Biophysical
Chemistry

ELSEVIER

Biophysical Chemistry 81 (1999) 207-221 www.elsevier.nl/locate/bpc

Comparison of the thermal denaturation behaviour of
DNA-solutions and metaphase chromosome
preparations in suspension

D. Wolf, J. Rauch, M. Hausmann!, C. Cremer*

Applied Optics and Information Processing, Institute of Applied Physics, Ruprecht-Karls-University, Albert-Ueberle-Str. 3-5,
D-69120 Heidelberg, Germany

Received 16 July 1998; received in revised form 23 July 1999; accepted 23 July 1999

Abstract

Hyperchromicity measurements are well established to analyse the thermal denaturation behaviour of pure DNA
sequences in solution. Here, we show that under appropriate experimental conditions this technique can also be
applied to study thermally controlled conformation changes of higher order DNA—protein complexes as for instance
metaphase chromosome preparations in suspension. A computer controlled sensitive, upright double beam photome-
ter with a heatable cuvette was constructed. Measurements of the temperature dependent extinction of both,
solutions and particle suspensions are possible, since sedimentation effects of particles can be neglected due to the
vertical optical axis in the probe cuvette. Thermal denaturation of metaphase chromosome preparations of human
and Chinese hamster cells was investigated and compared to melting profiles of DNA solutions for two excitation
wavelengths, 256 and 313 nm. The influence of neutral and low pH was considered. The results indicate that
metaphase chromosome preparations show a thermal denaturation behaviour different from pure DNA. Whereas
DNA solutions showed one pH dependent melting peak at 256 nm only, the peak pattern of metaphase chromosome
preparations showed a large variability both at 256 and 313 nm. At neutral pH, in two temperature regions (40-55°C
and 75-82°C) peaks were found indicating chromosome typical conformation changes independently from the
mammalian cell species (Chinese hamster, human). In contrast to pure DNA, no typical reduction in the tempera-
tures of peak maxima with decreasing pH was found for metaphase chromosome preparations of both cell types.
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These results may be relevant for further systematic studies of efficient thermal probe/target denaturation
procedures in non enzymatic DNA—chromosome in situ hybridisation. © 1999 Elsevier Science B.V. All rights

reserved.

Keywords: Thermal denaturation; DNA; Metaphase chromosome preparations; Extinction measurements

1. Introduction

A variety of physical properties of pure DNA
are changed characteristically by chemical (e.g. by
acids or lyes or solvents) and /or heat treatment
over a critical temperature. These effects are
mostly due to strand separation of the DNA
double strand accompanied by helix-to-helix and
helix-to-coil transitions. This thermally induced
strand separation (also called ‘DNA denaturation’
or ‘DNA melting’) depends on the in situ chemi-
cal conditions in the solution, for instance the
amount of mono- or divalent positive ions, and
the presence of ligand formers [1-5].

DNA melting is usually measured photometri-
cally by the temperature depending extinction at
260 nm [6—8]. The transition probability of the
w-electrons of the DNA bases corresponding to
the absorption is approximately 30% higher for
single stranded DNA than for double stranded.
Thus, DNA melting shows a typical step-like hy-
perchromicity [2,8]. The melting-point is defined
by the point of inflection of the hyperchromicity
curve where 50% double-stranded and 50% sin-
gle-stranded DNA coexist. This corresponds to a
peak maximum in the first derivative of the hy-
perchromicity curve. In the following this peak
profile is called melting curve or denaturation
profile, respectively.

DNA from genomic origin is composed of dif-
ferent repetitive (AT-rich) and single copy (GC-
rich) sequences which show several different
melting points. In addition, molecules affecting
DNA stability influence this melting behaviour.
The influence of substances which act in solution
and which do not significantly interfere with the
tertiary structure of the DNA macromoelcule is
well understood. Here, shifts in the peak pattern
of the melting curve can mainly be interpreted by
a thermodynamic description of binding with re-

spect to the electrostatic near-field surrounding
of the negatively charged DNA-backbone.

However, the influence of organic partners such
as proteins cannot be described on solvent-effect
parameters, since complex forming interactions
with DNA have to be considered. Experiments
with chromatin for instance have shown an in-
creased melting point accompanied by a broaden-
ing of the temperature range of hyperchromicity
[8]. For specific histon—DNA complexes different
regions of phase transitions were found and inter-
preted to indicate different states of the DNA
and DNA-histon binding, respectively [9-12].
Other experiments with interphase and metaphase
chromatin [13], however, suggested that higher
order structures do not influence the denatura-
tion behaviour of nucleo-proteins.

However, to draw the conclusion that thermally
treated mammalian chromosomes in metaphase
or interphase show an extinction behaviour very
similar to pure chromatin or, moreover, to DNA
appears to be oversimplified, since not only his-
tons but also non-histone proteins may play a
(still unknown) considerable role in metaphase
chromosome organisation. In order to verify or
falsify the hypothesis that in general higher or-
dered chromatin structures as they exist in inter-
phase and metaphase chromosomes [14] have a
considerable influence on the chromatin denatu-
ration behaviour, metaphase chromosome prepa-
rations were used. They have a large amount of
compactly organised chromatin (i.e. in the chro-
mosomes) which would in case of a falsification of
the hypothesis increase the reliability of the in-
vestigation.

The assumption that DNA and chromosomes
are different concerning their denaturation be-
haviour was supported by results of the thermally
dependent quantum yield of the fluorochrome
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Hoechst 33258 used for DNA and chromosome
staining [15]. This approach to correlate fluores-
cence effects to denaturation effects has the dis-
advantage that temperature dependent character-
stics of the fluorochrome itself, e.g. thermal
stability, have to be considered carefully in order
to calibrate the DNA and chromosome measure-
ments. Therefore, it was desirable to also investi-
gate chromosome denaturation by extinction
measurements. However, in contrast to relatively
small sequences of pure DNA (usually < 10°
Da), mammalian metaphase chromosome prepa-
rations are suspensions of relatively large parti-
cles (DNA-protein complexes typically =10
Da) subjected to sedimentation during long term
(i.e. hours) measurements. To overcome spurious
‘hyperchromicity effects’ induced by particle sedi-
mentation, an appropriately designed photometer
with a vertical optical axis was built. Here, we
want to describe the features of the system and
its suitability for measurements of both DNA
solutions and metaphase chromosome prepara-
tions. Extinction measurements at approximately
260 nm (DNA absorption maximum at neutral
pH) and approximately 320 nm (no DNA absorp-
tion at neutral pH) were performed to obtain
‘denaturation profiles’ (peak pattern of the first
derivative of the melting curve) of metaphase
chromosome preparations of human and Chinese
hamster cells under different conditions in com-
parison to DNA.

2. Materials and methods
2.1. Metaphase chromosome preparations

Metaphase chromosome preparations were ob-
tained from human lymphocytes isolated from
peripheral blood and fixed with methanol /acetic
acid by standard techniques [16,17]. To prepare a
suspension that can be heated up to 95°C, the
metaphase preparation was centrifugated and
gently resuspended in 1X SSC buffer (0.15 M
NaCl, 0.015 M sodium citrate) at pH 7.0.

For other experiments, cells of the Chinese
hamster cell line DON and the human cell line
NC37 (Caucasian male) were used. Mitotic cells

were synchronised by a colcemid block of 4 h
(0.25 pg colcemid /ml medium). The cells were
harvested in mitosis by shaking off and pelleted
by centrifugation (350 g, 15 min). After incuba-
tion for 5 min at a temperature of —20°C, the
pellet was resuspended in a hypotonic solution
(10 mM Tris—HCI, 5 mM MgCl,, 10 mM NaCl,
pH 7.5) and incubated again for 15 min at room
temperature. The hypotonic solution was re-
moved by centrifugation (350 g, 10 min), and 1 ml
isolation buffer TAcCaM [15] (25 mM Tris—acetic
acid, 5 mM CaCl,, 5 mM MgCl,, pH 3.2) was
added. In this isolation buffer, the mitotic cells
were sonicated in a water bath to disrupt the cell
membrane and to obtain a suspension with dis-
persed chromosomes. Before the measurements,
the suspension was again centrifuged and trans-
ferred to 1 X SSC.

In cases where hexandiol was used in the mea-
surement it was added to the isolation buffer up
to a final concentration of 750 mM [18] before
sonication. 200-300 w1 of the metaphase chromo-
some preparations were diluted to a final concen-
tration of 20 wg chromosomes/ml suspension.

2.2. DNA solutions

For comparison, two different types of DNA
were used:

1. Human DNA was extracted from lymphocyte
metaphase chromosome preparations by pro-
tease digestion and column purification. A
commercially available DNA isolation kit
(Quiagen-pack 100, Diagen GmbH, Hilden,
Germany) was used.

2. Commercially available calf thymus DNA
(CT-DNA) (type 1, ‘highly polymerized’, Sigma
GmbH, Deisenhofen, Germany) was used as
a reference for Chinese hamster metaphase
chromosome preparations. Due to its base
composition this DNA is compatible to Chi-
nese hamster DNA [15].

For hyperchromicity measurements, the DNA was
solved in 1 X SSC or TAcCaM, respectively, at a
final concentration of approximately 20 pg
DNA /ml solution.



210 D. Wolf et al. / Biophysical Chemistry 81 (1999) 207-221

2.3. Photometer

To investigate the thermally induced absorp-
tion behaviour of both, solutions and particle
suspensions, a photometer system is required that
eliminates sedimentation effects in the optical
signal especially during long-term (1-2 h) mea-
surements. Therefore, a computer controlled up-
right, double beam photometer was built [17]. The
entire device (Fig. 1) consists of three functional
subunits:

1. the optical system with a specially designed,
precisely heatable cuvette for probe and ref-
erence;

2. the electronic control unit for signal detec-

tion, temperature registration and heating;
and

3. the data processing unit for digitisation and
computing of temperature and extinction data
and online control of the system.

As a light source a deuterium lamp (J02, LOT
GmbH, Darmstadt, Germany) is used. The light
beam is coupled vertically into the probe and
reference chamber of the cuvette via a 256 nm
bandpass filter or 313 nm bandpass filter, respec-
tively. The cuvette is made of a stainless steel
block (70 X 30 X 12 mm?) with appropriate 3 mm
thick quartz glass windows compensating temper-
ature-dependent volume changes by Viton rings
(vi 500). Probe and reference chamber have a
volume of approximately 100 wl each. To avoid

(M

(1) UV-lamp

(2) Filter

(3) Double Cuvette

(4) Mirrors

(5) Chopper

(6) Photomultiplier

(7) Data Processing Unit

—

Fig. 1. Schematic representation of the computer controlled set-up for denaturation measurements of particle suspensions.
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temperature gradients within the steel block,
heating elements (Philips 2NcNc 10, 300 mm) are
symmetrically arranged around the cuvette. The
heating voltage is computer controlled between 7
and 22 V corresponding to a maximum heating
power of 130 W. The temperature of the cuvette
is measured by the resistance of a platin sensor Pt
1000 (PCP 1.32/10/10, Jumo, Fulda, Germany)
following a well known linear—quadratic-tempera-
ture-resistance correlation. This signal triggers the
heating control. Despite this heating control, the
system cannot properly be used for renaturation
measurements since the device has no active
cooling element to run a given cooling gradient.
This means that the system is mostly useful to
measure extinction changes with increasing (=
denaturation), but not with decreasing (=
renaturation) temperatures.

After passing the probe and reference chamber
the two light beams are directed on one Peltier-
cooled photomultiplier (Thorn Emi, 9635 QB)
with a nominal gain of 2.5 X 10”. A continuously
rotating chopper wheel allows to alternately dis-
criminate probe and reference beam. The photo
current is transferred into voltage values between
—5 Vand +5 V. This signal and the temperature
signal are digitised with a programmable
ADC/DAC unit (DAP 1200/4, 150 kHz, Data-
log, Monchengladbach, Germany) and further
treated by a completely home developed software
on a personal computer.

Each individual measurement triggered by one
full rotation of the chopper wheel consists of
three-types of values: light sample chamber, light
reference chamber, time of registration. Sixteen
of these values are averaged and the mean is
correlated to the respective temperature value for
further evaluation.

2.4. Data processing

For data processing and graphical representa-
tion the original data are rescaled into absolute
temperature values 7(°C) and ‘extinction’ differ-
ences d(dE)/dT [OD /°C] (OD: optical density).
Here, dE is derived from the absorption which is
defined as the logarithm log, of the ratio of the
light intensity I,,(T) passing the reference and

that passing through the sample I(T). dE is
defined as the difference between the absorption
at the actual temperature 7 and the initial tem-
perature 7, on the basis of log,,:

Iref(T) _
1(T)

Iref(To)

dE[OD] =log,e-|log, T(T)

log

Assuming that concentration changes of the sam-
ple are negligible during the measurement the
absorption difference dE can be referred as ex-
tinction difference. In order to obtain the denatu-
ration profile as the first derivative of dE, the
data of a complete temperature interval were
transferred into a continuous function by House-
holder transformations. This function is expanded
by the linear combination of orthogonal cosinus
functions

cos(k'T'zTﬁ)

where [ is the temperature interval chosen for
continuous expansion (here the complete range
of the measurement). T is the temperature value
on the abscissa, k is the order of the expansion
which can be chosen up to k= 100. Typically
k =20 was used in the measurements presented
here. In the first derivative, k= 100 corresponds
to a peak to peak resolution of 0.5°C and a peak
localisation precision of 0.01°C [20]. However, this
should not be mixed up with the apparative error
of measurement which is +0.5°C.

The cosinus-series, however, requires the gradi-
ent to be zero for the boundary values. Since this
cannot be usually satisfied by the measured val-
ues, the boundary regions of the measurement
were modified to fulfil this condition. This may
trigger additional peaks at the lowest and the
highest temperature values which hence should
not be considered for evaluation. [Note: dE as
well as d(dE)/dT may also become negative. For
the analysis of denaturation profiles, however,
only the positions of peaks on the abscissa were
relevant. In this context a peak is a local maxi-
mum of d(dE)/dT with a difference to the
neighbouring local minima which is higher than
the apparative resolution (see Section 2.5)].
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2.5. Apparative resolution of the photometer

The electronics allows a temperature resolution
of 1.5 X 1073°C. However, calibration and syste-
matic errors revealed an effective temperature
resolution of +0.5°C. The optical resolution was
defined by the mean difference between a local

maximum and the two neighbouring local minima
of the denaturation profile d(dE)/dT vs. T. Us-
ing H,O as sample and reference, the optical
resolution was measured and estimated to be
11 X 10™* OD for 256 nm excitation and 3.0 X
10~* OD for 313 nm [21]. The reproducibility of
the measurements was shown by the melting point

(@) (b)
Lymphocyte DNA in 1*SSC
d[dE)dT 88.15 d[dE}dT
0.0125/ 00125
0.0100 0.0100
0.0075 | 0.0075
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0.0025 0.00251
F~—"%—"3a0— 5 60 70 80 0 . 040 S W 1o 80 90 T[°:>C]
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wave length: 256 nm wave length: 313 nm
© (d)
Lymphocyte chromosome preparations in 1*SSC
Jd(dEYaT 3987 5113 6069 77.00 d(dEYdT 4131 5090 59.12 76.29
27.08 : : : 3355 : ;
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30 0 ol e 70 80\/_/9.0{ Tro 301 40 .
o005} | ' -0.0025
-0.0050 -0.0050 4
00075} | -0,00751
200100f / -0.0100 /\/
-0.0125 /\ -0.0125+

wave length: 256 nm

wave length: 313 nm

Fig. 2. Melting curves (first derivative of the extinction function) d(dE)/dT vs. temperature T of: (a) isolated human lymphocyte
DNA in 1 X SSC at 256 nm; and (b) at 313 nm. For metaphase chromosome preparations of human lymphocytes in 1 X SSC the
denaturation profiles are shown in: (c) at 256 nm; and (d) at 313 nm. Note: The small fluctuations in Fig. 2b are effects due to the

cosinus expansion.
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data obtained for a series of seven measurements
of calf-thymus (CT) DNA in 0.1 X SSC. In all
cases, the melting point was within (73.7 + 0.5) °C
and thus within the apparative accuracy [21].

2.6. UV-spectrometer

For some control measurements, a PERKIN

ELMER Lambda 14 UV /vis spectrometer with a
heatable cuvette was used. It allows double beam
measurements from 190 to 1100 nm at a given
temperature. In contrast to the photometer devel-
oped here (see Section 2.5) and described above,
this commercial instrument is unable to run in a
temperature gradient mode. In addition, it has a
horizontal optical axis through the specimen cu-

(a) (b)
CT-DNA in 1*SSC
d(dEYdT 8807 A ddEydT
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30— 40 56 60 ./ 80 90 T 30 40 SO\W T1°C]
wave length: 256 nm wave length: 313 nm
(©) (d
DON-chromosome preparations in 1*SSC
AddEyar 3566 4440 5293 6044 80,32 88,17 d(dEVAT  30.62 4757 5556 6446 81,62
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: : ! 0.00204
0.0020+ ‘ :
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N
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wave length: 256 nm
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Fig. 3. Melting curves d(dE)/dT vs. T of: (a) Calf thymus-DNA (CT-DNA) in 1 X SSC at 256 nm; and (b) at 313 nm. For
metaphase chromosome preparations of cells of the Chinese hamster cell line DON in 1 X SSC, the denaturation profiles are shown

in: (c) at 256 nm; and (d) at 313 nm.
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vette, so that in case of long term measurement
extinction changes due to sedimentation effects
may not be excluded.

3. Results

Hyperchromicity measurements were per-
formed for metaphase chromosome preparations
and the respective DNA at 256 nm (DNA absorp-
tion maximum at neutral pH) and 313 nm (no
DNA absorption at neutral pH) excitation maxi-
mum. As reference, the same solvent or buffer
was taken which was used in the DNA solution or
metaphase chromosome preparations. It was ex-
pected that under the experimental conditions
used, DNA does not absorb light at 313 nm
resulting in peaks of the melting curve. In Fig.
2a,b, this is confirmed for DNA of human lym-
phocytes in 1 X SSC (pH 7). At 256 nm a strong
melting peak was found at 88°C which was not
detected for 313 nm. In contrast to DNA solu-
tions, conformation changes thermally induced in
metaphase chromosome preparations showed a
compatible denaturation behaviour at both wave-
lengths, 256 and 313 nm. As an example, human
lymphocyte metaphase chromosome preparations

in 1 X SSC were analysed which showed two ma-
jor peaks at approximately 51°C and 77°C for
both wavelengths (Fig. 2c,d) whereas no peak was
detected at 88°C.

Such differences in the melting behaviour
between DNA solutions and metaphase chromo-
some preparations were confirmed by other mea-
surements in 1 X SSC comparing CT-DNA with
metaphase chromosome preparations of the Chi-
nese hamster cell line DON (Fig. 3). Again a
DNA melting point at 88°C was detected for 256
nm which was not found for 313 nm. This melting
behaviour was the same for DON-DNA at neu-
tral pH (data not shown). For the metaphase
chromosome preparations, two major peaks were
found at 44°C and approximately 80°C for 256 nm
(Fig. 3c). The latter peak was also visible at 313
nm while the second major peak was at 56°C (Fig.
3d). Taking also smaller peaks into account, con-
formation changes between 40 and 45°C and
between 50 and 55°C were detected for both
wavelengths. For 2 X SSC the major peaks were
found at 50 to 55°C and 80 to 85°C (data not
shown).

In order to show that these peaks are due to
higher order structures, DON metaphase chro-

(a) (b)
DON-chromosome preparations in 0.5*SSC + 0.1% SDS
d(dEVdT 85;96 A d(dE)/dT
0.0100 1 I 0.0100
0.0080 1 0.0080
0.0060 1 0.0060+
0.0040 0.0040+
0.0020+ 0.0020
W N0 8~/ 9 1pq 30 N 40,750 &0 ' 0 el
-0.0020+ -0.0020+
wave length: 256 nm wave length: 313 nm

Fig. 4. Melting curves d(dE)/dT vs. T of a DON metaphase chromosome preparation in 0.5 X SSC and 0.1% SDS at: (a) 256 nm;

and (b) 313 nm.
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Table 1
pH dependent melting point 7, of CT-DNA in 1 X SSC (pH adjusted by acetic acid) obtained from the maximum peak of the
melting curves at 256 nm

pH 7.5-4.8 4.2 35 3.25 3.1 3.0
T, 87+1 85+ 0.5 71+ 0.5 52405 47+ 0.5 36 +0.5
() mosome preparations in 0.5 X SSC were exposed

. to 0.1% SDS (sodium-dodecylsulfate) which is
DON-DNA in TacCaM pH 7 known to dissolve structural proteins. Fig. 4 shows
T 88.36 the result which is compatible to the melting

| curve of pure DNA solutions. Only one peak at

, 256 nm at 86°C is visible. A corresponding peak
0030} at 313 nm is missing.

In another series of measurements the influ-

ence of the pH on the reduction of the melting

0.040

0.020 1

0.0101 point of DNA was investigated. In Table 1 the
melting points (highest temperature with a peak

i T T R R M) e maximum) of CT-DNA in 1X SSC at different

0010} pH values (adjusted by acetic acid) are shown. A

similar reduction effect was also found for DON-
DNA in the chromosome isolation buffer (Fig. 5).
The DNA melting peak shifted from 88°C at pH 7
wave length: 256 nm to approximately 47°C at pH 3.5. For pH 3.5, a
second peak was also visible which was ascribed
(b) to an extinction change due to light scattering
. induced by aggregates of single stranded DNA.
DON-DNA in TacCaM pH 7 + 2% HAc; Therefore, this peak was visible at 313 nm, too.
This second peak did not appear in CT-DNA
experiments after adding 20% formamide which
‘ becomes associated with single stranded DNA so
0.030 that aggregate formation was avoided (data not
‘ shown).

Although a minor peak at approximately 84°C
was found, one should be careful in comparing
this peak to a melting peak of DNA under neu-
N VA R EY \j[o T[:] tral pH. This peak may be also due to effects

obtained by the cosinus expansion.

-0.020 1

d(dE)dT 47.64 67.12 83.77

0.040

0.020

0.010 1

g These results of DNA solutions were compared
-0.0201 to results obtained from suspensions of metaphase

chromosome preparations. Human and Chinese
wave length: 256 nm hamster cells were used. To eliminate effects due

Fig. 5. Melting curves d(dE)/dT vs. T of isolated DON-DNA to dlfferenf:es between p.rlmary cells and perma-
in chromosome isolation buffer at 256 nm: (a) pH 7; and (b) nent cell lines, the cell lines NC37 (human) and

pH 3.5. DON (Chinese hamster) were used. At the same
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Fig. 6. Typical examples of melting curves d(dE)/dT vs. T of metaphase chromosome preparations of the human cell line NC37 at
pH 3.2 prepared in the isolation buffer with hexandiole. (a), (¢), (¢) three measurements at 256 nm, (b), (d), (f) the corresponding
measurements at 313 nm. The examples show the large variability of these types of measurements. However, in contrast to DNA
solutions, no significant reduction of the melting point (highest temperature with a peak maximum) was found. In all cases, typically
a peak between 75 and 82°C was visible.
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CT-DNA in TAcCaM (pH 7)

*): renaturation
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Fig. 7. Absorption spectra (absorption in OD vs. excitation wavelength) of DON-chromosome preparations (a) and CT-DNA
solutions (b) in TAcCaM at pH 3.2 measured at different temperatures. In figure (c) the absorption spectra for CT-DNA solutions

in TAcCaM at pH 7.0 are shown.

low pH, measurements with and without hexandi-
ole were made. Hexandiole is known to additio-
nally stabilise the structure of metaphase chromo-
somes and, thus, it was added to test whether this
might have an influence on the thermally induced
conformation changes registered in the extinction
measurements. For DON, no significant differ-
ence in the denaturation profiles were found
between the isolation buffer with and without
hexandiole at low pH (3.2). In all cases a high
variability of the peak pattern was found. Inde-
pendently from the species, at low pH no reduc-
tion of the ‘melting point’ (i.e. the highest tem-
perature with a peak maximum) was found. In all
cases, this temperature was between 75 and 82°C
(Fig. 6) which was also a characteristic peak re-
gion for metaphase chromosome preparations un-
der neutral pH conditions (Fig. 2¢,d; Fig. 3c,d).
For the same suspension, the peak patterns at

256 nm and at 313 nm were usually different.
However, 96 hyperchromicity measurements for
DON chromosome preparations verified those
measurements. At pH 3.2 and pH 7.0, compatible
peak clusters were observed (J. Rauch, D. Wolf,
M. Hausmann, C. Cremer, manuscript submitted).

Although the observation of melting profiles in
metaphase chromosome preparations at 313 nm
was highly reproducible, its origin from a biophys-
ical point of view was still unclear. For DNA-solu-
tions in 1 X SSC or TAcCaM at pH 7.0, no effect
was detected at 313 nm. At pH 3.2, typically only
that peak which was found to be probably caused
by extinction changes due to light scattering of
aggregates was also visible at 313 nm. To achieve
a better physical basis for the results obtained for
metaphase chromosome preparations, absorption
spectra between 230 nm and 400 nm were mea-
sured at different temperatures.
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In Fig. 7a the results for DON-chromosome
preparations in TAcCaM at pH 3.2 are shown for
four temperature values (20, 45, 70, and 87°C).
All curves were very similar in their shape and
showed a broad maximum centred approximately
260 nm, with decreasing values at higher wave-
lengths. With increasing temperature, the absorp-
tion decreased. However, for the complete wave-
length range measured the absorption remained
over a certain level and did not reach zero.

The absorption spectra of CT-DNA in TAc-
CAM at pH 3.2 were completely different (Fig.
7b). Below 45°C they showed a peak with a maxi-
mum at approximately 260 nm and negligible
absorption at 310-320 nm. Above 50°C the peak
shifted to higher values. For 70°C the maximum
was at approximately 290 nm with a broad ab-
sorption background over the complete wave-
length range measured.

This was completely different to measurements
of CT-DNA in TAcCaM at pH 7.0 (Fig. 7c). For
all temperatures between 20°C and 94°C the peak
position was at approximately 260 nm. Between
70°C and 94°C the absorption peak increased due
to DNA melting. For wavelengths above 320 nm
the absorption was negligibly small.

4. Discussion

Hyperchromicity measurements are well es-
tablished to analyse DNA melting. Usually the
temperature dependent extinction at approxi-
mately 260 nm of DNA solutions is measured. To
compare such data to conformation changes of
higher order structures such as chromosomes it
has to be considered that these latter are particle
suspensions, since typical dimensions of mam-
malian metaphase chromosomes are in the range
of 1-10 wm. Due to sedimentation effects the
extinction may change during long term measure-
ments with standard photometers having a hori-
zontal optical axis. To measure the temperature
depending extinction both of suspensions and so-
lutions, with the same device, a high-resolution,
computer controlled photometer with a vertical
optical axis was designed and constructed
[19,21,22].

A computer program calculating the first
derivative of an extinction function was written
[20] to obtain a sample specific peak pattern. This
peak pattern obtained was expected to be influ-
enced not only by changes in absorption but also
by changes in light scattering. Since both processes
are connected with DNA /chromosome confor-
mation (secondary and tertiary structure), ther-
mally induced conformation changes can be rep-
resented by a typical peak at a certain tempera-
ture.

In order to obtain a continuous extinction func-
tion, the expansion by a cosinus series was used.
Thus, a coherent denaturation profile was ob-
tained over the complete temperature range of
interest. However, two effects of the cosinus ex-
pansion have to be considered:

1. The boundary values have to be appropriately
adapted to gradient zero. This may generate
an additional peak at the boundary which has
to be excluded from consideration.

2. The cosinus terms generate a harmonic back-
ground which becomes visible in cases where
d(dE)/dT is close to zero, e.g. if sample and
reference are identical (see e.g. Fig. 2b, and
Fig. 3b). This background has to be con-
sidered as the optical resolution in order not
to overestimate background fluctuations as
denaturation peaks [21].

The suitability of the device was tested by com-
paring DNA solutions with metaphase chromo-
some preparations of two species (human and
Chinese hamster). At neutral pH no species de-
pending difference in DNA melting of commer-
cially available calf thymus (CT), DON (Chinese
hamster) and human (lymphocyte) DNA was
found. Some tens of measurements were made
confirming the high reproducibility with which the
system was running. This was helpful to define a
DNA standard for test measurements, for exam-
ple, CT-DNA. As expected, decreasing the pH
down to 3.0, the melting temperature was re-
duced.

In contrast to DNA where typically one denat-
uration peak was found, the more complex struc-
tures of metaphase chromosome preparations led



220 D. Wolf et al. / Biophysical Chemistry 81 (1999) 207221

to more complex denaturation profiles. Under the
same buffer conditions, the temperature values of
conformation changes of metaphase chromosome
preparations, did not directly correlate with the
melting temperatures of the DNA solutions.
However, independently from the cell type (hu-
man, Chinese hamster) two major regions of con-
formation changes were identified: one between
75 and 82°C the other between 40 and 55°C.

With the reduction of the pH to 3.2, conforma-
tion changes in metaphase chromosome prepara-
tions were not restricted to lower temperatures
only as it was typically found for pure DNA.
Moreover, independently from the species the
peak with the highest temperature was again
found in the range between 75 and 82°C. All
peaks showed a large variability in their number
and position. The melting curves of metaphase
chromosome preparations at 256 and 313 nm
were compatible concerning this pattern. The ab-
sorption spectra measured at pH 3.2 showed a
considerable absorption background over the
complete wavelength range measured. This back-
ground can be interpreted as a signal reduction
induced by light scattering of particles. The same
behaviour was found for DNA at pH 3.2 over
50°C when aggregates were formed. However, in
contrast to DNA, the absorption curves of
metaphase chromosome preparations did not
change their principle shape at higher tempera-
tures, but reduced their absolute values. Thus,
the peaks in the melting profiles of metaphase
chromosome preparations may be interpreted as
denaturing effects due to conformation changes
and not only as absorption effects by increased
light scattering.

To draw further conclusions from such peak
patterns concerning the biophysical mechanisms
of chromosome denaturation (changes in the sec-
ondary and tertiary structure) extended series of
measurements under defined buffer conditions
with a statistical evaluation are required. So far
many details in these measurements and their
possible correlations to conformation changes are
not understood. Such evaluations will be the task
of further experiments. For these experiments
also a standardised cell type appears to be useful,

for example, a Chinese hamster or human cell
line.

Here, we showed the suitability of the device
described above, to directly compare the melting
behaviour of DNA solutions with the denatura-
tion of metaphase chromosome preparations in
suspension. The data so far obtained indicate that
metaphase chromosome preparations show a
completely different denaturation behaviour com-
pared to pure mammalian DNA, supporting the
idea of a high structural complexity of chromo-
somes [14]. Under the preparation conditions
used, the typical denaturation behaviour was in-
dependent for both types of sample; this is com-
patible with the view that the structural complex-
ity of chromosomes is a universal phenomenon.

It is anticipated that comparative experiments
of DNA and metaphase chromosome prepara-
tions may be interesting to analyse the denatura-
tion and especially renaturation behaviour of
DNA probes and chromosomal targets for non-
enzymatic (fluorescence) in situ hybridisation
(FISH) [23]. Up to now, the photometrical setup
described is only useful to study denaturing ef-
fects since no active cooling is available. How-
ever, recent experiments of probe to target renat-
uration and probe to probe reassociation ob-
tained by quantitative microscopy after fluores-
cence in situ hybridisation indicated that the
chromosomal target DNA was still in a denatured
condition even 20 h following heating at 85 or
92°C and therefore still accessible to labelling
probes [24]. These results make the full reversibil-
ity of the measured denaturation effects shown
here questionable. A lack of reversibility again is
in accordance with a highly complex native struc-
ture of chromosomes. Effects of routinely used
denaturing chemical agents, e.g. formamide, on
probe and target together with heating may be
analysed in comparison to thermal treatment only;
this latter has become an important procedure in
Fast-FISH [25,26]. Such protocols have the poten-
tial also to label chromosomal targets under phys-
iological temperature conditions [27]. For the
development of such protocols not only the renat-
uration behaviour but also the denaturation be-
haviour of chromosome targets are of high inter-



D. Wolf et al. / Biophysical Chemistry 81 (1999) 207-221 221

est. The device and basic experiments here offer
the possibility to systematic studies to optimise
FISH protocols (J. Rauch, D. Wolf, M. Haus-
mann, C. Cremer, manuscript submitted), espe-
cially under more physiological conditions com-
pared to the commonly used ones.
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