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B iofisica . — Transition to a New State of D N A  in Solution, Possibly 
Related to Intraphage Condensed D N A . Nota di M a r io  A g e n o , 
E l i s a b e t t a  D o r e  (,) e G la r a  F r o n t a l i  (* (**)V presentata ^  dal Corrisp. 
M. A g e n o .

R iassunto. — (Transizione del DNA in soluzione ad un nuovo stato) -  Il fenomeno 
di aggregazione osservabile per DNA in soluzioni di elevata concentrazione salina a basso 
pH è riconducibile, quando si lavori a concentrazioni di DNA sufficientemente basse, ad 
una transizione del DNA ad un nuovo stato, in cui la molecola, pur mantenendo la struttura 
a doppia elica, mostra un effetto ipercromico del 20% circa. Viene suggerita l’ipotesi che 
questa transizione corrisponda alla condensazione del DNA, e che il nuovo stato abbia caratte
ristiche simili a quelle del DNA all’interno del fago.

I n t r o d u c t io n .

The hypothesis of the existence of a “ condensed ” form of DNA under 
certain “ in. vivo ” conditions, is not new. DNA is often found in a com pact 
form when associateti with protein, as is the case in chromosomes and in 
viruses, in particu lar in bacteriophages.

V ery little is known about the m echanism  of this structural modification. 
In  electron microscope pictures of intracellular phage developm ent [1] nuclei 
of “ condensed ” DNA are visible in the infected cell before the protein coat 
is assembled. This suggests th a t association w ith protein is not a requisite 
for condensation, but ra ther its consequence. E. Kellem berger [1] postulated 
the existence of a condensing enzyme to explain intracellular transition 
to the condensed state, bu t no idea as to its mode of action has ever been 
proposed.

Strong evidence th a t DNA within the head of a bacteriophage is in a 
different state from  the one norm ally found in solution appears in the studies 
of T ikhonenko and co-workers [2-5], Inners and Bendet [6] and M aestre 
and Tinoco [7]. According to the first group of authors, intraphage DNA 
conform ation is characterized by reduced hypochromism  [3], higher reactivity  
with hydrophobic substances [2], a limited num ber of bases able to react 
w ith form aldehyde [4, 5] and loss of co-operativeness in therm al d énatu ra
tion [5]. On the other hand, M aestre and Tinoco [7] have clearly shown 
th a t ORD spectra of intact bacteriphage are different from the ones given 
by the same phage suspension after osmotic shock. In  the thorough discussion

(*) Laboratori di Fisica dell’Istituto Superiore di Sanità, Roma.
(**) Nella seduta del 15 novembre 1969.
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they present [7], the difference observed is interpred as a single Cotton effect, 
probably not arising from the interaction o f DNA with proteins or polya- 
mines, but ra ther from the dehydration of DNA. T hey also stress the fact 
th a t the observed structural alteration m ust involve the greater part of the 
molecule, and not only localized regions.

From  the works of both Tikhonenko and co-workers [2-5] and M aestre 
and Tinoco [7], it appears th a t when released from phage, DNA readily turns 
into the well known extended form, norm ally found in solution. However, 
the inverse transition, namely, the transition from extended to condensed 
form, has not been obtained “ in vitro ” as yet.

O ur search for “ in vitro ” conditions bringing about such a transition 
was oriented by the consideration of the role possibly played by proton donors 
or acceptors in the cellular m echanisms involving DNA [8]. The present 
paper reports the results of an investigation directed at ascertaining whether 
the addition of protons to DNA in solution could induce condensation. DNA 
is known to be “ protonated ” when introduced into an acid solution, and 
it is also well known th a t a low pH  causes at least two im portant effects on 
DNA, both dependent on ionic strength, namely, dénaturation and precipita
tion. So the first question to answer is: are there in a pH, NaCl m olarity 
diagram , separate regions for the native, denatured, precipited, and possibly 
condensed states of DN A  or does precipitation coincide with condensation? 
The experim ents reported in this paper provide some evidence in favour of 
the latter hypothesis.

M a t e r ia l s  a n d  M e t h o d s .

T 2 DNA was extracted from  purified phage suspensions with the tech
nique of M andell and H ershey [9]. Final dialysis was against an 0 .1M  
NaCl solution.

In  preparing DNA samples at increasing pH  values or NaCl concentra
tions, we always avoided m aking subsequent additions of acid or salt to the 
same DNA sample, in order to reduce system atic errors as m uch as possible, 
and %o eliminate tem porary  exposures of DNA to a non-homogeneous concen- 
tratiqn of hydrogen ions or NaCl. On the contrary, DNA was added to 
independently prepared solutions, already adjusted to the desired pH  and 
NaCl m olarity. In  some instances a small concentration (0.01 M) of citrate 
or form iate buffer was added to ensure th a t the pH  did not vary  during 
m easurem ents. A ccurate pH  readings were taken  with a Beckm ann Research 
^ H -m e te r equipped w ith E2 electrodes, only slightly sensitive to Na+ ions. 
Optical density was m easured in a C ary mod. 15 recording spectrophotom eter, 
an expanded scale (o -l o. 1 O.D.) being used in connection with a series of 
grey filters (prepared in our laboratory) to displace the O.D. expanded read
ing interval. Sedim entation velocity experim ents were perform ed in a Spinco 
m od E. analytical ultracentrifuge at 30000 rpm.
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Fig. I.  -  a) Sedimentation coefficient and b) hyperchromie effect as a function of pH  
for T2 DNA (20 p. g/ml) in 0.002 MNaCl. Maximum HC1 concentration was 2 -io—4]yp
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.. -  a) Sedimentation coefficient and b) hyperchromie effect as a function of pH  
for T2 DNA (20 p g/ml) in 0.02 M citrate buffer.
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D e n a t u r a t io n  a n d  P r e c ip it a t io n .

In  order to construct the phase diagram  for DNA we system atically 
varied either the pH  or NaCl m olarity  (at 2o0 C) of DNA solutions and follow
ed the modifications of DNA conform ation by optical density and sedim en
tation m easurem ents.

A  first set of curves was obtained by varying the pH  at fixed (N a+-|-H +)CD 
concentrations, over a range of 0.002 M to 0.65 M CD (or CD +  form iate-  
when buffered solutions were used). The results did not depend on the pres
ence of buffer. Furtherm ore, since the HC1 concentration in the region investi
gated  is negligible in com parison w ith the concentration of the salt, we usually  
refer sim ply to this latter.

Separate samples were prepared for each pH  value by adding 0.4 ml 
of a concentrated (500 (ig/ml) DNA solution to 10 ml solvent so th a t a final 
DNA concentration was 20 jig/ml.

Figs. 1-6 show typical curves obtained at the various NaCl molarities. 
The most striking feature in these graphs is the sedim entation peak, clearly 
resolved in 0 .1M  NaCl (or 0 .09M  NaCl, 0.01 M formiate buffer), less evident 
at both and lower NaCl concentrations. (In some instances alternative in ter
polations are presented by dotted lines). This same behaviour was first observ
ed by S tudier [10].

The decrease in optical density before dénaturation corresponds to the 
observations , of Bunville, Geiduschek, Rawitscher and S turtevant [11] and 
of Zim m er [12, 13] and co-workers. According to these authors, this effect 
is m ainly due to protonation of cytosine taking place before the onset of 
dénaturation. The points corresponding in figs. 1-5 to m idpoint (50 % ) of 
hyperchrom ie transition, to the hypochrom ic minimum, and to the sedim en
tation peak, follow parallel straight lines in a pH, NaCl m olarity diagram  
(fig- 7)- In  particular, the sedim entation peak closely follows the hyperchrom ie 
transition. These two effects could therefore reflect different aspects of the 
same phenom enon, nam ely, dénaturation. The straight line they define 
divides the plane into the two regions corresponding to native and denatured 
DNA.

The optical density curve in fig. 6 is not achieved, because at sufficiently 
low pH  and sufficiently high NaCl concentrations (> 0.5M ) precipitation 
takes place in the form  of large aggregates sedimenting at a very high velocity. 
It is im portant to stress th a t in fig. 6, down to the pH  where precipitation 
begins, DNA appear to be native if judged by O.D. and sedim entation. 
Experim ents in the CsCl density gradient confirm th a t a single band is to be 
observed down to pH  2.72, while at a lower pH  no band  is present in he 
usual density irange. M ore accurate experim ents are under way for obtain
ing a definite band in low pH  and high ionic strength. A  further, striking 
property  of the precipitate is m ade visible in fig. 8, where a full-size picture 
of a DNA solution 100 jig/ml in 1 M NaCl, pH  2.30, is shown. These ra ther

22. — RENDICONTI 1969, Voi. XLVII, fase. 5.
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for T2 DNA (20 p.g/ml) in 0.40M NaCl. Arrows indicate visible precipitation.

extrem e conditions of DNA concentration and pH  were chosen in order to 
showj up the aggregation phenomenon. Evidently DNA molecules tend to 
form  the m axim um  num ber of bonds either among themselves or w ith the 
beaker walls (or even with plastic m aterial such as disposable pipette tips) 
and to present a m inim um  surface to the solvent.
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for T2 DNA (15 (xg/ml) in 0.65 M NaCl. Aggregation does not allow O. D. measurements 
to be made in the region corresponding to <  2.7.

If, in the phase diagram  of fig. 7, we put a black dot whenever the pYi 
and NaCl m olarity are such as to give visible precipitates, we obtain the 
diagram  showin in fig. 9. The continuous line is the one defined by the m id
point of hyperchrom ie transition and the sedim entation peak (see fig. 7) 
and divides the plane into the two regions of native and denatured DNA. 
The dashed line divides the native region into two zones, the upper one cor-
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responding to DNA suspended in solution, the other to precipited DNA. 
The intersection of this line w ith the one dividing native from denatured 
DNA is at pH  2.60, NaCl 0.65 M.

Molarity
Fig. 7. " O Hypochromic minimum; # midpoint (50%) of hyperchromie transition (pHm); 
A sedimentation peak derived from figs. 1—5, reported in the p ii, molarity diagram.

R e v e r s ib il it y  of  a g g r eg a tio n  a n d  “ in  v itr o  ” c o n d e n sa t io n .

Visibly aggregated DNA (20 [xg/ml in iM  NaCl, brought to pH  2.50) 
resuspended in 0 .1M  NaCl, shows the CsCl density and the m elting profile 
characteristic of native (figs. 10-11). It seems, therefore, th a t there is at 
least a certain region of the phase diagram  tha t corresponds to DNA precipit
ed in the native state. T he transition seems to be reversible, but it m ust be 
said th a t resuspension under the conditions given above is never complete, 
probably  because of entanglem ent of different molecules.

The problem  is now th a t of understanding w hat has been altered in the 
native structure so th a t it becomes capable of forming m any inter-(and 
probably intra-) m olecular bonds. A possible interpretation is th a t the pro- 
tonated sites in the DNA molecule become involved in the form ation of m any 
new bonds both both inter- and intra-m olecularly (as well as w ith different 
substances) provided th a t the ipn concentration is sufficiently high as to
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shield electrostatic repulsions. A lternatively, one m ight th ink th a t the role 
of the high NaCl concentration is th a t of lowering w ater activity in the solu
tion and bringing DNA to a dehydrated  condition [7].

In  any case, it is possible to pu t forward the following working hypothe
sis: w hatever the m echanism  leading to precipitation of visible aggregates, 
we suppose th a t when DNA concentration is sufficiently low as to avoid 
interaction between different molecules, the same m echanism  leads to mono- 
molecular condensation.

Fig. 8. -  DNA precipitate, obtained by adding DNA to a final 
concentration of 100 p-g/ml to a 1 M NaCl solution, at pH  2.30.

In  order to obtain O.D. m easurem ents not affected by interm olecular 
aggregation, (i.e. not dependent on concentration) we found it necessary to 
work at DN A  concentrations lower than  4 pg/ml. Fig. 12 shows thé O.D. curve 
obtained at fixed NaCl m olarity (1 M) and at a DNA concentration 0.4 [xg/ml 
in cuvettes of a 10.0 cm optical path. In  these, as in the following m easure
ments, DNA fo be added to solutions having different pR  and the same NaCl 
concentration j was first equilibrated at the same molarity.

The two transitions observed in fig. 12 can tentatively be ascribed to 
condensation followed by dénaturation. Both effects, according to this ten- 
tentative hypothesis, are accom panied by loss of hypochromism , so th a t the
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the final plateau value corresponds to an increase over the native value of 
60-70 %.

But, if condensation and dénaturation are two independent processes 
which can take place one after the other, their effect being additive, one should 
expect a condensation transition for denatured DNA too. This expectation 
is fulfilled, as shown in fig. 13, where the hyperchrom ie effect of a solution 
of acid-melted DNA at pH  1.9 is shown as a function of NaCl concentration, 
for two different DNA concentrations.

Fig. 9 .--- \- pUm derived from Figs. 1-5; black dots indicate pH  and NaCl molarity
conditions in which at DNA concentrations of 20 [xg/ml aggregation is visible.

The curve was obtained by m easuring the optical density of separate 
samples containing the same am ount of HC1 and different concentrations 
of NaCl. DNA, previously denatured by alkali and rapidly neutralized, was 
added to each sample to give a final concentration of 0.8 and 2.1 fig/rnl 
respectively. Cuvettes of a 10,0 and 2.0 cm optical path  were used for O.D. 
readings.

It m ust be said th a t although the HC1 concentration was the same in 
every sample, the pH  values m easured with E2 glass and standard  calomel 
electrodes in the Beckm an Research ^ H -m e te r were not constant, but varied
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Fig. 10. -  DNA precipited in iM  NaCl, pH  2.50, resuspended in 
0.1M NaCl pH  7, bands inC sd  density gradient at density (1.703 g/cm3) 
almost identical to that of native T2 DNA (1.702 g/cm3). Reference 

density is provided by DNA from Streptomyces fradiae.

in the m anner indicated in fig. 13. This is probably an effect due to perm eability 
of the glass m em brane to Na+ ions. No correction was attem pted, however, 
in view of thj; a rb itra ry  nature of such corrections. The curve in fig. 13 shows 
th a t while acid-m elted DNA in low ionic strength exhibits a 40 % hyper- 
chromic effect, the increase in NaCl m olarity brings about a transition to 
a final value of about 58 % hyperchrom ie effect.
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Such transition is reversible: this was easily dem onstrated by diluting 
a sample at the beginning of the plateau region by a factor of 2.50 (exact 
dilution was m ade possible by the use if M arburg micropipettes), with an HC1

'Fig. i i .  -  a) Thermal dénaturation profile of native T2 DNA in 0.1 M NaCl. 
b) Thermal dénaturation profile of T2 DNA precipited in 1 M NaCl pH  2.50, 

and resuspended in 0.1 M NaCl pH  7.

solution having the same concentration as the sample, and by repeating the 
O.D. m easurem ents in a cylindrical cuvette having a 5.0 cm optical path  
instead of the 2.0 cm cuvettes previously used. The result is a complete 
recovery of the O.D. value corresponding to 40 % hyperchrom ie effect.
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A whole set of curves of the hyperchrom ie effect either at fixed NaCl 
m olarity (e.g. fig. 12) or at fixed HC1 m olarity (e.g. fig. 13) were easily and 
reproducibly obtained. The result of such a system atic scanning of the NaCl,

pH  phase diagram  indicates the existence of three different transitions, which 
can consistently be interpreted as condensation of native DNA, dénatu ra
tion of condensed DNA and condensation of denatured DNA. The m idpoints
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of such transitions are reported in fig. 14, where different symbols are used 
to indicate points obtained in the different ways listed.

There are several features to be observed in such a graph, apart from 
the agreem ent between different sets of experiments.

a) The dénaturation m idpoints for condensed DNA fall onto the same 
straight line, already defined by the dénaturation points of noncondensed DNA.
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b) A lthough in the region of the square the different transitions are too 
near to be clearly distinguished one from  the other, the interpolated, triple 
point (j>H 2.58, NaCl 0 .7 M) compares well with the one previously deter
m ined on the basis of the observation of visible precipitates.

c) Condensation of native and denatured DNA takes place in a well 
defined region of the plane, which coincides w ith the region in which, at higher 
DNA concentration, visible precipitates appear.

and condensation transitions observed on both native and denatured DNA.

C o n c l u sio n .

I t  has been shown that, if sufficiently low DNA concentrations are used, 
the well knqwn aggregation observed at low p ii  and high ionic strength is 
am enable to a. highly reproducible and sharp transition to a new state, charac
terized by a  certain degree of hyperchrom ism  (about 20 %).

The transition can be observed for both native and denatured DNA, 
and seems to be reversible. The latter observation rules out the possibility 
(rather unlikely) th a t the observed level of hyperchrom ism  is due to hydrolysis.

In  the phase diagram  (pii, NaCl m olarity) in which we have drawn 
a straight line dividing the region of native from that of denatured DNA, 
the m idpoints of the new transition observed for native and denatured DNA 
respectively define two straight lines. These two lines intersect the previously 
defined dénaturation line in a triple point, located at pH  2.58, NaCl =  0 .7M . 
The dénaturation line continues across the region thus identified w ith the
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same slope. This is, however, probably a mere coincidence, given the uncer
tainties in the pH  m easurem ents in a high NaCl concentration.

We have tentatively  interpreted this new state as similar to the condensed 
state observed in some “ in vivo ” situations. This interpretation m ust be 
confirmed by sedim entation m easurem ents and ORD studies. The tentative 
hypothesis proposed is attractive, however, and im m ediately suggests a 
possible model of action for the condensing enzyme whose existence was 
postulated to explain “ in vivo ” condensation. This enzyme should be able 
to orderly protonate definite sites in the molecule, so as to create the possi
bility of new bonds with other points of the same molecules, or w ith the phage 
proteins. The coarse aggregation phenom ena observed “ in vitro ” could, 
on the other hand, be due to the simultaneous and disordered protonation of 
every possible site in the molecule.

Thanks are due to. V. Angelini, S. Notargiacomo and C. Ramoni for technical assistance.
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