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Abstract: We performed fluorescence microscopic observation of the conformational change of individual T4DNAs
(166 kbp) induced by Fe2+/Fe3+. Individual DNAs undergo a marked discrete transition from an elongated coil into
a collapsed globule with an increase in the Fe3+ concentration at around 1-2 µM. On the other hand, DNAs remained
in the elongated coil state with the addition of Fe2+ up to a concentration of 30µM. Using these experimental
results we tried to control the transition of DNA by the redox reaction of Fe2+/Fe3+. We found that collapsed
globule DNA unfolds with the reduction of Fe3+. The results have been analyzed theoretically in terms of the
double minima in the free energy profile of a single DNA molecule, indicating that the change in the translational
entropy of the counterions is the main reason why high-valency ions are more effective in inducing the collapse.

Introduction

DNA is a polyelectrolyte with a high density of negative
charge. Thus, an aqueous solution is generally a good solvent
for DNA. Since the persistence length of duplex DNA1-4 is
on the order of 500 Å and the distance between the base pairs5

is 3.4 Å, a DNA chain larger than about 1000 base pairs (kbp)
behaves like a flexible chain, i.e., long DNA chains usually
exhibit an elongated coiled state in an aqueous environment in
vitro. More than a decade ago, Yanagida et al. showed that in
the aqueous phase, long DNA chains are actually present as
thermally fluctuating coiled chains, by the direct observation
of conformation in fluorescence-labeled individual DNAs by
fluorescence microscopy.6,7 On the other hand, DNA chains
exist as very compact globules in both prokaryotic and eukary-
otic living cells.8 For example, in individual human cells, DNA
chains with a total length on the order of a meter are contained
in a small space about the size of a micrometer.5 Currently,
the change in the structure of compact folded DNAs has attracted
the interest of biologists, since this change in the higher order
structure of DNAs is expected to be closely related to the
mechanism of the self-regulation of replication and transcription
in living cells.9,10 Thus, physicochemical studies of the large
structural changes of long DNAs are expected to shed light on
this important problem in biology.
It has been shown11 that cations with a valence ofg3 are

generally required to induce the condensation of DNAs in

aqueous solution at room temperature. Among the multivalent
cations, spermine(4+),12 spermidine(3+),13 and hexaammineco-
balt complex, Co(NH3)63+,14 have often been used to study DNA
condensation with the help of methods such as electron
microscopy, light-scattering, sedimentation, or other spectro-
scopic methods.11,15 In previous reports, however, the term
“condensation” did not seem to be defined rigorously, i.e., this
term was used to indicate the condensation of DNAs without
definitely distinguishing between the collapse of a single
molecule and multimolecular aggregation.11 This may be due
to the difficulty of measuring individual isolated DNAs with
currently available experiment tools. Under these conditions,
the transition of elongated DNAs into a “condensed state” has
been reported to be continuous rather than discrete.16-19 Very
recently, contrary to this traditional view of the continuous
nature of the “condensation” of DNA, it has become clear that
individual DNAs exhibit an all-or-none transition, i.e., a first-
order phase transition, whereas the ensemble average appears
to be continuous.20 This discovery regarding the marked
discrete transition was performed by observing single DNA
molecules through the use of fluorescence microscopy, which
makes it possible to clearly distinguish between the collapse of
a single molecule and multimolecular aggregation through the
direct observation of individual DNAs.20-25
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In the present study, we examined the effect of the redox
reaction of Fe2+/Fe3+ on the higher order structure of DNA by
using fluorescence microscopy to investigate the conformation
of isolated long duplex DNAs. Fe3+ at a concentration on the
order of 1µM induces a large discrete transition of individual
long DNAs. In contrast, Fe2+ up to a concentration of 30µM
has essentially no effect on the higher order conformation on
DNAs. This result prompted us to try to control the higher
order structure of DNA by the redox reaction of Fe2+/Fe3+.

Experimental Section

Materials. Bacteriophage T4DNA (166 kilobase pairs with a
contour length of 57µm)1,2,26was purchased from Nippon Gene. Iron-
(II) chloride tetrahydrate, iron(III) chloride hexahydrate, and the
fluorescence dye 4′,6-diamidino-2-phenylindole (DAPI)27were obtained
from Wako Pure Chemical Industries Ltd. and used without further
purification.
Sample Preparation. Sample solutions were prepared according

to the following procedure. DNA molecules were diluted with Tris-
HCl buffer solution (10 mM Tris, 10 mM NaCl, pH 7.2) containing
the fluorescent dye. Buffer solutions with a desired amount of metal
ion were mixed with the DNA buffer solution. The final concentrations
(DNA in nucleotide; 0.06µM, DAPI; 0.06 µM) were kept constant
throughout the fluorescence microscopic experiment. Under these
conditions, the number of DAPI molecules per base pair is estimated
to be 0.05, and both the contour length and the persistence length remain
nearly the same as in the absence of DAPI.1,2 All solutions were
prepared with Millipore water (18.3 GΩ). To avoid the oxidation of
Fe2+ by atmospheric oxygen, Fe2+ was treated in O2-free solution that
had been bubbled with N2 for 30 min, and preparations were carried
out in a glovebox under a N2 atmosphere. Since Fe3+ is known to
induce hydrolysis, which leads to oligomerization in neutral solutions,28

stock solutions of Fe3+ were adjusted to pH 1.0 and prepared fresh
before each experiment.
Fluorescence Microscopy.Fluorescence microscopic observation6,7

was performed as follows. DAPI molecules in the sample solutions
were excited by 365-nm UV light, and fluorescence images of individual
DNA chains were observed with use of a Carl Zeiss Axiovert 135 TV
microscope and recorded through a Hamamatsu SIT TV camera and
an image processor (Argus 10, Hamamatsu Photonics). A schematic
diagram of the direct observation system is shown in Figure 1. The
observation was carried out at room temperature, ca. 20°C. It has
been confirmed that the equilibrium size distribution in DNAs is attained
at least 3 h after sample preparation. In the present paper, we will
show only the data after the equilibriation. The apparent length of the
long axis,L, which was defined as the longest distance in the outline

of a DNA image, was evaluated with an image processor. Due to the
blurring effect of fluorescence light, DNA images were slightly thicker
than the actual chains by about 0.3µm.1,2,29,30 The diffusion coefficient
for each DNA molecule was evaluated from the mean square displace-
ment of the fluorescence images.1,2,29,30 Special care was taken to clean
the glass microscope slides and coverslips thoroughly before each
observation. They were treated at 500°C for 1 h, soaked in hydrogen
peroxide for more than 1 day, immersed in ethanol for more than 12
h, and rinsed with ethanol. Finally, they were dried at 35°C for more
than 30 min.
Electron Microscopy. A JEOL EM1200EX microscope was used

at an accelerating voltage of 100 kV. EM grids were rinsed with
acetone and then dipped in an isoamylacetate solution of 2% collodion
and allowed to dry on blotting paper. A thin layer of carbon was
shadowed onto freshly cleaved mica, and then floated off the mica onto
a clean surface of water. Collodion-treated grids were placed upside
down on the carbon layer and then picked up, yielding very clean
carbon-coated grids. Carbon-coated grids were rendered hydrophilic
by glow discharge in vacuo. One drop of sample solution was deposited
on the grid and after 1 min was stained with an aqueous solution of
2% uranylacetate for 30 s.

Results

The upper panels in Figure 2 show fluorescence images of
T4DNA molecules in (A) the elongated coiled state and (B)
the collapsed globule state, observed in Tris-HCl buffer solution
with 1.5µM of Fe3+, where coil and globule DNAs coexist in
the solution. The spatial distributions of the fluorescence light
intensity in these images are given in the middle panels of Figure
2. The schematic representations in the bottom panels of Figure
2 indicate the corresponding conformations in the long duplex
DNA molecules together with the effect of blurring. With the
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Figure 1. Schematic diagram of the experimental apparatus.

Figure 2. Coiled (A, left) and globular T4DNA (B, right) at the same
concentration of Fe3+ (1.5µM) in the coexistence region (see Figures
3 and 4). (a) Fluorescence microscopic images of T4DNA. The full
stretched length, or the contour length, of T4DNA is 57µm.1,2 (b)
Fluorescence light intensity distributions for the images given in part
a. The integrated fluorescence intensity was found to be essentially
the same for coil and globule DNAs. (c) Schematic representation of
the fluorescence images and the corresponding conformations in a single
double-stranded DNA molecule.
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addition of Fe3+ up to 1µM, all of the DNAs in the solution
remain in the random coil structure and display intramolecular
and translational Brownian motion. A further increase in the
Fe3+ concentration induces the collapse of individual T4DNA
molecules into small compact particles, i.e., globules. At
intermediate Fe3+ concentrations, the coil and globule states
coexist in the solution.
To characterize the conformational transition of DNA induced

by Fe3+ in a quantitative manner, a series of measurements were
carried out by changing the Fe3+ concentration from 0.06 to
3.5 µM. As a parameter of the effective size, the long-axis
lengthL of DNA macromolecules (see Figure 2) was measured
directly from the video image. The results are given as a
histogram in Figure 3A, which shows the distribution of the
long-axis lengthL at different Fe3+ concentrations (at least 100
DNA molecules were measured at each concentration). This
figure indicates that when the concentration of Fe3+ is lower
than 0.6µM, the maximum value ofL is about 3µm and the
distribution is rather wide, i.e., all of the DNAs are in the random
coil state. On the other hand, when the Fe3+ concentration is
above 3µM, the maximum value ofL is less than 1µm with a
narrow distribution width, i.e., all of the DNAs are in the
collapsed globule state. Between these limits lies the intermedi-
ate case, at which bimodality is observed in theL distribution,
indicating the coexistence of the coil and globule states. It
should be noted that, in the actual measurement, discrimination
between coil and globule is easy by using successive video
frames based on the observation of intramolecular thermal
fluctuation. The coiled DNAs exhibit remarkable time-depend-
ent conformational changes, whereas the globules remain as
bright light spots accompanied by translational thermal motion
that is much more significant than that in coils.
Figure 3B shows the dependence of the long-axis lengthL

on the Fe3+ concentration. The open and closed circles indicate
the mean values ofL for the coil and globule states, respectively,
and the vertical bar is the width of the distribution given as the
standard deviation. The shaded region corresponds to coexist-
ence of the coil and globule states. It is clear that individual
DNAs exhibit large discrete conformational changes, i.e., a first-
order phase transition. On the other hand, the average value of
L of the ensemble of DNAs exhibits a continuous transition, as
indicated by the cross symbol in Figure 3B. Thus, the discrete
nature of the coil-globule transition disappears in the ensemble
of DNAs. This feature of the transition explains why most
previous experimental studies16-19 of the collapse transition of

polyelectrolytes including DNA have reported that the transition
is continuous in nature.
Figure 4 shows a histogram (part A) and the mean value of

L (part B) as it varies with the concentration of Fe2+. In contrast
to the result with Fe3+, all of the DNAs remain in the coil state
up to at least 30µM Fe2+.
Next, we tried to evaluate the actual size of globular DNAs

by avoiding the effect of blurring in the fluorescence images.
We measured the time-dependent translational displacement of
individual globule DNAs complexed with Fe3+. With the
sample solution tightly sealed between glass plates, it is possible
to minimize convective flow. Figure 5 shows a plot of the
mean-square displacement versus time. Using the slope of this
relationship, a diffusion constant was obtained for individual
globule DNAs based on the following relationship:1,2,29,30

whereR ) (Rx, Ry) is a two-dimensional vector indicating the
spatial position of the globule. The hydrodynamic gyration
radiusRH was calculated fromD based on the Stokes-Einstein
relation according to the Zimm model25 as follows:

wherekB is the Boltzmann constant andηs is the viscosity of
the solvent. With use of this procedure, the hydrodynamic
radiusRH for the globule state was evaluated to be 65( 6 nm.

Figure 3. (A) Histogram of the long-axis length,L, of T4DNA
molecules at various concentrations of Fe3+. Each area of the histogram
is normalized to be equal. (B) Long-axis length,L, of T4DNAmolecules
vs the concentration of Fe3+. The open and closed circles indicate the
mean value ofL in coiled and globular DNA molecules, respectively.
The vertical bars show the standard deviation. The shaded area shows
the region where the coil and globule coexist. The change inL for the
ensemble average (cross symbols) appears to be continuous, despite
the all-or-none nature of the transition in individual DNAs.

Figure 4. (A) Histogram of the long-axis length of T4DNA molecules
at various concentrations of Fe2+. (B) Long-axis length of T4DNA
molecules vs the concentration of Fe2+. All DNA chains remained in
the coiled state at the concentrations tested.

Figure 5. The translational thermal motion of a globular DNA as given
by the time dependence of the mean-square displacement at [Fe3+] )
3 µM.

〈(R(t) - R(0))2〉 ) 4Dt (1)

RH ) kBT/6πηsD (2)
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To obtain the information on the structure of the DNA/Fe3+

complex, we observed DNA complexes using transmission
electron microscopy. Parts A and B of Figure 6 indicate that
DNA/Fe3+ complexes form a compact structure with a morphol-
ogy that is markedly different from the toroidal structure32-34

of the DNA/Co(NH3)63+ complex (Figure 6C). The diameter
of DNA/Fe3+ complexes by electron microscopy is 100-120
nm, which corresponds well to the hydrodynamic radius of 65
nm estimated from the diffusion constant of individual DNAs
determined by fluorescence microscopy.
On the basis of our findings regarding the large difference in

the effect of Fe2+/Fe3+ on the higher order structure of DNA,
we tried to control the structure of DNA by changing the redox
state of the ions. To trace the conformational transition of DNA
chains upon the reduction of Fe3+ to Fe2+, fluorescence
microscopic observation was performed under a spatial gradient
of ascorbic acid. A DNA sample in 3.5µM Fe3+ solution
without ascorbic acid was placed in the middle of a glass slide,
and a drop of 18µM ascorbic acid solution was placed on the
border of a coverslip. The unfolding of a globular molecule
under diffusional flow of the reductant is shown in the series
of photographs in Figure 7. It is clear that a globular DNA
complex with Fe3+ unfolds under the influence of ascorbic acid.
We found that the folding of a coil into a globule is also possible
by the oxidative reaction of Fe2+. However, in this oxidative
reaction, unfolded DNAs in the coil state were soon cut into
small fragments. To induce the folding of DNA chains without
any fragmentation by oxidation, optimization of the conditions
of oxidation is important.

Discussion

Double-strand DNA is a stiff polymer with a persistence
length l on the order of 500 Å,1-3 corresponding to ca. 150
base pairs. Thus, an individual synthetic oligomer of DNA,
up to 100-200 bps, behaves just like a rigid rod. On the other
hand, living cells generally possess giant DNAs. Even in simple
bacterial cells, DNA chains are on the order of 106 bps. The
conformation of such a long coiled polymer with a contour
length L can be approximated35 as a succession of rod-like
segments of length 2l that are freely joined to each other, where
the number of segments isL/2l. Thus, individual long DNA
from living cells behaves as a flexible coiled chain in an aqueous
environment in the absence of condensing agents. In the present

study, we examined the higher order structure of such “flexible”
long DNA chains. Therefore, it should be noted that the discrete
transition shown in Figure 3 will never be encountered for
oligomeric DNAs with on the order of 102 bps. In a compre-
hensive study of the “condensation” of DNAs, Bloomfield
concluded that in aqueous solution a cation with a valenceg3
is necessary to cause DNA condensation, with the exception
that Mn2+ produces the condensation of supercoiled plasmid
DNA, but not of linearized plasmid.11 To explain this experi-
mental trend, it has been suggested that DNAs condense in the
presence of multivalent cations when 89-90% of the negative
charge is neutralized. On the basis of an estimation of the
degree of counterion condensation, it has been regarded that
divalent cations cannot neutralize DNA up to 89-90%. On
the other hand, it has recently been found that divalent cations,
such as diaminopropane, can induce the collapse of single DNAs
when their concentration is rather high, around 20 mM.25 On
the basis of theoretical considerations, it has been suggested
that the free energy of a long DNA chain exhibits double minima
in the presence of multivalent cations, including divalent ions:
the double minima correspond to the elongated coil and
collapsed globule states.36 Since the degree of counterion

(32) Noguchi, H.; Saito, S.; Kidoaki, S.; Yoshikawa, K.Chem. Phys.
Lett. 1996, 261, 527-533.

(33) Chattoraj, D. K.; Gosule, L. C.; Schellman, J. A.J. Mol. Biol.1978,
121, 327-337.

(34) Arscott, P. G.; Ma, C.; Wenner, J. R.; Bloomfield, V. A.Biopolymers
1995, 36, 345-364.

(35) Grosberg, A. Yu.; Khokhlov, A. R.Statistical Physics of Macro-
molecules; American Institute of Physics Press: New York, 1994.

(36) Vasilevskaya, V. V.; Khokhlov, A. R.; Matsuzawa, Y.; Yoshikawa,
K. J. Chem. Phys.1995, 102, 6595-6602.

Figure 6. Transmission electron micrograph of globular T4DNA. Parts A and B were formed with Fe3+, and part C was formed with Co(NH3)63+.25

Figure 7. Unfolding of globular DNA into a coiled state by the
reduction of Fe3+ to Fe2+ with the addition of ascorbic acid, as observed
by fluorescence microscopy. The interval between the frames is 0.5 s.
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condensation should change between the coil and globule
states,37 it seems to be premature to conclude that the degree
of charge neutralization in the coil state controls the transition.
Instead, it is important to fully consider the contribution of the
free energy, including the conformational free energy of the
chain.
Now, let us discuss the conformational change of isolated

DNA chains in terms of the free energy. The free energy of a
single DNA molecule,Ftotal, can be written as a sum of four
components:36,38

whereFela is the free energy of elastic deformation of the DNA
chain;Fint describes the interaction of DNA segments;Ftrans is
the translational entropy of small ions (i.e., the multivalent ion,
its counterion, and the counterion of DNA); andFelec is the
electrostatic contribution. As for the free energy of rather long
polyelectrolytes, as in T4DNA chains, it is expected that the
contribution ofFelec is relatively small compared to the other
terms.36,38 In the elongated coil state, the distance between
different parts along a single DNA chain is much larger than
the Debye length in the usual aqueous environment. As for
the collapsed globule state, the negative charge of the phosphate
group is almost neutralized with the enhanced counterion
binding,37 indicating that the contribution ofFtransis much more
significant than that ofFelec. Thus, we do not considerFelec in
the following discussion for the sake of simplification.
On the basis of a theoretical analysis of the competition

betweenFela and Fint within the framework of mean field
approximation, it is evident that there are double-minima in the
free-energy profile of a sufficiently stiff polymer. Thus,
individual polymer chains undergo a discrete first-order phase
transition, between the elongated coil and collapsed globule
states. It has been shown that the effective size, or the radius
of gyration,S scales asN3/5 andN1/3 for the coil and globule
states, respectively, whereN is the number of Kuhn segments.35

As an additional characteristic of this transition, there is a region
of coexistence between the coil and globule states that depends
on an intensive variable, such as the concentration of the
multivalent cation, with a relatively large width. Therefore, the
ensemble average of the size of the polymer chains appears to
be continuous, i.e., there is no discreteness in the ensemble
average of the chains including the first- and higher-order
derivatives in the transition curve.20

Although the coil-globule transition can be discrete as a
result of competition between the first and second terms in eq
3, for the coil-globule transition induced by multivalent cations,
the third term in eq 3,Ftrans, should also be important.36 Ftrans
can be written as a sum of the contributions from inside and
outside the effective volume occupied by a DNA chain:Ftin

andFtout, respectively:

whereqin, pin, andr in are the numbers of monovalent cations,
multivalent ions, and monovalent anions inside the DNA
volume, whileqout, pout, androut are the corresponding values
for the outside solution.Ω is the space volume per single DNA
chain, i.e., the solution volume per single DNA chain. The
effective volume of a DNA is given byV ) R3V0, whereV0
corresponds to the volume of a coiled DNA in the reference
state andR ) S/S0. S andS0 are the radius of gyration of a
DNA chain and that of a Gaussian chain with the same contour
length. The total number of the individual ions (q, p, and r)
inside and outside should be kept constant, e.g.,qin + qout )
constant. On the basis of the condition of total electroneutrality
for the region near a “charged DNA chain”, the following
relationship should hold

whereQ is the total number of phosphate groups in a DNA
chain. The first and second terms in eq 3 are also interpreted
as a function ofR. The equilibrium-swelling coefficient,R, of
a DNA chain is therefore deduced from a minimization of the
total free energyFtotal with respect toqin, pin, andR. As a
reasonable assumption, if we neglect the contribution of the
counter anions, the free energy can be rewritten as

We can now evaluate the effect of the translational free energy
on the coil-globule transition. As we have mentioned already,
a discrete coil-globule transition can be induced as the result
of competition between the elastic and interaction terms (see
eq 3). Let us denote the effective volumes of coiled and
globular DNA asVc andVg. If qin andpin do not change so
much before and after the transition in comparison with the
change in the effective volume, we can roughly estimate the
difference in the translational free energy of small ions in
globular DNA with reference to that in coiled DNA,∆Ftrans/
kT. Actually, the change in the number of counterions between

(37) Ueda, M.; Yoshikawa, K.Phys. ReV. Lett. 1996, 77, 2133-2136.
(38) Yoshikawa, K.; Kidoaki, S.; Takahashi, M.; Vasilevskaya, V. V.;

Khokhlov, A. R.Ber. Bunsenges. Phys. Chem.1996, 100, 876-880.

Figure 8. Unfolding process shown by the change in the fluorescence
intensity distribution (the same experiment as in Figure 7).

Ftotal ) Fela+ Fint + Ftrans+ Felec (3)

Ftrans) Ft
in + Ft

out (4)

Ft
in/kT) qin ln(qin/V) + pin ln(pin/V) + r in ln(r in/V) (5)

Ft
out/kT) qout ln(qout/(Ω - V)) + pout ln(pout/(Ω - V)) +

rout ln(rout/(Ω - V)) (6)

mpin + qin ) Q+ r in (7)

Ftrans/kT≈ qin ln(qin/V) + pin ln(pin/V) + pout ln(qout/Ω) +

pout ln(pout/Ω) (8)
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the coil and globule states is expected to be at most 20% since
more than 80% of the negative charge is already neutralized
with counterion condensation in the coil state11 and the upper
limit of counterion binding in the globule is 100%.39 Although
the above assumption will not exactly correspond to the actual
coil-globule transition of DNA, a rough estimation of∆Ftrans
may be useful for understanding the essential aspects of the
transition.

In the above relationship, we have used the conditionΩ >>
V, in accordance with the experimental conditions in our
experiment. The latter relationship in eq 9 can be deduced by
using eq 7 wherer in ∼ 0. Since the ratio of the volumes of the
coil and globule is 103 to 104, ln(Vc/Vg) is +6 to+8. Thus, it
is evident that a multivalent cation with a higher valence, or a
greaterm value, tends to stabilize the globule state. This
theoretical expectation corresponds to the experimental trend
given in Figures 3 and 4. Equation 9 also predicts that a cation
with a higher valency will exhibit a much larger potency for
the collapse transition of DNA chains, where free energy
difference between globule and coil states is almost linearly
dependent on the valencym of the multivalent cation. To
demonstrate the effect of Fe2+/Fe3+ on the higher order structure
of DNA, Figure 9 shows a schematic representation of the
change in the free energy profile with different valencies.

In addition to the above effect, the bridging effect of a
multivalent cation between DNA segments is also expected to
contribute to the collapse of a long DNA chain. It should be
mentioned that even with the same valency, the potential to
induce collapse will vary depending on the chemical charac-
teristics of the cation, such as the ionic radius and the distance
between the cationic centers within a multivalent cation.
However, we can conclude here that the most significant effect
on the collapse is the change in the translational entropy of the
system. A detailed numerical analysis to ascertain this conclu-
sion will be reported in a separate paper.40

There are accumulating experimental results on the effect of
metal cations on helix-coil (melting) transitions41 and on
supercoiling.42 These characteristics have been studied mainly
for oligonucleotides smaller than several thousand bps. In the
present study, we observed the folding and unfolding transitions
of 166-kbp T4DNA. It is likely that the folding transition (the
higher level in the hierarchy) is closely linked to microscopic
structural changes such as supercoiling and the helix-coil
transition (the lower level in the hierarchy). Future efforts to
clarify the relationship between the high and low hierarchical
structures are encouraged. The extension of research along these
lines may lead to an understanding of the mechanism of self-
regulation in gene expression. In both prokaryote and eukaryote
cells, effective transcription of the base-sequence information
stored in DNA into RNA should be accompanied by a transition
from a helix into a coiled state, and this helix-coil transition
cannot proceed unless tightly packed DNAs are, at least partly,
unfolded.43
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Figure 9. Schematic representation of the change in the bimodal free
energy profile in a DNA chain between Fe2+ and Fe3+.

∆Ftrans/kT≈ (qin + pin) ln(Vc/Vg) )

{Q- (m- 1)pin} ln(Vc/Vg) (9)
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