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Abstract

We report the application of fluorescence correlation spectrost@B@¥p) in characterizing conformational changes
(condensatiohof chemically well-defined DNA plasmids. The plasmids: f#Pr-1-neo(10 kbp, contour length 3.4
wm) and pBluescript SK€2.96 kbp, contour length 1.02m) were imaged by a confocal fluorescence microscope
using two fluorescent probes: ethidium bromid&Br) and propidium iodide(Prlo). It became clear that the DNA
molecule exhibits discrete conformational change between the coil and globule states with the addition of a small
amount(the order of magnitude being 1® )Mf cationic surfactant, spermine and hexadecyltrimethyl ammonium
bromide (HTAB). When the concentrations of both condensing agents are smaller thad®.0 M and 2.0<10~©
M for the 10 and 2.96 kbp, both plasmids are in the extended coil state with diffusion constants,=
9.6x10" " m? s* and Rgs wp=2.5X10""* m? s ', respectively. When the condensing agent in a concentration
higher than 1.1&10°° M is added to pHBAPr-1-neo(10 kbp), plasmids are in the condensed globular state and
their diffusion constants arB, yp,=8.0X10"*2 n? s°* (sperming and D 14 yp=5.5X10"** n? s°* (HTAB). The
globular state of the pBluescript SK2.96 kbp plasmids is characterized by diffusion constants equéltes =
9.2x107** m* s'* (sperming and D, g6 xp=8.2X10"** m* s * (HTAB). © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction ticularly when DNA is in a number of distinct
conformational states and each state has different
Gene therapy is an emerging therapeutic affinity towards the condensing agents @dad
approach based on the delivery of genetic material fluorescent label. In order to overcome this prob-
to the cells whose function is to be modified. The lem, a single molecule detection technique is
DNA molecule is a large and highly charged needed. If the DNA is large enough, microscopic
polyion, hence alone it is unable to penetrate the analysis can be us€ld0,14,15. In this paper, we
plasma membrane barrier and reach the nucleus,present data concerning DNA condensation meas-
where the information that it carries needs to be ured with fluorescence correlation spectroscopy
delivered. Furthermore, when introduced to circu- (FCS for the first time. The technique is well
lation or tissue, the DNA molecule becomes sub- suited for measuring molecule or aggregate size
ject to instantaneous hydrolysis by nucleases. For distribution and the number of fluorescent species
such reasons, an appropriate delivery vehicle that present in the sample. For this reason FCS can be
would overcome these problems is needed. Non- used to follow both changing hydrodynamic size
viral gene carriers have become one of the main and the fraction of DNA molecules that are asso-
vehicles under consideration for this tagk—3). ciated with the fluorescent label.
The construction of an aggregate containing DNA
requires detailed knowledge of the processes lead-2. Experimental
ing to its formation and the precise characterization
of the resulting structure. This knowledge is still 2.1. Plasmids and chemicals
fragmentary, thus the design and formation of such
aggregates is based on semi-empirical and poorly Ethidium bromide(EtBr) and propidium iodide
reproducible procedurdg—§. (Prlo) were purchased from Molecular Probes
The process of lipid-DNA aggregate formation (Eugene, Oregon, USAspermine and hexadecyl-
can be intuitively divided into two stages: the trimethyl ammonium bromide(HTAB) were
condensation of the DNA molecule and its subse- obtained from Sigma.
guent or simultaneous association with amphiphilic ~ Plasmids, piBAPr-1-neo (10 kbp, contour
compounds[7]. The resulting aggregate should length 3.4 um) and pBluesript SKt(2.96 kbp,
have well-defined and reproducible topology in contour length 1.02um) were prepared as
order to be useful for pharmacological applica- described[16] with some modification of purifi-
tions. DNA condensation has been extensively cation step. Briefly, DNA was precipitated with
studied both experimentally and theoreticdby8— isopropanol and the sample centrifuged at
12]. Steady state fluorescence is routinely utilized 12 000xg for 5 min at room temperature. The
for the detection of DNA and RNA. A myriad of pellet was dissolved in a solution of RNase(20
fluorescent probes are used for this purpose, butug/ml) and incubated for 15 min and then a
two of them particularly frequently: propidium sample was extracted once with phenol—chloro-
iodide; and ethidium bromidg¢13]. It has been form-isoamyl alcohol25:24:1, vv/v) and twice
shown that these dyes increase their fluorescencewith chloroform—isoamyl alcohol(24:1, v/v).
upon association with the DNA molecule, and this Combined upper phases were precipitated with 5
can be utilized for detection and imaging purposes. M potassium acetate—isopropanol—watér22:2,
When a multivalent cationic compound is added v/v/v). After centrifugation, the DNA pellet was
to an aqueous suspension of labeled DNA, the washed with 70% ethanol and re-dissolved in
DNA collapses and releases the fluorescent dye. water.
This effect is frequently used to monitor the
condensation process. Steady state fluorescence.2. Fluorescence correlation spectroscopy
experiments provide information that is average
for the whole DNA population. Such measure-  All measurements were done on a ConfoCor 1
ments are frequently not informative enough, par- manufactured by Carl Zeiss Jena, Germany.
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ConfoCor 1 is a PC-controlled fluorescence cor-
relation-adapted AXIOVERT 135 TV microscope
equipped with arx—y—z adjustable pinhole, ava-

lanche Photodiode SPCM-200-PQ, ALV-hardware

137

solution was placed into the chamber, with the
glass bottom facing the water-immersion micro-
scope objective of the ConfoCor instrument. The
plasmid stock solutions used in our experiment

correlator and CCD camera. The Ar -laser beam were an inhomogeneous mixture of the Nicked

(488 and 514 nm was focused by a water-
immersion microscope objective at an open focal
light cell. The same objective, a dichroic mirror,

and supercoiled form of the both DNALO and
2.96 kbp, respectively, line b and d in Fig.. The
fluorescent label was then added from a water

proper bandpass filters and a pinhole in the image stock solution(1x10~° M), followed by titration

space block collected fluorescence light. The flu-
orescence intensity sign&lr) fluctuating around a
temporal averagdl(r)=(I(1))+8I(t)] was proc-
essed with a digital hardware correlator interface
yielding the normalized autocorrelation function
G [G(O)=1+{31(0)dI(t+7))/{I(1))*]. A gen-
eral solution for the three-dimensional autocorre-
lation function G(r) regarding translational
diffusion in an ellipsoid confocal volume element
yields the following formula for the situation that
the fluorescence decalyr;) and translational dif-
fusion 74 are well separated in timer; { 74):

1 1

G(t)=l+N m

1 1/2

X (D

{1+(t/TD)(w%/w§)}
where , is the radius of the volume element in
xy plane, w, is the half-length of the volume
element inz direction andN is particle number.
When knowingw, andp, the diffusion coefficient
D can be determinetrp=w?/4D).

Since for both of the used dyes, intersystem

with the condensing agent. Fluorescent probe con-
centrations were determined by spectroscopic
measurements. All experiments were carried out at
room temperature and in distillated and deionized
water (pH 6.85

3. Results and discussion

3.1. The detection of DNA labeled with fluorescent
dye

Ethidium bromide and propidium iodide are one
of the most widely used nucleic acid stains. They
are known to bind to DNA by intercalation
between base pairs with little sequence preference.
Binding stochiometry was determined to be one
dye molecule per four to five DNA base pairs
[20]. The relatively poor fluorescence intensity of
both dyes is known to be enhanced 20- to 30-fold
upon binding to DNA[13,21,22.

FCS measurements on DNA molecules labeled
with fluorescent dyes allow the straightforward
determination of two parameter§i) the particle
number,; (ii) diffusion time 4 and thus also the

crossing creates molecules in the triplet state that molecule diffusion constanD. In addition, we
can be considered as non-fluorescent, an averagemade use of a directly measured parameter, count

fraction of dye molecules in the triplet state and

rate (CR). The dimensions of the volume element

an intersystem crossing relaxation time has to be were determined to be,=2.5+0.5xX10"" m and

included in the theoretical fitting functiodEg.
(D)]. In the case when the resulting expression
does not fit satisfactorily to experimental data, a
term for a second diffusing species labelled with
the same fluorophore can be included. Deviation
and the exact formulation of these functions are
described in detail in several review articles on
FCS[17,19 and in a recent publication by our
group [19].

0,=1.5+0.4x10"°® m. Average fractions of both
dye molecules in the triplet state were below 10%.
ExperimentalG(¢) functions were satisfactorily
fitted to the theoretical expression of a diffusional
system with a single fluorescent particle type and
a certain amount of dye molecules in the triplet
state(<10%). An example of the autocorrelation
functions with measured count rates and results of
DNA (2.96 kbp titration with fluorescent dyes

FCS measurement samples were prepared asare shown on Fig. 2 and Fig. 3, respectively. The

follows: an appropriate amount of DNA water

measured diffusion constant and particle number
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Line aT bT CT dT eT

Fig. 1. Agarose gel electrophoresis of plasmids: Line a, Mal@NA; Line b, pH3APr-1-neo(10 kbp, contour length 3.4m,
molecular mas$6.6x 1(P); Line c, pHBApr-1-Neo+ Hind IlI restriction enzyme; Line d, pBluesript SK2.96 kbp, contour length
1.02 um), molecular mas$1.98x 10°); Line e, pBluesript SK# Hind Ill restriction enzyme.

remain practically constant for the whole presented a single fluorescent particle type. When the theo-
range of fluorescent dye concentration. Further- retical description of two diffusing species labeled
more, there were no differences between EtBr and with the same fluorophore was applied, a second
Prlo (Fig. 3a,0. However, count rate, reflecting fast diffusion time comparable to those obtained
the amount of fluorescence associated with single for low-molecular weight components is obtained.
DNA molecules, changes with dye concentration. The obtained diffusion coefficients calculated from
In addition, there is noticeable count rate difference the two diffusion times aré, g¢ x,,=2.5X 10~ *?
between EtBr and Prlo, which must reflect higher m? s™* andDyy,=2.5X10"*° n? s, respectively.
fluorescence yield for bound ethidium bromide or In both cases standard deviation was approximately
a larger number of these dye molecules associated25%. While the diffusion constanD; g6 kop=
with DNA. 2.5X107*? m? s ' is identical to the diffusion
When the dy¢DNA ratio was smaller than 100 constant resulting from monocomponent fits to the
(data not showh the autocorrelation functio@(z) data obtained from dyd®NA values >100, the
could no longer be satisfactorily fitted by the latter is similar to values obtained for low molec-
theoretical expression for a diffusional system with ular weight compound$19]. However, the fluo-
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- - - DNA (2.96kbp)*propidium iodide (Prio) depend on the DNA concentration, but is strongly
125 DNA (2.96kbp)+ethidium bromide (EtBr) dependent on the dye concentration. In our opinion
R I (C,./Cona = 800)

dye ~DNA

the deviation from the monophasic diffusional
system at low dye concentrations is due to fluctu-
ations in the number of dye molecules bound to a
single DNA molecule, caused by the desorption of
dye molecules. Since the quantum yield of an
unbound dye molecule is much lower than that of
a bound one, the fluctuations in the amount of
D P A PR bound dye molecules result in fluorescence fluc-
10° 107 10% 10 12(m1s°) 1010 1o e tuations. This explanation is in line with our
200 observation that these fluctuations become more
160 pronounced with the decrease of the number of

"

80 i U-'-,w.WmlnL‘,,M"} Juo,a‘mbrw\q,’m'n,fq’u‘:\:mltwlr by bognd dye molecules. Apparently at JdBENA
, — , ratios larger than 100 these fluctuations become

0 10 20 30 40 50 60 much smaller than the fluctuations caused by DNA
200 time (s) diffusion and,'thL'Js, are no Ionggr detectab_le. In
160 order to quantitatively evaluate this observation, a
120 proper model needs to be constructed, similar to
80 those presented in literatuf&7,23.
B S A N A A The obtained value of the diffusion constant for
pBluescript SKt(2.96 kbp, contour length 1.02
pm) is equalD, g6 kpp=2.5X10"" m? st and is
Fig. 2. Normalized fluorescence autocorrelation functions Identical within the experimental error for both
obtained for plasmid pBluesript SK2.96 kbp, contour length  dyes (Fig. 3a). The experimentally derived value
1.02 wm) labeled with propidium iodideg(dashed ling and of the diffusion constant is in the similar range
ethidium bromide(continuous ling. The Cyye/ Cona ratio was than the one calculate@®x 10~ 12 n? s°1), when
equal 800. Corresponding fluorescence count rates are shown
on the lower panels. Experimentaks) functions were satis- hypOtheSIng a rod-like DNA molecule with 3.4
factorily fitted to the theoretical expression of a diffusional A per base pair and a 23. 8 A diameter of the rod
system with the one component model in the entire range. Trip- [24]. This calculation has been performed using
let state was below 10%. the formula for the rigid rod translational diffusion

coefficient given by Tirado and Garcia de la Torre

1.20

1.15

G ()

1.10
1.05

1.00

Count Rate (kHz)

Count Rate (kHz)

time (s)

rescence intensity of nM concentrations of both T
dyes in bulk water is far too small to explain the [25]: D=—"
occurrence of the fast diffusing component. This 3ol
fact can be easily demonstrated by FCS_measure—@_ 4 = 0 1 . kT is the Bolzmann energy=
ments of both dyes in bulk water using dye p

concentrations comparable to those used in the(L/d) is the ratio of the length to cross-section
DNA experiments(data not showh A reviewer diameter, andy, is the viscosity of the solvent.
pointed out, that the origin of the two components  The diffusion coefficient for the 10 kbp plasmid
could be two diffusional modes similar to those (pHBApr-1-neo with a contour length of 3.4m)
observed by dynamic light scattering measure- was determined to be equal X80 m? s?
ments[20]. There are two arguments against such and again independent of the choice of the dye. If
an interpretation(1) While the diffusion constants we apply the above calculation for this molecule
determined by light scattering differ roughly by we obtain an estimated diffusion coefficient of
approximately a factor 10, we observe differences Dig ypp=1X10""2 m? s°*.

in the diffusion constants for fast and slow com-  We would like to point out that the above used
ponents of two orders of magnitud€2) The ‘rigid rod’ model represents an oversimplification
appearance of the two components does notof the shape of the investigated DNA molecules.

X(1n p+v), wherev=0.312+
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Fig. 3. Changes in théa) diffusion constant{D), (b) particle numbefN) and(c) count rate(CR) of the plasmid pBluesript SKt
(2.96 kbp, contour length 1.02m) in the presence of increasing concentration of ethidium bromide or propidium iodide.

Both investigated DNA plasmids are semiflexibile, when an assignment of diffusion coefficients deter-
closed circular shape molecules. The deviation mined by FCS to DNA molecules of particular
from the rigid rod-like shape certainly affects the contour length is needed.

diffusion coefficient. For a more precise theoretical
estimation of the diffusion constant, in the case of
our experiments measured at very low ionic
strength, the worm-like chailWLC) model would The condensations of both plasmids, fo&Pr-
probably be the more appropriate of@6]. The 1-neo (10 kbp, contour length 3.4.m) and p-
aim of the paper, however, is rather the demon- Bluesript SKt(2.96 kbp, contour length 1.02m)
stration of the validity of FCS in the investigation have been measured using ethidium bromide and
of DNA condensation than the theoretical model- propidium iodide fluorescent probes. The chosen
ling of experimental determined diffusion con- ratio Cyye/Cpna Was equal to 400 for propidium
stants. Anyhow, we believe that the here presentediodide and ethidium bromide. Such concentrations
estimation of diffusion constants can be helpful ensure a saturated level of DNA labeling.

3.2.  Measurements of the DNA plasmids
condensation
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24 ——— DNA (10kbp) + Prlo (cD”/cm= 400) 2.4 —— DNA (10kbp)+Prlo (C m’cm = 400)
] - DNA (10kbp) + Prlo + spermine (1.64uM) i \ === DNA (10kbp)+Prlo+HTAB (2.26pM)
22 ——— DNA (10kbp) + Prlo + spermine (11.78uM) 2.2 ——— DNA (10kbp)+Prlo+HTAB (11.1uM)

Count Rate (kHz)

Count Rate (kHz)

) 10 20 30 40 50 60
time (s) time (s)

Fig. 4. Normalized fluorescence autocorrelation functions obtained for plasnfid\PH1-neo(10 kbp, contour length 3.4.m)
labeled with propidium iodide measured alotdotted line@ and at two spermin€l.64 and 11.78.M; panel @ and two HTAB
(2.26 and 11.1uM; panel B, concentrations. Th€y,/Cpna ratio was equal to 400. Corresponding fluorescence count rates are
shown on the lower panels.

It has been observed that the condensing agenttion that count rate and the number of fluorescent
concentration required to condense either one of particles never disappear completely.
the plasmids depends on fluorescent dye concen- In order to condense plasmid, two common
tration (data not showh At least two explanations  cationic polyions were used: naturally occurring
of this phenomenon are possible: the dye and spermine; and amphiphilic detergent HTAB. Typi-
condensing compound interact, thus reducing their cal count rates and corresponding normalized auto-
ability to associate with the DNA molecule, or correlation functions, for the chosen concentration
(more likely) the fluorescent dye and condensing of the spermine and HTAB compound, are pre-
agent compete for binding sites on the plasmids. sented in Fig. 4. Fig. 5a shows the dependence of
In fact, it has been observed that adsorbed fluores-the diffusion constant vs. spermine and HTAB
cent dye remains attached to the DNA molecule concentration. When spermine or HTAB concen-
even after the condensation process has beentration was lower than 6:010°° M, the diffusion
completed. This is also supported by our observa- constant of the larger plasmiggpH3APr-1-neo, 10
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Fig. 5. Changes in théa) diffusion constant(D), (b) particle number(N) and (c) relative count rat§(CR—CR,)/CR,] of the
plasmid pBluesript SK{2.96 kbp; contour length, 1.0@m; molecular mass, 1.9810°) and pH3APr-1-neo (10 kbp; contour
length, 3.4um; molecular mass, 6:61C°) as a dependence of a concentration of the spermine and HTAB compounds. Both plasmids
were labeled by the propidium iodide. Tld&,/C pna ratio was equal to 400.

kbp) remained constant abD;q yp,=9.6X10" "3 4x10°% M were sufficient to get condensed glob-
m? s~*. The smaller plasmid pBluesript SK2.96 ular state in the case of the shorter plas2dd6
kbp) diffusion constant also remained constant for kbp). The obtained diffusion constants were equal
condensing agents concentrations lower thanto D,gs kpy=8.2X107** nm? s* (HTAB) and
2.0x10°° M, and wasD; g6 kp=2.5X10"** m? D; g6 kpp=9.2X10" % n? st (sperming. At the
s~ 1. Further increase in HTAB or spermine con- above mentioned concentration ranges of condens-
centration causes increase of the diffusion constant,ing agents the autocorrelation function could be
indicating the collapse of an individual plasmid to satisfactorily fitted by a model assuming a single
small compact particles, i.e. globular state. population of DNA moleculegEq. (1)]. When a
When the concentration of condensing agents is model assuming two distinct populations was
higher than 1.X10° M the 10 kbp plasmid is in  applied, the resulting diffusion times,, and 74,
the condensed globular state with the diffusion have been identical.
constantsDig wpp=5.5X10"" n? s* (HTAB) For the condensing agent concentration range in
andD;g pp="8.0X10"*2 m? s'* (sperming. Con- which the collapse takes pla€e.g. between 2 and
centrations of spermine and HTAB higher than 5x10°® M of the spermine for the 2.96 kbp
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plasmid, the obtained autocorrelation functions
could again satisfactorily fitted by a one compo-
nent model. Application of the two component
model did not lead to a significant improvement
of the fit, but in contradiction to the above dis-
cussed concentration regions of condensing agents
yielded two diffusion timesty; and 74, with
different values. This result might be interpreted
in terms of the presence of two diffusing species.
Obtained values of the two diffusion constants
could then reflect the coexistence of the extended
and globular plasmid formg$27]. On the other
hand, the fact that the quality of the fits did not
improve by adding a second component to Eq.
might indicate a rather broad size distribution of
both DNA forms. Considering the described ambi-
guity concerning the correct model in this concen-
tration range, we decided to show the results
obtained from the monocomponent fits in Fig. 4
and Fig. 5.

It should be underlined, that the differences
between diffusion times and, thus, between diffu-
sion constants before and after condensation
caused by spermine or HTAB are dramatic. This
fact might be illustrated by the observation that
condensation leads to a decrease in diffusion time
of up to an order of magnitude. To the best of our
knowledge this is the largest change iQ for
conformational alternation in macromolecules
observed so far.

In addition, there is also a noticeable difference
between the final diffusion constants of plasmid
globular states induced by spermine and HTAB.
The diffusion constants of the spermine condensed
DNA molecule wereD;g ypp,=8.0X10"*2 n? st
and D, g6 kpp=9.2X10"** m? s ', whereas when
HTAB was used as a condensing agent, these
respective values wer@®;q ,,=5.5X10"*? m?
st andD; g6 kp=8.2X10" 1 m? st

Count rate and particle number decrease with
rising condensing agent concentration, indicating
progressive fluorescent probe reled$ég. 5b,0.
There is a noticeable difference between changes
in count rate and particle number caused by
spermine and HTAB. The explanation of changes
in count rate and particle number is not as straight-
forward as in the case of the diffusion constant
and is probably due to the complex behavior of
the tertiary DNA—dye—agent aggregate. Differenc-
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es between the condensation processes caused by
spermine and HTAB are not easily explainable
with the experimental data available at present. It
can only be hypothesized that hydrophilic sper-
mine acts more like a polycation, whereas amphi-
philic HTAB interacts with plasmid in a more
complex manne{9,27.

Presented data show that FCS is a technique
that provides valuable information regarding proc-
esses that occur during macromolecular interac-
tions. It correctly describes changing DNA
molecule size during the condensation process.
Available data show that FCS provides information
concerning single molecule behavior in a statistical
manner. Unlike steady-state fluorescence spectros-
copy and microscopic techniques, this method is
not prone to errors associated with the sampling
procedure. Yet a number of problems referring to
theoretical models, data processing and the inter-
pretation of certain parameters such as count rate
and particle number require further investigations.
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