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ABSTRACT: High resolution thermal denaturation profiles 
a re  presented for the DNAs of bacteriophages X and T7. It 
is concluded that the temperature increment in data gather- 
ing and the method of calculating results meet the require- 
ments for quantitative recording of the large amount of in- 
formation found in the thermal transitions of both DNAs. 
The high resolution derivative denaturation profiles of these 
bacteriophage DNAs demonstrate that individual sub- 
transitions (thermalites) of natural D N A  are Gaussian in 
form and have narrow transition widths. Curve resolution 
performed on these profiles indicates that the mean ther- 
malite width (20) is 0.33 OC and that this breadth is rela- 
tively invariant. Transition widths are  not influenced by the 

I t  has been apparent for some time that D N A  hyperchro- 
micity data  can provide substantially more information 
than was revealed by early thermal denaturation experi- 
ments. Although there was some theoretical basis for ex- 
pecting to find additional information (Crothers, 1968), 
only in very recent investigations (Reiss and Michel, 1974) 
has the extent of detail in a melting curve been appreciated. 
The  study of Ansevin et al. (1975) discusses the thermal 
resolution and data  treatment required to extract the infor- 
mation that is implicit in a faithful recording of absorbance 
changes during the thermal transition of DNA.  By con- 
forming to the principles of that  study, it should be possible 
to characterize quantitatively the properties of the sub- 
transitions (thermalites) which compose the thermal dena- 
turation profiles of naturally occurring DNAs.  

This research presents the derivative thermal denatura- 
tion profiles of the relatively simple DNAs of bacteriophage 
T 7  and A. These results illustrate the detail to be found in 
high resolution profiles for DNAs of relatively low genetic 
complexity: the T 7  D N A  molecule is 24 X lo6 daltons or 
36 000 base pairs (Gray and Hearst, 1968), and the X D N A  
molecule is 31 X IO6 daltons or 47 000 base pairs (Davidson 
and Szybalski, 1971). Because of the large number of ther- 
malites present in natural DNAs, it will be seen that a full 
appreciation of the information content of denaturation 
profiles can be gained only by beginning with studies on 
D N A  of this or even smaller size. 

Among the investigations with which our experiments 
might be compared are  denaturation results for X D N A  
that range in complexity from a broad bi-modal transition 
of Hirschman et al. (1967), through the 3 or 4 components 
demonstrated by Falkow and Cowie (1968), to the very re- 
cent report of Reiss and Michel (1974) showing approxi- 
mately 14 components. Our results for X D N A  imply a min- 
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position of thermalites in the profile or by cation concentra- 
tion in the range from 5 to 30 m M  Na+. However, the rela- 
tive position of thermalites within a denaturation profile is a 
function of the solution ionic strength. The distribution of 
lengths of the D N A  sequences which these thermalites rep- 
resent is broad, with a number average length of 900'base 
pairs. Although we find an approximate similarity between 
the number of thermalites in the denaturation profile of T 7  
D N A  and the number of looping regions in the electron mi- 
croscopic partial denaturation map of Gomez and Lang 
((1972), J. Mol. Biol. 70, 239-251) we conclude that free 
solution thermal denaturation experiments can be com- 
pared only superficially to the mapping results. 

imum of 34 thermal subcomponents. The melting curve of 
T 7  DNA,  in distinction to that of A, is relatively narrow and 
was taken in the past as  an example of a particularly simple 
transition. The T 7  profile, with its overlapping subtransi- 
tions, serves as a suitable complement to the broader X pro- 
file and provides an opportunity to compare our results for 
free solution, equilibrium denaturation conditions to the 
nonequilibrium denaturation map of T 7  D N A  derived from 
the electron microscopic studies of Gomez and Lang 
(1972). 

Our results indicate that the thermal denaturation pro- 
files of both DNAs are  composed of a number of relatively 
discrete Gaussian-shaped thermalites having widths that 
are  a t  least as  narrow as those of simple paired homopoly- 
mers or copolymers. W e  find that the relative stabilities of 
some thermalites vary as a critical function of the sal tcon-  
centration of the solution, which suggests that the stability 
of thermalites depends not only upon the average base com- 
position, but also upon the nucleotide sequence. However, 
the thermal widths of the transitions do not appear to vary 
significantly with salt concentration. Finally, this study 
shows that the length distribution of the D N A  sequences 
that can be derived from a quantitative evaluation of the 
mass fractions of thermalites appears to be a physical ac- 
counting of approximately gene-sized elements of these bac- 
teriophage DNAs. 

Materials and Methods 
( a )  DNA Preparation. Bacteriophages T 7  and A, kindly 

provided by Dr. R. R. Hewitt of this institution, were twice 
deproteinized by warm (35 "C) buffer-saturated phenol. 
The Tris salts of the DNAs were alcohol precipitated, alco- 
hol washed, dried in vacuum, and redissolved in Tris, 

M EDTA, p H  8. The preparations were stored at  -70 
O C .  Both phage D N A  preparations were undegraded as  as- 
sessed by analytical sedimentation a t  neutral pH.  Alkaline 
sedimentation studies indicated that the single strands of X 
were undegraded; one preparation of T 7  D N A  appeared to 
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have approximately 3 strand interruptions per double- 
stranded molecule. 

( b )  Sample Preparation f o r  Denaturation. Solutions to 
be denatured were prepared by appropriate volume addi- 
tions of D N A  in the dilute Tris-EDTA buffer and NaCl so- 
lutions. This fact is important a t  lower ionic strengths (e.g., 
5 mM) because there is a significant difference in final cat- 
ion concentration between these constructed solutions and 
D N A  solutions made by dialysis equilibrium. Even though 
Tris is not an ideal thermal buffer and, a t  1 m M  final con- 
centration, has little capacity, it was routinely used because 
of its alcohol solubility and its insignificant perturbation of 
D N A  stability in the presence of excess Na+,  which was the 
primary D N A  counterion in these experiments. Calcula- 
tions that consider the thermal coefficient of Tris buffers 
show that the initial pH of 8 (25 "C) is accurate; over the 
important temperature range, the actual p H  falls between 6 
and the initial value of 8 (at 25 "C). Experiments in this 
laboratory and elsewhere (Lewin and Pepper, 1965) have 
shown no important melting variation over the pH range of 
5 to 10. In  practice, we can discern no difference between 
profiles recorded in Tris buffer and those in dilute cacody- 
late buffer, for which the thermal coefficient of p H  is quite 
small. 

The D N A  solutions, including the reference, were gently 
bubbled with helium and transferred to 1-cm Suprasil semi- 
micro cuvettes (Precision Scientific). A minimum of 0.6 ml 
of solution was required by our beam geometry. The solu- 
tions were overlayed with washed Dow Corning 200 di- 
methylpolysiloxane and the cells were sealed with Teflon 
stoppers. N o  evaporation occurs in this system. 

( c )  Thermal Denaturation Apparatus. Techniques and 
equipment used in these experiments are slightly modified 
from those of Ansevin and Brown ( 1  97 I ) ,  and the following 
is a brief summary of the more important features pertain- 
ing to this study. 

A single beam monochromator with a Gilford Instru- 
ments photometer (Model 222) and sample positioner 
(Model 210D) was employed for these studies. Rapid read- 
ings of absorbance were made possible by operating in a 
mode in which the incident light was not adjusted to com- 
pensate for any changes in transmittance of the blank dur- 
ing the experiment. The linearity and absolute absorbance 
error of this photometer corresponds to 0.002 A,  according 
to the manufacturer. These absolute errors result in negligi- 
ble distortion of the experimental data. Of more immediate 
concern is the relative error or noise level of the measure- 
ments. 

As previously described, the temperature was continuous- 
ly increased in a linear fashion by driving the bath thermo- 
regulator with a synchronous motor through an adjustable 
gear train interposed for heating rate selection. The rate of 
temperature rise within sample solutions in this study was 
0.1 OC/min. Temperature was measured as described ear- 
lier (Ansevin and Brown, 1971; Ansevin et al., 1975) except 
that a quadratic temperature-voltage calibration was used 
to provide a more accurate estimate of the absolute temper- 
ature (about f 0 . 1  "C). 

Photometer and thermistor-bridge voltages were digi- 
tized by a Systron Donnor (Model 7005) digital voltmeter 
interfaced with a Data Graphics controller (Datos 305). 
Output data  were simultaneously punched on paper tape 
and typed by a Friden Flexowriter. The  voltages corre- 
sponding to absorbance and temperature were digitized to 
five place readings: voltage sampling times were approxi- 

mately 0.1 s. Although five-place precision is usually unnec- 
essary for the absorbance measurement, since the standard 
deviation of the absorbance readings is about 1.4 X it 
is essential in recording the temperature (Ansevin et al., 
1975), which has a standard deviation that is smaller by an 
order of magnitude. At the temperature increment that will 
be discussed (0.045 "C), the use of fewer than five digits 
generated large truncation errors in the calculation of the 
derivative. 

The standard deviation for absorbance readings quoted 
above corresponds to the sum of all sources of error in  ob- 
servations on a nonabsorbing solution a t  a spectrophotome- 
ter slit opening of 0.34 mm (Ansevin et al., 1975). From 
beam energy measurements on our monochromator, we cal- 
culate that the variation in the absorbance approaches the 
level of photon statistical fluctuation. As expected, in- 
creased optical densities produce slightly higher noise levels; 
however, relatively high D N A  concentrations (A270 = 1 )  
serve to increase the precision of the data  because a greater 
change in photometer output results when the sample de- 
natures. For single wavelength studies of hyperchromism, 
high spectrophotometric resolution is not an absolute re- 
quirement; a band-pass of a few nanometers results in  an 
insignificant distortion in the data. Therefore, large slit 
widths together with increased D N A  concentrations can re- 
duce noise levels. 

From a number of observations, we conclude that our 
most significant source of noise is related to variations in 
light source and/or photometer output. Significant im- 
provement upon these items, however, should be paralleled 
by appropriate precision in analogue to digital conversion to 
avoid truncation errors. 

( d )  Data Processing. The data punched on paper tape 
are  compiled by a C D C  73 computer through a fast optical 
reader. Details of the program for evaluating the derivative 
of hyperchromicity have been discussed by Ansevin et al. 
( 1  975) and Ansevin and Brown ( 1  97 1 ). Results are present- 
ed in the form of both tabulations and computer-drawn 
plots; the figures in this paper are  the computer plots in 
which the points and lines have been broadened for clarity. 
Since calculating the voluminous data of our experiments is 
expensive, the computer program was modified to store the 
derivative results on disk, where they remain until the infor- 
mation has served all useful purposes. Of the few thousand 
profiles that we have calculated, numerous profiles may re- 
main on the disk at  any one time and are  readily recalled 
for computer plotting i n  any desired form, size, scale, etc. 
Also. a number of similar profiles can be recalled for aver- 
aging and plotting. This is effected by weighting the indi- 
vidual profiles with an appropriate factor (e.g., an inverse 
function of the noise level in a profile), shifting the temper- 
ature scale of the individual profiles to compensate for 
minor differences of ionic strength or altered thermistor 
voltage, linearly interpolating the thermal derivatives of hy- 
perchromicity to the temperature set of a selected profile, 
and adding and plotting the results. 

Results 
( a )  Recording and Analysis of Thermal Transitions. 

The distinguishing feature of high resolution thermal dena- 
turation is the narrow thermal increment a t  which measure- 
ments are recorded. This statement assumes, of course, that 
the equipment used for the experiment meets current, ac- 
ceptable standards for precision and reliability. An example 
of the importance of temperature increment to the charac- 
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FIGURE 1. Thermal derivative of hyperchromicity a t  270 nm VS. temperature for X DNA in 30 mM NaC1. The derivatives were calculated from se- 
quential 13-point cubic fits of a hyperchromic data set. (A) Every tenth point of the data set, a thermal increment of 0.45 "C. (B) Every third point 
of the data set. a thermal increment of 0.135 O C .  (CI Comolete data set, a thermal increment of 0.045 OC. Initial ,4270 = 0.797, final hyperchromi- . ,  
city was 1.52, heating rate was 0.1 OC/min. 

ter of the derivative profile is provided by Figure 1, where 
data  from a single experiment on X D N A  have been pro- 
cessed a t  three different thermal increments. In this figure, 
the derivative of hyperchromicity, calculated from sequen- 
tial 13-point cubic polynomial fits of hyperchromicity, has 
been evaluated for each point, for every third point, and for 
every tenth point of the initial complete data  set. A 13-point 
cubic fit was chosen for the analysis of these data to provide 
maximum smoothing of the profile for the full data set, with 
a negligible distortion of the features (see Ansevin et al., 
1975). The  profile corresponding to a temperature incre- 
ment of 0.045 "C within the denaturation region shows a 
remarkable number of partially overlapping subtransitions, 
which, for convenience, we have termed thermalites (An- 
sevin et al., 1975). A subset of the same data, analyzed a t  a 
thermal increment of 0.135 O C ,  shows significantly broad- 
ened thermalites and a general lack of definition of the finer 
features in the derivative profile. The profile corresponding 
to a temperature interval of 0.45 O C ,  has been distorted be- 
yond recognition simply by the decrease in data frequency 
with no change in accuracy of the basic measurements. 

While it is apparent that rather remarkable detail can be 
observed in the profile a t  the closest data  frequency of Fig- 
ure 1 ,  a fundamental question that must be asked is wheth- 
er this fine structure is meaningful. One of the simplest 
ways to  evaluate the significance of features in high resolu- 
tion profiles is to test for reproducibility. This is demon- 
strated for T7 D N A  in Figure 2. Curves A and B are  inde- 
pendently measured profiles, while curve C is the average of 
the two profiles. Virtually all prominent features in the pro- 
files, including maxima, minima, and points of inflection, 
are closely reproduced. Provided that  D N A  samples a re  
free of significant contamination, such as  strongly bound 
cations, basic proteins, or dust particles, we find that most 

deviations among profiles analyzed under the same condi- 
tions a re  a t  the level of the observable noise in the tempera- 
ture regions outside of the transition. 

Since, in effect, we are  equating the term "high-resolu- 
tion" to a thermal increment of 0.045 O C ,  we must also ask 
whether the data may contain finer details than those ob- 
served in the results presented here. It is not practical to in- 
crease substantially our thermal resolution (Le., by an order 
of magnitude) to search for the much narrower transitions 
predicted by Eichinger and Fixman (1970), because the 
data  recordings for high resolution experiments already in- 
volve 50 000 characters of information (for three profiles), 
and even more precision would have to be employed to 
achieve a higher resolution. The problem of finer detail was 
investigated, however, by using five-point fitting routines on 
the present data; such a procedure was shown to be capable 
of detecting even single-point discontinuities (Ansevin et al., 
1975). W e  conclude from this analysis that thermalities 
narrower than those displayed in the present results do not 
appear in the data. 

( b )  Interpretation of Derivative Profiles. A straightfor- 
ward interpretation of high-resolution derivative denatura- 
tion profiles involves the assumption that the area under 
different peaks is approximately proportional to the mass 
fraction of the D N A  denaturing in that temperature inter- 
val. Unfortunately, this assumption is not valid for most 
thermal denaturation studies so far reported since the wave- 
length customarily chosen is 260 nm, the approximate ab- 
sorption maximum of the D N A  spectrum. At this wave- 
length, A-T base pairs are  weighted much more heavily 
than G-C base pairs (Mahler et al., 1964). Any profile a t  
260 nm would, therefore, contain a strong bias against ther- 
malite mass fraction in the higher temperature portion of 
profiles, which presumably represents D N A  of higher G-C 
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FIGURE 2 .  Thermal derivative of hyperchromicity at 270 nm vs. tem- 
perature for T7 DNA i n  30 mM NaCI, calculated from 13-point cubic 
fits of hyperchrornicity. Curves A and B are independent experiments 
and curve C is the interpolated average of A and B. Initial A270 = 
0.937, final hyperchrornicity was 1.52, and the heating rate was 0.1 
"C/rnin for both experiments. 

composition. Furthermore, this bias cannot be corrected ac- 
curately because, as will be seen below, the modal tempera- 
ture of thermalites ( T m d )  is strongly influenced by factors 
other than the average base composition. 

For this reason, we have chosen to record high-resolution 
experiments a t  an iso-extinction wavelength of the A-T and 
G-C hyperchromic spectra. Because there is disagreement 
as to the exact wavelength of this point (Mahler et al.. 
1964; Felsenfeld and Hirschman, 1965), we have taken 270 
nm as a convenient approximation to the ideal wavelength 
at  which the thermal denaturation profile accurately dis- 
plays the mass fraction of DNA as a function of thermal 
stability. Fortunately, measurements can be made a t  270 
nm without loss of accuracy since the absolute change in 
absorbance upon denaturation for most natural DNAs is 
similar a t  270 and 260 nm. 

Another distortion which detracts from the interpretation 
of the derivative denaturation profile as a mass-fraction 
function of stability is the finite hyperchromism outside of 
the thermal transition region. This is attributed to pre-melt- 
ing (Sarocchi and Guschlbauer, 1973) and unstacking 
(Brahms et al., 1966; Leng and Felsenfeld, 1966). Such hy- 
perchromic increases lead to  an elevated baseline in deriva- 
tive plots but present little difficulty in the example of nar- 
row bacteriophage transitions where the correction is rela- 
tively small; however, baseline correction can be more im- 
portant for broader transitions. A further difficulty arises 
from the fact that hyperchromism is not a direct measure of 

hydrogen bond breaking but, rather, is a function of the 
changes in electronic transition moments of the bases that 
accompany base unstacking and solvation. A decoupling of 
the optical measurement from strand separation has been 
reported for nonequilibrium melting by Crothers and Spatz 
(1971). To what extent base unstacking and solvation are  
incomplete a t  the time of local strand separation remains 
unclear, but we have proceeded upon the assumption that 
any disparity is insignificant. It is then possible to relate the 
area under a derivative curve directly to the mass fraction 
of DNA undergoing a helix-coil transition in that thermal 
region. 

Ideally, the DNA undergoing a helix-coil transition dur- 
ing thermal denaturation should be in a state of thermody- 
namic equilibrium a t  the time of each measurement i f  the 
information collected is to be readily interpreted. A suffi- 
ciently slow heating rate or very small temperature jumps 
with subsequent equilibration (Reiss and Michel, 1974; 
Hoff and Blok, 1970) may closely approximate an equilibri- 
um condition. We have chosen to take advantage of the very 
smooth temperature rise obtainable by the technique of 
continuous heating. 

That measurements made under the conditions of our ex- 
periments do reasonably approximate equilibrium results is 
indicated first by the fact that the profiles in this study are  
unaltered by doubling the usual heating rate of 0.1 OC/min. 
This observation also assures us that DNA degradation 
during the experiment is not a significant factor. In  addi- 
tion, we have tried to evaluate the effects of heating rate on 
the basis of existing theory concerning the time required to 
attain equilibrium following a rapid temperature rise. Al- 
though the initial denaturation step of hydrogen bond un- 
zippering is known to be very fast (Porschke, 1974), the 
overall transition for DNAs of the lengths in this study is 
kinetically limited by the much slower process of unwind- 
ing. Multiple extrapolations from the data of Crothers and 
Spatz (1971), assuming a linear length dependence (Massie 
and Zimm, 1969), and from the results of Hoff and Blok 
(1 970) (whose data are more closely applicable to our ex- 
periments because of their smaller temperature jumps and 
similar ionic conditions), lead to  the conclusion that any 
nonequilibrium distortion in our profiles is within the exper- 
imental noise levels. That is, the magnitude of theoretically 
calculated deviations from equilibrium indicate that there is 
not more than a few percent error in d H / d T ,  and that ther- 
mal lags are within the finest temperature increment of our 
data. 

(c) Noise Reduction and Profile Acerages. The ratio of 
signal to noise in the high resolution profiles depends upon a 
number of factors, including DNA concentration, light in- 
tensity, and the number of points simultaneously considered 
i n  the fitting routine. For genomes as simple as those of X or 
T 7  bacteriophage, the present noise level is certainly low 
enough to identify distinct thermalites. However, if ther- 
malites are to be detected in a much more complex genome, 
or if a reliable quantitation of components is to be obtained 
for a simple DNA, some means for reducing the noise in a 
given recording is highly desirable. The optimization of 
sample concentration and incident light can have only a 
limited effect on the relative level of noise because instru- 
ment variations soon become limiting. Long integration 
times or repetition of readings a t  the time of data  gathering 
also can contribute to the reduction of noise. In practice, we 
have found that the summation of profiles after completion 
of experiments is one of the most satisfactory ways to re- 
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duce the noise level. Although the increase of signal to noise 
by means of averaging is limited by the square root of the 
number of profiles considered, we regard the results 
achieved by multiple profile comparison and averaging to 
be the most convincing demonstration of the physical real- 
ity of thermalites. 

Examples of averaged profiles are  shown in Figures 2-4. 
Curve C of Figure 2 displays the average of curves A and B 
for the denaturation of T7 D N A  in 30 m M  NaC1; Figure 3 
is the average of two profiles of X D N A  in 30 m M  NaCI, 
while Figure 4 shows the average of four profiles of T7 
D N A  in 5 m M  NaC1. Somewhat greater noise is seen in 
Figure 3 than in Figure 2C because the X average curve is 
derived from observations a t  lower D N A  concentrations 
than for the 30 m M  T7 D N A  experiments. The progressive 
decrease of noise in going from a single recording to the av- 
erage of two, and finally the average of four curves, is ob- 
vious in these figures. 

( d )  Effect of Salt Concentration. One of the most strik- 
ing features of the T7 experiments (Figures 2 and 4) is the 
difference between profiles obtained in 5 and 30 m M  NaCI. 
This and other information demonstrate that the pattern of 
thermalites in a profile is a strong function of cation con- 
centration, particularly below M salt (for weakly 
bound cations such as Na+),  and will be the subject of an- 
other communication (Vizard and Ansevin, in preparation). 
An examination of the difference between the profiles of 
Figures 2 and 4 demonstrates that many thermalites of T7 
alter their position relative to one another as salt concentra- 
tion is changed, in a manner not duplicated simply by a 
temperature scale distortion. Results obtained by resolving 
the two T7 profiles into components, as  discussed below, 
suggest that the temperature difference between two ther- 
malites can be modified by an amount that is greater than 
10% of the mean temperature change of the thermalites be- 
tween 5 and 30 m M  salt. 

( e )  Quantitation of Thermalites. Several of our averaged 
high-resolution profiles were resolved into Gaussian compo- 
nents using a Du Pont electronic curve resolver. Such ana- 
logue curve resolution quantitates the three parameters of 
each Gaussian component: position, breadth, and area (or 
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FIGURE 4. Thermal derivative of hyperchromicity at  270 nm vs. tem- 
perature for T7 DNA in 5 mM NaCI. The interpolated average of four 
13-point cubic calculations. Initial A270 readings were 1.16 and 0.80 
(two profiles each); final hyperchromicities were 1.52, and the heating 
rates were 0.1 'Cimin. 

mass fraction). From the area measurement one may calcu- 
late the length of a sequence associated with a given ther- 
malite once the molecular weight of the whole D N A  has 
been specified. A reasonably unambiguous resolution of a 
profile into Gaussian components, accurate to better than 
5% of the total area, appears possible when peaks are  well 
separated in the initial pattern. However, the determination 
of components in profiles exhibiting extensive overlap of 
peaks is considerably more difficult since important infor- 
mation must be gathered from points of inflection and the 
degree of skewing of curves. Even though the minimum 
number of components frequently is fairly well defined, the 
assignment of an exact size and width to  elements within an 
overlapping profile must be viewed as tentative. In the case 
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Table I :  The Thermalites of h DNA0 from Derivative Denaturation Profile Curve Resolution 

T,d Estimated Estimated T,d Estimated Estimated Tmd Estimated Estimated 
Modal Length Breadth, Modal Length Breadth, Modal Length Breadth, 

No. Temp ('C) Base Pairs 20 ("C) No. Temp ("C) Base Pairs 2a ("C) No. Temp ('C) Base Pairs 20 ("C) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  

68.3 
68.9 
69.2 
69.6 
70.0 
70.4C 
70.9 
71.4 
71.6 
72.0 
72.4 
72.8 
73.0 

(150)b 
(150) 
490 
670 

(150) 
1200 

34 0 
1000 
(150) 
830 
640 
980 
670 

0.37 14 73.4 
0.32 15 73.8 
0.26 16  74.1 
0.50 1 7  74.4 
0.25 18  74.8 
0.30 19 75.3 
0.50 20 75.9 
0.30 21 76.3 
0.22 22 76.7 
0.36 23 77.2 
0.35 24 77.8 
0.35 25 78.3 
0.26 26 78.8 

1300 
450 
450 
640 

1500 
1300 
2000 
1700 
900 

2400 
2000 
1200 
3200 

0.39 27 79.2 
0.55 28 79.5 
0.32 29 79.9 
0.26 30 80.1 
0.38 31 80.6 
0.34 32 81.4 
0.42 33 81.8 
0.33 34 82.3 
0.32 35 82.6 
0.49 36 83.0 
0.41 37 83.2 
0.30 38 83.6 
0.43 39 84.2 

2900 
900 

4700 
1100 
2400 
3600 
1700 
830 
750 
750 
71 0 
300 
(80) 

~ ~~ 

0.38 
0.29 
0.54 
0.37 
0.52 
0.52 
0.40 
0.35 
0.33 
0.25 
0.38 
0.30 
0.28 

~~ ~ ~~~ 

a The h DNA molecular weight assumed was 31 X l o6  au or 47 000 base pairs as discussed by Davidson and Szybalski (1971). Inaccuracies 
in the sequence length and breadth for determinations range from 5 to 100%, depending upon the distinctness of the thermalite. b Thermal- 
ites under 200 base pairs, designated by parentheses, are close to the level of noise: they are, however, presented on  the basis of reproduci- 
bility. C See Figure 6 

of the X D N A  profile, the correspondence of results in mul- 
tiple attempts a t  curve resolution gives us reasonable confi- 
dence in the position and shape of the majority of thermal- 
ites; however, these attempts also reveal the fact that minor 
components can be estimated only to within a factor of 
about 2. 

A summary of the resolved thermalites from the X D N A  
profile is given in Table I. Similar analyses have been car- 
ried out for the T 7  D N A  profiles and, while any conclusions 
stated here appear to apply also to T 7  DNA, the results for 
X DNA present clearer arguments and are  therefore elabo- 
rated. The less distinct T7 D N A  profiles can be separated 
into approximately 22 components, compared with the 39 
components suggested for X D N A .  This simple comparison 
supports the intuitive expectation that more thermalites 
should be found in a D N A  of higher molecular weight, al- 
though it is likely that some components in both T7 DNA 
profiles remain unresolved because of overlap. 

The thermalites listed in Table I show a broad distribu- 
tion of chain lengths (listed in number of base pairs), but 
have a more restricted distribution of thermal breadths. 
Some of the larger and wider thermalites, such as  the one a t  
8 1.4 "C (No.  32), are  probably unresolved or overlapping 
transitions. This interpretation is supported by the histo- 
gram (Figure 5) of the frequency distribution of thermalite 
breadths for X DNA. Since thermalite breadths are distrib- 
uted without regard to stability (Table I) ,  and since the 
wider thermalites appear to be separated from the majority 
in the frequency distribution (Figure 5), it would appear 
that the wider thermalites a re  artifacts of incomplete curve 
resolution. Excluding these wider thermalites (2u  > 0.43 
"C), the mean width of the resolved X D N A  thermalites is 
0.33 "C, and the standard deviation of the breadth distribu- 
tion is 0.054 "C. This comparatively narrow distribution in- 
cludes the inaccuracies of curve resolution, as well as any 
intrinsic variation of the thermalite breadth, and suggests 
that thermalite breadth is a relatively invariant quantity. 

The shape of individual thermalites is similar to that of a 
normal curve of errors, as might be expected if helix-coil 
transitions are  governed by a stochastic process involving 
many base pairs. A quantitative test of the shape, however, 
is desirable because current theories differ on this very 
point (Crothers, 1968; Eichinger and Fixman, 1970). Such 

a test has been applied to the most distinct of the thermal- 
ites in this study, the 70.4 "C thermalite of X DNA. The 
data from this region of Figure 3 may be compared with the 
analytical Gaussian distribution of d H / d T  with tempera- 
ture, d H / d T  = A e - ( T - T m d ) 2 / 2 u 2 ,  where A is the maximum 
ordinate of the distribution, T is the temperature, T,d is 
the modal temperature of the thermalite, and u is the stan- 
dard deviation of the distribution. For this test, interpolated 
base unstacking estimates were subtracted from d H / d T ,  
for reasons previously discussed; these corrections were 
small, being less than 10%. Figure 6 is a plot of the correct- 
ed d H / d T  values in the region of T m d  = 70.4 "C (see Fig- 
ure 3), in the form consistent with the analytical Gaussian 
expression. The thermalite data fit a straight line quite well 
over a range of about 0.5 "C, which represents over 85% of 
the transition: the slope of the line is consistent with a stan- 
dard deviation of 0.15 "C (2u  = 0.30 "C). This rather close 
adherence of the data to a Gaussian form contrasts with 
predictions of current theories (Eichinger and Fixman, 
1970: Applequist, 1969). 

A major conclusion about the nature of thermalites in 
both types of bacteriophage D N A  is that they lack any dis- 
cernible trend in thermal width from the least to the most 
stable transitions, contrary to the theoretical prediction of 
Crothers (1968). Also noteworthy is the fact that curve res- 
olution performed on the averaged T7 profiles disclosed 
that about the same number of components could be identi- 
fied in the results a t  both salt concentrations when it was 
assumed that each thermalite was Gaussian in shape. Fur- 
thermore, the distribution of thermalite widths did not 
change between 5 and 30 m M  salt even though the overall 
profile shapes were quite different. That  transition breadths 
may not be a strong function of salt concentration is sug- 
gested also by the data of Blake (1973). 

The distribution of sequence lengths derived from ther- 
malite mass fractions is not easily evaluated because wher- 
ever there is a statistically large number of thermalites, the 
overlapping of components in the profile becomes a poten- 
tial source of error. When the assumption is made that the 
larger, wider thermalites in the resolved profiles of the two 
bacteriophage DNAs studied here actually are  multiple 
components, and therefore should be excluded from aver- 
ages, as previously discussed, the remaining more resolved 
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Thermallte Breadth ( Z d ,  C' 

FIGURE 5. Frequency distributions of thermalite breadths (2a) for the 
resolved derivative profile of X DNA as shown in Table I. For the 32 of 
39 thermalites whose 2a < 0.43 OC, the mean breadth is 0.33 O C  with 
a standard deviation of 0.054 " C .  

thermalites (51 examples) range in length from less than 
200 to longer than 3000 base pairs. The apparent number 
average of the distribution is 900 base pairs, and the weight 
average is 1900 base pairs. Some thermalites smaller than 
200 base pairs must be regarded as experimentally insignifi- 
cant and were not considered in the averages, although their 
inclusion does not significantly change the numbers. It ap- 
pears, therefore, that the average thermalite in X or T7 
DNA represents a gene-sized DNA sequence. 

Discussion 

( a )  Comparison of Conditions for  High Resolution 
Melting. The present investigation applies the technique of 
high resolution thermal denaturation to a study of the sub- 
transitions (thermalites) of X and T7 bacteriophage DNAs. 
Throughout the evolution and refinement of these methods 
we have attempted to achieve a fidelity in derivative profiles 
that would justify the quantitation of features observed in 
the profile. This has led us to explore a number of nontrivial 
problems which can significantly modify the final derivative 
denaturation profile. Several of the experimental approach- 
es we have taken are different from those adopted by other 
investigators, who also have recently attempted to achieve 
high resolution in thermal denaturation experiments. In an 
effort to compare experimental approaches, we discuss 
below some of the distinctive features of the methods used 
here and their influence on the quantitation of results. 

A notable difference in procedure among the few high 
resolution studies that so far have been conducted is the 
manner in which the temperature of samples is increased. 
We  would suggest that the temperature-jump and the con- 
tinuous-rise heating methods are  thermodynamically equiv- 
alent if the rate of heating in each is sufficiently slow. Ex- 
trapolation from the previous relaxation studies of Crothers 
and Spatz (1971) and Hoff and  Blok (1970) suggests that, 
under the conditions used here and in other recent experi- 
ments (Reiss and Michel, 1974), both techniques of temper- 
ature rise achieve reasonable approximations to a quasi- 
equilibrium denaturation of DNA. However, a small differ- 
ence was reported by Reiss and Michel (1 974) between pro- 
files corresponding to temperature-jump heating rates of 
0.025 and 0.1 OC/min. This apparent difference contrasts 
with an invariance of our profiles over the higher range of 
heating rates of 0.1 to 0.2 OC/min, where the heating was 
continuous. Since we calculate that a continuous heating 
rate of 0.1 "C/rnin should give results that are  insignifi- 
cantly different from equilibrium observations (see Results 

LAMBDA DNA 

6 -  

5 4 -  
5 

2 -  

0.0 2.0 4.0 6.0 0.0 
( T - T ~ ~ ) ~ ~ I O O  

FIGURE 6. Semilogarithmic plot of the thermal derivative of hyper- 
chromicity at 270 nm vs. ( T  - T m d ) 2  for the data in the region of the 
70.4 OC thermalite of X DNA (see Figure 3 and Table I) .  Squares (D) 
are data for T < Tmd, and circles (0)  are data for T > T m d .  T m d  
(=70.38 "C) is the modal temperature of the thermalite estimated 
from the data symmetry. Values of the derivative were corrected for 
pre-melting and unstacking I contributions by interpolation. The 
straight line corresponds to a Gaussian distribution of the form d H / d T  
= A e - ( T - T m d ) 2 / 2 u 2 ,  where the slope of the line indicates a standard de- 
viation of 0.15 O C  (2a = 0.30 "C) .  

section), we conclude that other experimental variables may 
well account for the differences displayed by Reiss and Mi- 
chel (1974). Among the experimental variables to be con- 
sidered is the reduced salt concentration used in their study 
( m 2  m M  Na+) which could slow the attainment of equilib- 
rium (Crothers and Spatz, 1971). However, the lower mo- 
lecular weight of their mitochondrial D N A  (about 2 X lo6 
au) should more than compensate for the salt effect. Since 
it appears that the distinction between the Reiss and Michel 
(1974) profiles a t  different heating rates is an increasing 
function of temperature, it is possible that the disparity may 
have been caused by DNA degradation during their very 
lengthy experiment. In that case, the slower heating rate 
(0.025 OC/min), rather than being required for a better 
equilibrium approximation, may actually have been an ex- 
perimental detriment. 

One advantage of the continuous-heating method is that 
accurate temperature increments of less than 0.1 OC are 
achieved much more easily than with temperature-jump 
techniques. This is important because our results indicate 
that a thermal resolution of 0.05 OC or finer is necessary for 
quantitative profile analysis. With the temperature-jump 
method, it is advantageous to minimize the mass to be heat- 
ed so that the equilibration can be rapid, but the mainte- 
nance of an assigned temperature in a small sample remote 
from the heating source is beset with problems caused by 
the large heat sinks that intervene and that surround the 
sample. The possible existence of thermal gradients within 
such a sample or a temperature fluctuation of the entire 
sample may explain the broader thermalites in temperature 
jump profiles (Reiss and Michel, 1974; Michel, 1974) rela- 
tive to the breadths found in this study. 

One of the more significant differences between our own 
studies and other experiments on high resolution thermal 
denaturation (Reiss and Michel, 1974; Vitek et al., 1974) is 
the way in which derivative profiles are calculated. We have 
made every attempt to ensure that the data  frequency and 
the computational routines selected preserve the physical 
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realities of thermalites. To what extent the results in other 
studies are a function of the calculations applied we cannot 
estimate because of the fundamental differences among the 
various approaches to the problem and the lack of full de- 
tails about other procedures. 

( b )  High Resolution Denaturation Profiles of Bacterio- 
phage DNA. High resolution results for X bacteriophage 
DNA, obtained in a medium containing 0.03 M sodium 
chloride (Figure 3 and Table I), indicate that a t  least 34 
significant thermalites can be identified. Unfortunately, our 
profile cannot be compared directly with the highly detailed 
recent profile of Reiss and Michel (1974) since there is lit- 
tle correspondence in the positions of major thermalites in 
our respective results. This lack of agreement presumably 
can be taken as another example of the critical dependence 
of thermalite stability upon salt concentration. The in- 
creased breadths and lack of resolution in the latter profiles 
could be the result of a number of effects that we have al- 
ready discussed. Nonetheless, it is apparent that high reso- 
lution profiles for X DNA, at  either 30 or 2 m M  salt, are far 
more complex than those obtained by previously available 
thermal denaturation methods (Yabuki, 197 1 ;  Falkow and 
Cowie, 1968). 

The D N A  of T7 bacteriophage has been considered to 
have a particularly narrow transition, and we find that 
about 98% of the transition in 30 m M  salt occurs in a 7 OC 
range. Despite the fact that this is far narrower than the 15 
"C range of the X D N A  transition, it is quite apparent that 
the thermal transition of T7 D N A  also consists of a series 
of thermalites; approximately 22 subtransitions could be de- 
tected by curve resolution. Some comparison of these re- 
sults can be made to the free-solution derivative profile of 
T 7  DNA shown by Gomez and Lang (1972) since the N a +  
concentration of that study (20 mM) was relatively close to 
our 30 m M  solvent. The results agree surprisingly well con- 
sidering the lower resolution of their experiment (a thermal 
increment of about 0.13 "C); of the 4 or 5 thermalites that 
can readily be distinguished in their profile, both mass frac- 
tion and relative modal temperatures are  similar to our re- 
sults. 

(c)  Comparison to Partial Denaturation Maps. The 
mapping of denatured segments of D N A  by the direct ob- 
servation of single-stranded loops with the electron micro- 
scope has been a most popular technique for identifying 
what are presumed to be A.T-rich regions in moderately 
simple genomes, There is great interest in comparing such 
results with our free-solution thermal denaturation profiles 
since both may reveal similar properties of DNA.  Unfortu- 
natel), we must conclude that a correlation of electron mi- 
croscope denaturation maps with high resolution solution 
denaturation profiles is a t  best very limited; in fact, it is not 
clear that a correlation should exist a t  all. The major diffi- 
culty stems from the fact that the electron microscope 
method involves a formaldehyde treatment (Inman, 1966) 
under distinctly nonequilibrium conditions. This treatment 
reveals a kinetic picture of loop formation at  temperatures 
where little or no significant equilibrium denaturation 
would have occurred. It is perhaps reasonable to expect that 
the kinetic picture should correlate with "pre-melting" se- 
quences (Sarocchi and Guschlbauer, 1973), but the rela- 
tionship between the pre-melting phenomenon and the 
major thermal transition of D N A  is not clear even in equi- 
librium solution studies. That a small sequence has a finite 
probability of looping a t  a temperature below the thermal 
range of equilibrium denaturation might be related to the 

ability of that sequence to nucleate a cooperative transition 
in the thermal range of equilibrium denaturation. However, 
the growth of a nucleating event into a major cooperative 
transition (a thermalite) will largely depend upon the sta- 
bility of the adjoining sequences. This would necessarily 
limit the correlation between thermalites and denatured 
sites mapped by microscopy to  the total numbers of each 
found in a genome; little useful information regarding mass 
fraction and stability should be available from the mapping 
experiment and no information regarding relative map posi- 
tions from the thermalites of equilibrium denaturation. 

Accordingly, some correlation might exist for the number 
of prominent denaturation regions between electron micro- 
scope denaturation mapping (either thermal or alkali-in- 
duced) and solution thermal denaturation. For instance, the 
13 sites microscopically mapped on T 7  D N A  by Gomez and 
Lang ( 1  972) might be tentatively correlated with a similar 
number of the more obvious peaks and inflections that we 
find in the T 7  D N A  profiles (Figure 2). Curve resolution of 
the derivative profile gives a larger number of thermalites 
(about 22); a more subjective resolution of the mapped site 
histograms can also give 20-22 sites. In  view of the com- 
plexity of the X D N A  profile (Figure 3 and Table I ) ,  it is 
clear that a very large statistical sample of the complete 
partial denaturation map is needed to test a numerical cor- 
relation of the mapped sites with the X D N A  thermalites. 
Although complete mapping studies on X are presently un- 
available, the investigation of Inman and Schnos (1970) 
demonstrated the presence of a number of looping regions 
in the AST-rich half of the X genome. Clearly, the signifi- 
cance of the correlation between the number of thermalites 
and the number of looping regions in T7 D N A  is tenuous. 
Proof of a good correlation between electron microscope 
mapping results and thermalites would require studies with 
a smaller genome having fewer and better resolved thermal- 
ites. 

( d )  Relecance of Thermalites to Theories of D N A  
Helix-to-Coil Transition. Since we believe that the details 
of thermalite shape are  accurately preserved in the X and 
T7 D N A  profiles of Figures 2, 3, and 4, it is appropriate to 
compare the information that can be deduced about the na- 
ture of thermalites in these figures to existing theories of 
helix-to-coil transitions in D N A .  

We have arrived a t  four conclusions about the thermal 
transitions of natural DNAs.  

( I )  Natural D N A  helix-coil transitions are  collections of 
discrete subtransitions, or thermalites, much as predicted 
by existing theories. (This is supported by considerable evi- 
dence in addition to the bacteriophage profiles presented 
here.) Extrapolation from results for the simple DNAs ex- 
amined in this study suggests that the only broad transitions 
to be found in natural DNAs are  those of pre-melting and 
post-transitional unstacking events. 

(2) Thermalites appear to have a Gaussian shape and a 
relatively narrow distribution of widths, centered about a 
mean width (2u) of 0.33 O C .  Furthermore, thermalite width 
is not a function oT position in the profile, nor is it strongly 
influenced by the salt concentration of the medium. 

(3) The relative position of individual thermalites in  a 
profile is not simply a function of salt concentration in the 
medium or base composition of the sequence. 

(4) The number average sequence length for thermalites 
observed here is approximately 900 base pairs, and the 
length distribution is broad. 

While the first of these conclusions is not particularly 
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surprising, the second is a t  variance with a t  least some of 
the models that have been presented for transitions in D N A  
of random sequence. The Gaussian form of the thermalite 
contrasts with the asymmetric form predicted by Eichinger 
and Fixman (1970); the precision to  which the thermalite is 
Gaussian suggests that a large portion of the transition does 
not conform to the statistical picture of a one-dimensional 
phase transition (Applequist, 1969), where a n  enlarging coil 
makes an increasing entropic contribution to the coiled 
state. Furthermore, our observed transition breadths, which 
display little variance, are  not a function of stability and 
therefore contrast with the corresponding prediction by 
Crothers (1968). On the basis of the Crothers model and 
our data, it would appear that internal looping and loop 
merging transitions are  thermodynamically indistinguish- 
able. That  the transition breadth does not appear to be a 
strong function of ionic strength is a finding pertinent to  
relative base pair stabilities and ring weighting functions 
(Crothers, 1968; Eichinger and Fixman, 1970); however, 
the ionic strength variation in this study is not large enough 
to attribute great significance to  this observation, even 
though it is consistent with a similar observation made by 
Blake (1973). 

Another important result reported here is that the modal 
thermalite breadth is slightly narrower than that depicted 
by Crothers (1968), but significantly broader than that pro- 
posed by Eichinger and Fixman (1970). As pointed out by 
Crothers, absolute comparison of transition width between 
theory and experiment cannot be taken too seriously since 
few measurements were available to satisfy the empirical 
aspects of the theory. But there does appear to be a real dis- 
crepancy since adjustment of Crothers’ theory to include a 
more realistic number of energetically distinguishable base 
pair doublets (Borer et al., 1974) should serve only to fur- 
ther broaden the predicted transitions. The possibility re- 
mains that the inclusion of the energetically distinguishable 
base pair doublets in nonrandom sequences could force con- 
vergence of the Eichinger and Fixman phase transition to 
the broader Gaussian form of the thermalite. 

The observation that thermalite positions, relative to one 
another in the profile, change with salt concentration (con- 
clusion No. 3) is evidence for sequence-specific information 
and will be the subject of a later communication containing 
more exhaustive data .  

The fourth observation from the data of this paper is that  
the number average length of thermalites is about 900 base 
pairs. This presumably means that the more stable se- 
quences that limit loop spreading are  located a t  a n  average 
separation of 900 base pairs. That  this length differs from 
the theoretical estimate of 300 base pairs (Crothers, 1968) 
is trivial since in a relatively small genome the average can 
differ considerably from that predicted for an infinite ran- 
dom sample, especially if nonrandom sequences happen to 
have biological utility. 

( e )  Significance fo r  Genomic Characterization. The evi- 
dence presented here and elsewhere (Michel, 1974; Steinert 
and Van Assel, 1974) suggests that the thermal denatura- 
tion profiles of naturally occurring DNAs in general con- 
tain a great deal of information about the irregularities of 
base composition that are  intrinsic to unique D N A  se- 
quences. It appears that  a genome in the size range used in 
this study (50 000 base pairs) may be simple enough to per- 
mit a meaningful physical characterization of sequences in 
terms of their thermal stabilities. Of course, a more limited 
analysis might be possible for a larger genome if the distri- 

bution of thermalite T m d  values is very broad. A complica- 
tion that prevents a straightforward interpretation of ther- 
malite data, however, is the fact that the modal tempera- 
ture of a thermalite is not a simple function of base compo- 
sition. However, there is the possibility that a limited se- 
quence characterization can be achieved by analyzing the 
ionic strength dependence of a relatively simple profile. It is 
probable that the modal temperature of a thermalite char- 
acterizes the stability of the sequence that nucleates a par- 
ticular transition and that the mass fraction of the thermal- 
ite is a measure of the distance between the more stable se- 
quences terminating the cooperative transition. W e  expect 
salt concentration to influence both of these parameters for 
some thermalites. 

Even without a detailed interpretation of thermalite sta- 
bilities, it is obvious that the type of characterization that is 
possible by high resolution thermal denaturation studies can 
be used to  investigate genetic changes: indeed, this was re- 
cently demonstrated by Michel et al. (1 974) for the simpler 
D N A  of mutant yeast mitochondria. An interesting out- 
come of our results is that the distribution of thermalite 
mass fractions happens to be consistent with the approxi- 
mate  size range of genetic units. However, the mean size 
and size distribution of the sequences represented by ther- 
malites may well be a consequence of the statistical stability 
distribution intrinsic to a quasi-random collection of base 
pairs and fortuitously similar to gene-sized segments. 

The possible biological implications of a segmental heter- 
ogeneity in base composition were considered by Skalka et  
al. (1968). Although data available a t  that time suggested 
that the mean size of such regions in X might be on the 
order of one-fourth the X genome, or about 10 000 base 
pairs, our present limit of resolution implies that segmental 
heterogeneity along the D N A  contour applies to a region 
less than l / lOth  this size, or about 900 base pairs. The 
speculation that the gene-sized segments in this study of T 7  
and X DNAs might be related to the 19 genes or more than 
25 peptides of T7 (Studier and Maizel, 1969) and the 35 
genes of X (Szybalski and Herskowitz, 1971) is based only 
on the respective numerical correlations, which are tenuous. 
Clearly, a number of viable hypotheses remain to be tested. 
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Subunit Structure of rDNA-Containing Chromatin? 

Diane J .  Mathis* and Martin A. Gorovsky 

ABSTRACT: Recent studies indicate that chromatin has a 
repeating subunit structure. In  an attempt to relate this or- 
ganization to chromatin's role in selective gene transcrip- 
tion we have begun to examine the subunit structure of a 
specific gene. Tetrahymena pyriformis preferentially repli- 
cates the genes coding for rRNA ( rDNA) during refeeding 
after prolonged starvation. By prelabeling cultures during 
exponential growth with [I4C] thymidine and pulse-labeling 
during refeeding with [3H]thymidine, we have been able to 
differentially label bulk chromatin and rDNA-containing 
chromatin. Nuclei which contained at least 78% of their 3H 
label in  rDNA were digested with staphylococcal nuclease, 
and the DNA digestion products analyzed on agarose gels. 

R c e n t  electron microscopic and nuclease digestion stud- 
ies have provided evidence to support a particulate model of 
chromatin structure. Linear arrays of spherical particles 
have been observed in chromatin extruding from lysed nu- 
clei (Olins and Olins, 1974) and in isolated chromatin de- 
pleted of histone F1 (Oudet et al., 1975). Arrays of nucleo- 
protein particles have also been detected after partial diges- 
tion of nuclei or chromatin with relatively nonspecific nu- 
cleases (Noll, 1974; Sahasrabuddhe and Van Holde, 1974; 
Sollner-Webb and Felsenfeld, 1975). To date, evidence of a 
repeating subunit structure has been found in chromatin 
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Both the kinetics of digestion and the digestion products 
were similar for I4C- and 3H-labeled chromatin. In order to 
monitor protein exchange, digestions were also performed 
on partially purified rDNA-containing chromatin or free 
rDNA in the presence of nuclei. While the chromatin had a 
digestion pattern like nuclei, the rDNA was afforded no 
protection from digestion. Our conclusion is that the chro- 
matin containing rDNA (a repeated, extrachromosomal 
gene in Tetrahymena) exhibits a particulate structure very 
similar to that of bulk chromatin. This organization does 
not exist in free rDNA and is not the result of protein ex- 
change during the nuclease digestion. 

from several vertebrates (Hewish and Burgoyne, 1973; 
Axel, 1975; Honda et al., 1975), a plant (McGhee and 
Engel, 1975), two lower eukaryotes (Lohr and Van Holde, 
1975; Gorovsky and Keevert, 1975), and two animal viruses 
(Griffith, 1975; Louie, 1974). 

Any model of chromatin structure must eventually be 
able to account for the transcription of selected DNA se- 
quences. Thus, it is of interest to relate the apparent partic- 
ulate structure of chromatin to proposed models of genome 
organization (Davidson and Britten, 1973). In this context, 
one can ask whether the subunit profile is similar for re- 
peated vs. unique D N A  sequences, expressed vs. repressed 
genes, or spacer vs. coding sequences. We have begun to ex- 
amine these questions by comparing the subunit structure 
of bulk chromatin with that of chromatin containing a spe- 
cific gene. 
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