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1. When a constant amount of denatured DNA is annealed for a constant time
with a series of different RNA concentrations, it is often observed that the
reciprocal of the amount of RNA hybridized is linearly proportional to the reci-
procal of the RNA concentration. This may be explained by assuming that an

equilibrium is set up between free RNA andDNA on the one hand and DNA-RNA
hybrid on the other. The hybridization of E8cherichia coli DNA and ribosomal
RNA was used to test this proposition. Rate constants were estimated from the
initial rates of the forward and back reactions and compared with direct estimates
of the dissociation constant. 2. The rate constants of the forward and back
reactions were estimated to be 1.82mlg-1 h-l (1601mol-1 s-1) and 0.023h-1
(6.4 x 10-6 s-1) respectively, giving a ratio k2/k1 = 0.013pigmll1. After 24h
annealing the dissociation constant was estimated to be 0.114,ugmlV1, and by
extrapolation to infinite time, 0.047 ,ugml-'. 3. It is concluded that (a) equilibrium
greatly favours the hybrid complex, (b) equilibrium is not established in 24h, (c)
the equilibria that were directly estimated are incompatible either with the
measured rates of the forward and back reactions or with the simple formulation
of the reaction that was adopted, and finally (d) for these reasons the equilibrium
interpretation of the linear reciprocal relationship is unsatisfactory.

Although it is some years since DNA-RNA hy-
bridization was first described (Hall & Spiegehnan,
1961; Schildkraut, Marmur, Fresco & Doty, 1961)
the basic kinetics of the reaction are not yet com-
pletely understood. Nygaard & Hall (1964)
showed that the initial rate of the reaction is deter-
mined by the product of the RNA concentration
and the DNA concentration, and this suggests that
the reaction rate is proportional to the collision
frequency of complementary RNA and DNA
sequences. Later stages of the hybridization reac-
tion, however, seem to be more complex (Bishop,
1969a).
An experimental procedure that is often used is

to anneal a constant amount of DNA (usually
immobilized on nitrocellulose membrane filters)
with different amounts of RNA. The result is a
'saturation' curve: equal successive increments in
the initial RNA concentration produce progres-
sively smaller increments in the amount of DNA-
RNA hybrid formed. It is regularly observed that
the reciprocal of the amount of DNA-RNA hybrid
formed in this type of experiment is linearly
proportional to the reciprocal of the initial RNA
concentration (Lavall6 & de Hauwer, 1968; Bishop,
1969a; Bishop, Robertson, Burns & Melli, 1969).

Bishop et al. (1969) made a detailed study of the
use of this reciprocal relationship in analysing
DNA-RNA hybridization data.

There are two models of DNA-RNA hybridiza-
tion that generate the linear reciprocal relationship.
(1) The first proposes that the rate of formation of
hybrid depends on the first power of the RNA con-
centration and the second power of the DNA
concentration (Bishop, 1969a). This was shown not
to be a sufficient explanation. (2) Under certain
conditions, and assuming that the rate of hybrid
formation is proportional to the product of the
RNA and DNA concentrations, the reciprocal
relationship is predicted if an equilibrium is estab-
lished between free RNA and DNA-RNA hybrid
(Lavall6 & de Hauwer, 1968). This model is very
attractive, but it has not yet been critically ex-
amined. The experiments described below were
designed to test it. The results show that an equili-
brium state may eventually be established, but that
this is not a satisfactory explanation of the linear
reciprocal relationship.
The test system was the hybridization of

Escherichia coli rRNA with E. coli DNA. Fig. 1
shows that the test system exhibits the usual linear
relationship between the reciprocal of the initial
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RNA concentration and the reciprocal of the
amount of RNA hybridized. This system offers the
advantage that rRNA can readily be obtained in
highly purified form. Thus the amount of comple-
mentary RNA added in each experiment may be
accurately measured. Only a small proportion of
E. coli DNA is able to hybridize with rRNA, but
this proportion may be estimated by means of
saturation experiments (Yankofsky & Spiegelman,
1962). The amount of RNA hybridized can be
measured at the end of the reaction. From these
values the dissociation constant and the rate con-
stants of the forward and back reactions may be
estimated.

MATERIALS AND METHODS

Ribonuclease A (three times crystallized), deoxyribo-
nuclease (ribonuclease-free) and papain were obtained
from Sigma (London) Chemical Co. Ltd., London S.W.6,
U.K.; Sartorius nitrocellulose membrane filters (MF-50,
30cm diam.) were from V. A. Howe Ltd., London W.ll,
U.K.; Sephadex SE-50 was from Pharmacia (G.B.) Ltd.,
London W.13, U.K.; [2-14C]uracil and [32P]PI were
from The Radiochemical Centre, Amersham, Bucks.,
U.K.

In all experiments the DNA was labelled with 14C and
the rRNA with 32p. Both DNA and RNA were prepared
from E. coli K 12, strain M.R.E. 600.
DNA was labelled by growing cells in glucose-casamino

acids medium containing 125[&Ci of [14C]uracil/l and
purified as described by Bishop (1969a).
rRNA was labelled by growing cells in a low-phosphate

medium containing 2mCi of [32P]P1/I00ml. The cells
were washed and grown for two generations in unlabelled
medium. The cells were disrupted at 0°C by grinding
with 2 parts by weight of alumina, and extracted with
5 vol. of 0.1 m-NaCl-10mM-MgCl2-10mM-tris-HCl buffer,
pH 7.5. Debris was removed by centrifugation for 10min
at 10000g, and the supernatant was treated for 2min at
37°C with 25,ug of deoxyribonuclease/ml. The ribosomes
were collected by centrifugation for 50min at 45000 rev./
min in the Spinco no. 50 rotor at 0°C, and dissolved in
0.1M-NaCl-10mM-tris-HCl buffer, pH7.5; 0.05 vol. of
10% sodium dodecyl sulphate was added and the solution
was shaken with an equal volume of water-saturated
phenol for 20min at room temperature. The aqueous
phase was re-extracted with phenol and again collected
by centrifugation. RNA was precipitated by adding
2 vol. of ethanol and collected by centrifugation. The
pellet was dissolved in 0.1 M-NaCl-10mM-tris-HCl buffer,
pH7.5, and adjusted to 1-2mg/ml. Then 1.5ml of this
solution was layered on top of a 30ml linear 5-20% (w/v)
sucrose gradient and centrifuged for 20h at 25000 rev./
min and 0°C in the Spinco SW25 rotor. Fractions con-
taining rRNA were pooled and the RNA was precipitated
by adding 2 vol. of ethanol. The RNA was dissolved in
I0mm-MgCl2-I0mM-tris-HCl buffer, pH 7.5, treated with
deoxyribonuclease, extracted with phenol and passed
through a column of Sephadex SE-50 as described by
Bishop (1969a).
For DNA-RNA-hybridization experiments, DNA was

denatured, the solution adjusted to 6 x SSC* and the
DNA loaded on membrane filters, as described by
Gillespie & Spiegelman (1965). The membranes were
annealed at 65°C with RNA dissolved in 2 x SSC. After
annealing, the membranes were removed and immediately
held for 5min in 2 x SSC at 65°C to minimize non-specific
hybridization. Each membrane was washed with 250ml
of 2 x SSC, treated for 20min at 37°C with 10ml of 2 x SSC
containing 500,ug of ribonuclease, washed again with
250 ml of 2 x SSC and dried and its radioactivity was
measured in a liquid-scintillation counter, set to exclude
14C counts from the 32P channel and with a 5% cross-
count of 32P counts in the 14C channel. The amounts of
DNA and RNA present were calculated from the specific
radioactivities of the DNA and RNA. These were
measured from the extinctions of the solutions at 260nm
(taking 20 as the extinction of a 1 mg/ml solution of DNA
and 24 as that of a 1 mg/ml solution of rRNA) and from
the radioactivities of samples dried on membrane filters.
In all experiments blank (washed and dried) membranes
were taken through all the procedures in parallel with the
DNA-carrying membranes. The blank RNA values were
deducted from the corresponding experimental values.

Experimental approach

The symbols used are defined as follows:
H, RNA concentration (,ug/ml);
h, initial RNA concentration (,ug/ml);
D, initial amount of DNA present (,ug/ml of solution);
R,, initial amount of complementary DNA present

(,ug/ml of solution);
R, amount of DNA hybridized with RNA at any time

(,ug/ml of solution);
Ro, amount of DNA hybridized with RNA at zero time

in the measurement of the back reaction (,ug/ml of
solution);

kl, rate constant of the forward reaction (ml ,ug-1 h-1);
k2, rate constant of the back reaction (h-1);
K, dissociation constant (pgm1-1).
The equilibrium reaction, which predicts a linear

reciprocal relationship between RNA concentration and
formation of hybrid (see Lavall6 & de Hauwer, 1968), is
defined as follows:

ki
[RNA][DNA] _ [DNA-RNA hybrid]

k2

At equilibrium, k, (h- R)(R,-R) = k2 R, and the dis-
sociation constant, K= k2/k1 = (h-R)(RS-R)/R. The
special condition that generates the reciprocal relation-
ship (Lavall6 & de Hauwer, 1968) is that the RNA is in
substantial excess, so that h-R h. Then IIR = (K/hRi)
+(I/R,). In the plot of 1/R against I/h the intercept
should equal 1/IR and the slope should equal K/RB.
The initial rate of the forward reaction is given by

dR/dt = kBhR,. For values of t approaching zero, k1 =
R/Rsht. In practice, k, was calculated from the initial
slope of the plot of R/R, against t, which is equal to k,h.
The initial rate of the back reaction was measured from
the loss of hybrid when preformed hybrid was incubated

* Abbreviation: SSC, 0.15M-NaCl-15mM-sodium cit-
rate, pH7.5 (standard saline citrate).
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DNA-RNA HYBRIDIZATION
at 650C. The initial rate is dH/dt = k2Ro, from which
k2 = H/Rot. Since H may be assumed to equal Ro-R
under the conditions of the experiment, k2 = (Ro-R)/
Rot. k2 was calculated from the initial slope of the plot
of (Ro-R)/Ro against t.

In all the experiments the DNA was immobilized on
membrane filters and the RNA was in solution. The
RNA concentration (,Lg/ml) is known, but the effective
concentration of the DNA is not known. However, in
the expressions that define K and kl, membrane-bound
components (R, RS and RS- R) appear above and below
the line. If we make the plausible assumption that the
effective concentrations of equivalent amounts of the two
membrane-bound components are the same, we can take
the measured rate constants to be correct in absolute
terms, even if arbitrary units are used in representing
DNA and hybrid. The rate constant of the back reaction
is, of course, concentration-independent.

RESULTS

Measurement of R.. Three experiments are
available for analysis and these give satisfactory
agreement. In each ease the value was obtained
by extrapolating either to infinite RNA concentra-
tion (Bishop et al. 1969) or to infinite time (Bishop,
1969a). The experiment shown in Fig. 1 gives a
value of 0.00362pg/ml. A time-course experiment
described by Bishop (1969b) with 8,tg of DNA/i ml
sample and 1 ,tg of rRNA/ml gives 0.00364, and a
further time-course experiment with 15,tg of
DNA/lml sample and 5,ug of rRNA/ml gave
0.00363. The proportion is here taken to be the
mean of these determinations, 0.00363, and there-
fore Rs = 0.00363 x D. This is in reasonable agree-
ment with published values (Gillespie & Spiegelman,
1965; Attardi, Huang & Kabat, 1965; Kennell,
1968).
Measurement of kl. DNA-carrying and blank

membranes were heated to 650C, rRNA at 650C in
2 x SSC was poured over them, and the membranes
were gently agitated. At intervals membranes were
withdrawn and placed in 2 x SSC at 650C for 5min,
then chilled and finally washed at room tempera-
ture in the usual way. The results of three experi-
ments carried out at different RNA concentrations
are shown in Fig. 2. The three values of k, were
found to be 1.45, 2.32 and 1.70ml,ig-1h-1, with a
mean of 1.82ml,ug-h-1.
Measurement of k2. DNA-carrying and blank

membranes were incubated for 90min with 16.7,ug
of rRNA/ml in 2 x SSC at 650C, then kept for
5min in 2 x SSC at 650C, then chilled, and washed
by filtration at room temperature with 250ml of
2 x SSC/membrane. Each membrane was next
placed separately in 25ml of 2 x SSC at 650C and
agitated gently. Membranes were removed at
intervals, treated with ribonuclease and again
washed with 250ml of 2 x SSC. The RNA and

8
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Fig. 1. Hybridization of rRNA with E. coli DNA. Por-
tions (1 ml) of RNA solution (0.02-0.67 ,ug/ml) were
annealed for 40h at 650C with two DNA-carrying mem-
branes and one blank membrane. The average amount
of DNA/membrane was 19.1,ig. To obtain the amount
of RNA hybridized the values for the two parallel mem-
branes should be added together. Instead, the value for
each membrane was multiplied by two so that parallel
membranes could be shown separately. The specific
radioactivities of DNA and RNA were respectively 205
c.p.m./,ug and 53100 c.p.m./,ig.

DNA that remained were then measured in the
usual way. There was a progressive loss of DNA
from the membranes, but this was compensated
for by calculating (Ro-R)/Ro for each membrane
on the basis of DNA recovery. With this method
of calculation it is assumed that neither hybridized
nor non-hybridized DNA is preferentially lost.
This assumption does not significantly affect the
value of k2, however, because in the first 2h of
incubation the loss of DNA was insignificant.
The results of three experiments are shown in

Fig. 3. The variation between different experiments
was rather large. The reason for this is not known,
but clearly when minute amounts of DNA-RNA
hybrid are incubated for rather long periods of
time even a very slight contamination by ribo-
nuclease might be important. The values of k2
estimated from Fig. 3 are 0.036, 0.021 and 0.012h-
with a mean of 0.023h-1 (6.4 x 10-6 s-1).
To determine whether the release of RNA from

the hybrid involved inactivation of the DNA,
membranes that had been annealed with RNA and
dissociated for 20h were reannealed with RNA.
The results of two experiments (Table 1) indicate
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0.2
Time (h)

Fig. 2. Measurement of kl. The ordinate shows the ratio
of the amount ofRNA hybridized to the saturation value,
which is taken to be 0.00363 x the amount of DNA. Each
point is the mean of two determinations. The experi-
mental conditions were: Expt. 1, 7.4,ug of DNA/mem-
brane, 1.18,ug of RNA/ml (x); Expt. 2, 7.8,ug of DNA/
membrane, 0.238tig of RNA/ml (+); Expt. 3, 3.6,ug of
DNA/membrane, 0.5,ug of RNA/ml either untreated (0)
or kept for 24h at 650C in 2 x SSC before the experiment
(0). The specific radioactivity of the DNA was 205
c.p.m./,ug and at the time the experiments were analysed
that of the RNA was 64500, 53100 and 46000 c.p.m./,ug
in Expts. 1, 2 and 3 respectively.

0.2
x
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0
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0 lo 20
Time (h)

Fig. 3. Measurement of k2. The ordinate shows the ratio
[(RNA hybridized at zero time)-(RNA hybridized after
incubation)]/(RNA hybridized at zero time). The values
were normalized by calculating the RNA hybridized at
zero time from the amount of DNA remaining on the
membrane, by using the value found at t = 0. The
amounts of DNA/membrane at the outset of the experi-
ments were: about 24 jig, specific radioactivity 110 c.p.m./
,tg (x); 18,g, specific radioactivity 55 c.p.m./,g (o);
24j,g, specific radioactivity 53 c.p.m./ILg (0). The
specific radioactivity of the RNA at the time of measure-
ment was 67720 (x), 27200 (0) and 19400 (0) c.p.m./,tg.
Each point is the mean of either two or three parallel
determinations.

that the DNA is not inactivated completely. The
findings do not exclude the possibility that some
inactivation occurs.
Mea8urement of K. The direct measurement of

K presents particular problems. When the initial
RNA concentration is high, the 'equilibrium' value
is indistinguishable from that for saturation of the
complementary DNA sequences. When the initial
RNA concentration is sufficiently low to fail to
saturate the DNA, the reaction between RNA and
DNA is very slow (Bishop, 1969b) and the attain-
ment of equilibrium is less certain. Therefore, two
questions were asked, which are primarily of
practical interest. (1) Is the dissociation constant
that may be calculated after an arbitrary annealing
time (24h) similar to the ratio k2/kl? (2) Is the
dissociation constant that can be calculated after
extrapolating the time-course of hybridization to
infinite time similar to the ratio k2/kl?
An experiment that is suitable for this analysis

was described by Bishop (1969b). About 60,ug of
E. coli DNA was annealed with (a) 1,ug and (b)
0.5,tg of rRNA/ml for different times up to 24h.
The complementary fraction of the DNA was
measured separately by using a greater excess of
RNA and was found, in this case, to be 0.0030
(Bishop, 1969b). This low value is probably due to

Table 1. Test for inactivation of complementary
DNA during dissociation

DNA-carrying and blank membranes were annealed for
90min at 650C with 16.7 jug of rRNA/ml in 2 x SSC, held
for 5min in 2 x SSC at 650C and then washed with 2 x
SSC. Some samples were then treated with ribonuclease
and washed as usual (line 1). The remainder were held
for 20h at 650C in 2 x SSC and some were treated with
ribonuclease and washed (line 2). The remainder were
reincubated with 16.7,ug of rRNA/ml for 90 or 180min,
then held for 5min in 2 x SSC at 65°C, washed, treated
with ribonuclease and again washed. Results are given
as the means ±S.E.M. of three membranes.

Hybrid found
(,ug of RNA/mg of DNA)

Conditions
Annealed for 90min
Dissociated for 20h
Reannealed for 90min
Reannealed for 180min

* Mean of two membranes.

Expt. 1

3.38±0.03
3.01±0.05
3.29±0.02

Expt. 2
3.20±0.06
2.96*
2.96±0.05
3.13±0.05

the occurrence of self-annealing while the mem-
brane filters were being loaded with DNA. In this
experiment loss of DNA from the filters was again
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Fig. 4. Extrapolation of the time-course of hybridization
to infinite time. The experiment is taken from Bishop
(1969b). The amount of DNA/sample at zero time was

57.51g. One DNA-carrying and one blank membrane
were incubated with ml of 2 xSSC containing ,g (e)
or 0.5,ug of rRNA/ml (o). The specific radioactivity of
the DNA was 114 c.p.m./,ag and of the RNA, 3380
c.p.m./,ug.

observed (8% in 24h). This was compensated for
by normalizing the amount of hybrid observed at
each time to the amount of DNA present at zero

time. In this case the assumption that neither
hybridized nor non-hybridized DNA is preferen-
tially lost is important. The amounts of RNA
hybridized after 24h were (a) 0.154,ug/57.5,tg of
DNA and (b) 0.129,ug/57.5,ug of DNA. From
K = (h-R)(Rs-R)/R, K = 0.104 (a) and 0.124 (b),
with a mean of 0.114,tgml-1.
The hybridization at infinite time was estimated

from the same results by plotting the reciprocal of
the RNA hybridized/57.5,ug of DNA against the
reciprocal of time (Fig. 4). The extrapolated values
were (a) 0.164 ug/57.5,ug of DNA and (b) 0.149,tg/
57.5,tg of DNA, giving K = 0.041 (a) and 0.054 (b),
with a mean of 0.047 /tgml-'.

Stability of the RNA. Attardi et al. (1965) and
Bonner, Kung & Bekhor (1967) have shown that
rRNA is degraded, but not destroyed, by annealing
overnight in 2 x SSC. Nevertheless it is possible
that the rate of hybridization is significantly
affected. To test this point, rRNA at 2,ug/ml in
2 x SSC was incubated for 24h at 65°C in the
presence of blank washed meImbrane filters. The
initial rate of hybridization of this RNA was then
compared with that of an identical solution that

had meanwhile been kept frozen. The result is
shown in Fig. 2. The effect of preincubation was
to increase slightly the rate of hybridization.

DISCUSSION

Measured value of kl . The value of 1.82ml
/1g91 h-1 is equivalent to 160 1 (mol of RNA nucleo-
tide)-'s-. It is of interest to compare this with
the value observed by Nygaard & Hall (1964) in
their study of hybridization in solution between
bacteriophage T2-specific RNA and bacteriophage
T2 DNA. Their apparent value of k1 was 10 1 (mol
of DNA nucleotide)-l s-1. Correcting this to allow
for the fact that only 30% of the DNA appeared
to be reactive (Nygaard & Hall, 1964), kI = 33.3
1(mole of nucleotide)-ls-'. This 30% of the T4
DNA corresponds to a total nucleotide-chain length
of 23 x 106 daltons. The value obtained in the
present paper for rRNA is due to a total chain
length of 106+5x 105 = 1.5x106 daltons. We
expect the rate constant to be inversely propor-
tional to the chain length (Wetmur & Davidson,
1968; Britten & Kohn, 1966; Bishop, 1969a).
Normalizing to a length of 1.5 x 106 daltons, we find
for the bacteriophage T2 experiments k1 = 800
lmol-5s-1, i.e. five times greater than the value
for rRNA. Some of the difference between these
values may be due to differences in the salt concen-
tration and in the lengths of the RNA molecules
(Wetmur & Davidson, 1968). It is likely, however,
that the main effect is due to the fact that the
bacteriophage T2 experiments were carried out with
both reactants dissolved directly in solution,
whereas in the rRNA experiments the DNA was
immobilized on membrane filters.

Significance of k2. Several different mechanisms
could explain the breakdown ofDNA-RNA hybrid.
One such mechanism is the separation of the hybrid
complex into its two original components. Alter-
natively the breakdown might be the result of the
destruction of either or both components. If the
hybrid is separating into its two original com-
ponents, an equilibrium must eventually be
established. Under the conditions used for the
equilibrium experiment, namely with a compara-
tive excess of RNA, even if the breakdown of
hybrid is due to the destruction of RNA, we would
expect an apparent equilibrium condition to be
reached, since k2 is so much smaller than kl. Again,
if the breakdown is accompanied by the destruc-
tion or inactivation of the hybridized DNA, an
apparent equilibrium would be found, as long as the
bulk of the DNA is unaffected: since Ro for each
point of each experiment is calculated by multi-
plying the amount ofDNA recovered by a constant
factor, Ro would be overestimated. In the above
experiments the possibility that DNA inactivation
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contributes to the breakdown of the hybrid has
not been excluded.

Equilibrium analy8i8 of hybridization. The value
of K obtained from the ratio k2/k1 is 0.023/1.82 =
0.0131ugmlV1. By direct estimation, by using
K = (h-R)(R5-R)/R, K= 0.114,ugml-1 after 24h
of annealing and K = 0.047,ugml-1 by extrapola-
tion to infinite time. The direct estimates are thus
respectively 9 times and about 4 times the ratio of
the rate constants. The lack of agreement shown
by the first direct estimate is not surprising, because
even after 24h of annealing the reaction is still in
progress. This result emphasizes that the equili-
brium interpretation is not applicable when
annealing times of about 24h are used.
The discrepancy between k2/k1 and the value of

K obtained by extrapolation is more difficult to
understand. Three alternative explanations may
be suggested. (1) The linear extrapolation may be
insufficiently accurate. (2) The complementary
DNA may be inactivated during the breakdown of
hybrid. (3) The formulation of the reaction pro-
posed by Lavallg & de Hauwer (1968) may not
correctly describe the reaction when it is close to
equilibrium. It is not yet possible to distinguish
between these possibilities. However, it is impor-
tant to emphasize that the results described in the
present paper seriously weaken the equilibrium
interpretation proposed by Lavalle & de Hauwer
(1968), whatever the correct interpretation of the
discrepancy. If the first interpretation is correct,
it will mean that equilibrium is not reached even
at annealing times greatly in excess of 24h. If
either the second or third explanation is correct, it
will mean that the equilibrium condition cannot
be analysed in the manner proposed.
The equilibrium interpretation was proposed as

a means of explaining the linearity of the plot of
IIR against l/h (Lavalle' & de Hauwer, 1968).
However, it is not a sufficient explanation. Linear
reciprocal plots are observed in experiments ter-
minated after short annealing periods, and where it
is proved that equilibrium is not reached (Bishop
et al. 1969). Again, under conditions that might

be expected to approach equilibrium, straight-line
reciprocal plots may be observed although the
special conditions required by the equilibrium
hypothesis are not fulfilled. Fig. 1 provides an
example. Here h varies from 0.02 to 0.66,ug/ml so
that the condition (h-R) h is never fulfilled,
although it is approached at the highest RNA con-
centrations. Nevertheless, the fit of the straight
line is very good. If we suppose that this is because
the condition (h-R)-h is approximated suffi-
ciently, then the slope of the line should equal
K/RS. The slope of the line is 1.15 and R1 = 0.14.
Therefore K = 0.16, which differs from the ratio
k2/kl by the factor 12, and from the extrapolated
value ofK by the factor 3. By this direct test the
linear plot is not compatible with the equilibrium
interpretation.

Thanks are due to Mr M. Richardson for carrying out
most of the experiments described.
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