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Direct observation of the mechanism and dynamics of photo-initiated DNA compaction and re-expansion
using a light-responsive cationic surfactant has been achieved with fluorescence microscopy. The surfactant
undergoes a reversible photoisomerization upon exposure to visible (trans isomer, relatively hydrophobic)
or UV (cis isomer, relatively hydrophilic) light. Thus, surfactant binding to DNA and the DNA condensation
that result can both be initiated and controlled with light illumination. The inherent kinetics of DNA
conformational changes, directly visualized following the in situ light “trigger” of surfactant photoisomeriza-
tion, are found to occur at rates of approximately 9 μm/s or 240 kbp/s, at or near rates that can be achieved in
natural processes. Furthermore, observation of photo-initiated DNA compaction, free of the effects of shear or
mixing, provides evidence of a condensation mechanism that nucleates at the ends of the macromolecule.
Ethidium bromide displacement studies, employed to gain insight on the mode of interaction between the
photo-surfactant and DNA, also reveal the importance of both electrostatic and hydrophobic forces in
surfactant binding and DNA condensation.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

DNA compaction is an important biological process by which DNA
is reversibly packed, stored, and protected in living organisms. This
occurs in vivo through the interaction of DNA with low molecular
weight compounds such as spermine or spermidine for compaction
inside virus heads [1], or with higher molecular weight compounds
such as histones for packaging of genetic material into chromosomes.
Compaction of DNA has also been shown to be induced in vitro by
complexation of nucleic acids with cationic surfactants [2–6], lipids
[7,8], multivalent ions [9–12], and alcohols [13,14]. Neutralization of
the repulsive negative charges responsible for the elongated-coil
conformation of DNA can induce compaction into a tight, globular
structure [11] with sizes typically ranging from 50–200 nm largely
independent of DNA molecular weight, as measured by TEM [15,16].
However, the process of DNA compaction, although attracting a great
deal of interest, is still not completely understood.

In non-viral gene therapy applications, DNA condensation has been
shown to be essential to protect DNA from nuclease [11], and to allow
entry of DNA into cells, mainly by the endocytic pathway [17].
However, while the complexing agents mentioned above can increase
cellular uptake as a result of DNA neutralization and compaction, the
tight binding of these same agents to DNAmay also generally preclude
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or greatly reduce the interaction of DNA with intracellular molecules
such as importin or transportin and the subsequent nuclear uptake
[18,19], reducing transfection efficiencies relative to viral delivery
methods. Indeed, it has been shown that vector unpacking can be a
limiting barrier to gene delivery [20,21]. Thus, the development of
photoreversible DNA complexes could provide a triggered release of
DNA from the carrier and potentially increase transfection efficiencies,
while at the same time providing a convenient method to investigate
the mechanistic detail of DNA compaction.

Traditionally, to trigger DNA release from a carrier complex and,
therefore, induce DNA re-expansion requires a change of the thermo-
dynamic properties of the solvent such as changes in pH [22], ionic
strength [23], or complexing agent concentration through dilution
[24]. Recently, a method to reversibly photo-control DNA conforma-
tion has been developed using light-responsive cationic surfactants as
the complexing agent [2]. Through measurements of the ensemble-
averaged hydrodynamic radius of DNA-photosurfactant complexes,
the relatively-hydrophobic trans isomer of the surfactant, predomi-
nant under visible light illumination, was found to bemore effective at
binding to DNA and inducing DNA condensation than the relatively-
hydrophilic cis form obtained under UV illumination. Similar control
of DNA conformation using redox-active surfactants has also recently
been achieved by Abbott et al. using electrochemical methods [25]. In
this work, fluorescence microscopy is used to directly visualize con-
formational changes of individual T4-DNA molecules in solution
triggered solely with light illumination, permitting evaluation of both
the mechanism and kinetics of the light-initiated transitions.
Although the theory of the kinetics of polymer collapse has been
investigated through simulations [26–28], few experimental studies
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have been able to capture this phenomenon and measure the kinetics
of DNA coil-to-globule transitions free of potential experimental
artifacts due to elongational flow or mixing. Fluorescence spectro-
scopy is further used to perform ethidium bromide displacement
experiments in order to investigate the binding affinity of the light-
responsive surfactant to DNA and the molecular mechanisms
responsible for compaction.

2. Materials and methods

2.1. Materials

An azobenzene trimethylammonium bromide surfactant (azoTAB)
of the forms described in Scheme 1 similar to those used in previ-
ous studies to photo-control DNA compaction [2] and protein folding
[29–31], was synthesized according to published procedures [32] via
an azo coupling reaction of 4-ethlyalaniline with phenol subsequently
followed by reactions with 1,4-dibromobutane and finally trimethy-
lamine. Surfactant purity was 99% determined by GC and NMR.
This particular surfactant was chosen after testing several similar
azobenzene-based photosurfactants with varying lengths of the two
hydrocarbon spacers. Screening tests where performed through phase
behavior measurements, since DNA precipitation would require
surfactant binding to and neutralizing of DNA (both also necessary
for DNA compaction). The current surfactant was chosen based on
having the highest difference in surfactant concentration required for
precipitation under visible versus UV light.

The surfactant undergoes a reversible photoisomerization when
exposed to UV (trans→cis, λmax

trans=350 nm) or visible (cis→ trans,
λmax
cis =434 nm) light. When placed in the dark, the surfactant will

adopt the more stable, trans isomer in about 24 h. Conversion to the
cis form during the microscopic experiments was achieved through
illumination of the samples with a 200-W Mercury arc lamp (Oriel,
model no. 6283) equipped with a liquid light guide (Oriel, model no.
77557), a fiber-bundle focusing assembly (Oriel, model no. 77800)
and a 320-nm band pass filter (Oriel, model no. 59800). A heat-
absorbing filter (Oriel, model no. 59060) was placed in the beam path
to absorb IR light produced by the lamp. These combined filters
effectively isolate the 365-nm line (UV–A) of the mercury lamp.
Exposure of DNA samples to this light source did not result in strand
separation or cleavage, checked during visual observation as well as
absorbance measurements (e.g., DNA unraveling from a double-
stranded to a single-stranded molecule results in a large [~30%]
absorption change, while DNA cleavage can be readily detected during
fluorescence microscopy experiments) [2]. Conversion back to the
trans formwas achieved through illumination as above using a 435.8-
nm band pass filter (Oriel, model no. 56551). In the case of experi-
ments where the surfactant was converted to the cis form prior to
being mixed with DNA, conversion was achieved through exposing a
stock surfactant solution to an 84-W long wave UV lamp-365 nm
(Spectroline, model no. XX-15A) for at least 1 h.
Scheme 1. Photoisomerization
2.2. Fluorescence microscopy

T4-phage DNA (165.6 kbp, 1.076×108 Da), was purchased from
Wako Chemical (cat. no. 318-03971) and visualizedwith thefluorescent
dye YOYO-3® (λex/λem=612/631 nm) fromMolecular Probes (cat. no.
Y3606). Samples were observed with an Olympus IX71 inverted
fluorescence microscope equipped with a 100× oil-immersed objective
lens (UPlanFl, N.A.=1.3) and a U-N41027 CAL CRIM C-58158 filter cube
as described below. Images were recorded with a Hamamatsu digital
CCD camera (model no. C4742-95) at a frame rate of 16.3 Hz. A band-
pass filter (Chroma, HQ645/75m) letting pass wavelengths from 600–
680 nm was placed in front of the camera to prevent light from the
mercuryarc lamp leaking through themicroscopeoptics fromsaturating
the camera. To reduce potential light-induced damage of DNA
molecules, a 20% neutral density filter was placed in front of the
excitation source. Under these conditions, no strand breakage and only
minimal photobleaching of the dye was observed during the course of
the experiments (~20 s). Hence, itwasnot necessary to adda free radical
scavenger (e.g., β-mercaptoethanol), facilitating the study of DNA-
surfactant interactions with a minimal number of components.

The concentrated DNA solution was diluted to 0.6 μM (base pair) in
TE buffer (10 mM Tris, 1 mM EDTA) and gently mixed with the dye
solution to a ratio of 20 base pairs per dye molecule. The DNA solution
was then placed in a custom-made slide consisting of the top part of a
disposable polymethylmethacrylate UV-vis cuvette glued to a micro-
scope cover slip, providing a (1×1×1) cm3 receptacle for the sample.
Approximately 250 μL of DNA-dye solution was placed in this cell and
kept open to air. This custom-made slide, only used once per sample,
wasnecessary to allowvisualizationofDNAcomplexes atdistances of up
to 50 μmfromthe cover slip, as itwasobserved that compactedDNAwas
strongly attracted to glass surfaces. Moreover, this setup allowed for
measurements of the kinetics of compaction following direct addition of
10 μL of a 1.25 mM surfactant stock solution to a pure DNA solution. In
this manner, DNA compaction could be readily observed adjacent to the
location of surfactant addition, with the rapid diffusion of surfactant
molecules from the concentrated drop region resulting in local
surfactant concentrations sufficient to condense the DNA molecule.

A DNA solutionwas first placed in the receptacle and complexes of
DNA and azoTAB surfactant were formed by addition of a concentrated
stock solution of surfactant in TE buffer, with the concentration of the
stock solution determined with UV–visible spectroscopy from the
extinction coefficient of 22,400 L mol-1 cm-1 at 350 nm [33]. The final
solution containing DNA and surfactant was gently swirled before
observation and a video of the resulting solutionwas taken under both
visible and, after a 2 min exposition through a fiber optic, UV light.
This operation was repeated for successively higher surfactant-to-
DNA base pair ratios (r-ratios), resulting in a modest dilution of
~10% in the DNA concentration, accounted for in the calculation of
the r-ratio. To access higher r-ratios and avoid DNA precipitation at
elevated trans-azoTAB concentrations, the surfactant stock solution
was pre-converted to the cis form through UV illumination prior to
of the azoTAB surfactant.



Fig. 1. Average long-axis length of T4-DNA as a function of the surfactant-to-DNA base
pair ratio (r) measured under visible (●) and UV light (○). [T4-DNA]=0.55–0.6 μM,
[YOYO-3] ~ 0.03 μM. Error bars represent the standard deviation (see also Fig. 2).
Representative fluorescent microscope images are also displayed.
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addition into the DNA solution. While it is true smaller precipitates
would not be seen by the eye, since the majority of the experiments
were performed using fluorescencemicroscopy, such small aggregates
would be easily detected (and in some cases were observed at
elevated surfactant concentrations). Thus, all experiments were
conducted in regions free of aggregation (both local andmacroscopic).

Images of ~200 DNA molecules from randomly selected video
frames were used at each r-ratio and light condition for subsequent
data analysis. The length of each DNAmolecule was then calculated by
processing the DNA image using the Matlab command MajorAxis-
Length, which returned the length in pixels of the major axis of an
ellipse with the same normalized second central moment as the
observed image. The pixel length was converted to the actually length
in micrometers using a calibration standard. This automated proce-
dure was manually checked using a smaller sample set to ensure
reliability. For the time-based experiments, a 500-W mercury bulb
was employed to overcome any surfactant conversion that would be
caused by the excitation source of the microscope. Switching between
UV and visible light occurred within one video frame and was
performed with a manual shutter. A change in background intensity
when light is turned onwas easily detected thus, time t=0was taken
as the first frame where this intensity change was detected.

2.3. UV–vis spectroscopy

Surfactant photoisomerization kinetic measurements were per-
formed on an Agilent model 8453 spectrophotometer using a 0.1 mm
path length quartz cuvette to mimic the focal distance of the UPlanFl
objective lens. A liquid light guide was used to illuminate a 700-μM
surfactant solution in water while time-resolved absorption measure-
ments were taken. Due to the resolution of the spectrophotometer
(0.5 s) and the time required to open the manual shutter (~0.1 s), the
rates from several cycles were averaged as opposed to arbitrarily
assigning an initial time.

2.4. Fluorescence spectroscopy

Fluorescence emission measurements of ethidium bromide
(Fluka) were performed on a QuantaMaster spectrofluorometer
(Photon Technology International, model QM-4) at 25 °C using a 1-
cm path length cuvette. The probe was excited at 535 nm and the
emission was recorded at 595 nm with excitation and emission slit
widths of 4 nm. Herring testes DNA, type XIV, containing 6.2% sodium
salt (Sigma, D-6898), with a polydispersemolecular weight covering a
broad range below 1500 bp as determined by gel electrophoresis, was
dissolved in TE buffer overnight and the concentration was measured
spectroscopically using an extinction coefficient of 6600 M-1 cm-1 at
260 nm. The solution of DNA complexed with ethidium bromide was
prepared by adding the desired amount of DNA and ethidium bromide
stock solutions at a ratio of 2 base pairs per dye molecule. The final
base-pair concentration of herring testes DNAwas 0.6 μM, identical to
the concentration of T4 DNA used in the microscope experiments.
DNA-surfactant complexes were then formed by successive addition
of a concentrated stock surfactant solution, and a spectrum was
recorded at each condition with the solution continuously stirred.
Complexes between DNA and the cis-azoTAB surfactant were formed
by first converting the stock surfactant solution to the cis state using
the long wave UV lamp. The surfactant isomeric state was confirmed
at the end of the experiment with UV–vis spectroscopy.

3. Results and discussion

3.1. Direct detection of DNA compaction

Values of the T4-DNA average end-to-end distance determined
from fluorescence microscopy as a function of the surfactant-to-DNA
base pair ratio, r, are shown in Fig. 1. At low azoTAB concentrations
(rb160, or [azoTAB]b100 μM), DNA molecules remain in the
elongated-coil state with an average length of ~4 μm, similar to
literature values for uncompacted T4-DNA [3,34]. Increasing the r-
ratio above 160 under visible light, however, causes a significant
proportion of the DNA molecules to become compacted as seen in the
photomicrographs, resulting in a decrease in the average length. Since
the compaction process is well-known to be a discrete phenomenon
(i.e., at equilibrium a DNA molecule may only be elongated or
compact, with no partial condensation observed [3], consistent with
the images in Fig. 1), the reported values represent the average over
these two conformational states. Further increasing the surfactant
concentration under visible light beyond an r-ratio of ~240 then
results in complete condensation of all DNA molecules into the com-
pacted state with an average diameter of ~1.1 μm, similar to values
reported for compacted T4-DNA [13,35]. Note that the values in Fig. 1
are naturally influenced by the “blurring effect” due to the optical
diffraction limit, which is in the order of 0.3 μm [3].

Under UV-light with azoTAB in the relatively hydrophilic cis
conformation, DNA condensation is delayed until significantly higher
surfactant concentration, as shown in Fig.1. The onset of compaction is
not observed until r~650, while DNA is not fully compacted until
r~950. Note that at these r-ratios there is no visible-light data as
precipitation of compacted DNA on the cover slip prevented imaging.
Comparing the data taken under different light conditions it can be
seen that about 3–4 times higher cis-azoTAB concentration is required
to induce a similar effect on DNA as the trans surfactant, consistent
with the previous light-scattering study [2]. The fact that both the
visible (trans) and UV (cis) forms of azoTAB are capable of compacting
DNA suggests that the isomers have similar modes of action and
argues against azoTAB intercalation between base pairs, which
generally requires planar ligands. Thus, the possibility that the cis,
bent form of the surfactant may become intercalated is believed to be
quite low. In addition, previous measurements with the dye crystal
violet have demonstrated significant π–π stacking interactions be-
tween adjacent surfactant molecules in the condensed DNA complex
[2], suggesting a surface-binding mechanism.

To provide more detail into the compaction process, the distribu-
tions of measured DNA long-axis dimensions as a function of r-ratio
and light illumination are shown in Fig. 2. With DNA in the elongated-
coil conformation, the distributions are fairly broad as expected, with



Fig. 2. Relative distribution of the long-axis lengths of T4-DNA at various r-ratios, mea-
sured under visible (-) and UV light (--). Areas of the histograms have been normalized.
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DNA lengths ranging from 2–8 μm. Due to rotational diffusion,
however, the measured end-to-end distances are projections in the
focal plane as DNA molecules may be tilted out-of-plane when ob-
served. Thus, the large spread in sizes observed in Fig. 2 is not entirely
a result of DNA macromolecular flexibility. Condensation of a fraction
of the DNA molecules is again observed at r~160 under visible light
and r~700 under UV light, with full condensation occurring at r-ratios
of about 200 and 800, respectively.

As Fig. 1 indicates, by using azoTAB to condense DNA, complete
photoreversible control of DNA conformation with simple light
illumination can be obtained. Thus, the kinetics of DNA conformational
changes can be measured in a relatively simple and unobtrusive
manner, as seen in Fig. 3. At r=257 under UV light, DNA is in the
elongated-coil state, as expected from Fig. 1. Illuminating this DNA-
surfactant solutionwith visible light results in DNA compactionwithin
ca. 0.36 s, as shown by the sequence of images in Fig. 3. Subsequent
UV-illumination causes DNA molecules to re-expand within ca. 0.8 s.
It was observed that repeated cycles of photoreversible control of DNA
Fig. 3.Dynamics of photo-induced (a) compaction and (b) expansion of T4-DNA. The solid lin
graph. The surfactant-to-DNA base pair ratio is 257 in TE buffer.
conformation in this manner could be induced virtually indefinitely,
provided that the dye does not photobleach (total observation time
is ~20 s). For comparison, several trajectories of individual DNA
molecules undergoing light-initiated compaction and expansion are
shown in the graphs in Fig. 3, while the solid line shows the time
course of the average end-to-end distance for all observed molecules.
The broad range of pathways that the molecules seem to follow is due
to the fact that the molecules are undergoing tumbling motions and
diffusion in and out of the plane of focus, which further prevent
measurements for periods of time much longer than ~1 s The kinetics
of compaction and expansion are both found to range from 0.4 to 0.8 s,
while the average time for each is about 0.7 s for both conformational
rearrangements.

To estimate the rates of these conformational changes, the mea-
sured DNA end-to-end distances, which as mentioned previously are
projections in the focal plane, must first be equated to the true
macromolecular sizes. This can be done by averaging the projected
length, l cos θ, over all angles θ relative to the focal plane, which gives
an average projected length of 2/θ times the true macromolecular
length, l. Thus, using the averaged projected length of uncompacted
DNA of 4 μm from Fig. 1 (where 200 molecules are averaged, as
opposed to Fig. 3) gives a true average length of T4-DNA of 6.3 μm. This
equates to light-induced compaction and expansion rates of ~9 μm/s
or ~240 kbp/s in Fig. 3.

Previous studies have attempted to mimic natural DNA confor-
mational changes in order to evaluate the kinetics of these proces-
ses. Protamine, a protein responsible for inducing DNA compaction
in spermatids, was found to condense DNA at rates ranging from
1−9 μm/s or 2.4–22 kbp/s, depending on the concentration of
protamine [24]. Other spermatid nuclear proteins were found to induce
DNA compaction with similar rates [36]. In these studies, condensation
rates were measured in a flow cell apparatus with DNA, attached at
one end to a laser-trapped bead, stretched under flow. Chromatin
assembly has also been investigated upon the introduction of histones
by tracking the compaction of DNA, attached at one end to a micro-
scope slide, extended under flow [37]. Condensation rates on the order
of 0.01–6 μm/s or 1.9–103 kbp/s were achieved and found to be a
functionof the histone concentration aswell as the shear rate in theflow
cell [38]. Similar studies have been performed in artificial compaction
systems, such as the compaction of T4-DNA, in this case free in solution,
occurring at a rate of about 1 μm/s upon mixing with the cationic
surfactant cetyltrimethylammonium bromide (CTAB) [3].
e represents compaction and expansion from the sequence of images shown above each
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In contrast, Fig. 3 allows investigation of the kinetics of DNA con-
formational changes induced with a simple light trigger, independent
of elongational flow or mixing. The time response of this photo
“switch” can be estimated by considering the individual steps required
to induce a change in DNA conformation with light illumination:
(1) surfactant photoisomerization, (2) association/dissociation of
surfactant molecules with DNA, depending on the process, and
(3) compaction or expansion of DNA. To examine step (1), measure-
ments of photoisomerization rates were performed as shown in Fig. 4.
In the displayed spectra, the trans-to-cis conversion was probed with
triggered exposure to 365-nm UV light, while the surfactant was
allowed to relax back to the trans form relatively slowly by simply
switching off the 365-nm light, a natural result of exposure of the
solution to a range of visible light wavelengths during the in situ UV–
vis absorption measurements. The trans-to-cis conversion can be fit as
a first-order rate process [39] according to the equation ftrans=e−kt as
shown in Fig. 4b, where the fraction of surfactant remaining in the
trans form following exposure to 365-nm UV light was defined for
convenience as ftrans=(A350−A350,initial)/(A350,final−A350,initial). In
this manner, the rate constant for the trans-to-cis photoisomerization
was found to be k=3.5 s−1. A similar rate constant was obtained
when the surfactant concentration was reduced by a factor of two
(not shown), indicating that the process was not limited by light
penetration into the sample. Furthermore, previous evidence has
demonstrated that neither the photostationary state nor the photo-
isomerization kinetics are influenced by the presence of DNA [2].

As detailed by Shang et al. using a similar azobenzene-based
surfactant (“C4AzoOC2E2”) [39], this photoisomerization rate constant
would be determined by k=εI0ϕ, where ε is the molar absorption
coefficient at a given wavelength of light with intensity I0, while ϕ is
the quantum efficiency for the photoisomerization process (i.e., the
fraction of excited species undergoing isomerization). Thus, kazoTAB
can be estimated from kC4AzoOC2E2 (=0.4 s−1) [39] based on the
relative absorption coefficients at 365-nm of azoTAB (20 mM-1cm-1)
[33] compared to C4AzoOC2E2 (5 mM-1cm-1) [39,40] along with the
relative light intensities (i.e., Shang et al. used an identical optical
setup except for a 200-W mercury bulb compared to the 500-W bulb
in the present study). Using this approach gives a value of kazoTAB=
4.0 s−1 assuming ϕ=1 (shown to be the case for C4AzoOC2E2), in
reasonable agreement with the value determined in Fig. 4b given the
experimental uncertainty.

A trans-to-cis rate constant of 3.5 s−1 equates to a photoisome-
rization half-life of 0.2 s, meaning that 50% of the azoTAB molecules
are converted from the trans isomer (strong DNA interactions) to
Fig. 4. Photoisomerization kinetics of a 700 μM azoTAB surfactant solution in a 0.1 mm ce
absorbance at 350 nm as a function of time upon switching on and off the exposure to 365-nm
Fitting of the trans-to-cis photoisomerization to first-order kinetics,with ftrans representing the
the cis isomer (weak DNA interactions) within this time. Thus, at the
r-ratio of 257 employed in the DNA conformational measurements in
Fig. 3, the “effective” r-ratio (i.e., the r-ratio of the remaining trans
isomers) is reduced to ~125within 0.2 s. As seen in Fig. 2, this effective
r-ratio would be sufficient to induce DNA expansion, which was
shown in Fig. 3b to require ~0.7 s. Interestingly, during the first 0.2 s of
observation in Fig. 3b only modest degrees of DNA expansion occur in
some molecules (although this is beginning to approach the resolu-
tion of the technique). This apparent “lag phase”may then correspond
to the amount of time required to isomerize a sufficient amount of
azoTAB (i.e., 50%) to transition from condensing to non-condensing
conditions.

Attempts were made to probe this potential lag phase by
increasing the r-ratio to 400, which would then require two-thirds
of the azoTAB molecules to convert to the cis form to achieve an
effective r-ratio of 125 as above. However, no significant differences
in DNA expansion rates were observed (within the resolution of
the technique), likely expected due to t2/3 (0.3 s) being similar to
t1/2 (0.2 s). R-ratios greater than 400 could not be studied due to the
aforementioned phase separation under visible light. Nevertheless,
while there may be a slight lag upon photo-inducing DNA expansion,
the rate of the DNA conformation transition once expansion has begun
would not be expected to be limited by the rate of surfactant
isomerization based on the relative rates of the two processes.

Using a similar strategy as employed above, cis-to-trans isomeriza-
tion of azoTAB would be expected to occur at a rate of 0.6 s−1 upon
absorption of 435.8-nm from the 500-Wmercury arc lamp, estimated
from the reported value for C4AzoOC2E2 (=0.083 s−1) again with an
identical optical setup [39]. However, a direct comparison of this rate
of azoTAB isomerization and the resulting rate of DNA compaction is
complicated by two effects. First, as previously discussed, light
illumination associated with the spectroscopic measurements inher-
ently produces cis-to-trans isomerization at a rate of 0.21 s−1

calculated from the data in Fig. 4-inset. Thus, care must be taken to
decouple the effects of the arc lamp and the spectrophotometer light
source. Second, and perhaps more importantly, azoTAB in the cis form
has a small but non-negligible absorbance at the excitation wave-
length of YOYO-3, supplied predominantly as the 577-nm and 579-nm
mercury lines by the fluorescence microscope. For example, evenwith
a relatively low absorption coefficient of 0.013 mM-1cm-1 at 577 nm
(background corrected) [33], the excitation light, which was highly
focused through the microscope objective lens, was observed to result
in a driving force for cis-to-trans isomerization sufficient to negate
the trans-to-cis isomerization driven by relatively diffuse light from a
ll. (a) Representative absorbance spectra during the course of isomerization. Inset: the
light from the mercury arc lamp. Open symbols correspond to the displayed spectra. (b)

fraction of surfactant remaining in the trans isomeric state upon exposure to 365-nm light.
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200-W mercury arc lamp, expected to occur at a rate of k~1.6 s−1

(=0.4 s−1×εazoTAB365 /εC4AzoOC2E2365 ). Indeed, this observation prompted
the move to a 500-W bulb for all measurements in this work.

Thus, the conversion of azoTAB to the trans form driving DNA
compaction would result from a combination of 435.8-nm light from
the mercury arc lamp (near the maximum of the cis absorption band)
and 577/579-nm light from the fluorescence microscope (at the tail of
the cis band). Thus, the net cis-to-trans isomerization rate can be
estimated as ca. 0.6+1.6=2.2 s−1, equating to a half-life of ~0.3 s.
Due to the fact that freely-diffusing DNA molecules in the elongated
state would be expected to display a range of lengths projected into
the focal plane in Fig. 3, a lag phase associated with this half-life, if
present, cannot be detected. However, based on the time required to
complete DNA compaction (~0.7 s), the rate of the DNA conformation
transition once compaction is initiated by isomerization of sufficient
azoTAB (within about ~0.3 s, based on an effective r-ratio of 125)
would not be expected to be limited by the rate of surfactant isom-
erization. Indeed, no measurable difference in the net DNA condensa-
tion times was observed with utilization of the arc lamp (k~2.2 s−1)
or simply allowing the microscope excitation to convert the surfactant
(k~1.6 s−1, t1/2~0.4 s), indicating that absorbance at 577/579 nmwas
sufficient to induce isomerization fast enough so as to not limit DNA
compaction. Of course this “microscope” cis-to-trans rate of ~1.6 s−1

also needs to be accounted for when considering the rate at which the
arc lamp can induce a trans-to-cis isomerization within the micro-
scope. Thus, the value of 3.5 s-1 measured in the spectrophotometer in
Fig. 4 would need to be reduced by ~1.6 s−1 to account for this effect,
resulting in an effective rate of ~1.9 s−1, or a half-life of ~0.35 s, still
below the time required for DNA expansion.

Nevertheless, to test the assumptions made above used to estimate
the net cis-to-trans isomerization rate, control experiments were
performed in which DNA compaction occurred independent of
surfactant photoisomerization. As shown in Fig. 5, DNA compaction
could be induced by carefully placing a 10-μL drop of a concentrated
(1.25 mM) surfactant solution in a region adjacent to that being
observed, as has been previously shown for mixtures of DNA with the
surfactant CTAB [3]. In this manner, diffusion of surfactant molecules
from the concentrated drop to nearby DNA molecules results in an
increase in the local surfactant concentration around the DNA mole-
cules sufficient to induce condensation. As seen in Fig. 5, this technique
Fig. 5. Observation of T4-DNA compaction as surfactant diffuses from a con
leads to condensation of T4-DNAwithin ~1 s (i.e.,166 kbp/s), similar to
the rates of photo-induced condensation in Fig. 3 (240 kbp/s) despite
the fact that in Fig. 5 the DNAmolecule is initially in a slightly stretched
conformation (i.e., end-to-end distances ~12 μm), likely due the
convection associated with drop placement. Based on a root mean
square displacement of the diffusing surfactant molecules (

ffiffiffiffiffiffiffiffi

6Dt
p

, or
55 μmwithin a time t of 1 s for a nominal value of D=5×10-6 cm2/s
for the surfactant diffusivity [41]), the local increase in surfactant
concentration to compacting values is expected to occur over a
relatively short time frame. Hence, the kinetics observed in Fig. 5
would be expected to be controlled by the inherent rate ofDNApacking
upon condensation, and not surfactant delivery.

The relatively fast photoisomerization rates obtained in Fig. 4,
combined with the fact that similar compaction rates are obtained
independent of photoisomerization in Figs. 3 and 5, support the
assertion that the rates of photo-induced DNA conformational changes
in Fig. 3 are not limited by surfactant isomerization. Instead, the
coupled processes of surfactant binding/dissociation plus rearrange-
ment of the DNA macromolecule appear to be rate limiting. The rates
of surfactant association/dissociation with DNAwould be expected to
be similar to monomer-micelle exchange rates in pure surfactant
solutions, which generally occur with microsecond time scales [42].
Moreover, surfactant diffusion to (or from) DNA molecules would be
relatively rapid, as discussed above. Thus, the rates observed in Fig. 3
appear to be the true inherent rates of DNA conformational changes,
and not limited by surfactant processes.

The ability to visualize DNA conformational changes triggeredwith
light illumination, again without flow or mixing, also allows investi-
gation of the mechanism of the compaction process in greater detail,
as shown in Fig. 6. Upon initiating compaction with visible light from
the UV-adapted state, many of the molecules were observed to con-
tain bright spots at one or both ends of the DNA molecule, cor-
responding to regions with a high density of genetic material. This
suggests that compaction is initiated at the ends of the molecule,
subsequently proceeding towards the middle of the DNA chain. A
similar mode of condensation was observed from elongated DNA
stretched under flow [24,36,38]. Furthermore, Monte Carlo [27],
Brownian Dynamics [26], andMolecular Dynamics [28] simulations of
polymer collapse have all revealed the importance of the polymer
ends as starting points for chain collapse. The time required for
centrated drop placed adjacent to the DNA molecule. Scale bar=5 μm.



Fig. 6. Microscope images of representative DNA molecules taken during the compaction process, showing nucleation points located generally at the ends of the molecule.
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compaction to occur is then linked to the time needed for the ends to
“consume” the entire molecule [27]. This rate of consumption
(expressed in units of kbp/s) would then be expected to be inde-
pendent of DNA length (as opposed to the units of μm/s).

Thus, strictly speaking, the condensation rates reported upon
either light illumination (240 kbp/s in Fig. 3) or rapid mixing
(166 kbp/s in Fig. 5) should be divided by a factor of two to account for
compaction initiating at both ends of the molecule. Interestingly,
this would result in compaction rates similar to the reported maxi-
mum rate achieved upon addition of histones as the shear rate
approaches zero in a flow cell, where DNA condenses from a single
end at 103 kbp/s. This suggests that rates on the order of 100 kbp/s
may be the limit for DNA packaging into condensed particles for both
the photo-induced and shear-cell techniques. It should be noted,
however, that bright spots were not always located at the ends of DNA
molecules, although spots initially observed in the middle of DNA
chains occurred much less frequently.

3.2. Fluorescence of ethidium bromide

To gain further insight into photo-initiated DNA expansion and
compaction processes, ethidium bromide displacement studies were
employed. Ethidium bromide exhibits a dramatic increase in fluores-
cence upon intercalation between DNA base pairs [43,44], a result of
the probe becoming isolated from the solvent and, thereby, con-
strained from relaxation by donating a proton to the solvent. As a
result, DNA condensation has been tracked by a decrease in ethidium
bromide fluorescence upon the addition of a cationic species such as
porphyrins [43], cationic liposomes [45], or the cationic surfactants
cetyltrimethylammonium bromide, dodecyltrimethylammonium bro-
mide, or tetradecyltrimethylammonium bromide [46–48]. Quenching
of the dye has been linked to two possible mechanisms: displacement
Fig. 7. Normalized fluorescence intensity of ethidium bromide as a function of the
surfactant-to-DNA base pair ratio. Closed circles represent data taken with addition of
trans surfactant, while open symbols represents spectra taken after addition of cis
surfactant. [HT-DNA]=0.6 μM, [EB]=0.3 μM, λex=535 nm, λem=595 nm.
of the fluorophore with the cationic condensation agent due to
competition for electrostatic binding sites on DNA, and/or proton
transfer with the solvent [49]. Moreover, a decrease in DNA flexibility
upon condensation can shift the binding equilibrium of ethidium
bromide towards the solution phase [50].

The addition of azoTAB surfactant to a solution of DNA complexed
with ethidium bromide results in a decrease in the fluorescence of the
probe, as shown in Fig. 7. A similar addition of surfactant to a solution
free of DNA as a control experiment did not result in a decrease in
fluorescence emission (results not shown). The concentration of DNA
usedwas identical to that in themicroscopic observations above.With
the addition of the trans form of the surfactant, the fluorescence
intensity of ethidium bromide rapidly decreases until an r-ratio of 200
is reached, upon which point the fluorescence remains at a constant
10% of the initial intensity. From Fig. 1, this r-ratio corresponds to the
point where all DNA molecules are condensed. Similarly, addition of
the cis form of the surfactant results in a maximum decrease in
fluorescence at r=900, again near the point where complete conden-
sation is observed in Fig. 1. Thus, the relatively-hydrophilic cis form of
the surfactant has a lower binding affinity towards DNA compared to
the relatively-hydrophobic trans form, consistent with the observa-
tions above. Perhaps most telling is that both curves in Fig. 7 display a
clear inflection point, a classic indication of the onset of cooperative
hydrophobic binding between surfactantmolecules [51]. Interestingly,
these inflection points at r~150 and r~600 for trans and cis azoTAB,
respectively, coincide with regions where the measured end-to-end
distances in Fig. 1 rapidly decrease (i.e., where approximately 50% of
DNA molecules are condensed).

While the mechanism of binding of azoTAB to DNA (intercalation
and/or surface binding) can not be conclusively determined from
these studies, the indication of a cooperative transition in Fig. 7 argues
against intercalation as the only mode of surfactant binding, as
intercalation would be expected to prevent cooperative surfactant-
surfactant interactions. Furthermore, even though the non-planar cis
form of the surfactant is not expected to be readily intercalated, DNA
condensation is still observed under UV light, albeit at approximately
3–4 times higher surfactant concentrations than the planar trans
isomer. Note that under UV-light over 90% of the surfactant molecules
are converted to the cis isomer both in the absence [33] and in the
presence [2] of DNA, hence, the small residual concentration of trans
isomers would be insufficient to condense DNA alone based on Fig. 1.
Similarly, significant π–π stacking interactions between azoTAB
surfactant tails and cooperative surfactant binding to DNA was pre-
viously observed just prior to DNA condensation [2], further sup-
porting surface binding as the primary mode of azoTAB interaction
with DNA.

4. Conclusions

This study has demonstrated that DNA compaction can be
reversibly and directly controlled with simple light illumination
through the use of photoresponsive surfactants. The addition of
azoTAB surfactant to a T4-DNA solution under visible light, where the
surfactant primarily exists as the trans, relatively-hydrophobic isomer,
causes DNA to adopt a compacted conformation. Exposure to UV light
causes the compacted DNA to re-expand and recover the extended-
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coil conformation, a result of photoisomerization of the surfactant to
the relatively-hydrophilic cis form. This process can be photo-
reversibly controlled virtually indefinitely without resulting in strand
separation or photocleavage of the DNA. Kinetics of the photo-induced
compaction and expansion processes are both estimated to occur at
rates of about 9 μm/s or 240 kbp/s and thought to be limited by the
intrinsic processes of the DNA molecule (as opposed to surfactant
limited). Fluorescent images of DNA molecules undergoing compac-
tion show the appearance of probable nucleation sites at the ends of
the macromolecule, where compaction appears to be initiated. The
fluorescence quenching of ethidium bromide upon surfactant addition
reveals that both the cis and the trans forms of the azoTAB surfactant
bind to DNA in a cooperative manner, ultimately inducing compaction
of themolecule. The binding affinity of the cis form of the surfactant is,
however, much lower than the trans conformer, thereby allowing for
compaction and expansion of DNA to be rapidly triggered with light
illumination.
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