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Dynamics of DNA Condensation®

Dietmar Porschke

ABSTRACT: The condensation of DNA induced by spermine
and spermidine is investigated by equilibrium titrations and
stopped-flow and field-jump experiments using scattered light
detection. The spermine concentration required for the co-
operative condensation process is measured at different DNA
concentrations; these data are used to evaluate both the con-
densation threshold degree of spermine binding and the binding
constant of spermine according to an excluded-site model.
Stopped-flow measurements of the spermine-induced con-
densation demonstrate the existence of two processes: (1) A
“fast” reaction is observed in the millisecond time range, when
the reactant concentrations are around 1 uM; it is associated
with a characteristic induction period and is assigned to the
intramolecular condensation reaction. (2) A slow reaction with
time constants of, e.g., 100 s strongly dependent upon both
spermine and DNA concentrations is assigned to an inter-
molecular DNA association. The unusual time course of the
intramolecular condensation reaction with the induction period
provides evidence for a “threshold kinetics”. During the in-
duction period, spermine molecules are bound to DNA, but
the degree of binding remains below the threshold value. As
soon as the degree of ligand binding arrives at the threshold,

DNA is often found in very compact structures. The tight
packing of DNA in, e.g., chromatin (Sperling & Klug, 1977)
or phage heads (Earnshaw & Harrison, 1977; Earnshaw et
al,, 1978) has been analyzed mainly with respect to the
structure of the “condensed” DNA. Relatively little attention
has been given to the dynamics of DNA packing, although
the dynamics of this process will also be essential for the
biological function. Since the DNA packing is expected to
be a rather complex process, it should be studied first in a
relatively simple system. An appropriate model system of
direct biological relevant is the spermine-induced DNA con-
densation. It has been shown by Gosule & Schellman (1976,
1978) that the condensation of DNA induced by spermine or
spermidine at low concentrations is an intramolecular process.
Chattoray et al. (1978) demonstrated that the condensation
product is a well-ordered toroidal structure. Wilson &
Bloomfield (1979) found that DNA is condensed when a
critical fraction of the DNA phosphate charges are neutralized
by counterions. As shown by Widom & Baldwin (1980),
spermine or spermidine can be replaced by ions like Co**-
(NH;),. These observations indicate that the ligands are
mainly required to reduce the charge density of DNA to a
sufficiently low level before the DNA is condensed. According
to these results, it may be expected that the coupling between
ligand binding and the DNA conformational change is es-
sential for the dynamics as well. The main goal of the present
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the DNA is condensed in a relatively fast reaction. Model
calculations of the spermine binding kinetics according to an
excluded-site model demonstrate that the spermine molecules
bound to DNA are mobile along the double helix. A com-
parison of the experimental data with the results of Monte
Carlo simulations suggests a rate constant of ~200 s™! for
spermine movement by one nucleotide residue. The dissoci-
ation rate of DNA-spermine condensates obtained from
stopped-flow measurements is shown to be determined by
spermine dissociation, even though the decondensation is faster
by a factor of about 10 than the dissociation of individual
spermine molecules. The acceleration is due to a statistical
factor resulting from the fact that the dissociation of some
spermine molecules out of a high number of bound molecules
is sufficient to induce decondensation. Interpretation of the
experimental data in terms of a simple model suggests that
the decondensation proceeds in units of about 60 base pairs.
The condensation dynamics in the limit of high ligand con-
centrations, studied by field-jump experiments, are reflected
by a spectrum of time constants ranging from 25 us to 2 ms.
The high rate of DNA condensation indicates a remarkable
flexibility of the double helix with very fast bending motions.

investigation is the characterization of the intramolecular
condensation reaction starting from a wormlike coil of DNA
and resulting in a well-ordered torus. To avoid intermolecular
DNA condensation, the measurements had to be conducted
at very low concentrations. This requirement together with
the necessity to mix DNA and spermine quickly without
shearing of DNA caused some technical problems. The results
obtained provide new information on the dynamics of DNA
and also on the dynamics of ligand binding. It is expected that
the proposed mechanism is relevant also for other cases of
DNA packing.

Materials and Methods

A-DNA was obtained from Boehringer Mannheim and T4
DNA from Miles Laboratories, Elkhart, IN. T7 DNA was
isolated by repeated phenol extractions from phages that were
kindly provided by Dr. Ch. Biebricher, Gottingen, FRG, and
Prof. M. Schweiger, Innsbruck, Austria. All DNA samples
were dialyzed extensively against 1| mM NaCl, 50 uM eth-
ylenediaminetetraacetic acid (EDTA), and 1 mM sodium
cacodylate, pH 6.4, used as a standard buffer for most mea-
surements. For the titration experiments at different ionic
strengths, the salt concentration was adjusted by addition of
NaCl. Spermine-4HC] and spermidine-3HCI were obtained
from Serva, Heidelberg, FRG.

Scattered light intensities were measured as a function of
spermine or spermidine concentration by an Aminco SPF 500
fluorometer. Usually the scattered light was measured at 290
nm. Stopped-flow experiments were performed with an in-
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FIGURE 1: Scattered light intensity 7 (relative units) of 8 uM A\-DNA
as a function of the spermine concentration ¢ (A = 290 nm; 4 mM
NaCl, 4 mM sodium cacodylate, pH 6.4, and 0.2 mM EDTA).

strument constructed at this institute. The solutions did not
have any contact with metal parts; the temperature was con-
trolled by a closed circulation system. Changes in the scattered
light intensity were recorded on a Biomation 1010 transient
recorder and sent to the computer center of the Gesellschaft
fur wissenschaftliche Datenverarbeitiing mbH, Géttingen,
FRG. Due to the relatively high noise of single stopped-flow
curves at DNA concentrations in the micromolar range, the
signal to noise ratio was improved by averaging of usually 20
stopped-flow experiments. Field-jump experiments were
performed as described (Porschke et al., 1984). The standard
temperature in all experiments was 20 °C.

Results

Equilibrium Titrations. As may be expected for this type
of ligand-induced intramolecular process, the degree of ligand
binding to the DNA must exceed a limit value, 8;, to induce
condensation. Experimental evidence for this effect has been
presented for various types of ions like spermine, spermidine,
putrescine, Mg?*, and Co**(NH,), (Wilson & Bloomfield,
1979). Since the DNA condensation is a cooperative process,
the overall ligand concentration required for the transition can
be determined with high accuracy. Measurements of the total
ligand concentration corresponding to 6; at different DNA
concentrations should provide information about the binding
equilibrium. We have used this approach to determine
equilibrium constants for the binding of spermine to DNA
according to an excluded-site model. The condensation of
DNA was usually characterized by simple scattered-light ti-
trations performed with a conventional spectrofluorometer (cf.
Figure 1). Insome cases, the transition was also characterized
by field-jump experiments (see below).

From the titration experiments, we obtain a series of total
ligand concentrations, c;, required to induce condensation at
given DNA concentrations, ¢, (in units of nucleotide residues).
A set of these values may be used to compute both the constant
K for the association of spermine to DNA and the limit degree
of binding 8; according to an excluded-site binding model
(McGhee & von Hippel, 1974). 6; is defined in units of
nucleotide residues covered by spermine at the midpoint of the
transition relative to the total number of nucleotide residues.
The number of nucleotide residues covered by one spermine
molecule is assumed to be four, corresponding to the number
of positive charges associated with spermine. A least-squares
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FIGURE 2: Spermine concentration c; at the midpoint of the con-
densation transition as a function of the DNA concentration c; ( in
monomer units; 4 mM NaCl, 4 mM sodium cacodylate, pH 6.4, and
0.2 mM EDTA). The line represents a least-squares fit according
to an excluded-site model (cf. text); K = 9.8 X 10 ML; 6, = 0.746.

Table I: Threshold Degree of Spermine Binding (f,) and Association
Constant (K) of Spermine to DNA as a Function of the Ionic
Strength (I,) according to an Excluded-Site Model

1, (mM) 9, K (M)
1.75 0.86 59 X 10°
3.5 0.83 7.3 % 107
5.25 0.805 3.8 x 107
7.0 0.75 1.0 X 107

17 0.7 1.4 X 10

fit of data measured in an appropriate concentration range
provides clear error minima for X and 6; (cf. Figure 2).
Measurements at various salt concentrations, /,, reveal the
expected decrease of K with increasing I, (cf. Table I). An
analysis of this salt dependence according to polyelectrolyte
theory suggests that the number of charges compensated upon
complex formation is ~2.7. This is rather close to the value
3.3 obtained previously from dialysis experiments in the range
of salt concentrations around 0.1 M (Braunlin et al., 1982).

Stopped-Flow Measurements of the Condensation Reaction.
Simple mixing of DNA with spermine in a cuvette and ob-
servation of the reaction by scattered-light measurements
demonstrate that spermine induces two different types of
condensation reactions. At 1 uM DNA, the change of scat-
tered light induced by addition of, e.g., 1 uM spermine is
almost complete during the few seconds required for mixing.
At higher concentrations of DNA and, in particular, of
spermine, a relatively large part of the scattered-light change
is observed in the time range >5s. The contribution of the
slow reaction at a given spermine concentration is increased
by an increase of the DNA concentration, indicating that the
slow reaction is mainly due to intermolecular association of
DNA. Thus, the intramolecular process is associated with the
fast change of scattered light that cannot be resolved by a
simple mixing experiment. The characterization of the fast
intramolecular condensation requires a stopped-flow technique
with a sufficiently high sensitivity to measure scattered-light
changes at very low concentrations.

Initial attempts to follow the reaction with a conventional
stopped-flow apparatus were not successful. Analysis of DNA
samples subjected to stopped-flow experiments demonstrated
that the long DN A molecules were strongly sheared to short
fragments. This was reflected in the kinetic curves by rather
small contributions from the expected intramolecular con-
densation together with relatively large scattered-light changes
in the time range >1 s due to intermolecular association re-
sulting from the increased molar concentration of strands (at
constant concentration of monomer residues).
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FIGURE 3: Change of the scattered light intensity AJ as a function
of the time 7 after mixing of 1 uM T4 DNA with (a) 0.7, (b) 1.0,
and (c) 1.5 uM spermine (standard buffer, 20 °C).

Since the shearing of DNA is caused by the high flow rate
associated with turbulence in stopped-flow experiments, the
flow rate had to be reduced at the expense of time resolution.
Various modifications of the stopped-flow apparatus were
tested to achieve a reliable low flow rate. Finally, the intro-
duction of a narrow channel behind the observation chamber
proved to be most useful. By variation of the channel diameter,
it was possible to adjust any desired flow rate with high re-
producibility.

When the flow rate was decreased, the contribution of the
fast process increased, whereas the amplitude of the slow
process decreased. At a flow rate around 3 uL/ms, most of
the amplitude was observed in a time range >5 s as expected
from simple mixing experiments without great shearing gra-
dients. Analytical ultracentrifugation of a A-DNA sample
subjected to a stopped-flow experiment at this low flow rate
demonstrated that the molecular weight remained unaffected.

As shown in Figure 3, the spermine-induced DNA con-
densation is a relatively fast reaction, which can be resolved
by stopped-flow experiments at reduced flow rates only for
very low reactant concentrations. When the spermine con-
centration is higher than 2 uM (at a DNA concentration of
1 uM), part of the reaction shown in Figure 3 cannot be
observed anymore due to the limited time resolution. The
condensation reaction reflected by an increase of scattered light
requires a period of induction. The induction time decreases
with increasing spermine concentration. These data indicate
that the condensation is a two-step reaction and suggest the
following simple interpretation. In the first step, the spermine
ligands bind to the DNA; when the degree of binding arrives
at a limit value, the DNA is condensed in a subsequent re-
action step. The sequence of reactions may be described by
the following equations, where S denotes spermine molecules:

k*
DNA e, + S == DNAyS, 1)
k.t
DNAfree'Sn +S ‘k__" DNA(reeSn+1 2
k.t
DNAfree'Sm NPT DNAcondensed'Sm (3)

The DNA lattice is filled with spermine molecules in many
reaction steps, which are not seen directly by the measurements
of light scattering. When the number of bound spermine
molecules arrives at a limit m, the DNA is converted from the
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free to the condensed form, which is detected by a strong
increase of light scattering.

At high spermine concentrations, the change of light
scattering is too fast to be detected by the stopped “slow” flow
apparatus. This result indicates that the condensation reaction
described by eq 3 is a fast process. Furthermore, it may be
concluded that the rate of DNA condensation observed at low
spermine concentrations is determined by the many steps of
spermine association described by eq 1 and 2. The kinetics
of condensation were found to be very similar for the different
DNA samples from A, T4, and T7 phages.

Intermolecular Association. At low concentrations of
spermine (¢ < 2 uM), the change of scattered light appears
to be almost complete within 1 s, When the spermine con-
centration is increased to 5 or 10 uM, an increasing amplitude
in the time range around 100 s is observed. It is possible to
represent this process by a single exponential. The time
constant is dependent upon both the DNA and the spermine
concentrations. When spermine is in excess at a constant level,
the reciprocal relaxation time increases linearly with the nu-
cleotide concentration. This result demonstrates that the slow
process reflects an association reaction of DNA strands. In
the absence of detailed information on the type of association,
it is assumed that the DNA molecules associate according to
an isodesmic reaction model (without limit in the number of
DNA molecules associating with each other). The reciprocal
relaxation time according to this model is given by

1/7 =2kt e, + k.~ (4)

where k,* and k,” are the rate constants of association and
dissociation, respectively, and c; is the concentration of free
sites (Porschke & Eggers, 1972). A least-squares fit of data
obtained for A DNA in the presence of 10 uM spermine
provided the following rate constants: k,* = 8.9 X 10° M!
(nucleotides) s!; k,” = 1.13 X 1073 s™!. When the association
rate constant is given in units of polymer concentration, the
resulting value of 8.2 X 108 M™! (polymer) s™! is in an order
of magnitude close to the limit of diffusion control expected
for a reaction between condensed DNA strands of ~32 X 106
daltons.

Decondensation. The stopped-flow technique may also be
used to characterize the dissociation of condensed DNA. The
dissociation reaction was induced by mixing of condensed
DNA with a sufficient quantity of free DNA. Due to binding
of spermine to the free DNA, the concentration of free
spermine is reduced below the threshold value. Since the
degree of spermine binding to the added DNA remains below
the limit required for condensation, the trapping of spermine
by added DNA does not affect the measured intensity of
scattered light. The dissociation of condensed DNA observed
in these experiments cannot be described by a single expo-
nential. The change of scattered light exhibits a small, but
clearly visible, induction period (Figure 4). The main part
of the scattered-light change is associated with a time constant
of about 0.6 s. Measurements at different concentrations of
added free DNA did not reveal any concentration dependence
within the limits of accuracy. These experiments indicate that
the decrease of the free spermine concentration by the added
DNA is fast enough and does not influence the dissociation
curves.

From the data described above, it is not possible yet to
decide whether the rate of decondensation is determined by
the dissociation of spermine or by the unfolding of the DNA
itself. This question may be answered by measurements with
DNA condensed by spermidine. According to all information
available, the structure of DNA condensed by spermine is very
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FIGURE 4; Change of the scattered light intensity A7 as a function
of the time ¢ after mixing of 8 uM A-DNA + 2.6 uM spermine with
8 uM DNA (from calf thymus, sonicated) represented at two different
time scales, a and b.

similar to that condensed by spermidine. Thus, the dissociation
rates of these DNA condensates should be very similar, if the
rate is mainly determined by DNA unfolding. However,
stopped-flow measurements demonstrate that the dissociation
of spermidine-DNA condensates is much faster than that
observed for spermine-DNA condensates. The time constants
found in the range around 5 ms in the case of spermidine
demonstrate that the decondensation rate—at least for the
DNA condensed by spermine—is determined by the dissoci-
ation of the ligand. The increase of the decondensed rate in
the case of spermidine by a factor of about 100 is consistent
with the fact that the binding constant of spermidine is lower
than that of spermine by about the corresponding order of
magnitude.

Monte Carlo Simulations. As mentioned above, the con-
densation of DNA must be described by two different types
of reaction. In the first step, spermine (or a corresponding
ligand) binds to DNA. When the charge density of the DNA
is reduced by association of a sufficient number of spermine
molecules, the DNA is contracted to the condensed state. It
is known from the equilibrium titrations that the degree of
spermine binding (f) must exceed a limit value to induce the
condensation reaction. In the standard buffer used for the
kinetic experiments, this value was found to be 6; = 0.86 (cf.
Equilibrium Titrations). Since spermine molecules with their
four positive charges will compensate the corresponding
number of phosphate charges, the kinetics of spermine binding
will be strongly influenced by excluded-site effects (Epstein,
1979). These effects are illustrated in Figure 5. Obviously
spermine will bind to the DNA at random positions. Since
spermine molecules cover four nucleotides residues, the random
association of ligand molecules will lead to a distribution which
excludes further association even though the DNA lattice is
not yet completely occupied. However, more ligands may be
bound to the DNA when the distribution of ligands along the
polymer chain is rearranged. This may be accomplished by
dissociation of ligands and subsequent binding at different sites.
Since dissociation is usually a slow reaction, redistribution of
ligands according to this mechanism is a relatively slow process.
However, the redistribution may be accelerated by sliding
and/or hopping of ligands along the polymer. Due to the
complexity of reactions, it is difficult to describe the “excluded
site” kinetics by analytical methods. Thus, a quantitative
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FIGURE 5: Dynamics of excluded-site binding for a ligand that covers
four residues (cf. text).
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FIGURE 6: Degree of spermine binding 6, as a function of the time
t according to a Monte Carlo simulation: k¥ =1x 108 M1 k-
= 0.17 57}, length of the lattice 200 residues, residue concentration
1 uM, spermine concentration 1 uM, mobility k,, = 0 (dashed line),
and k_, = 200 residues per second (solid line). The curves represent
the average of 100 simulations and are plotted in two different time
scales, a and b.

analysis of excluded-site processes—at least at high degrees
of binding—requires numerical procedures.

A Monte Carlo simulation (Epstein, 1979) of spermine
binding to DNA using an estimated association rate constant
of 108 M™! (nucleotides) s™' shows that the degree of binding
may quickly approach a value of about § = 0.8. However, the
further increase toward the equilibrium value of 6 is very slow
due to the low rate of spermine dissociation. According to the
simulation shown in Figure 6, it takes more than S s to arrive
at a value 8, = 0.86 required for DNA condensation. This
is a very long time compared to the time constants observed
in the stopped-flow experiments. However, the approach to
the limit value of § may be strongly accelerated by assuming
some mobility of spermine molecules along the double helix.
When the rate of spermine motion is k, = 200 s}, corre-
sponding to a time constant for a shift by one “lattice” residue
of 5 ms, the degree of binding is 0.86 already within ap-
proximately 15 ms (at the same concentrations and k,* and
k,” values as used above). Thus, it should be possible to
evaluate the mobility of spermine ligands on DNA helices by
comparison of experimental and simulated reaction progress
curves. For this purpose, spermine binding has been simulated
for sets of 150 single, separate lattices, providing a distribution
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FIGURE 7: Degree of DNA condensation 6, as a function of the time
t according to a Monte Carlo simulation for 1 xM nucleotide residues
at spermine concentrations of (a) 0.7, (b) 1.0, and (¢) 1.5 uM. k¥
=1 x108M!s! k~=0.17s", and k,, = 200 s\,

of times required to attain the limit degree of binding 6, = 0.86.
The distribution of times may then be arranged to represent
the time dependence of the approach to (and beyond) the limit
degree of binding. Since the DNA molecules are converted
to the condensed state, when the degree of spermine binding
exceeds the limit value, the time dependence obtained by this
procedure should represent the condensation reaction. The
correspondence should be exact within the context of the
model, when the condensation of DNA itself is fast compared
to ligand binding. According to the experiments described in
the previous section, this condition is fulfilled for the present
stopped-flow experiments. By a trial and error procedure, it
is possible to evaluate both the association rate constant and
the mobility of spermine. The set of reaction curves obtained
for an association rate constant k,* = 1 X 10 M™! (nucleo-
tides) s and a mobility of k,, = 200 s™! shown in Figure 7
demonstrates that the experimental curves can be represented
with a satisfactory degree of accuracy. Another set of data
obtained at a DNA concentration of 2 uM (nucleotides) can
also be represented by using the same model parameters.

Simple Model of the Decondensation Reaction. Since the
DNA condensation reaction can be described with good ac-
curacy by the threshold model of ligand association, it may
be expected that a corresponding model is appropriate for the
reverse reaction. Such a model should be valid when the
decondensation is controlled by the dissociation of spermine
molecules. Evidence for this is obtained by stopped-flow ex-
periments showing a much higher rate of decondensation for
spermidine complexes than for spermine complexes. This
result indicates that unfolding of the DNA itself is not the
rate-determining step in the dissociation of spermine-DNA
condensates.

For simplicity, it will be assumed that the dissociation of
spermine from DNA may be described by a simple first-order
reaction with a rate constant k,~. This assumption is justified
for stopped-flow dissociation experiments, when the free
spermine concentration is maintained at a sufficient low value
to preclude reassociation. For a DNA chain with N spermine
molecules, dissociation may occur with equal probability at
any of the N spermine sites. The probability P of an initially
occupied site to be still occupied at time ¢ is given by

P=eHt 5)
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FIGURE 8: Degree of transition 1 - 6, from condensed to free DNA
as a function of time calculated according to eq 4 with k- = 0.17
s, N=30,and M =0, 1, 2, and 3, corresponding to decondensation
after 1, 2, 3, and 4 ligands, respectively, out of 30 are dissociated.
The curve denoted by k,~ shows the degree of ligand binding.

The corresponding probability Q of a site being empty after
time ¢ is given by

Q=1-ekt (6)

From these probabilities, the distribution of spermine ligands
on the DNA lattice may be calculated as a function of time.
The probability R of a lattice to lose not more than M ligands
up to time ¢ is given by

JaM

R= J>_:o i) and 74 (™

In close analogy to the condensation reaction (cf. previous

section), it may be assumed that the condensed state remains

stable as long as the number of dissociated spermine molecules

does not exceed a threshold value M. As soon as threshold

value is exceeded, the decondensation may proceed rapidly

compared to the spermine dissociation. Under these conditions,

the probability R as a function of time describes the time
course of decondensation.

It is apparent from eq 7 that the rate constant of spermine
dissociation cannot be directly determined from a simple de-
condensation experiment, since the parameters N and M have
a strong influence on the decondensation rate. The influence
of these parameters is illustrated in Figure 8. When N = 30
and M = 1, for example, the decondensation rate is much
faster than the “elementary” rate of spermine dissociation. The
acceleration is simply due to the fact that spermine molecules
may dissociate at any of the 30 sites. Obviously, the accel-
eration effect at a given value of M increases with N. When
M > 1, the reaction exhibits a period of induction without any
decondensation, although spermine molecules dissociate.
When the number of dissociated spermine molecules ap-
proaches the limit value, the decondensation is observed within
a time range that can be very narrow (depending upon the
values for NV and M). These model calculations may now be
compared with the experimental data obtained by stopped-flow
measurements. The major part of the DNA is decondensed
in about a 1 s, demonstrating an acceleration effect relative
to the elementary lifetime of spermine, 1/k,” = 5.9 s, evaluated
in the previous section. The experimental curves also show
some induction period, indicating the existence of the effect
predicted by the model calculations. Due to the approximate
nature of the model, it is not attempted to fit precise values
of N and M to the experimental data. Obviously, the effective
value of NV cannot be as high as the total number of spermine
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molecules bound to the entire A-DNA. In this case, the ac-
celeration effect would be much higher than that observed
experimentally and /or the decondensation would have a more
cooperative appearance with a longer induction period together
with a sharp onset of the reaction. The experimental curves
can be represented reasonably well with, e.g., N = 30 and M
= 2, suggesting the existence of reaction units comprising
approximately 30 spermine molecules, corresponding to about
120 nucleotide residues.

It is also conceivable that DNA decondenses stepwise from
the ends of the chain following subsequent steps of spermine
dissociation. However, according to the reaction sequence of
such a model, it will be difficult to represent the experimentally
observed induction period together with the acceleration effect
relative to the elementary rate of spermine dissociation.

Field-Jump Experiments. The stopped-flow technique has
been very useful to study the DNA condensation by mixing
of the components at low concentrations, where the dynamics
of the reaction are mainly determined by the rate of ligand
binding. However, the time resolution of the stopped-flow
technique is not sufficient to study the condensation reaction
in the limit of high ligand concentrations, where the dynamics
should be mainly determined by the rate of DNA folding. For
this purpose, a technique is required with a high time reso-
lution, as, for example, the field-jump technique. FElectric field
pulses are known to induce dissociation of counterions from
polyelectrolytes (Eckstrom & Schmelzer, 1939; Porschke,
1981). Thus, it is expected that an electric field induces
dissociation of spermine from condensed DNA followed by
decondensation of the DNA. This expectation has been
verified by field-jump measurements with condensed DNA
using scattered-light detection. The evidence for the field-
induced decondensation of DNA is described separately
(Porschke et al., 1984).

Field pulses of sufficient amplitude and length, e.g., 25
kV/cm and 150 us, induce almost complete dissociation of
condensed DNA. Thus, field-jump experiments at low reac-
tant concentrations provide results corresponding to those
obtained by the stopped-flow technique. The condensation
process observed after electric field pulses is accelerated by
increasing spermine concentrations. At spermine concentra-
tions around 10 uM, the induction period (cf. previous sections)
is already very short and finally disappears at still higher
concentrations. For spermine concentrations in the range
300-600 uM, the rate of the condensation process seems to
be close to a limit level. Least-squares fits of condensation
curves obtained at 600 uM spermine provide three exponentials
with time constants of 25 us, 200 us, and 2 ms as shown in
Figure 9. These numbers should not be regarded as repre-
sentative of separate molecular processes. It is more likely
that the condensation of DNA must be represented by a broad
ensemble of time constants. As indicated by measurements
at different DN A concentrations and at different times after
mixing, the ensemble of condensation time constants is
somewhat dependent upon the degree of intermolecular as-
sociation and the history of the sample [cf. Becker et al.
(1979)]. Nevertheless, the distribution of time constants shown
in Figure 9 can be regarded as typical for the condensation
process at high spermine concentrations. Corresponding
measurements at high concentrations of spermidine provide
a similar distribution of time constants. The distribution of
time constants is also similar for the condensation of A-DNA
and T4 and T7 DNA.

Discussion
Although the spermine-induced condensation of DNA is a
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FIGURE 9: Scattered light intensity (arbitrary units) of 5 uM A-DNA
in the presence of 600 uM spermine as a function of time after a field
pulse of 21 kV/cm (average value) and 130 ps. Fitting of exponentials
provides the time constants 25 us, 200 us, and 2 ms with relative
amplitudes of 31, 41, and 28%, respectively.

relatively simple example for a DNA packing reaction, a
quantitative description of this reaction requires already rather
complex models. In the present investigation, the description
is mainly based on the excluded site model of ligand binding.
This model does not describe the special electrostatic effects
expected for the interaction of spermine or spermidine mole-
cules with DNA. In previous investigations, the binding of
ligands and their influence on the condensation reaction have
been described by the polyelectrolyte theory (Manning, 1978;
Wilson & Bloomfield, 1979). However, this approach does
not consider the influence of excluded-site effects, which is
expected to be important as well. The analysis of the transition
between the free state and the condensed state performed in
the present investigation provides an opportunity to compare
the different approaches. The results given in Table I are
similar to those obtained previously to a surprisingly large
degree. For example, the values for the limit degree of
spermine binding, 6;, found by Wilson & Bloomfield (1979)
are very close to the values given in Table I. The decrease
of 8, with increasing salt concentration shown in Table I is also
similar to previously published values. The binding constants
K and their dependence upon the salt concentration I, can be
described by the equation log K = ~2.7 (£0.3) log I, + 1.4
(£1). Previous measurements by equilibrium dialysis
(Braunlin et al., 1982) at much higher salt concentrations and
lower degrees of binding provided log K = -3.3 (£0.3) log I,
+ 0.2 (£0.2). When it is considered that these parameters
were obtained by different techniques and under completely
different conditions, the agreement is surprisingly good. Thus,
the equilibrium parameters obtained by the excluded-site
model appear to be valid and should not introduce any serious
error in the analysis of the kinetic data.

Up to the present investigation, the dynamics of DNA
condensation have not been studied in detail. Some obser-
vations reported previously seem to be contradictory. Gosule
& Schellman (1978) observed a “very rapid” condensation of
DNA, which was complete within the few minutes required
for their initial measurements, whereas Widom & Baldwin
(1983) found that the condensation induced by Co®*(NHj;),
is slow in the forward direction and fast in the reverse direction.
The present measurements demonstrate the existence of two
different “condensation” reactions, which are clearly separated
on the time scale. It is shown that the intramolecular con-
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densation is a very fast process in contrast to the very slow
reaction of intermolecular association. Since it is difficult to
measure absolute scattering intensities by fast kinetic tech-
niques, it has not been attempted to characterize the magnitude
of light scattering for the different reaction states.

The main emphasis of the present investigation is on the
dynamics of the intramolecular condensation. The conden-
sation curves observed by scattered-light measurements look
unusual, and their explanation seems to be difficult at a first
glance. However, a close examination of the molecular
mechanism reveals that the type of reaction progress curves
found experimentally is consistent with coupling of ligand
binding and a “conformation change” of the DNA. Since
spermine ligands cover more than a single lattice residue, the
ligand binding reaction is described by an excluded-site model.
This approach is justified even though the spermine molecules
are certainly not rigid. In spite of their flexibility, spermine
molecules will “exclude” each other due to electrostatic effects.
For example, the binding affinity of a spermine molecule to
a gap with three nucleotide residues is expected to be much
lower than that to a gap with four residues. Thus, spermine
binding to small gaps will be excluded at least at low spermine
concentrations around 1 uM. When the spermine concen-
tration is much higher, as, for example, in the field-jump
experiment shown in Figure 9, a considerable extent of
spermine binding to small gaps is expected. Under these
conditions, the rate of DNA condensation will not be affected
anymore by excluded-site phenomena and ligand mobility.

When the rate constant of spermine binding to DNA is given
in polymer concentration units k¥ = 9 X 102 M~ (polymers)
s7L, it appears to be unusually high. However, the effective
reaction radius of long DNA molecules is very large. Com-
parison with corresponding rate constants determined previ-
ously (Porschke, 1979) shows that the rate of spermine binding
to high molecular weight DNA is in the range expected for
a diffusion-controlled reaction. It is also instructive to compare
the rate of spermine binding to DNA with the rate on inter-
molecular condensation (cf. Intermolecular Association under
Results). The reactants in the latter case are both of high
molecular weight and in a compact conformation. Under these
conditions, the rate constant of intermolecular condensation,
k.t = 8.2 % 108 M! (polymer) s, is likely to be controlled
by diffusion, although it is orders of magnitude lower than the
rate constant of spermine binding.

Very little information is available on the mobility of ligands
along DNA. Thus, it is hardly possible to find a rate constant
comparable to the value k,, = 200 s™! for spermine movement
by one nucleotide residue. It is also difficult to estimate the
accuracy of the k,, value due to the approximations inherent
in the model and the strong influence of the threshold degree
of ligand binding 8;. However, the demonstration of significant
spermine mobility is not at all unexpected, when compared,
for example, with the rather high mobility observed for the
complementary strands of double helices along each other,
when each of the strands has only one type of base residue
(Porschke, 1974). Similar to the mechanism postulated for
the sliding of strands in these double helices, the motion of
spermine may be accelerated by the intermediate formation
of bulged parts of the spermine molecule in its complex with
DNA.

More surprisingly than the rate of spermine motion is the
high rate of DNA condensation observed in the limit of sat-
urating spermine concentration. It is remarkable how fast the
DNA is packed from a disordered wormlike coil to an ap-
parently well-ordered condensed state. It seems that the DNA
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can be compared with a spring which is kept under tension
by electrostatic repulsion; upon release of this tension, the
spring collapses almost immediately. The data obtained by
scattered-light measurements do not show, however, whether
the well-ordered torus is formed already during the primary
step of condensation. Torus formation may require rear-
rangement of DNA strands, which need not be reflected by
large changes of the scattered-light intensity.

Obviously, DNA condensation requires bending or kinking.
According to studies of the torus structure by electron mi-
croscopy, the DNA seems to be bent smoothly rather than
kinked (Marx & Ruben, 1983). A process corresponding to
smooth bending has been observed recently by measurements
of electric dichroism (Diekmann et al., 1982). The time
constants associated with bending of relatively short restriction
fragments are between 0.1 and 1 us in the range of chain
lengths between 100 and 200 base pairs. A strong increase
of the bending time constant with chain length suggests that
the condensation time constants observed in the present in-
vestigation reflect the spectrum of bending times of the high
molecular weight DNA.

The condensation of DNA is a reaction observed with
different types of ligands. Although the structure of the
condensed DNA can be very different for different ligands,
the main feature of the condensation mechanism is expected
to be similar in all cases. The binding of ligands to a limit
degree of saturation at a reasonable rate will require a rela-
tively high mobility of these ligands in many cases. This will
be particularly important for large and rigid ligands as, for
example, in the case of histones and the condensation of
chromatin.
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Complete Sequence of the cDNA for Human «,-Antitrypsin and the Gene

for the S Variant?

George L. Long,! T. Chandra, Savio L. C. Woo, Earl W. Davie,* and Kotoku Kurachi

ABSTRACT: A 1434 base pair human liver cDNA coding for
the entire a;-antitrypsin protein has been isolated and se-
quenced. Translation of the coding region into amino acids
reveals a precursor molecule which contains a 24 amino acid
signal peptide and 394 amino acids present in the mature
polypeptide chain. The human gene for the S variant of
a;-antitrypsin has also been subcloned and sequenced. The
gene is composed of 10226 nucleotide bases and is approxi-
mately equimolar for all 4 nucleotides. The gene contains four
intervening sequences (introns) and 5’ and 3’ noncoding regions
which are 54 and 79 nucleotides in length, respectively. A
5.3-kilobase intron exists in the 5’ noncoding region and
contains a 143 amino acid open reading frame, an A/u family
sequence, and a pseudo transcription initiation region. No

a;-Antitrypsin (a,-protease inhibitor) is one of several
protease inhibitors found in mammalian blood. It is comprised
of a single polypeptide chain (M, 50000) (Musiani & Tomasi,
1976) containing about 16% carbohydrate attached to three
Asn residues (Mega et al., 1980). Approximately 90% of the
amino acid sequence has been reported (Carrell et al., 1981).
The major physiological role of «;-antitrypsin is thought to
be the inhibition of lysosomal proteases, most notably elastase
and collagenase (Kueppers & Black, 1974; Gitlin & Gitlin,
1975; Fagerol, 1976; Sharp, 1976). «;-Antitrypsin also inhibits
several other serine proteases, including trypsin, chymotrypsin,
thrombin, kallikrein, and plasmin (Laurell & Jeppsson, 1975).

The normal plasma level of a;-antitrypsin is about 2 mg/
mL. During an acute phase reaction, this level is substantially
elevated (Koj, 1974). Individuals with abnormally low levels
of circulating «;-antitrypsin have been shown to be predisposed
toward chronic obstructive lung disorders, including emphy-
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significant differences in base composition are seen between
the introns and those regions corresponding to coding regions
of the corresponding mRNA (exons). A sequence of 1951
nucleotides flanking the 5 end of the gene has also been
determined and contains a “TATA” box sequence (TTAAA-
TA) 21 nucleotides upstream from the proposed transcription
start site. Comparison of the gene sequence with the cDNA
sequence reveals a single base substitution (A — T), which
results in a Glu — Val substitution at position 264 in the S
variant protein. The position and size of introns, the overall
base composition, and the codon preference for the a;-anti-
trypsin gene differ from those for the chicken ovalbumin gene
even though the two proteins belong to a common protein
family, as judged by amino acid sequence homology.

sema (Kueppers, 1978). Accompanying the lowered circu-
lating levels is an increase in liver tissue levels of «-antitrypsin
and juvenile cirrhosis (Laurell & Jeppsson, 1975). These facts
have led to the proposal that the deficiency of a;-antitrypsin
results from defective cellular processing or transport of the
protein in the liver. Over 30 human phenotypes have been
identified thus far (Allen et al., 1974; Cox et al., 1980). The
most common variant is variant S, which occurs in over 5%
of the northern European population (Owen et al., 1976) and
as the homozygote (SS) in nearly 2% of populations of Spanish
descent (Fagerol, 1976). The only apparent difference between
the normal M-type protein and the S protein is a glutamate
to valine substitution near the carboxyl end of the protein
(Owen et al., 1976). Individuals carrying the S gene exhibit
reduced ay-antitrypsin plama levels (60% for SS, 80% for SM)
(Gitlin & Gitlin, 1975), which sometimes result in minor
clinical disorders.

Hunt & Dayhoff (1980) were the first to note that a;-
antitrypsin and ovalbumin belong to a common protein family,
on the basis of amino acid sequence homology. The nucleic
acid structure of the ovalbumin gene and its regulation are
known in considerble detail (Benoist et al., 1980; Woo et al.,
1981). The ¢cDNA for human and baboon a;-antitrypsin and
the gene for human o;-antitrypsin have been cloned and
partially characterized (Chandra et al., 1981a; Kurachi et al.,
1981; Leicht et al., 1982). We now report the entire nucleotide
sequence of a normal human liver cDNA clone and the S
variant of the aj-antitrypsin gene. The variant gene was
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