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Abstract. Measurements of viscoelastic retardation times of detergent-Pronase 
lysates of Drosophila cells demonstrated the presence of large numbers of DNA 
molecules of a size commensurate with that of the chromosomes. The values esti- 
mated from the retardation times for the molecular weights of the largest molecules 
ranged from about 20 x l09 to 80 X l0 s daltons depending on the species of Dro- 
sophila. The molecular weights of the DNA molecules were independent of the recta- 
phase shapes (i.e., metacentric or submetacentric), but were proportional to the 
DNA contents of the chromosomes in the case of translocations or deletions. I t  
was concluded, therefore, that the DNA molecules must run the length of the chro- 
mosome and cannot be discontinuous at the centromere. When compared with the 
values of the DNA contents of Drosophila chromosomes determined by other meth- 
ods, the results were consistent with the model of one, or possibly two, DNA 
molecules per chromosome; the simplest conclusion, that  there is only one DNA 
molecule per chromosome (for simple chromosomes), rests on a long extrapolation 
of an empirical relation between retardation time and molecular weight, bu+. is also 
favored by indirect evidence. Further possibilities which could not be excluded 
were that the large DNA molecules contained Pronase-resistant, non-DNA links, 
or that a fraction of smaller DNA molecules might also have been present in the 
chromosomes. Chromosome-sized DNA molecules were obtained almost quantita- 
tively from unsynehronized cultured cells, suggesting that the size of the chromo- 
somal DNA is conserved throughout much of the cell cycle. The molecules were 
stable for periods of up to several days at 50 ~ C in solutions containing detergent, 
Pronase, and EDTA. 

I. Introduction 

A cen t ra l  p r o b l e m  of e u k a r y o t i c  c h r o m o s o m e  s t r u c t u r e  is t h e  s t ruc-  

t u r e  of t h e  c h r o m o s o m a l  D N A ,  in pa r t i cu la r ,  w h e t h e r  t h e  D N A  consis ts  
of one  or  a few molecu les  t h a t  r u n  t h e  whole  l eng th  of t h e  c h r o m o s o m e ,  

of w h e t h e r  i t  consists  of m a n y  c o n n e c t e d  pieces.  T h e  p r o b l e m  has been  

t h e  sub jec t  of d i spu t e  for  a long t ime,  a l t h o u g h  in r ecen t  years  t h e  con- 

cep t  of one  f iber  r u n n i n g  t h e  whole  l e n g t h  has  been  ga in ing  g r o u n d  
(see for  e x a m p l e  r e v i e w  b y  D u P r a w ,  1970). I n  th is  w o r k  we h a v e  ap- 

p r o a c h e d  t h e  p r o b l e m  b y  d i rec t  m e a s u r e m e n t  of t h e  size of t h e  D N A  

molecu les  re leased  f r o m  t h e  c h r o m o s o m e s  of Drosophila species.  Crit i-  
ca l ly  i m p o r t a n t  to  t h e  success of th is  m e a s u r e m e n t  was t h e  use of a n e w  
t echn ique ,  t h e  v i scoe las t ic  t e chn ique ,  wh ich  is supe r io r  to  c o n v e n t i o n a l  

t e c h n i q u e s  for  D N A  in t h e  e x p e c t e d  size range .  
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Early evidence suggesting tha t  a chromatid contains one piece of 
native DNA was provided by Taylor et al. (1957). They found that  in 
cells labeled with tr i t iated thymidine for one generation both chromatids 
of each metaphase chromosome were uniformly labeled, and the label 
in each daughter chromosome was essentially conserved throughout 
subsequent generations. I t  was immediately apparent  to them tha t  this 
pat tern of chromosome replication was analogous to the replication 
scheme proposed for DNA by  Watson and Crick in 1953. However, they 
felt it " i n c o n c e i v a b l e "  tha t  there could exist DNA molecules as large 
as the chromosome (Taylor et at., 1957). Their feeling w~s based on the 
few facts then known about the duplication and mechanical properties 
of chromosomes and DNA. For example, virtually all DNA's examined 
appeared to have the same low molecular weight on the order of 10 • 106 
daltons; we know now that  these findings were artifacts of isolation 
(e.g., Davison, 1959). Also, virtually nothing was known about separa- 
tion of the strands of DNA, especially in  vivo, and a single growing point 
per chromosome, as literally proposed by Watson and Crick (1953), 
could not easily account for the known rate of replication. However, 
subsequent studies revealed tha t  DNA replication does proceed according 
to the scheme of Watson and Crick (Meselson and Stahl, 1958; Rolfe, 
1962), but  tha t  each eukaryotie DNA molecule replicates simultaneously 
at  many  points (Cairns, 1966; Huberman and I~iggs, 1968). 

The notion tha t  one DNA molecule runs the length of the chromosome 
is consistent with the observation that  unfixed ehromsomes are frag- 
mented by  DNAse, but  not by  RNAse or protease (Callan and Macgreg- 
or, 1958), and with the appearance of metaphase chromosomes (DuPraw, 
1970) and interphase chromatin (Ris and Kubai,  1970) in the electron 
microscope, although these observations alone certainly do not exclude 
other models. 

A direct approach by measuring the size of the DNA molecules 
extracted from chromosomes requires that  artifacts of isolation and 
measurement, be eliminated. Known artifacts of isolation are degradation 
of the DNA by mechanical shear and by nuelease activity. A recently 
recognized source of artifacts of measurement is the sensitivity of the 
sedimentation coefficient of large DNA molecules to centrifuge speed 
(l~ubenstein and Leighton, 1971), an effect which should become very 
serious at the size expected. We were fortunate in having available the 
new viscoelastic technique of size measurement, which has been recently 
used to measure the molecular weights of DNA molecules extracted 
intact  from both bacteriophages and bacteria (Chapman et al., 1969; 
Klotz and Zimm, 1972a, 1972b). The good results obtained in these 
experiments appeared to justify its use in the present problem. With 
this technique it was easy to minimize nnelease action by working at 
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high t e m p e r a t u r e  wi th  solutions conta ining high salt ,  p ro teo ly t ic  
enzymes,  chelat ing agent ,  and  detergent ,  and  i t  was easy  to  minimize 
mechanical  shear  b y  lysing the  cells in the  chamber  of the  in s t rumen t  
wi thou t  fur ther  t ransfer .  The technique is also advan tageous  in t h a t  the  
measurements  are more sensi t ive wi th  molecules of higher  molecular  
weight.  

The technique makes use of a rotating cylinder, or Couette, viscometer modified 
to make measurements of the elastic as well as the viscous components of the 
response of a DNA solution to strain imposed by rotating one of the cylinders. The 
rotating inner cylinder, or rotor, is suspended in the DNA solution as a Cartesian 
diver. I t  is caused to rotate by a rotating magnetic field acting on a metal ring, and 
its angular position is recorded as a function of time by an automatic optical and 
electronic system. When the rotor is caused to rum by the magnets, the DNA 
molecules in the solution are stretched out, and when the magnets are turned off, 
the rotor recoils backward as the stretched molecules retract toward the random 
coils characteristic of chain molecules at rest. (The effects of momentum are neg- 
ligible because of the low speeds that are used.) The recoil of the rotor decays more 
or less exponentially with time; the longest time constant of this decay is the princi- 
pal retardation time, which is the molecular-size-dependent quantity that we 
l T l e & s l l r e .  

I t  is i m p o r t a n t  to  po in t  out  t h a t  the  viscoelast ic me thod  measures  
essent ia l ly  the  microvolumes of fluid whose flow is domina ted  by  the  
macromolecules  under  observat ion,  and  t h a t  the  measurements  weight  
most  heav i ly  the  molecules t h a t  occupy the  most  volume. F o r  this  
reason, i t  is selective for large D N A  molecules in a cell lysate ,  since these 
molecules, being r andom coils, domina te  the  flow of nea r ly  all of the  
f luid encompassed  b y  the coils, in cont ras t  to prote ins  and membrane  
f ragments ,  which, even though  t hey  m a y  have  subs tan t ia l  mass, do no t  
occupy  much volume.  I n  other  words, the  only par t ic les  present  in a 
cell lysa te  t h a t  show viscoelast ic recoil wi th  long r e t a rda t ion  t imes  are 
the  large D N A  molecules. This fact  is demons t r a t ed  b y  the  observa t ion  
t h a t  DNAse  des t roys  the  viscoelast ic recoil (see below). B y  measur ing  
only  the  slope of the  recoil curve a t  long t imes  we select the  largest  D N A  
molecules for observa t ion  out  of all the  rest .  This fea ture  is the  i m p o r t a n t  
s t rength  ' and  l imi ta t ion)  of the  viscoelastic me thod  which makes  i t  
sui table  for the  present  problem.  

F o r  the  work we are repor t ing  here, the  viscoelast ic technique  offers 
two addi t iona l  advan tages :  (1) the  r e t a rda t ion  t imes  are insensi t ive to 
modera t e  amounts  of molecular  dis tor t ion,  t he r e by  avoiding the  effects 
which a p p a r e n t l y  res t r ic t  sed imenta t ion  measurements  to molecules on 
the  order  of 109 dMtons (Rubens te in  and Leighton,  1971; Kavenoff ,  
1971, 1972), and  (2) the  measurements  do no t  require  e i ther  large 
amount s  of mater iM or rad ioac t ive  label ing of the  DNA.  

Viscoelastic exper iments  have  been used prev ious ly  b y  Er re ra  (1947), 
by  Freder ieq  (1962) and by  Dounee (1971~ on gels of nueleoprotein.  We 
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have simply extended the technique to ob ta in  the very long re tardat ion 
t imes of dilute solutions which are required for the calculation of molec- 
ular  sizes. 

We studied Drosophila DNA because it  was a convenient  eukaryotic  
DNA for the first applicat ion of the viscoelastic technique to molecules 
larger t h a n  bacterial  chromosomes. The avai labi l i ty  of a cul tured cell 
line (Schneider, 1972) was also critically impor tan t .  Drosophila chromo 
somes are among the smallest chromosomes possessing the properties 
un ique  to the chromosomes of higher eukaryotes,  e.g., they conta in  
mult iple  points of DNA replication (Plaut  et al., 1966) and condense into 
metaphase  chromosomes with classical morphology and  fine s t ructure  
(Kaufmann ,  1934: Gay et al.. 1970). The simplici ty of the Drosophila 
karyotypes  seemed ideal for re ta rda t ion  measurements  because of the 
small n u m b e r  of chromosomes and  because of their size d is t r ibut ions ;  
the DNA contents  of some Drosophila chromosomes had already been 
determined,  and there are numerous  well-characterized karyotypic  
var ia t ions  both  wi thin  and  among species. Final ly ,  a good deal was known 
about  the molecular and  genetic organizat ion of Drosophila DNA in 
somatic and  polytene chromosomes. 

II. Materials and Methods 

A. Buffers, Solutions and Enzymes 
1. LET: 0.5 M Na4EDTA, 0.01 M Tris, pH 7 at room temperature. 
2. HET: LET, pH 9.5. 
3. LLET: 20% (v/v) LET in 0.01 M Tris, pH 7. 
4. BA: 0.01 M Na2EDTA, 0.142 M NaCI, 0.1 M H3BQ, 3.4 m ~  NaOH, pH 8.3 

(Klotz and Zimm, 1972a, b). 
5. NDS: 1% (w/v) sodium decyl sulfate (Pfaltz and Bauer, Inc., Flushing, N.Y.) 

in ttET. This detergent was used because it was more soluble than the dodecyl 
form, and we thank Richard Tullis for suggesting its use. 

6. LNDS: 1% (w/v) sodium deeyl sulfate in 1 mMNa EDTA, 1 mM CAPS 
(Calbiochem, La Jolla, Cal.), pI-I 9. We thank J.H. Taylor for suggesting CAPS. 

7. BANDS: 1% (w/v) sodium decyl sulfate in BA. 
8. Pronase: 20mg/ml "nuclease-free" Pronase (Calbiochem, La Jolla, Cal.). 

(In preliminary experiments Pronase, B grade, heat-treated according to Hotta 
and B~ssel (1965) was also found to be satisfactory.) Aliquots were kept frozen at 
0 ~ C and, just before use, thawed and diluted as described below. At about 50 ~ C 
this enzyme was free of DNA endonuelease activity on purified T7 DNA in the 
presence of 0.5% (w/v) sodium decyl sulfate, but not in its absence (Angeline 
Douvas, personal communication). 

9. LET-Pronase: Pronase diluted with 99 equal volumes of LET. 
10. ttET-Pronase: Pronase diluted with 9 equal volumes of HET. 
11. LLET-Pronase: Pronase diluted wi~h 99 equal volumes of LLET. 
12. HLET-Pronase: Pronase diluted with 9 equal volumes of LLET. 
13. BA-Pronase: Pronase diluted with 99 equal volumes of BA. 
14. HBA-Pronase: Pronase diluted with 9 equal volumes of BA. 
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15. DNAse: 2•  104 units/ml purified spleen DNAse II  (1.2• units/mg; 
Worthington Biochemical Corp., Freehold, N.J .)  in 0 .5MNa-aceta te  buffer, 
pH 5. This DNAse was used because it does not require divalent metal ions and is 
not inhibited by EDTA; we thank Bob Oshima for suggesting its use. 

B. Cells and Cell Suspensions 

1. Cultured cells. Wild-type D. melanogaster cultured cells were grown from cell 
line V~ 2 established by Imogene Schneider (1972). The cells were grown at room 
temperature (about 22 ~ C) in Schneider's medium (Schneider, 1964) supplemented 
with 0.5% (w/v) Bactopeptone (Difco) and 15% (v/v) fetal calf serum (Grand Island 
Biological Supply Co., San Francisco, Cal.) previously heated at 56 ~ C for 15 minutes 
to inactivate complement and kill any mycoplasma. Stock cultures were grown in 
plastic flasks and passaged weekly. Under these conditions, the average doubling 
time of the cells ranged between 3 and 4 days. 

Ceils for lysates were replated in plastic petri dishes at cell densities between 2 
and 10 • 105 cells/cm 2. The Petri dishes were left at room temperature for at  least 
five hours before the cells were harvested for lysis. Jus t  before lysis, cell suspensions 
were prepared as follows: for measurements in high EDTA the medium was replaced 
with chilled LET or LET-Pronase, the cells were detached from the plate with a 
rubber "policeman" and the cells were resuspended ; for measurements in lowEDTA 
the medium was removed, the plate was washed with 10 ml of either LLET or BA, 
and then the cells were harvested in a few ml of either LLET-Pronase or BA- 
Pronase as described for high EDTA. The density of the cells in the resulting sus- 
pension was determined by direct hemocytometer counts and then adjusted to 
values between about 6 and 40 • 10 s cells/ml LET or LET-Pronase for high EDTA 
lysates, and between 1 and 10 • 106 cells/ml LLET-Pronase or BA-Pronase for low 
EDTA lysates. 

2. Pupal Cells. The strains of Drosophila used are described in Table 1. Flies 
were grown in glass bottles on corn meal agar in the usual way. Cell suspensions 
were prepared from pupae of one of the stocks in Table 1. In this procedure the 
developmental stage of the pupae did not appear to be critical. Pupae were collected 
from the walls of culture bottles with a glass rod, deposited in a small glass Donnce 
homogenizer with a loose fitting pestle (0.11 mm minimum clearance), washed 
once with chilled LET, and then disrupted in a volume of about 0.5 ml LET- 
Pronase per pupa. After about 10 strokes of the pestle in the case of D. melanogaster 
and 20 strokes in the case of the other larger species, the suspension was pipetted 
briefly to better disperse the cel]s and was then poured through about 10 layers of 
gauze to remove debris. Cell densities were determined and adjusted essentially as 
described for cultured cells. However, the measurements of pupal cell densities were 
complicated by the extreme heterogeneity in the sizes of the cells and were, there- 
fore, only approximate. 

C. Lysate Preparation 
Lysates were prepared in the chamber of the instrument by one of the following 

procedures. 
1. High EDTA. The chamber temperature was brought to 65~ and 1.8 ml 

NDS was added. A few minutes later 0.8 to 1.0 ml freshly prepared chilled cell 
suspension was added. The mixture was incubated 10 to 20 minutes in the case of 
cultured cells and one hour in the case of pupal cells. Then the temperature was low- 
ered to 50 ~ C and 1.0 to 0.8 ml freshly prepared HET-Pronase was added and in- 
cubated for at least 4 hours before retardation times were measured. 

2. Low EDTA. The procedure was similar to that  just described for high EDTA, 
with the following modifications: NDS was replaced by either LNDS or BANDS; 
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the volume of this solution was increased to 2.0 ml, and the incubation of the cells 
in detergent and Pronase at  65~ was extended to one hour; HET-Pronase was 
replaced by LLET-Pronase or BA-Pronase, and these were added to the chamber 
at 60 ~ C and incubated at that  temperature for at least four hours before retardation 
t.imes were measured. 

In  both procedures, it was essential to have rapid mixing between the cell 
suspension and the detergent solution; this required careful adjustment of the solu- 
tion densities, since mechanical stirring could not be used for fear of shearing the 
DNA. We found it convenient to make the mixing visible by adding a small amount 
of dye to one of the solutions. If the densities were properly adjusted, convection 
currents were sufficient to bring about effective mixing. 

D. Determination o/Retardation Times 

The major part  of the theory and experimental technique of our rheological 
method has been discussed in detail in previous papers (Klotz and Zimm, 1972a, b). 
To summarize tha t  part  of the theory relevant to the measurements of this paper, 
one can state the following: each large DNA molecule possesses a principal retarda- 
tion time, v, the time constant of the retarded elastic response, which is a function 
of the molecular weight. This v is also a function of the solvent viscosity and the 
temperature, as well as DNA concentration, but these latter dependences are trivial 
and can be eliminated by extrapolating ~ to infinite dilution and multiplying the 
result by the ratio of the viscosities and the absolute temperatures to yield v~0 ' w, 
as follows, 

0.549 T 
o r0 (1) 

vs0, w 323 

where T is the absolute temperature of measurement and ~ the viscosity of the 
solvent at this temperature, 0.549 is the viscosity of water at 50 ~ C, and T ~ is the 
measured retardation time extrapolated to infinite dilution. For linear native DNA 
in 0.2 M salt the resulting ~0, w is related to the molecularweight by a simple em- 
pirical formula: 

M = K ( z ~ o  ' w) q (2) 

where K and q are constants; for DNA in 0.2 M salt, and T in seconds, we take K 
to be 2.2• s and q to be 0.60 (Klotz and Zimm, 1972b). (The dependence of 
on the concentration of salt will be discussed later.) 

The retardation time at  infinite dilution, v ~ may be obtained in principle from 
many different kinds of experiments; in this work we approach it through the 
measurement of viscoelastic recoil. The solution is placed between the concentric 
cylinders of a Couette-type of viscometer and deformed by applying a torque to 
one of the cylinders with an electromagnet. When the magnet is turned off, re- 
moving the torque, the elastic recoil of the solution is manifested in a motion of the 
cylinder in the opposite direction to its previous motion. This motion after the 
magnet is turned off can be represented by a sum of exponential functions, 

0 (t) - -  0 (o~) - -  Z:/ ' i  exp (--t/Ti) (3) 
i 

where 0 (t) is the angular position of the rotor as a function of the time t after the 
magnet has been turned off, 0 (oc) is its rest position after a very long time, and 
F /and  T i are constants. The v i are the retardation times of the solution. In general 
there are many cons tan ts / )  and ~i, but in the case of particular interest here, where 
there is a unique DNA species whose molecules are larger than all the others in the 
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solution, there is a corresponding largest retardat ion time, which we denote by T 1. 
This re tardat ion time, r l ,  extrapolated to zero concentration and zero shear stress 
(i. e., zero applied torque), is the principal re tardat ion time, r ~ of equation (1). The 
largest re tardat ion time, vl, can be found by  plotting ln[0(t) 0(00)] against t; 
a t  large values of t the plot becomes a straight  line with slope --1/r~. Alternat ively 
Guggenheim's method (Guggenheim, 1922) may be used in the same way; in this 
ease one plots ln[0(t) O(t@A)] against t where A is some convenient  constant ;  
the slope at  large t is again --1/z~. 

The constant  F 1 is obtained by  extrapolating the limiting straight line of the 
plot of In [0 (t) --  0 (oo)] back to t --  0 ; the intercept of this line is F 1 ./'1 is proportional 
to the number  L 1 of DNA molecules of largest size (as defined by  the value of r) 
per uni t  volume. If  the rotor has been made to tu rn  under  torque for a long time 
(i.e., for a t ime equal to several multiples of vl) before the magnet  was turned off, 
the relation is (Klotz and Zimm, 1972a) 

rls ~;~1 Gq 
L1 --  /~ T ~r~! (4) 

where ~s is~the viscosity of the solvent, ~]rel the ratio of the viscosity in steady 
state of the solution to t ha t  of the solvent, /c and T have their usual meanings, 
and e) is the angular velocity of the rotor before the magnets  are turned off. In  the 
present work it  was frequently desirable to tu rn  the magnets  off long before a 
steady state had been reached because of the long times involved. If t w (the "wind- 
up t ime") ,  the length of t ime during which the magnets were turned on, is short  
compared to vl, equation (4) is replaced by  

L1 - -  /~ T T 1 (zfl 0) (5) 

where (3 0) is the angular distance tha t  the rotor moves during the "wind-up."  
Both of these expressions are strictly valid only at  infinite dilution. In  this work 
however, they were usually assumed to be sufficiently valid at. finite concentrations 
to yield results of qualitative interest  even without  extrapolation to infinite dilution. 

The early transients in the recoil curves correspond to the terms in equation (3) 
with values of v i smaller than  r l ;  some of these arise from the presence of molecules 
smaller than  the largest. Since the exact values of the coefficients of these terms 
depend on the t ime of wind-up, tw, as well as on the concentrations and sizes of the 
various molecular species, we did not  a t tempt  a full analysis of the t ransients  in this 
work. Also, we did not  a t tempt  t~ make use of the intrinsic viscosity because ofthe 
difficulty of reaching steady-state flow conditions in a reasonable t ime at  convenient 
DNA concentrations, and because of the expected heterogeneity in size of the DNA 
reflecting the variety of chromosome sizes. 

In  this work a number  of technical modifications of previous procedure (Klotz 
and Zimm, 1972a, b) were introduced. A gold cylinder replaced the aluminium 
rotor counterweight used previously because in preliminary experiments the 
Muminium slowly dissolved in the lysates generating troublesome gas bubbles and 
apparently causing the DNA to degrade. The rotor was slowly placed in a lysate 
shortly a/ter Pronase had been added. Also, the circulation of water around the 
chamber was improved by increasing the diameter of the entrance for water at  the 
top of the chamber and creating a second exit for water near the bot tom of the 
chamber. The entrance was directed tangential ly to produce a helical pa t tern  of 
streamlines around the chamber. A temperature  gradient resulted, with the top 
of the chamber warmer than  the bot tom by a controllable amount,  usually adjusted 
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to about 0.2 ~ C. This gradient tended to restrict convection in the chamber after 
the first few minutes after addition of solutions, and markedly increased the 
stability of the position of the rotor. 

Values of �9 were measured at 50 ~ C, except in some cases with low EDTA, in 
which instability of the DNA at 50 ~ C was encountered. In  the latter case values 
of T were measured at 60 ~ C and then corrected to 50 ~ C with the Eq. (1), where the 
product of the ratio of the appropriate solvent viscosities at the two temperatures 
multiplied by the ratio of the absolute temperatures has the value 1.22. 

In  preliminary experiments it was found that  under the conditions reported 
here values of ~ were independent of the length of time during which the rotor 
was driven by the magnets or of the rate of rotation, so long as the rotor was not 
driven around more than one revolution. 

Since the concentration of DNA in the lysates was too low (less than 1 7g/ml) 
to be measurable by conventional quantitative methods, and since it was not certain 
that  the concentration of the largest DNA molecules could be estimated reliably 
from the total DNA concentration, the concentration of the largest DNA molecules 
in a lysate was calculated from Eq. (5). 

E. DNAse Treatment 

Lysates were prepared from cultured cells in high EDTA as described above. 
After one retardation-time measurement to verify that  the lysate contained 
chromosome-sized DNA molecules the chamber was opened and the rotor removed, 
the temperature was lowered to 37 ~ C, and 0.5 ml of spleen DNAse solution was 
added slowly with a syringe. After 20 minutes incubation with the nuclease, the 
chamber was loaded and the retardation time was monitored. When short wind-ups 
with the magnets no longer caused the rotor to recoil, the temperature was raised 
to 50 ~ C and the retardation time measured under standard conditions. In control 
experiments, the same procedure was repeated with 0.5 ml of the DNAse solvent 
added instead of the DNAse solution ; no effect on the retardation time was observed. 

F. Heat Treatment 

A lysate was prepared from cultured cells in high EDTA as described above. 
after one retardation-time measurement to verify that  the lysate contained chro- 
mosome-sized DNA molecules, the chamber was opened, the rotor removed, and 
the solution was heated to 100 ~ C for 10 minutes. Then the rotor was replaced and 
the retardation-time measured. In  control experiments the same procedure was 
repeated with the heat t reatment  omitted. The retardation times were found to be 
unaffected in the unheated control, while in the heated samples the whole visco- 
elastic effect had disappeared. 

G. Shear Treat,ment 

1. Mild Shear. After it was verified that  the lysate of cultured cells in high 
EDTA contained chromosome-sized DNA molecules, the chamber was opened and 
the rotor was removed. A piece of glass tubing (3 mm internal diameter) was 
lowered into the chamber and virtually the entire lysate was pumped up into the 
tubing at a rate of 1 ml/minute. The lysate was then pumped back into the chamber 
at the same rate. The chamber was reassembled for retardation measurements. 

2. Strong Shear. After the effect of mild shear had been examined, the chamber 
was opened once more and the rotor removed. The lysate was rapidly pipeted with 
a Pasteur pipet (1 mm diameter at the tip) three times. Then the rotor was replaced, 
the chamber reassembled, and the retardation time measured. 
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In control experiments, the chamber was opened, the rotor removed and re- 
placed, and the retardation time measurement was repeated; there was no observ- 
able difference in retardation time. 

III. Results and Discussion 

A. Retardation Times 

Semi-log plots  of ro tor  angle vs. t ime for typ ica l  measurements  of 
each of the  Drosophila D N A ' s  s tudied  are shown in Fig.  1. The devia t ions  
from l inear i ty  a t  shor t  t imes  arc due in pa r t  to he te rogene i ty  in the  
form of D N A  molecules of sizes smaller  t han  the  largest  and  in pa r t  to 
the  fas ter  modes  of r e laxa t ion  of the  largest  molecules (Klotz and  Zimm, 
1972 a). 

The pr incipal  r e t a rda t ion  t ime is 1/2.303 t imes the  inverse of the  
slope of the  l inear  por t ion  of the  semi log plots.  The pr incipal  r e t a rda  
t ion t ime of D N A  in lysates  of cells of D. melanogaster was measured  as 
a funct ion of D N A  concent ra t ion  and the  results  are summar ized  in 
Figs.  2 and 3. 

The r e t a rda t ion  t imes  of D N A  solutions are dependen t  on the  sa l t  
concentra t ion,  in consequence of the  known effect of sal t  on the  dimen-  
sions of D N A  molecules as manifes ted  b y  such proper t ies  as the in t r ins ic  
viscosi ty  (Rosenberg and Studier ,  1969). The magn i tude  of the  effect 
a p p a r e n t l y  depends  somewhat  on the  molecular  weight  of the  DNA.  
Since we found i t  desirable to work a t  2 M sodium ion while the  cali- 
b ra t ion  of Eq.  (2) was carr ied out  with 0.2 M sodium, i t  was necessary 
to de te rmine  the  conversion factor.  Fig. 2 shows the  plots  of ~ agains t  
concent ra t ion  ob ta ined  for lysa tes  p repared  in high and  low concentra .  
t ions of E D T A .  The  values of T observed in low E D T A  were larger  and  
a p p a r e n t l y  more  concentra t ion  d e p e n d e n t  than  those in high EDTA.  
Since T O is p ropor t iona l  to the  solvent  viscosi ty,  ~, t imes  the  intr insic  
viscosi ty,  [~/], (Klotz  and Zimm, 1972a), and  the  ra t io  of ~ of 0.5 M 
E D T A  to t h a t  of 0.2 M NaC1 is 2.0, these d a t a  indicate  a decrease in [~1] 
of a fac tor  of abou t  3.4 on going from 0.2 M to 2 M N a  +. This decrease 
is s t r ik ingly  large, bu t  seems to be compat ib le  wi th  publ ished findings 
t h a t  the  value  of [~] decreases as the  concentra t ion  of sal t  increases 
and  t h a t  the  magn i tude  of the  decrease increases wi th  the  molecular  
weight  of the  DNA.  F o r  example :  for T2 D N A  with  a r e t a rda t ion  t ime 
of abou t  0.5 seconds and a molecular  weight  of abou t  120 • 106 dal tons,  
Scruggs and Ross (1964) found a 29% decrease in [~] on going from 
0.2 M N a  + to  e i ther  1.0 or 2.0 M Na+; for T7 D N A  with  a r e t a rda t ion  
t ime of abou t  0.05 seconds and a molecular  weight  of abou t  25 • 106 
dal tons,  Rosenberg  and S tudie r  (1969) found a 19% decrease in [~]] on 
going from 0.2 M to 1.0 M Na+; and for f ragments  of salmon sperm D N A  
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w i t h  a v e r a g e  size 10 to  30 • 108 d a l t o n s ,  Se ruggs  a n d  Ross  (1964) f o u n d  

a d e c r e a s e  in  [~] b e t w e e n  2 %  a n d  6 %  o n  g o i n g  f r o m  0.2 M N a  + to  2.0 M. 

A d d i t i o n a l  d a t a  s h o w i n g  t h a t  t h e  m a g n i t u d e  of t h e  e f fec t  i nc r ea se s  w i t h  

t h e  m o l e c u l a r  w e i g h t  of t h e  D N A  h a v e  b e e n  p r e s e n t e d  b y  R o s s  a n d  

Se ruggs  (1968). A f a c t o r  of 3.4 d e c r e a s e  in  [~]J w o u l d  i m p l y  a c o r r e s p o n d -  

ing  d e c r e a s e  in  t h e  a m o u n t  of c o n c e n t r a t i o n  d e p e n d e n c e  of t h e  v i scos i ty ,  

w h i c h  m i g h t  e x p l a i n  t h e  a p p a r e n t  l ack  of c o n c e n t r a t i o n  d e p e n d e n c e  of 

in  h i g h  E D T A  e v i d e n t  f r o m  Figs .  2 a n d  3. T h e  r e m a i n i n g  s m a l l  eoneen -  

t r a t i o n  d e p e n d e n c e  of T m i g h t  h a v e  b e e n  o b s c u r e d  b y  e x p e r i m e n t a l  e r ro r .  

S ince  t h e  v a l u e s  for  t h e  r e t a r d a t i o n  t i m e s  fo r  D N A  in  h i g h - E D T A  

l y s a t e s  of c u l t u r e d  cells were  a p p a r e n t l y  i n d e p e n d e n t  of s h e a r - s t r e s s  a n d  

D N A  c o n c e n t r a t i o n  in  t h e  r a n g e  s t u d i e d ,  t h e  r e t a r d a t i o n  t i m e s  for  al l  

of t h e  D r o s o p h i l a  D N A ' s  in  h i g h  E D T A  were  o b t a i n e d  f r o m  t h e  n u m e r i c a l  

a v e r a g e s  of t h e  v a l u e s  o b t a i n e d  in  success ive  m e a s u r e m e n t s  of e a c h  of 

Fig. l a ~ h .  Plots of typical recoil decay curves for lysates of Drosophila cells. 
Degrees of rotor rotat ion are plotted vertically on a logarithmic scale against t ime 
in hours. All data  represent lysates prepared in high EDTA, T 50 ~ C. The wind-up 
was less than  180 + of rotor rotat ion (equivalent to less than  5 radians of shear) 
and was accomplished in less than 400 seconds. - -  a D. melanogaster wild type, 
cultured cells: The final cell concentration in the lysate was 7 • 105 eell/ml and the 
measurement  was made 17 hr  after lysis. The retardat ion time calculated from the 
slope of the straight line is 1.0 hr  and the number  of molecules calculated from the 
y-intercept of the straight line is 5 per cell, - -  b D. mdanogaster wild type, pupal 
ceils: The final cell concentration in the lysate was about  6.5 x 105 eells/ml and the 
measurement  was made 12 hrs after lysis. The retardat ion time calculated from the 
slope of the straight line in the plot is 1.0 hr. - -  c D. melanogaster inversion strain, 
pupal cells: The final cell concentration in the lysate was about  3 •  105 eells/ml 
and the measurement  was made six hours after lysis. The retardat ion t ime calculated 
from the slope of the straight line in the plot is 1.t hr  and the number  of molecules 
calculated from the y-intercept of the straight line is 4 molecules/cell. - -  d D. mel- 
anogaster transloeation strain, pupal cells : The final cell concentration in the lysate 
was about  10 G eells/ml and the measurement  was made 24 hr  after lysis. The re- 
tardat ion time calculated from the slope of the straight line in the plot is 1.7 hr. - -  
e D. hydei  wild type, pupal cells: The final cell concentration in the lysate was about  
2.6 X 10 ~ eells/ml and the measurement  was made 14 hr  after lysis. The retardat ion 
time calculated from the slope of the solid straight line in the plot is 1.0 hr. - -  
f D. hydei  deletion strain, pupal ceils: The final cell concentration in the lysate was 
6 • 105 eells/ml and the measurement was made six hours after lysis. The retarda- 
tion time calculated from the slope of the straight line in the plot is 0.41 hr. - -  
g D. virilis pupal cells: The final cell concentration in the lysate was about  2 • 10 ~ 
eells/ml and the measurement was made six hours after lysis. The retardat ion time 
calculated from the slope of the straight line in the plot is 1.1 hr. - -  h D. americana 
americana pupal cells: The final cell concentration in the lysate was about  5 • 105 
eells/ml and the measurement  was made 12 hr  after lysis. The retardat ion time 

calculated from the slope of the solid straight line in the plot is 3.0 hr  
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Fig. 2. Concen t ra t ion  dependence  a n d  r e t a rda t i on  t ime  in h igh  a n d  low E D T A  
a t  50 ~ C for lysa tes  of D. melanogaater cu l tu red  cells. Low E D T A :  (O) lysa tes  pre- 
pa r ed  in BA buffer (0.01 M EDTA, about 0.2 M Na +, viscosity is I j= 0.05 relative 
to H20; ~ lysates prepared in LLET buffer (0.05 M EDTA, about 0.2 M Na +, 
viscosity is 1 • 0.05 relative to H20 ; @ high-EDTA lysates prepared in LET buffer 

(0.5 M EDTA, about 2M Na +, viscosity is 1.9 ~0.15 relative to H20 ) 

several lysates. The resul t ing values for the re tardat ion  t ime were mult i-  
plied by  a factor of 1.67 to convert  from the high salt concentra t ion of the 
lysates to re ta rda t ion  t imes characteristic of 0.2 M salt. The value of 
1.67 was obta ined  from the da ta  in  Fig. 2; this should be a reasonable 
value to use for all of the DNA's  which had about  the same re ta rda t ion  
t ime in  high E D T A  as the DNA in the lysates of cul tured cells ; i t  ma y  be 
somewhat  small for the largest DNA in the lysates of americana and  
somewhat  large for the deletion s t rain of D. hydei. The result ing values 
for the times, T o and  T~0, w, of the different DNA's  are listed in  Table 2. 

W h e n  we consider t ha t  the re ta rda t ion  times, ~s0.~ w, of viral DNA's  
are of the order of seconds and those of bacterial  DNA's  are of the order 
of minutes ,  it  is obvious t ha t  we are dealing here with much larger 
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Fig. 3. Retardation times at 50 ~ C in high EDTA plotted against concentration for 
lysates of D. melanogaster. Conditions as in Fig. 2, high EDTA. A lysates of pupal 
cells from translocation strain; ~ lysates of pupal cells from inversion strain; 
�9 lysates of pupal cells from wild type; @ lysates of cultured ceils. The error bars 
show the average deviation of the recoil measurements at each concentration; 
only those data are shown for which at least duplicate measurements were made 

molecules. We re turn  to the question of just  how large these molecules 
are later (Section I I I  C). Meanwhile, we should point  out tha t  the pres- 
ence of l imit ing straight lines at  the long-time parts  of the semi-log 
plots of recoil vs. t ime indicates tha t  a corresponding unique  largest 
species of chain molecule exists in our solutions. I n  this paper we use 
the term, "chromosome-sized DNA molecules" to denote this unique  
largest species. 

By "chromosome-sized," we mean tha t  the size of the largest DNA 
molecules detected in the lysates is the same as their  size in the chromo- 
somes in vivo, whatever  t ha t  turns  out  to be ; i.e., we would like to claim 
tha t  these molecules were no t  broken during extract ion.  I t  would seem 
unlikely t ha t  these largest observed molecules were breakage products  
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Table 1. Strains of Drosophila 

Species and strain Trivial designation Obtained from 
in this paper 

D. melanogaster 

Canton- Special 

In(3LR)C269 d 
(In(3Ll~)78C; 98F) 

T(1 ; 3)OR38 b 
(T(1; 3)18D; 61D) 

D.hydei 

Leiden Strain 

340/1 e 

D. virilis ~ 

D. americana america:ha a 

wild type D. Lindsley 

inversion strain J.  Merriam 

translocation strain 

wild type 

deletion strain 

D. Lindsley 

J.  Boyd 

W. Hennig 

W.K.  Baker and J .A.  Figueroa 

W.K.  Baker and J .A.  Figueroa 

Chromosome 3 carries a pericentric inversion which changes the arm ratio of 
chromosome 3 from about  1:1 to about  7:1 wi thout  altering the length of the 
chromosome. The stock used contained bo th  In(3LR)C269/In(3LR)C269 homo- 
zygotes and I n (3LR)  C269/In(3LR) TM1,  Me heterozytotes;  I n (3LR)  TM1,  Me~In 
( 3 L R ) T M 1 ,  Me homozygotes are lethal. Since homozygous TM1 appears to be 
lethal before pupation,  the minimum fraction of th i rd  chromosomes in a large 
sample of pupae t h a t  carry- In(3LR)C269 is 2/3; to the extent  thg t  some of the 
parents  of the pupae were In(3LR)C269 homozygotes, the fraction will exceed 
this value. Therefore, a t  least three times the usual number  of pupae were 
collected for each cell suspension (i.e., at  least 12pupae  were pooled.) - -  The 
presence of the inversion was confirmed during the course of this work by  inspection 
of the salivary gland chromosomes kindly performed by Dan Linds]ey. 
b Chromosome 3 in T(1; 3)0YR38 carries about  60% of the metaphase X-chromo- 
some at tached to virtually the tip of one arm (3L) (Lindsley and Grell, 1968). 
The affected chromosome 3 is thus  increased in length by  about  37%. The stock 
in which T(1;3)OR38 is carried produces flies of the following genotypes: 
In(1)sc 81 • dl-~9, 8c ~1 V ~ car~T(1," 3)0R38, y 9; I n ( l )  sc81 -~ dl-g9, sc 81 v / car~In 
(1)scz*~-dl-49, sc S1 v ] car9 (sterile); T(J ;3 )OR38 ,  y / B S Y  ~ (sterile); and 
In(1)sc 81 ~- dl-49, sc 81 v / ear/B S Y ~. The translocation carriesnormal allelesofthe 
eye color genes vermilion (v) and carnation (car) and the translocation-free 
genotypes ~re homozygous for the recessive alleles. Since eye-color can be scored 
in late pupae, we were able to select only transloeation-bearing pupae (i. e., those 
with normal eye color) for preparat ion of cell suspensions. 
e The X-chromosomes in bo th  males and females lack almost all of the hetero- 
chromatic arm comprising half of the length of the wild-type metacentric chromo- 
some. Both  females and males have two Y-chromosomes; males have one X and 
females have two (Hennig, 1972). Pupae were not  selected with respect to sex. 
d D. virilis ~nd a~er,icana are closely related species; some of the ~erocentrie rod- 
shaped chromosomes of virilis pair with arms of the metacentric chromosomes of 
americana. Thus the largest chromosomes of americana are approximately twice those 
of virilis in size. See Fig. 4 and discussion in text  (Section I I I  C), 
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of larger molecules, because the sizes of the largest molecules obtained 
from the different species of Drosophila spanned a fourfold range and 
were close to the values of the total DNA contents of the largest G~ 
chromosomes of the various species. We return to this point in more 
detail below (Section I I I  C) after first examining the properties of the 
large molecules. 

By DNA molecules we mean pieces of native DNA without specifying 
whether or not the pieces contain single-stranded nicks or gaps; such 
nicks should not affect retardation times, since they do not affect the 
viscosity (Hays and Zimm, 1970). Also we cannot exclude the possibility 
that some protein is still attached to the DNA at the time of measure- 
ment. However, the stability and reproducibility of the retardation times, 
after the first few hours of exposure to Pronase, suggest that  the attached 
protein, if any, either is completely resistant to Pronase or has no effect 
on the configurations of the DNA molecule and hence has no effect on 
the retardation time. 

B. Properties o[ Uhromosome~Sized DNA Molecule8 

1. Reproducibility and Stability 

a) High ED~'A. All of the lysates prepared from cultured cells in 
high EDTA contained a measurable fraction of chromosome-sized DNA 
molecules which were stable at 50 ~ C for at least eight days; no attempt 
was made to investigate their stability over longer times. Most of the 
lysates prepared from pupal cells in high EDTA also contMned a measur- 
able fraction of chromosome-sized DNA molecules which were stable 
at 50 ~ C for several days. Frequently , however, this fraction was some- 
what smaller than might have been expected from the karyotype of the 
cell. For example, in the experiment with americana shown in Fig. 1 h 
the small fraction of recoil in the slowest retardation mode indicates 
that much less than half of the DNA is occurring as molecules of maxi~ 
mum size. This situation may reflect the greater sensitivity of large 
molecules to degrading agents. In about 10% of the lysates, in fact, 
absolutely no relaxation was observed, and the exact explanation for this 
difficulty is not known. Part  of the difficulty may have arisen from 
variations in the preparations of pupal cells, and part may have been 
nuclease activity, since adding Pronase to the pupal cell suspensions and 
increasing the length of the incubation at 65 ~ C significantly increased 
both the reproducibility and the yields, whereas lowering the EDTA 
concentration markedly reduced the yields and the reproducibility. 

b) Low EDTA. The lysates prepared from cultured cells in low EDTA 
contained a smaller fraction of chromosome-sized DNA molecules than 
the lysates in high EDTA, and these were stable at 50 ~ C for only about 
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one day, whereas at 60 ~ C they were stable for about two days. I t  is 
likely that  the major source of the diffculty in low EDTA was nuclease 
activity. 

2. Yields 

Yields of chromosome-sized DNA molecules were estimated by 
dividing the number of molecules per milliliter calculated from the recoil 
in the longest relaxation mode and Eq. (5) by the number of cells per 
milliliter. In  the case of the cultured cells of D. melanogaster wild-type, 
for which our cell counts were most reliable, the yields obtained in high 
EDTA ranged from about 1 to 7 molecules of about 40 • 109 dMtons per 
cell. The yield was usually about 4 molecules per cell when freshly re- 
plated cells were used; within a few days after replating the number 
frequently increased somewhat, but a few weeks after replating the num- 
ber declined markedly coneomittant with a decrease in plating efficiency. 
In  the case of the pupa] cells of D. melanogaster wild type, the yields 
obtained in high EDTA ranged from about 0.5 to 4 molecules of about 
40•  109 daltons per cell. The maximum expected number of DNA 
molecules of size about 40 • 109 dMtons for Gx cells of wild-type D. melano- 
gaster is 4, since there are four ]urge chromosomes of practically equal size 
in the diploid set, not counting X and Y. This number might double in 
G 2 and M. The same number, 4, is also expected for cells in most of S-phase 
if DNA synthesis proceeds as observed by Cairns (1966)and by Huber- 
man and 1%iggs (1968), but the viscoelastic characteristics of such mole- 
cules are uncertain; they might well have shorter retardation times than 
normM molecules and might not have been counted in our measurements. 
Thus, in view of our yields of 1 to 7 molecules per cell, it appears that the 
chromosome-sized DNA molecules were obtained from most of the cells 
in unsynchronized cultures and, therefore, do not represent DNA mole- 
cules from any particular narrow phase of the cell cycle. This finding 
implies conservation of DNA size throughout most of the cell cycle, 
including possibly phase S. 

The fact that  the yields obtained from cultured cells in high EDTA 
were generMly higher than those in low EDTA and higher than those 
from pupal cells in either high or low EDTA is consistent with the diffi- 
culty we have ascribed to nucleuses in the previous section. 

3. Sensitivity to DNAse and to Heat 

Chromosome-sized DNA molecules in lysutes of cultured cells were 
sensitive to spleen DNAse. Absolutely no recoil could be detected after 
a lysate containing about 0.2 ~zg/ml of chromosome-sized DNA molecules 
was incubated with highly purified sp]een DNAse for 2.5 hours. Similarly, 
heating to 100 ~ C destroyed the recoil. 
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4. Sensitivity to Shear 

Chromosome-sized DNA molecules in lysates of cultured cells were 
sensitive to shear Mild shear (see Materials and Methods) degraded 
about half of the largest molecules present initially as judged from the 
decrease in the recoil after shearing. That  fraction of chromosome- 
sized DNA molecules which remained intact after mild shear was so 
degraded by strong shear that  no recoil could be detected. 

5. Insensitivity to Pronase 
The chromosome sized DNA molecules from cultured cells were 

insensitive to the action of Pronase~ Preliminary experiments showed 
tha t  Pronase is fully active on total Drosophila cell protein under con- 
ditions normally used for preparing lysates; moreover, under these 
conditions much of the activity persisted for at least several days. 
Neither the yield nor the stability of the chromosome-sized DNA 
molecules were adversely affected by  either (a) increasing the initial 
Pronase concentration by as much as 10.fold, or (b) periodically adding 
more Pronase to the lysate of cultured cells. 

We cannot exclude the possibility that  the chromosome-sized DNA 
molecules contain Pronase-resistant links of material other than DNA. 
At least two types of link are conceivable: (a) protein and (b) RNA. 
I t  has been proposed tha t  eukaryotie DNA's contain protein links 
chiefly because analyses of highly purified DNA revealed traces of 
protein (Bendieh and Rosenkranz, 1963: Dounee, 1971) however, 
residual protein may  be explained alternatively by the discovery tha t  
there are many  proteins which bind very tightly to DNA as, for example, 
the "DNA-binding proteins" (Alberts et al., 1968 ; Hot ta  and Stern, 
1971). In  the only ease we know of in which there may  be a protein 
covalently linked to DNA, i.e., certain eolieinogenie factors: the linkage 
between the protein and the DNA is quite sensitive to Pronase (Clewell 
and Ilelinski, 1969). Protein links in DNA have also been proposed on 
the basis of studies in which it was concluded tha t  proteases could 
degrade DNA and nueleoprotein gels (Dounee, 1965) and even chromo- 
somes (Trosko and Wolff, 1965) however, the enzymology in these 
studies appears quite incomplete in that  the proteases used were not 
assayed for the presence of contaminating nuelease activity on well 
characterized DNA's such as the synthetic or bacteriophage DNA's, and 
endogenous nuelease activity was neither measured nor eliminated. 
Recently it has been suggested tha t  certain DNA molecules contain 
small segments of RNA (Blair et al., 1972). We have tried to test  for 
such linkages in the chromosome sized DNA molecules from Drosophila 
and encountered many  technical problems which rendered our tests 
inconclusive. 

2 Chromosoma (Berl.), Bd. 41 
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6. Remarks on Procedures for Handling Large DNA 

Our findings concerning the extraction and stability of chromosoine- 
sized DNA molecules may  explain some of the difficulty encountered in 
previous at tempts  to obtain very large DNA molecules from eukaryotic 
cells. 

In  particular, we found it best to use relatively high concentrations 
of EDTA and to incubate with detergent and Pronase at relatively 
high temperature;  these points have been discussed in section 1, above. 
Apparently a major problem in extracting intact DNA from cells is the 
activity of nucleases liberated during extraction. 

I t  has been customary to at tr ibute much of the difficulty in obtaining 
large DNA molecules to their "shear  sensitivity." This practice stems 
from the well-known observation of Davison (1959) tha t  the shearing 
forces in syringing DNA solutions fragment intact T-even DNA mole- 
cules with a molecular weight of about 120 • 106 daltons (Davison et al., 
1961). Hence, shear sensitivity was invoked to rationalize subsequent 
difficulties in obtaining intact  bacterial DNA molecules with molecular 
weights about 109 daltons (e.g., Cairns, 1962). To minimize shear, many  
practices have become popular; e.g., increasing the viscosity of the lysis 
solution (Cairns, 1962, 1963; Huberman and Riggs, 1966). However, 
intact T-even bacteriophage DNA molecules are not fragmented by slow 
pipetting in wide-mouth pipets. Recently chromosome-sized DNA 
molecules have been extracted from bacteria in high yield without the 
use of additives to increase the viscosity of the lysis solution (Klotz and 
Zimm, 1972 ; Kavenoff,  1972) and these have been manipulated by dialy- 
sis and very slow pipetting without significant breakage (Levin and 
Hutchinson, 1972) ; in view of these and related findings, it seems likely 
tha t  most of the previous difficulties with bacterial DNA were due 
primarily to either nuclease activity, as discussed above, or to technical 
artifacts (Klotz and Zimm, 1972b; Kavenoff,  1971, 1972). 

C. Molecular Weights 

1. Absolute Values of Molecular Weight 

The molecular weights calculated from the retardation times and 
Eq. (2) are presented in Table 2. 

The uncertainties in Table 2 represent the average deviations of the 
measurements ; there is an additional uncertainty of 30 % in the absolute 
values of M due to uncertainties in Eq. (2); this additional uncertainty 
does not apply to the ratios of the molecular weights to one another. 
The empirical Eq. (2) was established (Klotz and Zimm, 1972b) through 
the combination of a theoretical relation between retardation time and 
intrinsic viscosity with a well-established empirical relation between the 
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Table 2. Retardation times and molecular weights of Drosophila DNA 

19 

Species and Number Number v~ r ~ w ( h r )  Molecular 50, 
strain of deter- of lysates 2 M Na + 0.2 M Na + weight 

minations a ( • 10 -9) b 

melanogaster 
cultured cells 37 12 1.00:t- 0.11 1.67-L 0.18 41~: 3 
wild type 7 4 1.00~: 0.14 1.67 :~ 0.23 c 41:~3 
inversion 9 5 1.06 :~ 0.18 1.77 ~: 0.30c 42 ~ 4 
transloeation 10 5 1.78~0.32 2.98&-0.54c 58~:6 

hydei 
wild type 8 4 0.97:~0.16 1.62~:0.27 c 40:~4 
deletion 8 4 0.41 ~: 0.10 0.69:~ 0.17e 24~:4 

virilis 5 3 1.27:E 0.17 2.12:~ 0.28 c 47 ~: 4 

americana 3 3 3.00J_ 0.66 5.00~: 1.1 c 79=[_ 10 

a Number of separate measurements of retardation time, whether on the same or on 
different lysates. 
~ Precision measure reflects average deviation only; see text. 
e Calculated by multiplying the values in the third column by 1.67. 

la t ter  and molecular weight, as well as by  direct  measurement  of ~ on 
the DNA's  of bacteriophages T7  and T2. The resulting relat ion was 
confirmed to some degree by the fact tha t  it  gave reasonable molecular 
weights for the chromosomal DNA of the bacteria B. subtilis and E. coli 
(2.0• 109 and 2.7 • 109 respectively). However, we cannot  claim great 
accuracy for this relation, main ly  because of lack of accuracy in  the 
molecular weights of the viral DNA's  on which it  is based (see Freifelder, 
1970), bu t  also in consideration of possible effects of residual t ight ly  
bound protein.  After the long extrapolat ion to the molecular-weight 
range of interest  in this paper 7= 30% in the molecular weight seems to 
be a reasonable est imate of the precision. 

The question of what  over-all precision to quote for the values of the 
molecular weights is a vexing one. At  the pessimistic extreme, one 
might  s imply add the average deviations of the observed numbers  to the 
th i r ty  percent  unce r t a in ty  of Eq. (2). The result  would indicate tha t  the 
molecular weights were known only within a factor of two. As an optimist,  
one might  divide the average deviat ion by the square root of the n u m b e r  
of observations and  combine this with the unce r t a in ty  of Eq. (2) by  
taking the square root of the sum of the squares. This method  would 
suggest t ha t  the molecular weights were known within  about  ~ 31%. 
Probab ly  the most  realistic assessment is somewhere between these 
extremes. Since we are going to a t t empt  to decide how m a n y  molecules 

2* 
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of DNA there are per chromosome, the precision question is an important 
one. Fortunately other indirect evidence can also be brought into the 
discussion, as will be seen below. 

The precision of the molecular weights relative to one another is 
much better than that  of the absolute values. The precision of the relative 
values reflects mainly the uncertainty in the retardation times themselves 
and only to a small extent the uncertainty in the exponent, q, of Eq. (2). 
In  fact, with respect to the comparison of the values of M in Table 2 
with one another, the effect of the additional error from Eq. (2) may be 
ignored, and this is in fact ignored in the precision measures given in 
Table 2. 

In  the ease of D. melanogaster, our values for molecular weight can 
be compared directly with Rudkin's values for the absolute DNA 
contents of individual mitotic chromosomes. The latter values, based 
on measurements of UV absorbance (gudkin, 1964, 1965, and personal 
communication), are: 26 • 109 for the X-chromosome, 40 • 109 for chro- 
mosome 2, 43 • 109 chromosome 3, and 4 • 109 for chromosome 4. The 
sum of the values for the DNA contents of a haploid set of chromosomes 
is 113 • 109 daltons ; this agrees with the value of 108 • 109 daltons deter- 
mined by comparative microspectrophotometry of Feulgen-stained sperm 
and male somatic cells by I~asch et al. (1971), although a somewhat 
lower value, 90•  109 dMtons, was estimated from measurements of 
renaturation rate constants by Laird (1971). Our values for the molecular 
weight of the largest DNA molecules from the wild-type D. melanogaster 
are in agreement with I~udkin's values for the total DNA contents of the 
largest D. melanogaster chromosomes, 2 and 3. According to t~ndkin's 
data, chromosomes 2 and 3 differ in DNA content by only about 5%, 
corresponding to a difference in relaxation time of only about 13%. 
Since our experimental uncertainties in relaxation time were at least 
11%, we do not believe we could have distinguished between the relaxa- 
tion of chromosome-sized DNA molecules from chromosomes 2 and 3. 

2. Comparison with Chromosome Morphology 

The comparison of DNA molecular weight with chromosome morphol- 
ogy offers another approach to elucidation of the relation of DNA size 
to chromosome structure. In  this approach the uncertainty in the 
absolute values of the molecular weights is not involved; only the ratios 
are important, and these are much more accurate: Such comparisons are 
shown in Fig. 4. 

The fact that  the inversion strain gave values identical to those of 
the wild type indicates that the chromosomal DNA is continuous at the 
centromere. The inversion strain carried a pericentric inversion in 
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Species Strain Idiogram Largesf Molecular weight 
chromosome of lergesf DNA 
to scale 

melanogaster ~ i; ~ 4-1 xlO 9 
wild type IJ 

inversion ~ Ji r  ~ 42 x 109 

,ranslocation ~ i i ~ ,  ~ 58x,09 

bydei %// 
,,,,,,oe ,o,,+ 

deIe,ion \ \ / /  , , ~  ~ ?4xlO 9 
/ / \ \  

virilis 

omericonQ 

\ /  
_ _ ~  47 x [0 9 

79 x I09 

Fig. 4:. Comparison of cytological chromosome size with molecuIar weight of largest 
DNA molecule for Drosophila species. The molecular weight of the largest DNA 
molecule from each species (from Table 2) is given in the last column. The idiogram, 
an idealized rel0resentation of the appearance of the chromosomes at  metaphase, 
is given in the third column. In  the fourth column the largest chromosome is ex- 
t racted from the idiogram and drawll to scale, insofar as current information per- 
mits, so t ha t  its apparent  length is proportional to its DNA content. Tile black 
dots in this column locate the centromeres. ]n  the case of the  melanogaster inversion 
and translocation strains the size was deduced from the genetic map (Lindsley and 
Grell, 1968). Idiograms represent females only; the X-chromosomes are shown at  
the bot tom of each idiogram. Data  on melanogaster from Lindsley and Grell (1968) 
and  from t~udkin (1965, and personal communication), hydei from Hennig (1972, 
and  personal communication), from E. Rasch (personal communication) and from 
Mulder et al. (1969), on virilis and americana from Pat terson and Stone (1952) 

and from E. P~asch (personal communication);  see text  
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chromosome 3 which changed the ratio of the arms in the metaphase 
chromosome from the wild-type value of about 4:4 to one which we 
estimate, taking account of the eentromerie heteroehromatin, as about 
7:1. If  the DNA were discontinuous at the eentromere, the DNA mole- 
cules from the inversion strain should have included molecules about 
75 % larger than those from the wild-type, and the retardation time for 
the inversion should have been about 150 % larger than that  for the wild- 
type. We feel confident that  we could have detected a 150% increase 
in retardation time, since we detected significantly larger DNA molecules 
from not only the translocation strain of D. melanogaste~" but also from 
the wild-type of D. americana americana. 

The value for the molecular weight of the largest DNA molecules 
from the transloeation strain also agrees with the sum of Rudkin's 
values for chromosome 3, allowing for the small amount of chromosome 3 
translocated to the X, and for the 60% of the (metaphase) X-chromosome 
attached to one end of chromosome 3; on the basis of l~udkin's figures, 
this would be an increase in total DNA content of about 37 % over that  
of the wild-type chromosome 3. We found that  the largest DNA mole- 
cules from the translocation strain were about 40 % larger than those in 
the wild-type. Moreover, the observed increase in the size of the DNA 
from this strain, 17 • 109 dMtons, leads to an estimate of 28 • 109 daltons 
for the total DNA content of the X-chromosome, in fair agreement with 
gudkin ' s  value of 26 • 109. 

The results for the other Drosophila species also show a correlation 
between the size of the largest detectable DNA molecules and the DNA 
content of the chromosomes, although the analysis is hindered by lack 
of data for the individual chromosomal DNA contents comparable to 
Rudkin's data for D. melanogaster. That good qualitative correlations 
can be made is evident from Fig. 4. Thus, in D. hydei the molecular weight 
obtained for the largest DNA molecules from the wild type was almost 
twice that  for the strain in which the X-chromosome, which is the largest 
chromosome in the wild-type, is missing most of the heterochromatic 
arm. VMues for the total DNA content of the D. hydei haploid genome 
are slightly higher than those for D. melanogaster: 120• 109 daltons 
(Raseh, personal communication), 140 • 109 daltons (Dickson et al., 1971) 
and 150 • 109 daltons (Mulder et al., 1969). By comparative studies of the 
DNA's from the wild type and from the same strain that  was used in 
this study, Hennig (1972) has shown that  the heteroehromatie arm of 
one X-chromosome corresponds to at least 6% of the total DNA of the 
genome. If  we take Rasch's figures to apply, the total amount of the 
diploid genome would be 240 • 109 daltons, so that the deleted arm would 
be at least 14.4 • 109 dMtons. Our data on the two strains show that  the 
deleted arm, taken as the difference, is at least 16 • 109 daltons (more if 
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the X-chromosome is not the largest in the deletion strain); the two 
results are thus in substantial agreement. 

The relation between two species of the virilis group of Drosophila, 
D. virilia and D. americana americana, is especially interesting. The 
V-shaped chromosomes in americana presumably arose from the rod- 
shaped chromosomes of virilia (or a common ancestor) by Robertsonian 
fusion, as indicated by the fact that  the individual arms of the americana 
chromosomes pair with individual rods of virilis in hybrids (Patterson 
and Stone, 1952). Our values for the sizes of the largest DNA molecules 
extracted from these species are in agreement with the cytological 
observations, with the value for americana being about twice that for 
virilis. 

In  the haploid chromosome set of virilis there are five rods, all about 
equal in size. Multiplying our value for the molecular weight of the 
virili8 DNA molecules by five yields an estimate for the genome size of 
235 • 109 daltons, in reasonable agreement with the values of 204 x 109 
(male) and 235 X 109 (female) obtained from comparative microspectro- 
photometry of Feulgen-stained hemoeytes of this same strain by E. Rasch 
(personal communication). In the case of hydei each arm of the X-chro- 
mosome appears to be approximately equal to the whole of each of the 
four autosomes; thus the total haploid complement should be three 
times the mass of the X. Multiplying our value of 40 X 109 (which pre- 
sumably corresponds to DNA from the X) by three leads to 120 • 109, 
in fair agreement with the values of 120 to 150 X 109 cited above for the 
total complement. 

Thus there is substantial agreement between the sizes of the DNA 
molecules extracted from the various strains and the DNA contents of 
the largest chromosomes as determined by cytological and genetic 
observations. 

IV. Conclusions 

I t  remains to relate these results on the DNA to the structure of the 
chromosome from which it was derived. The following observations are 
important:  (1) The size of the largest molecule of DNA changes in direct 
proportion to the size of the largest member of the mitotic chromosome 
set in melanogaster through an inversion and a translocation, in hydei 
through a deletion, and from virilis to americana through a fusion 
(Fig. 4). These results indicate that the DNA molecules run the full 
length of the chromosome. Further, within the rather rough precision 
of the numbers, we find that (2) the largest DNA molecules are equal 
in mass to the DNA content of the largest chromosomes in the (ana- 
phase) mitotic set, and (3) the yield of such large molecules is approxi- 
mately one per chromatid. In  addition we can cite the results of Laird 
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and  co-workers t ha t  there is in  Drosophila only one copy of a large 
n u m b e r  of sequences of DNA per haploid DNA complement  (Laird, 
1971, personal communica t ion ;  Dickson et al., 1971). 

These results lead to only one obvious conclusion, which can be sum- 
marized, subject  to some disclaimers and  qualifications, by  the state- 
m e n t :  In  its simplest /orm one chromosome contains one long molecule 
o / D N A .  The qualification, " i n  its simplest form," is necessary because 
of the general i ty  of the term, chromosome; here we refer to the chromo- 
somes of normal  cells from anaphase through G1, or to the chromatids 
of metaphase  chromosomes. Clearly the giant  metaphase chromosomes 
of some neuroblas ts  (Gay et al., 1970), or the polytene chromosomes of the 
sal ivary cells, or chromosomes in the process of dupl icat ion are more 
complicated. I t  mus t  also be admi t t ed  tha t  there ma y  be some molecules 
of nuclear  DNA which are much  smaller t h a n  chromosome size, since 
with our technique it  is difficult to measure such molecules in  the pres- 
ence of the larger ones. (I t  is interest ing,  however, t h a t  the AT-rich 
satellite DNA located in the centromere region of D. melanogaster 
chromosomes appears to be l inked covalent ly to the ma in  band  (Kram 
et al., 1972)). Thus the conclusion above obviously ma y  not  apply to all 
cases. Nevertheless i t  should have a sufficient range of val id i ty  to be 
useful in  unders tand ing  the behavior  of chromosomal genes, especially 
with respect to linkage, recombinat ion,  and  muta t ion .  
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