the first loop for AOD control. 



 
 

16 
 

 
Figure 8. Loop structure running on the FPGA. FPGA allows a truly parallel loop structure unlike 
processor based architectures. Loop#1 reads the position data and controls the trap position. Loop#2 
handles the communication between the computer and the FPGA for real-time data 
visualization/analysis and recording. Loop#3 reads the manual rotary controllers.  

3.6. Measurements and data-analysis 
In the static force-clamp experiment the detector laser beams were moved 16 µm apart so 
that both bead positions could be recorded. Table 1 shows the data sampling and 
recording rates during the experiments. Data was collected for 2 s for each value of the 
gain parameters. The time series were then Fourier transformed and the power spectrum 
was binned into 1000 logarithmically distributed frequency blocks for visualizing 
purposes. The theoretical predictions (using calibrated values and the used gain 
parameters) were overlaid on top of the experimental power spectra. The calibrated values 
were trap stiffness (k1, k2) (from power spectrum method [30]), detector sensitivity (from 
AOD scan [21]), and DNA stiffness. The DNA stiffness was calculated from the force-
extension curve by fitting a straight line to the data points around the set point force. The 
force extension curve was measured by manually pulling the tether with the rotary 
controllers. The AOD steps during the pull were 30 nm and pulling speed was ~1 µm/s. 
The force and extension values were calculated as 
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where xTi(AOD) are absolute trap positions, xi are deviations from the equilibrium bead 
positions, and di are the bead diameters.  
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Table 1. Used sampling and recording rates in the experiments. 

Experiment Static force clamp Exonuclease exp. Force-extension 
measurement 

Sampling rate 200 kS/s 200 kS/s 200 kS/s 

Recording rate 200 kS/s 8 kS/s 8 kS/s 

Digital filtering none 2 kHz low pass 2 kHz low pass 

In exonuclease experiments only one detector laser was used. Feedback keeps the force 
constant by moving the steerable trap during the enzymatic activity and the steerable trap 
therefore quickly moves beyond the detector region. For the force-extension 
measurements x2 was replaced with k2

-1k1x1 in equation 15.  

During the force-clamp control the set-point was arbitrarily chosen Fset = 1.7 pN. The trap 
position time series were divided into 50 s data sets with 90% overlap. To these blocks a 
linear fit was made to get the rate of the extension change. The exonuclease rate was 
calculated using equation 14 and the velocities were then plotted as a histogram to deduce 
the mean velocity and velocity distribution.  

4. Results 

4.1. Static force clamping 
The DNA dumbbell was fished as explained in Section 3.3. Feedback control was then 
switched on. Figure 9A and C show the time series of the force and trap position 
fluctuations together with 100 Hz low-pass filtered data. The histograms of the unfiltered 
time series in Figure 9B and D remain Gaussian distributed. Reducing bead fluctuation 
increases the trap movement.  
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Figure 9. Measured time series for force (A) and trap position (C) show that increasing the gain 
reduces the force fluctuation by increasing the trap motion. Black curve shows 100 Hz low-pass 
filtered data.  (B) and (D) show the histograms of force and trap position with Gaussian fits 
(unfiltered data). 

The calculated standard deviations in force and trap position are shown in Figure 10. At 
full bandwidth the I-gain alone can increase the force fluctuation (Figure 10A, GI = 0.3) 
but at low frequencies the I-gain reduces the force fluctuation (Figure 10B). P-gain 
reduces force fluctuations at full bandwidth but the effect at low frequencies is 
insignificant. 
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Figure 10. Standard deviations for force F and trap position XT2 at (A) full bandwidth show how P-
gain can reduce force fluctuation. (B) below 100 Hz I-gain is more effective than P-gain to reduce the 
force fluctuations. 

Figure 11 shows the Fourier transformations of the measured time series for force, bead 
position in the steerable trap, trap position, and DNA extension. The broken lines 
proportional to f 2 and f -2 are shown as a guide to the eye. Solid black lines show the 
corresponding power spectral densities calculated from the theory (equations 8–11). 
Without feedback the force power spectrum resembles that of a Lorentzian curve. I-gain 
reduces the force fluctuations at low frequencies as f 2 and explains the decrease in 

F(100 Hz) in Figure 10B. I-gain alone produces a small peak in the spectrum (green curve 
with GP=0 and GI=0.3) which is the reason for the increase in F in Figure 10A. P-gain 
can reduce this resonance peak. The power spectra of trap position, steerable bead 
position, and extension (Figure 11B, C, and D) show how increased gain increases the 
area under the power spectra which results in stronger fluctuations. 
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Figure 11. Measured power spectral densities for force (A), steerable bead position (B), trap position 
(C), and extension (D) show that the theoretical predictions (solid black line) follow the 
measurements. 

4.2. Force clamp control and -exonuclease activity  
Figure 12A shows the measured force and Figure 12B shows the concurrent extension of 
the construct during the exonuclease activity. Figure 12C shows the measured rate of the 
extension change and this rate is histogrammed in Figure 12D. Gaussian fit (with two 
peaks) to the histogram gave mean velocity 6±2 nm/s and after using equation 14 the 
enzymatic rate of the -exonuclease was therefore (25±8) nt/s. 
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Figure 12. (A) Measured force and (B) tether extension during enzymatic activity of -exonuclease. 
The red line in (A) shows the force set-point, 1.7 pN, for the force clamp control. Gaps in the force 
and extension data indicate the time points when the force -extension curves were measured (see 
Figure 13). (C) The rate of the extension change calculated from the time-series in (B). (D) Histogram 
of the rates showing an average rate of 6±2 nm/s and a peak around zero when there is no activity. 
Negative rate is due to drifting. Integral of the histogram was normalized to 10 for visualizing 
purposes. 

To demonstrate the difference in elasticity between ssDNA and dsDNA the force-clamp 
control was momentarily switched off to measure the force-extension curve. Figure 13 
shows these time flashes of initially pure dsDNA converting gradually towards ssDNA. 
The force-extension curves of partly ssDNA show hysteresis during stretching (stretching 
direction is indicated with arrows in Figure 13). After 1640 s the exonuclease paused or 
dissociated from the strand because the stretching curve (as well as the extension in 
Figure 12) remained unchanged. 
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Figure 13. Stretching curves (arrows indicate the pull direction) of the DNA construct while the 
exonuclease is degrading one strand. The gradual change from dsDNA (t = 0 s) towards ssDNA 
(t = 1900 s) is evident. The horizontal line shows the force-clamp set-point from Figure 12. The force-
clamp control holds the construct on this line. Broken lines show dsDNA, 50% ssDNA + 50% dsDNA, 
and ssDNA curves from eqs 12, and 13. 

4.3. The effect of temperature on -exonuclease activity 
Figure 14 shows the measured DNA extension data during -exonuclease activity from 
five experiments performed at 25°C and five experiments performed at 37°C. All curves 
were measured until the construct broke. Figure 15 shows the activity rates 
histogrammed. The mean rates obtained from Gaussian fits were (23±16) nt/s at 25°C and 
(54±15) nt/s at 37°C. At 37°C there was also some activity at (115±18) nt/s. The peak 
around 4 nt/s shows the enzyme being inactive. 

 
Figure 14. Exonuclease activity is seen as shortening of the force-clamped tether. Feedback control 
keeps the force constant while the exonuclease degrades one strand resulting in a change in the tether  
extension. Blue curves are measured at 25°C and red curves at 37°C. Short gaps in the first two blue 
traces are from measuring the force-extension curves (data not shown). Traces are offset on time axis 
for clarity. Broken lines showing the measured mean rates of the exonuclease (see Figure 15) are 
drawn as a guide to the eye. 
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Figure 15. –exonuclease removes 23 nt/s at 25°C and 54 nt/s at 37°C. Some activity is also seen at 
115 nt/s. Negative rate is due to drifting. Histogram maxima are normalized to one. (In the 37°C case 
three Gaussians were fitted because that gave smaller Akaike Information Criterion -value[46] than 
two or four Gaussians) 

5. Discussion 
Theoretical prediction for the power spectral density of the static force-clamp experiment 
agree with the experimental data. However, at the highest P-gain value there is a slight 
discrepancy between the theory and the experiments. In postulating the theory for force 
clamp control (equation 2) we assumed the DNA to behave as a Hookean spring. In 
addition equation 2 assumes linear trapping force. Hovewer, the force remains harmonic 
only in a region extending ±100 nm around the trapping focus [17,47]. In the static trap 
the bead stays within the linear region but the steerable trap has a variation of 

xT2 = 170 nm with GP = 55. 

The measured exonuclease rates show appreciable variation. At 25°C the rate was on 
average 23 nt/s. The used measurement protocol can only follow the change in extension. 
The conversion from change in extension to exonuclease rate uses the DNA extension in 
double and single stranded forms. Especially the extension of ssDNA is highly dependent 
of the solution or buffer conditions(pH, salt concentration). Therefore ssDNA stretching 
curve should be measured for each reaction buffer separately [48]. We were not able to 
follow the exonuclease to the end of the tether, and were therefore unable to measure pure 
ssDNA construct.  

All our experiments ended with breaking of the tether. The DNA tether of such length 
(16 µm) is difficult to handle without introducing some breaks and nicks. These nicks 
cause the breaking of the construct before the end of the reaction. It is unlikely that our 
dumbbell would break at the biotin-streptavidin link[50], however this possibility cannot 
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be completely ruled out. To prevent the tethers from breaking at the attachment point, 
other construct labeling methods could be tried, e.g. multiple streptavidin or digoxigenin 
labels[51] or even covalent bonds[50]. 

At room temperature the -exonuclease has been reported to work at a wide range of 
average rates 11 nt/s [49], 12 nt/s [52], 15-20 nt/s [53], 32 nt/s [27], and 1000 nt/s [54]. 
The number reported by Matsura et al was measured with single molecule fluorescence 
methods and is several magnitudes larger than reported by anyone else [54]. Our data is in 
line with previous reports, which used a similar experimental approach as ours. At 37°C 
the exonuclease rate was 53 nt/s. Conroy et al measured from bulk experiments a 2-fold 
increase (10 -> 20 nt/s) in exonuclease rate when increasing the temperature from 25°C to 
37°C, again in agreement with our results [49].  

6. Conclusion 
In this thesis I formulated a theory for the power spectral density of bead and trap 
positions for a force-clamped DNA dumbbell trapped with optical tweezers. The theory 
was experimentally tested with optically manipulated 16 µm long double stranded -
DNA. Force-clamping by means of feedback control was then used to measure -
exonuclease activity. The digestion rate of the -exonuclease was found to be 23 nt/s at 
25°C and 54 nt/s at 37°C. 
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8. Appendix 

8.1. Effect of the pulling speed on the DNA elasticity 
WLC-model gives the force-extension relation for dsDNA in equilibrium. At pulling 
speeds lower than ~400 µm/s the measured force-extension curve remains effectively in 
the equilibrium state [55]. We measured force-extension curves with three different 
pulling speeds (Figure 16). The stretching curves remained identical with pulling speeds 
between 3-60 µm/s. 

 
Figure 16. Force-extension curves of -phage dsDNA. Curves remain identical independently of the 
pulling speed. Three speeds were used 3 µm/s, 30 µm/s, and 60 µm/s. 

8.2. Three dimensional model for DNA elasticity 
Equations 12, and 13 are one dimensional representations of DNA elasticity. They are 
derived from the statistical mechanics point-of-view by considering the molecules 
entropy. Ogden et al. formulated a three dimensional version of the WLC model based on 
continuum mechanics framework [56]. They formulated the elastic energy (strain energy 
density) for WLC-model and arrived into nominal stress as a function of stretch  for 
simple tension 
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and into modulus of shear as a function of shear  for simple shear 
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In these equations kB is the Boltzmann constant, T is the temperature, N is the number of 
segments in the chain, l is the length of an individual segment, and Pds is the persistence 
length. 
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