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The viscoelastic properties of  T2 DbIA solutions ate used to determine the NaDNA molecular weight in four indepen- 
dent ways from the theory of the beads-springs model. The four molecular weights are 131.9, 132.7,130.5, and 127.6 X 
106. The average of  these values, adjusted for the probable e~rors in viscoelasticity and concentration measurements, is 
(126 +- 5) X 106. The four molecular weights are termed &tr~-F t t ,  Afrr/, al[~-r', and Jl/rA; each is different in its sensitivity to. 
molecular weight distribution. Their agreement suggests ( I )  that the theoretical equations ~elating each M to the correspond- 
ing measured properties ate valid, (2) that.T2 DNA behaves as a partially free-draining polymer chain, and (3) that our .~olu- 
tions were nearly homogeneous in DNA size, We show that serious errors c-an result if the viscoelastic properties are not ex- 
trapolated to their limits at zero shear rate, a.~ well as at zero DNA concentration, before calculating molecular weight. 

1. I n t r o d u c t i o n  

Large D N A  molecu les  e.xhibit the  p h e n o m e n o n  o f  
v iscoelas t ic i ty .  This  is observed  in a c reep- recovery  
t y p e  o f  e x p e r i m e n t  in wh ich  the  molecu les  are  ex-  
t ended  b y  an ex te rnaUy-appl ied ,  ~hearing stress and  
t hen  a l lowed t o  re lax  in t he  absence  o f  tha t  stress [ 1- 
3 ] .  W h i l e  t he  molecu les  are  e x t e n d e d  in s t eady-s ta te  
shear ing,  t he  v iscos i ty  o f  a D N A  s o l u t i o n  can  b e  meas-  
ured.  Dur ing  re l axa t ion ,  at  least  fou r  add i t i ona l  p rop-  
er t ies  are  measurab le :  1", the  t o t a l  a m p l i t u d e  o f  t he  
elast ic  recoi l ;  A ,  the  t ime  in tegra l  u n d e r  the  recoi l  
curve;  7"11 and  F I I ,  the  r e t a r d a t i o n  t ime  and  recoi l  
a m p l i t u d e  due  to  the  largest  molecu la r  species  in i ts  
longest  r e l axa t ion  m o d e .  

As d e m o n s t r a t e d  here  for  T2  D N A ,  c o m b i n a t i o n s  
o f  the  five p rope r t i e s  can b e  used to  ca lcula te  four  in- 
d e p e n d e n t ,  " cha rac t e r i s t i c "  mo lecu la r  weights .  Previ- 
ous  viscoelasticity measurements  have  been  p e r f o r m e d  
o n  D N A  so lu t ions  f rom T2 bac t e r iophage  [4 ] ,  E. ce l l  
and  B. subt i l i s  [5] ,  Drosoph i l a  [6] ,  abe r r an t  "1"2 phage  
[71, E. ce l l  [ 8 ] ,  y e a s t  [91, and  blue-green algae [101 . 
F o r  t h e  mos t  par t ,  on ly  two  o f  t he  viscoelas t ic  p rop -  
er t ies ,  t h e  specif ic  v iscos i ty  (t}sp) and  r I 1 • were  used  
to  ca lcula te  molecu la r  weights  in these  papers ,  al- 
t h o u g h  some  use o f  the  o t h e r  p rope r t i e s  was m a d e  b y  

K a v e n o f f  and  Z i m m  [6] and  U h le nhopp ,  Z i m m  and 
Cummings  [7] .  

The  fou r  mo lecu la r  weights  are M r F  1 I ,  MTn, Mr r ,  
and M r A ,  where  the  subscr ip ts  refer  to  the  charac ter -  
is t ic  set o f  p rope r t i e s  f rom which  each  M is calculated. 
The  resul ts  for  T2 D N A  are 131.9,  132.7,  130.5,  and  
127.6 × 106, respect ive ly ;  t hey  do  no t  d e p e n d  u p o n  
cons tan t s  w h i c h  mus t  be  o b t a i n e d  f rom empir ica l  
curves.  T h e y  d i f fe r ,  however ,  f rom the  usual  viscosi ty-  
average and  sed imenta t ion-average  mo lecu la r  weights  
in t ha t  t h e y  are no t  averages (see remarks  at  end  o f  
T h e o r y  sec t ion  (a)) .  

The  g o o d  agreement  be tw e e n  the  charac ter i s t ic  ~,Fs 
impl ies  tha t  the  t h e o r y  o f  D N A  viscoelas t ic i ty  f rom 
w h i c h  t h e y  are der ived  is in te rna l ly  cons i s t en t  and  tha t  
the  so lu t ions  con t a ined  p r imar i ly  in tac t  T2 D N A  mole-  
cules.  The  m e a n  o f  the  charac te r i s t ic  AFs was  (130.7  *- 
1.6) X 106, b u t  th is  value does  no t  inc lude  an er ror  
e s t ima te  for  m e a s u r e m e n t  o f  D N A  concen t r a t i on  (each  
M is p ropo r t i ona l  to  c o n c e n t r a t i o n ) .  When this  es t imate  
is inc luded ,  the  mean  molecu la r  weight  b e c o m e s  (126 ± 
5)  × 106. Th is  value m a y  b e  c o m p a r e d  wi th  previous  
values d e t e r m i n e d  b y  o t h e r  t echniques  [ t I - - 1 5 ] .  These  
are summa r i z e d  in tab ie  5; t hey  range f rom 105.7 to  
132 X 106. A prev ious  result  ob t a ined  by viseoelagtie 
me a su re me n t s  is t 15 × 106 [ 4 | .  
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In add i t i on  to  the  de te rmina t ion  o f  molecular  
weight ,  th is  paper  is concerned  wi th  the  dependence 
o f  viscoelast ic  p roper t ies  on shear rate.  This depen-  
dence,  excep t  for  the  p rope r ty  osp,  has bean  neglected 
in previous  viscoelas t ic i ty  measurements  ci ted above,  
p r o b a b l y  because  o f  l imi ted  da ta  accuracy.  With im- 
proved  ins t rumenta t ion ,  it  has become  possible to 
d e m o n s t r a t e  t he  dependence ,  and to  show tha t  i t  is 
necessary to ex t rapo la t e  measured proper t ies  to  zero 
shear  rate,  as weli  as to  zero D N A  concen t ra t ion .  

2. Materials  and  m e t h o d s  

2.1. Preparation o f  phage T2 

E. cel l  B were grown at 37°C in three  l i ters o f  M9 
salts m e d i u m  [16] supp lemen ted  wi th  1% Casamino 
acids  and 0.4~b glucose.  At  a concen t ra t ion  o f  abou t  
5 X 107 cel ls /ml the  cu l tu re  was in fec ted  wi th  S × 
105 T2 phage/ml .  Incuba t ion  was con t inued  for  5.5 h,  
a t  which  t ime the  glucose concen t ra t ion  was increased 
b y  0.25%. A f t e r  seven hours ,  ch lo ro fo rm was a d d e d  to  
enhance  bac ter ia l  lysis. All  subsequent  manipu la t ions  
were done  at  40C. The phage were  pur i f ied  b y  two  
cycles o f  low,  high,  and  low-speed cent r i fugat ion .  
Af t e r  each high-speed cent r i fugat ion ,  the  phage pel le t  
was covered  with  a b o u t  twice its vo lume o f  0 .005 M 
MgC12, 0.01 M Tris buf fe r  (pH 7.5).  The covered 
pellets  were lef t  a t  4°C for  a few hours  and  then re- 
suspended  b y  gent le  shaking. The t i tre o f  this pm-i. 
f led phage s tock  was 4 .5  X 1012 PFU/ml .  

Z Z  Purification o f  DNA 

An a l iquot  o f  the T2 phage  s tock  was subjec ted  to  
a low-speed cent r i fugat ion  (SO00 rpm or  10 min)  in 
the  Sorvall SS34  ro tor .  The superna tan t  was d i lu ted  
four- fo ld  wi th  IM-BPES buf fe r  and then  extracted by  
the  ho t  phenol  m e t h o d  o f  Massie and Z i m m  [17] .  Af-  
ter  four  ex t rac t ions  the  aqueous ,  DNA-conta in ing  
phase wag clear a t  r oom tempera tu re .  Three  addi t iona l  
ex t rac t ions  gave the  same exper imen ta l  resul ts  (see 
below).  Phenol  was removed  (de t e rmined  spectropho~ 
tomet r ica l ly )  f rom the aqueous  phase b y  dialysis  
against  1M BPES and then  BBES buf fe r  [18] .  The  
pur i f ied  T2 D N A  was s tored  in BBES or  BBESD 

(0.01 M N a 2 B 4 0 7 ,  O.001 M N a 2 E D T A ,  0 .007  M Na  
dodeey!  sulfate,  0 .17 I  M NaCI, pH 8.9)  in screw-cap 
po lys ty rene  test  tubes .  

2.3. Preparation o f  solutions 

DNA concen t ra t ions  in s tock  solut ions  were meas- 
ured  spec t ropho tome t r i ca l l y  assumit~g tha t  55.2 t tg lml  
DNA gives an absorbance  o f  u n i t y  [ I 9 ] .  Quant i t a t ive  
di lut ions  were  made  b y  careful  pour ing  and  weighing.  
The m e t h o d  o f  d i lu t ion  was:  

(i)  S tock  T2 D N A  solut ions  ( a b o u t  100- -125 /ag /ml )  
were d i lu ted  wi th  g lycerol  (Mal l inckrodt ,  Ana ly t i ca l  
Reagent)  in the p r o p o r t i o n ,  3 g g lycerol  to  1 g s tock  
solut ion.  

(i i)  The  tubes  were p laced  in a ho r i zon ta l  pos i t ion  
on a mechanica l  ro ta to r ,  and  mixed  b y  ro t a t i on  (at  
8 rpm)  unt i l  Schl ieren pa t t e rns  d i sappeared  ( a b o u t  
two  hours) .  

(/ii) Solu t ions  were  then  s tored  overnight  a t  4°C. 
(iv) The  mix ing  p rocedure  was repea ted  for  30  to  

60  rain before  making  fur ther  d i lu t ions  wi th  the  sol- 
vent ,  75% glycerol  --  25% BBES (weight  pe r  cen t )  or  
75% glycerol  - -  25% BBESD. 

(v) Subsequent  d i lu t ions  were fo l lowed b y  30 to  60 
m/n  o f  mixing,  s torage at  4 ° for  a t  least  six hours ,  15 
to  30  rain o f  mixing,  and then  viscoelast ic measure-  
ments .  

The storage s teps in the  above p rocedure  appeared  
to  be necessary for  dispersal  o f  D N A  molecules  a f t e r  
d i lu t ion  f rom a higher  concen t ra t ion  (13. Bowen and 
R. Kavenoff ,  unpubl i shed  observat ions;  J .  Harps t ,  per-  
sonal  communica t i on ) .  F o r  the  g lycero l -buffer  so lven t ,  
P23.5oc = 1.19 g/mI (de te rmined  pycnomet r i ea l ly ) .  
F o r  the  s tock  so lu t ions  o f  D N A  in BBES or  BBESD, 
P23.5oC = 1.00 gJml. D N A  concen t ra t ions  in glycerol-  
bu f fe r  so lu t ions  were  ca lcula ted  using these  densi t ies  
and  were  verif ied b y  absorbance  in one set  o f  exper t -  
ments .  Final  sod ium ion concen t ra t ion  was 0.06 M. 

2. 4. Viscoelastic measurements 

The de t e rmina t ion  o f  viscoelast ic  so lu t ion  p roper -  
t ies using a Coue t t e - typ¢  v i scometer  has been  de- 
scr ibed previously  [5- -7 ,20] .  Basically,  one  measures  
the angular  pos i t ion  O(t) o f  a ro ta t ing  inner  cy l inder  
( ro to r )  which  is suspended  in the  DNA solu t ion .  T h e  
ro to r  can be  turned  b y  the in te rac t ion  o f  a me ta l  r ing 
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in  the cyl inder  with a rota t ing magnetic field. When the 
the field is removed (t ~- 0),  the rotor  recoils in  re- 
sponse to the relaxation o f  the  elongated DNA mole- 
eule~. As these molecules relax to their  equi l ibr ium, 
random-coil  configurat ions,  the rotor  angle decays ap- 
proximate ly  exponent ia l ly  f rom 0(01 to a baseline 
va~ue 0(~). 

If  the rotor  is t u rned  for a long time relative to the 
longest relaxat ion t ime of  the DMA molecules,  the  
lat ter  reach a steady-state extens ion,  and the rotor  an- 
gular ve loc iw becomes constant .  This is called a steady- 
state wind-up.  The viscoelastic parameters obta ined  
during one experimental  run  are 

(i) c o -  360 /T  (des/s),  the rotor angular veloci ty 
during the wind-up,  where T i s  the  t ime per revolut ion;  

(ii) U = 0(0) - 0 ( ~ )  (deg), the total  ampl i tude  of  
tile rotor  recoil; 

(iii) A = f ~  [0(r) -- 0 (~ ) ]  dt  (des-s), the t ime inte- 
gral o f  the recoil; 

(iv) T l l  (s), the retardat ion t ime associated wi th  the 
longest (or principal)  relaxat ion mode o f  the largest 
molecules in  the solut ion;  

(v) F 1 t (des),  the ampli tude o f  the rotor  recoil due 
to the largest molecules in their longest (or principal)  
relaxation mode.  

The quant i t ies  r 11 and  [~11 are found  by p lo t t ing  
ln [0 ( t )  ~ 0(~o)l versus t ime. The curve exhibi ts  a long- 
t ime l inear por t ion  wi th  intercept  equal to In l- ' t l  and 
slope equal to  the negative reciprocal of  r I I" The  spe- 
cific viscosity r / sp  , or the relative viscosity W,el, may 
be calculated f rom ¢0 once the rotor  attgular velocity 
in  pure solvent,  ~o s, is known ,  

r/sp ~-r/re I -- 1 -~ o J s /6o -  1 = T I T  s -- 1 . ( I )  

The average shear rate g dur ing a steady-state wind- 
up  can be calculated f rom the equat ion  o f  Z i m m  and 
Crothers [21] ,  

S R1 + R2 
- - =  ~ = 7rs2 • / ' (R l R 2 ) ,  ( 2 )  
1/ R 2 - - R  1 , 

where S = average shear stress (dyne /cm2) ,  r /=  solu- 
t ion viscosity (poise), ~ = co1360 (rev/s), R l = ro tor  
radius (era). R 2 = gtator radius (cm),  and f ( R I ,  R2)  
is a correct ion factor for cortcentdc-cylinder viscome- 
ters. Also, i f  one measures KZ for a solvent o f  kno~rn 
viscosity, then  S corresponding to  a given magnet ic  
field s t rength can be  determined.  We calculated shear 

stresses from rotor  velocities in a 30% sucrose so lu t ion  
at 25°C (7/= 0 .02739 poise, ['22]). For  the i n s t rumen t  
used in these experiments  R 1 = 0.25 cm and R 2 = 
0 .40 cm, so that 

9 g2 _ [ ; ' i l  7.426 , =  I . . 4 2 6  - ~ ] ¢ o .  (3)  

The factor (12-4261360) was used to convert measure- 
ments  from degrees of  rotor ro ta t ion  to radians of  
shear. Details o f  the design and cons t ruc t ion  of  the ap- 
paratus are given elsewhere [23].  All viscoelastic meas- 
urements  were made at T =  25°C. 

3. Theory  

3.1. Characteristic molecular weights 

When r/sp, r I 1 • F11,  F.  and A for a DNA solut ion 
at inf ini te  d i lu t ion  and under  vanishingly small stresses 
are known ,  it is possible to calculate four independent  
molecular  weights. These are called characteristic mo- 
lecular weights because each is defined by a character- 
istic set o f  viscoelastic properties of  the solut ion.  

The beads-springs theory (24,25)  of  macromolecu- 
lar beilavior in inf ini te ly di lute solut ions predicts that  
for molecule i ~ 

~S 
(4) 

where ~'ii is the relaxation t ime in  the first normal  
mode ,  7/s is the solvent viscosity, [r/sp/C ] i is the limit- 
ing viscosity number ,  a~fi is the molecular  weight, and 
S 1 is a theoretical constant  (see below).  In  general, 
[r/sp/C] i may be related to M i alone using an empirical 
equat ion ,  

[*/sp/Cl i = K n M ~ ,  (5)  

where K,~ and a are constants.  Eqs. (4) and (5) may be 
combined  to give 

Ti, = K T K n , ) t ~  *~ ( 6 )  

*Throughout this paper, we will represent the limiting viscos- 
ity number, or intrinsic viscosity', by [)/sp/Cl rather than by 
l~ !- This nomenclature is consistent with other limiting 
quantities which we calculate. 
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Consider a heterogeneous solution containing con- 
centrations C;, or number density Li, of DNA mole- 
cules of molecular weight n_ii, where i = 1 2 2, . . . . P. 

FoIlowing the method of Klotz and Zimm [20], we 
let 

P 

C=C Ci, 
i=I 

be the toral concentration of DNA molecules, and 

(7) 

be the total number of DNA molecuIes per unit vol- 
ume. Then, the limiting viscosity number of the solu- 
tion is related to each Mi by 

In the following equations, WC will omit the brackets 
around q,,/Cbecause we assume the solution of DNA 
molecules to be infinitely dilute. The average longest 
relaxation time (rl) for the solution is related to each 

Mi by 

Similarly, 

(11) 

Eqs. (9), (I 0), (I I), and (12) enable us to derive vari- 
ous molecular weight formulas for heterogeneous 
DNA solutions. 

We start with an equation similar to eq- (4) to de- 
f&e the characteristic molecular weight, MTo. 

Mrq 
S,RT T]] =--, 

fls %p/c 
From eqs. (6) and (9) we may write 

03) 

so that 

A second characteristic molecuiar weight AM,,, 1 is de- 
rived from an expression for the magnitude of PI I 
(see eq. (18) in ref. [20]), 

(W 

where fI = L, /L and v = 1 (linear molecules) or 2 (cir- 
cular molecules). Rearranging and substituting from 
eqs. (S), (9). and (IO) gives 

(f6) 

The right-‘_and side of eq. (16) is a molecular weigh& 
which we can define as 

(17) 

A third vaIue, hi,,, is obtained from eq. (17) of Klotz 
and Zimm [20] for the amplitude of the total recoil, 

where S, is a constant (see below). Division by eq. 
(15) gives 

Combining eqs. (19) and (16) eliminates rlt, 

S$Tw& c = ~.tCi 5:t 

‘1s%J Zr= 1 (Ci/Mi) F * 
(20) 

The right-hand side of this equation is a molecular 
weight. so that we can define 
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af te r  subs t i tu t ion  o f  eqs. (6)  and  (11)  for  r21 and 
(z i ) ,  re~pectwely.  

F ina l ly ,  the  fou r th  molecular  weight ,  M,. A,  in- 
volving the  area under  a re laxa t ion  curve,  can be  de-  
r ived f rom eq. (22 )  o f  Klo tz  and Z i m m  [20] ,  

A / r  = ~_~_ <-~2~ • (22) 

where  S 3 is a th i rd  cons tan t  (see be low) .  We combine  
eqs. (20)  and (22)  and ob ta in  

- -  . 

nsnr~l A x~= t (CdMD <r~) (23) 

Mult iplying b o t h  sides o f e q .  (23)  b y  r l l  and  subst i -  
tu t ing for ~'~1 and  {r~) f rom eqs. (6 )  and  ( t 2 )  y ie lds  

s~Rr, o~hc zf=,q 
ltf~ A = - -  M t  . 

t?sr/relA Xp=l CI (,~rz./2~/.l)2 + 3 a (24)  

I t  i~ possible  to  ob t a in  ~f.-r  and  AIrA b y  d i rec t  substi-  
tu t ion o f  eqs. (10) ,  ( I  1), and  (12 )  in to  (18)  anti (22) .  
However,  in te rmedia te  exprezsions o f  greater  com-  
p l ex i ty  result .  These  are 

S2t eTo ,e tVC _ M2~. 

:frn- SZns,.m~ p M~_r (25) 
and 

S I S 2 R T A C  a~ff~r ~ 
MArn= S3 ~n~i,l" MTAMr~" (26) 

The formulas  for M~.n, M _ r l  1, M ~ r ,  and Mrn are re- 
p roduced  in table  4. These molecu la r  weights  are n o t  
averages since they  are not  o f  the  fo rm 
(~P=lCiAfix)[xP-_lCi. They  are ac tua l ly  equal  to  the  
largest molecular  weight  rafsed to  the p o w e r  (x  + 1) 
and then  divided by  the  cor responding  average. F o r  
example  eq.  (14)  

zLtc~ 
ze=, c , < M # q  y, 

may  be rewr i t t en  as 

M [  +a 

M~. n (~v= t C r~)/Xe= t q (27) 

M r r  a n d  M r A  have the same form; however ,  M r r  1 ! 
is an excep t ion ,  

u~ 
m,  r t t = (cv~f~)Ix.e= ~ c;" (as)  

since (C1M 1 )/2;~-1Ci is no t  an average molecu la r  
wei~dat, b u t  is ra ther  a f rac t ion t imes  M 1 . Average 
molecu la r  weights  w o u l d  range be tween  the smallest  

A f  i and  M ! .  Our  character is t ic  molecular  weights can 
be  larger than  AI 1 , as shown in table  3 for some hypo-  
thet ical  DNA solut ions.  

3.2. Eigenvahte series 

The molecu la r  weight  equa t ions  ( l  3), (2  l ) ,  (24)  in 
the preceding  sect ion conta in  the  cons tan ts  S i , S 2, and  
S 3, respect ively .  Each cons tan t  is equal  to  convergent  
series, which  results f rom the bead-spring theory  o f  
Rouse [241 and Zirnm [25] ,  mul t ip l ied  b y  a cons tant  
V. F o r  l inear  molecules  v = I ,  and we may  wri te  [26I ,  

N N 

. . . .  , C_9) 
k ~ t  X/~ k = l  ~'I 

s 2 = ~ - - t ~ x ~ t  k = ,  7 t  " (30) 

where  X~ is the eigenvalue o f  the h y d r o d y n a m i c  inter-  
ac t ion  ope ra to r  for  the  k th  normal  mode  o f  mo t ion ,  
and  r k is the cor responding  re laxa t ion  t ime.  Each 
eigenvalue ~,~¢, and hence  each series, depends  upon  
the e x t e n t  o f  h y d r o d y n a m i c  in teragt ion  be tween  seg- 
ments  o f  a r andomly  coiling chain [271 and upon  ex.  
e luded volume effects  [28] .  The dependence  is ex-  
pressed as X~ = X~_ (h, e),  where  h is a pa ramete r  which  
measures  the  s t rength  o f  the  in te?act ion and e accounts  
for expans ion  o f  the  coil  due to  exc luded  volume.  Fo r  
the bead.spr ing mode l ,  h is given b y ,  

2~12NfO 
t ,  = (32)  

(12rr3) i t2~/bN(l  +e)12'  

where  f o  is the  t rans la t ional  f r ic t ion coeff ic ient  o f  
each  head,  r / i s  the solvent  viscosity,  b is the  root -  
mean-square  spring length,  N is the  number  o f  springs 
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[29 ] _ The two limiting cases for hydrodynamic inter- 
action are h = 0, the “free-draining” case with vanish- 
ing interaction, and h = 00, the “nondraining” case 
with dominant interaction. Bloomfield and Zimm {29] 
considered the nondraining case and obtained 

S, = 2.25, S, = 1.146, S, = 1.036, (33) 

for e = 0.1 (which is the value found for native DNA 
in 0.2 IU Na+ neutral buffers (301). The value of S1 
has been used to calculate~molecular weights from eq. 
(13) [4-IO]. Dill and Shafer [31] recalcuiated the 
eigenvaIues of Bloomfield and Zimm more accurately. 
From their values and eqs. (27)-(29), we found 

s, =2.211, Sz= 1.143, Sj = 1.035. (34) 

We also determined S1 for h = - and E = 0.1 by the 
method outlined below and found that S, = 2.238. 
At the present time we do not know the source of 
this discrepancy. The experimental results obtained in 
this Gotk suggested that even the Sl and S2 values in 

eq. (34) may be too high for T2 DNA (see sect. 5). 
Since S, = 1.645 and S2 = 1.082 for the free-draining 
case (independent of e), we decided to calculate S1 
and S2 for T2 DNA considered as a partially free- 
draining chain with E = 0.1. 

The calculation of S, is accomplished in the fol- 
lowing way. First, we determine h from eq. (32). 
This h is the one which appears in the approximate 
integro-differential equation of Zimm [35]. Osaki 
[32] has pointed out that the approximate equation 
is good only for the free-draining or nondraining lim- 
its, and not for intermediate degrees of hydrodynamic 
interaction (with which we are concerned). For the in- 
termediate case, k is replaced by tz, [32-341, where 

Iz, = 7z/a , (35) 

and 

(36) 

(Osaki [32] and Tschoegi [33] have 4 instead of 4.13 
here; the latter comes from a more refined approxima- 
tion. See Wang 1341.) The parameter fi is called the 
“free-draining parameter”. Once we have calculated 
hi, we use it to obtain the Flory constant Cp from 
table 1, Tschoegl [26], where values of Q(~z, e) versus 
log h are presented. Tschoegl (private communication) 
has pointed out that hT may be substituted for h in 

table I_ Thus, we can obtain HhT, 0.1). The series 
S, is related to @ by combining eq. (29) above and 
eq. (2 1) in Tschoegl 1261, 

Thus, 

S,(lzr, 0.1) = S-066 x lo- 22 5 9(hT, 0.1) _ 
flT 

(37) 

The eigenvahze hi (/zlrl, 0.1) may be calculated from 
the relation [26], 

4h-r 
“;(lzT, e) = 1 i- z A;(=-, E) ) ( ) 
where X; (m, e) = 5.0076 [3 1 ]_ This procedure for de- 
termining S, was necessary since Tschoegl [26] has 
tabulated vaIues of @(1z, O-l), but not SI(hh, 0.1). ver- 

sus log h. 

We begin with the calculation of h from eq. (32). 
Following the method of Wang and Zimm 1351, and 
Wang 1341 we represent the real chain of N f- 1 seg- 
ments by N springs between beads located at segment 
centers, and require that the root-mean-square length 
Lz of a spring equal the contour length of a segment 
Lc. In order for the model to approximate as closely 
as possible to the real chain with respect to its con- 

tour length and rrns end-to-end length, b must be 
equal to one Kuhn length by_ In this way IV is made 
as large as possible without corresponding to an un- 
realistic model. Ahhough this method of determining 
IV is arbitrary, the insensitivity of S1 to h (see eq. (es)), 
and hence to N (eq. (30)), means that an accurate 
value of N is not required. (See also reference 1341.) 
We calculate f. by equating it to the segmental fric- 
tion coefficient for a worm-like chain [36], which we 
determine from the measured sedimentation coeffi- 
cient. The sedimentation coefficient of a free mole- 
cule equal to one segment in size is 

(39) 

where L-Z = molecular weight per unit length of DNA, 
i? is the partial specific volume of L: in solution, and 
p is the solvent density. if we take S* =6.90X 



B.C. Bowen, B.H. i?imm/Molecukv weight of T2 NnDNA 241 

1o-‘3 s-t 1373, m = 195 X LO* d&on/cm, and Cp = 
0.55, then the vahte off0 is 

fo =2.lll x lo-*L,L , (40) 

which can be substituted into eq. (32) to give 

h = 0.1 133N”.45L,*]b . (41) 

If we chaose bK = 1300 A, then N = NK = 473.4 seg- 
ments for T2 DNA with&f = 120 X IO6 (average of 
values from refs. 111-l and [13]), and h = 1.812. From 
eqs. (35) and (36). it follows that 11, = 3.775. Next, 
we refer to tabIe 1, Tschoegl [26] and obtain 
@(3.775,0-l) = 1.59 X 102l. Substituting these values 
of hT and + into eqs. (37) and (38), we arrive at the 
result 

S~(3.775,O.l) = 2.041 _ (42) 

We choose a simpler method to calculate S,, since 
it is not as sensitive to variation in h, as S, is. 
Tschoegl [27] presents a table of S, and S2 values ver- 
sus lag it for E = 0. We substitute iz, fork in this table 
and obtain, 

s, (3.775,O) s, (3.775,O) 

s, Cm* 0) = *-877* &y2 (cs7, 0) = 0.985 . (43) 

The ratio of S2 values enables us to determine a mini- 
mum value for S, (3_775,0.1) from S, (-, 0.1) = 
1.143, 

S,(3.775,0.1)=(0~985)(1.143)= 1.126. (44) 

That this is a minimum value can be seen by com- 
paring the S, ratio in eq. (43) for E = 0.1, 

S, (3.775,0-l) 2.041 

S, (-* 0.1) =‘2.211= o-923 - (45) 

The series S3 converges more rapidly than S, or 
SZ and. of course, must be greater than 1. Thus, 1 C 
S3 (3.775,0.1) G S3 (-, 0.1) = 1_035_ In view of this 
and the ratios given in eqs. (43) and (45), we assume 

S3 (3.775,O.l) = 1.035 , 

within about one percent- 

(46) 

C Results 

The molecular weight equations presented earlier 

in this paper (theory) apply to DNA solutions which 
are infinitely dilute and exhibit Newtonian behavior. 
i.e., the viscosity coefficient is a constant_ In practice. 
neither of these conditions is satisfied - we study so- 
lutions of finite concentration, and the viscosity, or 
rather the specific viscosity, varies with shear rate 
[2 1.391 at a given DNA concentration, which is a nor 
Newtonian effect. The other viscoelastic properties 
would be expected to show this effect [20,40]. The 
experimental results therefore must be extrapolated 
to the theoretica conditions - zero concentration 
and zero shear rate - in order to use +,hese results in 
the molecular weight equations, 

4. I. Shear-rate dependence 

The specific viscosity of T2 DNA [39] and T4 DN 
[4L] has been shown to depend on shear rate. In botl 
cases, Q increased with decreasing K and at zero 
shear rate the limiting slope was zero. We have made 
similar measurements at six different shear stresses, 
ranging from 3.55 X 10m3 to 8.20 X 1CF2 dyne/c& 

on a series of solutions the concentrations of which 
ranged from 7 to 30 &ml. The results obtained fos 
the shear dependence of q,, at three different cancer 
trations are shown in tig. 1 _ 

y----d C119W 

A 

--- t=7 It 
0 

- I I I I 

2 4 6 0 

s ‘ID’ 14ps IL& 

F% 1. Dependence of the specific viscosity qsp on sheer rate 
or shear stress. The met-age shear rate K corresponding to a 
particular averGe shear stres S and DNA concentration C is 
given at the top of the graph. The concentrations are ex- 
pressed in JIM DNA/ml. 



242 

06 
Q 

I;--’ 

;1= 

0.4 

1 *o . I f 

2 4 6 
KSil 



Table 1 

Data obtained at C = 7.86 gg DNA/ml a) 
_.___-__-~--_.---_~---- ~. -__-_____- 

Run T -sP -II s-11 x 102 rx 102 AX 102 
SlUtllber w-9 (-3 (tad) c) (rad) C) (rad - s) C) 

2.8 b) 1393.98 0.306 23.68 2.54 3.02 61.23 
3.9 b) 588.18 0.298 23.24 5.tl9 6.26 124.95 
4,lO h) 353.11 0.287 22.42 7.34 9.17 169.12 
1,7b) 147.90 0.261 21.41 12.15 16.78 288.28 
5 93.53 0.254 19.58 16.12 23.14 345.79 
6 40.26 0,222 19.67 24_23 40.85 565.09 

._l----_I___ ___~ -_- 

3) Also presented in tic 3. See sect_ 2 for calculation of K <lad/s) from T (s/rev). See sect. 4 for calculation of PI (.r and rr from 
rll and r, respectively. 

b) Data from both runs were averaged. 
e) The units are radians of shear, not radians of rotor rotation. 

As suggested by Klotz and Zimm [S], the ratio 
%pl%p,o= ‘“here %p,o is the specific viscosity at zero 
shear rate+ may be plotted against the parameter K711, 

which is the tari of a molecule’s deforming (shear) 
rate to its recovery (relaxation) rate- The advantage 
of this method is that both coordinate axes are dimen- 
sionless, and therefore a curve through the experimen- 
tal points should be independent of DNA size at low 
concentrations. Fig. 2 (a) presents the data from fig, 
1 replotted in this way. Data for T7 DNA, for example, 
would be expected to fall along this “master” curve. 
The magnitude of FCT~ l. is a measure of the molecular 
deformation. At higher shear rates, increased defor- 
mation causes increased alignment of the DNA mole- 
cules along fluid streamlines, and thus decreased spe- 
cific viscosity, as shown in fig. 2 (a). The sensitivity 

*f %p to shear rate decreased with decreasing concen- 
tration. 

Dimensionless plots for other properties of visco- 
elastic solutions are also displayed in fig. 2. Since T’r t 
and !I’ are directly proportional to ~7~ 1, each was di- 
vided by the K- , I1 value of the same run before extra- 
polating to zero shear rate (the extrapolation method 
is described below)_ i’l tj~~l 1 = F’gt,r and T$crr l = 
rr are themselves dimensionless and are called “re- 
duced” recoil amplitudes *. The curves in fig. 2 (b), 
2 (c), and 2 (d) appear to be independent of concen- 
tration, in contrast to fig. 2 (a) for ~ssp~nsp,o, although 
scatter in the data makes an unequivocal interpreta- 

* rr is not to be confused with rR in ref. [ZO], which is 
equal to f here. 

tion difficult. 
From fig. 2 it appears that I?, l,r/I‘l I,r,O was more 

sensitive to shear rate than ~s~~~s~,*, and that 
r1 1 jr1 r,o and (r, I/I’)/@‘, I /r)o decreased as KTI I in- 
creased to seven. These rest&s would not be expected 
from the m&i-MaxwelLeIernent model of KIctz and 
Zimm f20] ; however, they can be predicted by in- 
chrding a shear-rate dependent viscosity caefficient in 
a single-element model (see sect. 5). 

Typical data obtained in one experiment are pre- 
sented in table 1. After converting rII to rl l,r and 
II’ to rr, we determined the zero-shear v&es ofs],n, 

‘111 rI l,r, rr, and A/r by pIotting the natural ioga- 
rithm of each quantity at a given ~5~ 1 versus 
In[l i- 3(~r~t)~] (fig. 3).The term ln[l + ~(KKT~,)~] 
was used as the abscissa because, as KT~ I -+ 0, In 
[I f 3(KSll)zj --f 3(KK711)2, and, at IOW K’ll ~aheS, 

%P’ 
I[lll,r, and r, are functions of (KT, L)7 [20,30,39, 

40]_ The constant 3 is purely empirical [40 j. Each 
double logarithmic plot yielded a set of points which 
could be fit with a straighi line using the method of 
least squares. Extrapolation of this straight line to zero 
shear rate was more precise than extrapolation of the 
curved line which is obtained in the standard pfot 
(fig. I), The slope and intercept of the least-squares 
line were calculated for the first three points on each 
curve. If no consistent curvature of the log-log plot 
was evident at higher KT~ l, cril six points were included 
In fig_ 3, all the six points were used to obtain the 
zero-shear properties o,,,~, (~1 Ifv,el)o, rl l,r,~, and 
(AK’),. We plotted In(d/I’) rather than ln(A/rcrt1) 
because the former is much less shear dependent. The 
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3.2 - 

Fig. 3. Double logarithmic plots of vircoelastic properties as a function of shear rate. The data are taken from tab&e 1. Data points 
were fit to a straight line by the method ofleast-squares (see Resulrs). The intercept and slope of each line are indicated by a set 
of two numbers: (intercept. slope). fa) Specific viscosity, qsp_ (b) Principd retardation time. rla (s): ratio of the principal retax&- 
tion time to the relative viscosity. =I t /nrel (s). tc) In<- L ~a): 
total recoil amplitude rP (0) -ln(ft i,r); (4) -In(rrj. 

(a) InCr11 /rlrelL (c) Reduced. principal recoil amplitude, rll ,rj reduced 
(d) Ratio of the area un{er the recoil curve to the total recoil amphtude. 

A# (s). 

2 3 4 5 

m[ic3kr,J”] 

Fig. 4. Double logarithmic plot of the principal recoil amplitude as a function of shear rate. The data points were obtained at eIeven 
concentrations; each point is the average of at least two runs at a given concentration The slope of the line, 0.241 f Q.OfS, is the 
mean (i the standard deviation of the mean) of all slopes obtained in the manner of fig. 3 (c). 
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above m e t h o d  o f  curve  f i t t i ng  was m o s t  successful  
w h e n  app l ied  to  I ' l l , r -  I n  fig. 4 ,  all  o f  the  P i t  d a t a  
wh ich  we o b t a i n e d  are  d i sp layed  as  ln ( l~ t i , r , o  ~[~Ildr) 
versus In[1  ~- 3 ( ~ -  1 l ) Z | .  T h e  a~erage o f  the  s lopes  o f  
the individual least-squares l ines ,  such  as the  o n e  

zlaown i n  fig. 3 (c) ,  was  0 .~41  +- 0 .015 .  Th i s  is the  
s lope o f  t he  l ine d r a w n  in  fig. 4 ;  the  e q u a t i o n  o f  this  
l ine ,  

In ( l " t l , r ,0 / I~ t  i,~ = ( 0 . 2 4 1  ± 0 . 0 1 5 )  l n [ l  ÷ 3 ( g r 1 1 ) 2 ] .  

( 4 7 )  
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Fig, 5. Dependenc~ of  zero-shca~, viscoelastic properties on DNA concentration. Each set of  data points, except for r~sp o/C (see 
text), was fit with a le~t-sgu~es sLr~ight line, Tixe -2nterc~pt of  the ~sulthag line is pxesented Lq table 2. (a) Specific ~c~s iW,  
~sp, O; ielativ~ ~d.scosiW, nt¢l,o- (o), qsp,olC; (~.) ln('qrel,o).(C. ('o) P,~.<luced, pficipal "recoil amplitude, r t  t,r,o; reduced, total recoil 
amplitude, rr .0.  (o) ir t t,Lo; (4) pr,o/C. (c) Ratio of  recoil amplitudes, (PI t/P)o, (d) Principal retardation time, ~t t,o; ratio of the 
prmcapal retardation time to tile x-~lativ~ ~,seosity, (¢tt/nx~l)o- (o) ~'t 1,o: (A) (¢1 tltlroJ)o, re) 1~.. tip of the area under the recoil 
curve to the total recoil amplitude, (AIF)o. 
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Table 2 

Limiting viscoeIastic properties of TZ DNA at 25°C a) 

Limiting 
property 
-- 

[rlsp/CI 
[rll,r/Cl c’ 
[r-r/~1 =) 
[rl,/rl 
17111 
[~ll/~~clI 
[A/r1 

Value equals intercept Hypotheticalvalue 
from fig. 5 k) in water 

(3.5 1 f 0.04) X lo4 ml/g (same as column 2) 
(1.73 5 0.02) X IO4 ml/g 9. 
(1.97 + 0.03) X lo4 ml/g 1. 
0.886 c 0.009 
20.7 5 0.5 s 0.85 c G.02 s d) 
20.0 * 0.5 s 0.82 t 0.01 s d) 
18.8kO.4 s 0.77 + 0.02 s d) 

- 

a) The viscosity of the glycerol-buffer solvent at 25°C was 
9s = tZI.71* 0.21)X IO-* poise. The viscosityof water at 
25’ was assumed to bc ~~~~ = 0.8913 X lo-’ poise [22]. 

b) The error is the standard deviation obtained from the 
Icast-squares formukl [45]_ 

C) We de-fine r I1,I= r,,/~r,, and rr= r/~r,,_ 
d) The hypothcticll vz~ue in ~z~tcr is obtained by multiplying 

the corresponding experimental value in column 2 by the 
viscosity ratio. 0.8913/11.71. 

may perhaps be used to correct l?r l ,r to zero shear 
rate for solutions of other DNA molecules. SimiIariy, 
for (rl l /r) we obtained the relation, 

=(0.063 t- 0.018) ln[l + 3(fc~~t)~] _ (48) 

4.2: Conceurrariotz dependetlce 

The zero-shear properties at various DNA concen- 
trations were subsequently extrapolated to zero con- 
centration (fig. 5). The intercepts in fig. 5 represent 
the limiting (zero shear rate and zero concentration) 
viscoeIastic properties of TZ DNA in the glycerol- 
buffer solvent; their values are presented in column 
2 -f table 2. The limiting prtiperties, by analogy with 
the limiting viscosity number (or intrinsic viscosity), 
are bracketed. For example, [T’,,,,/Cl is the limiting, 
reduced, principal recoil amplitude, and [rt , J is the 
limiting, pricipal retardation time. The slope and in- 
tercept of each curve in fig. 5 were determined by 
least-squares linear regression analysis. ln fig. 5 (a), 
both nsp,-,/C and In(~rel O)/C were piotted as func- 
tions of C_ We found, as bid Crothers and Zimm.[391 
that the logarithmic plot was more nearly linear and 
thus was preferable to the specific viscosity plot in de- 

termining [nap/C]. The slope of the regression line 
for the logarithmic plot was -0.74 X log (mI/g)2. 

From this, we calculated the slope of the iimiting line 
for the specific viscosity plot and the Huggin’s con- 
stant, k’ = 0.44 (see ref. [40] for details). 

The dependence of the ratio (rt t/r)o on concen- 
tration is shown in fig. 5 (c)_ The limiting value, 
[l?,,/l?] = 0.886 -t 0.009, obtained from this plot is 
approximately the same as the theoretical value 0.888 
(table 3) for a homogeneous solution. In table 3 we 
have made theoretical caIculations illustrating the ef- 
fect of DNA size heterogeneity on certain properties. 
As can be seen from the table, a hypothetical DNA 
solution containing 5% half-size and 95% full-size mol- 
ecules would have [T’ll /I’] = 0.879, within one stan- 
dard deviation of the experimental reSUlt. Thus, our 
solutions could contain a small fraction of half-size 
molecules_ Table 3 also indicates that a larger fraction 
of one-tenth size moiecules could be present in our 
solutions (see sect. 5). 

The quantities rl 1 ,. and (rl l /~,~l)~ in fig. 5 (d) 
should approach the same value at zero concentra- 
tion. They did, within error limits of twr, standard de- 
viations, as shown in table 2. We used the value of 
[rll /7irel] = 20.0 s in calculations of molecular 
weight because it had a lower standard deviation than 
[rt 1 ] _ The concentration dependence of (A/l’)0 is 
less than that of rl1.o or (711 /nret)o (fig. 5 (d) and 
(e)), and the limiting value of [A/l’] = 18.8 s (table 2). 
If we divide [A/l’] by [rl t/l;rJ, we obtain O-94 I 
0.02 which is cIose to the theoretical value 0.919 
(table 3) for a homogeneous solution. Theoretical 
values 0f A/n1 1, for hypothetical heterogeneous 
DNA solutions, are given in table 3. 

Characteristic molecular weights were calculated 
from the corresponding properties (table 2) by the 
equations derived earlier (sect. 3). The results are 
presented in table 4. 

5. Discussion 

The primary new results of this work are (1) the 
demonstration of changes in viscoelastic properties of 
DNA sohrtions with variations in steady-state shear 
rate K, and (2) the calculation of a moIecular weight 
for T2 NaDNA from several viscoelastic properties, 
which have been extrapolated to zero shear rate and 



‘Fable 3 
Effect of DNA size heterogeneity an vircoelastic properties and characteristic molecular weights - predictions from theory 

1.00 0 1.000 0.888 0.919 I .OOO 1.000 
(= 1 fS2) I=s31s2) 

0.50 0.95 0.05 0.982 0.879 0.913 0.950 0.982 
S. 090 0.10 0.963 0.869 0.906 0.900 0.963 
., UK! 0.20 Ct.926 0.846 0.889 0.800 0.926 

o.;b 0.50 0.90 0.10 3.50 0.922 OS:5 0.74 0,888 I 0.815 0.919 0.500 0.900 0.8fS 0.922 
t. 0.80 0.20 0.843 0.887 0.918 a_800 O.&S3 
I. 0.50 0.50 0.608 0.884 0.915 0.501t li .” “Sd 

1x1 this t&de, we consider hypotheticrai DNA solutions composed of two species, 1 and 2. whose sizes are MI and &&, re?$ectivc- 
Iv_ The fatal DNA concentration is the sum of the concentrations of the two species, C = C, + Cz. From eqs. (5) and :3) in sect. 
3a, we obtain 

where (qs&‘jt is the limiting viscosity number of species L-This equation enables us to calculate the numbers in caIumn 4, if we 
assnmt a = 0.665 [391. Similarly, eqs. (61, (1 I), and (19) yield (for v = I) 

from which column 5 results. The numbers in cofumn 6 are c&&ted from the equat.tion, 

which is derived from eqs. <6), (111. CIZ), and (22). The molrcular wei&t ratios ore obtained from column 3, table 4. The purpose 
of these calculations is to indicate the sensitivity of certain viscoeiastic properties and characteristic molecular wci&t to DNA size 
hetcrogcncity. The thcsr&Ql v;itues presented in column 5 and 6 may be compared to the csperiment& resutts for trt t/l?] and 
jA/ff /[rl~l, respectively (see sect. 4). Note that the viscaefnstie properties from the theoiy refer to the condition of infinite difu- 
tion and Newtonian behavior. 

zero concentration. 
The specific viscosity is the only viscoelastic prop- 

erty ofT2 DNA solutions which has previously been 
shown to depend on K. Crothers and Zimm [21,39] 
showed that the shape of the curve of .rlSplqsp,O is 
concave downward at low shear rates and upward at 
higher shear rates. The point of the inflection is 
around ~7~ I w 0.3 (assuming r1 I = 0.7 s for TZ DNA 
in BPES, which was the solvent used in their work). 
The curves in fig. I and 2 (a) are very similar to those 
of Crothers and Zimm, but since our lowest K?‘~ I was 
0.14 compared with their lowest vaiue of about 0.02, 

a slope equal to zero at %rl t = 0 are required, These 
considerations also guided our choice of an extrapola- 
tion procedure, i-e_ - In nSp versus In [ 1 f ~(K.F~ f }’ f , 
from which we obtained qSp,o. 

Our result for the limiting viscosity number of T2 
DNA is (3.5 1 + 0.04) X l@ ml/g. This is larger than 
3. I6 X IO* ml/g reported by Crothers and Zimm [39] _ 
A direct comparison is not possible, though, because 
the conditions of measurement were different in each 
case: (1) our solvent contained glycerol while theirs 
did not; and (2) the Naf concentration in our solvent 
was 0.06 icf whi!e theirs was 0.2 M. We can correct for 

the initial downward curvature is not as apparent. On the difference in Nat concentration with cq. (5) of 
the basis of theoretical arguments f401, though, an Ross and Scnilggs f42] _ In 0.2 M Na+, our result 
approximately parabolic curve shape at Low ~-it~ and becomes (3.51 X Iti) (0.883) = 3.iO X IO4 ml/g. 
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Table 4 
Characteristic molecular weights for T2 NaDNA 

__I___ 

Molecular Formula for EquivaIent 
wei&t malecuhr xvei&t statistical formula 

Formula of cotumn 
2 with limiting 
viscoelastic properties 

(M f a) x 10-s 
calculated from 
previous column b, 

131.9 + 2.8 

hfean = 130.7 * 1.6 d) 

a) AtC= 0, 5 1 I,o and (7 1, /qrel),, have the same value (see text). 
b) (T is the standard deviation. 
e) The due of fifTA was calculated from the equation. ADA,,-, = 

relation hfrA = hf,,,hfTr/kfAr,, (see sect. 3a). 
(S&RTIS,a,~[d/rl /lsJCl = (135.7 c 3.5) X 106. and the 

d) The error given here is the average deviation of the four MS about their mean value. 

Apparently, the presence of glycerol dses not affect 
the T2 DNA coil dimensions s$&ficantly. 

Our limiting viscosity number is also greater than 
the value of 3.05 X I@ obtained by Chapman et al. 
[4] (reported again in ref. [S]) for T2 DNA in glycer- 
ol-BBES buffer (qs = 22.0 cp). We believe the discre- 
pancy is due to the shear-rate deper,dence of Q,. 
Chapman et al. made measurements at average shear 
stresses of 2 to 50 X low2 dynejcmz while ours 
ranged from 0.255 to 8.20 X IO-2 dyne/cm2 (fig. 1). 
Because we obtained more data at lower shear stresses 
(or rates), we were able to make a better extrapola- 
tion of Qp to zero shear rate (fig_ 3 (a)), and hence 
obtained higher values of qsP,o and [vsp /cJ. Our 
range of DNA concentrations encompasses that of 
Chapman et al., which was 10 to 22 ~~&nl. 

The retardation time ‘11 exhibited an apparent 
shear-rate dependence_ The dependence may be pre- 
dicted from a sir&e-Maxwell-element model [4] of a 
viscoelastic solution, if the Maxwell-element dashpot 
viscosity is allowed to vary with shear-rate [40]. The 
equation of rotor motion obtained for this modified 
model may be displayed as a semi-log plot of rotor 
angle versus time during creep recovery. The plot is 
straight only when the steady-stare rate approaches 

zero. At higher shear rates, the semi-log plot is curved, 
and when one attempts to At the curve with a straight 
line within a finite range of tinie, the slope of this line 
(which is equal to the apparent value of - X/rI1) is 
greater than the true limiting slope. Hence, at values 
of K greater then zero, the apparent ‘I 1 is less than 
the true ‘1 1. As shown in fig. 2 (b), we found that 
r1 1 appeared to decrease about 15% between ~~~~ = 
0 and ~~~~ = 7. Chapman et al considered rll to be 
independent of shear rate within their experimental 
error, but this was larger than ours. 

The values for the limiting retardation time, ex- 
pressed as [rll] or [rll&..]. were 20.7 2 OS sand 
20.0 I 0.3 s (see table 2). Within error limits, these 
are the same; we prefer the latter vaIue for cakula- 
tions of molecular weight because it has a smaller 
standard deviation. When [Tag&,, J is corrected to 
water (see tabIe 2). its value is * 

fr-11 /&II w = [r, I I u. = 0.82 . 

-i-he Cq11~ reported by Chapman et al. is 0.57 s, 30% 

* In 0.2 hf Na*, the limiting retardation time would be 
[T~I 1 w = (0.82) ~3.883) = 0.72 s (see d&u&on of limiting 
viscosity number z.bove). 
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lower than our value. Since their shear rates were 
greater than ours, a lowering of [rt t 1 w by at least 
1% might be expected; our improvement of the sig- 
null to noise ratio for the recoil curves 1231, allowing 
more accurate measurement at longer times, could ac- 
count for some of the discrepancy. Ken Dii (unpuh- 
lished results) has recently measured relaxation and 
retardation times of T2 DNA and obtained the same 
[it1 ] w as we have. 

Values for the limiting, reduced recoil amplitudes, 
[iY,,,JC] and [r,/C], have not been reported previ- 
ously. We find that lYl tTr and I’r depend on shear rate, 
and in fact, they decrease more rapidly with increasing 
XT~ t than does qsP (fig. 2 (a), (c), and (d))_ Also, rlt,r 
decreases more rapidly than Fr, and consequently 
K’t,/r is lower at higher u~tt (fig. 2(d)). We have 
been able to mimic the shear-rate dependence of rr 
with the same single-Maxwell-element model men- 
tioned above [40] _ To mimic the shear-rate depen- 
dence of lYl t /i’ would require extension of this single- 
element model to a multi-element model in which the 
viscosity coefficient ~j of each dadzpor varies with 
shear rate. Since qi actually depends on shear rate 
times relaxation time [30,40] and not just shear rate 
alone, ~lt would decrease more rapidly than q2, tf3, ._., 
as shear rate increases. Correspondingly, I’t,r which is 
proportional to qt would also decrease more rapidly 
than rr which is related to the sum of all the vi’s [40]. 
This prediction is in agreement with the experiemtnal 
observations. The model is somewhat more compli- 
cated for a heterogeneous population of DNA mole- 
cules. Even so, the amplitude of the longest mode for 
the largest moIecuIes rtt r would be more sensitive to 
shear than the total ampkude rr. 

If our results on shear effects are to be applied to 
other DNA solutions, some caution is necessary. The 
data for the master curve in fig. 4, and the empirical 
equations (47) and (48), were obtained over a limited 
range of ~7~ t values, and the T2 DNA solut’,ons ap- 
peared to be nearly homogeneous (see below). These 
data can be used directly to correct for shear rate de- 
pendence in other DNA solutions in which there is 
little heterogeneity. If significant heterogeneity exists, 
thou& these data provide only a maximum correc- 
tion. For example, we consider the results of UhIen- 
happ, Zimm, and Cummings (71 on aberrant T2- ff 
we extrapolate our data to the high K711 reported in 
their experiments, then we can correct their values of 

l-‘t L,r = 0.80 and l?t 1 /r = 0.35 at KT~ I = 22.80 (our 
calculation of KT* 1 from their data) to KT~~ = 0. From 
eqs. (47) and (48) above, the maximum zero-shear 
values would be r 1 l.r,o = 4.70 and (l?t t /IF), = 0.56 
These corrections are significant because the zero- 
shear values, when extrapolated to zero concentration, 
would give a lower molecular weight (column 4, table 
4) and a higher [I?, , /I?] than were reported. A higher 
[r, I /r] would imply less heterogeneity in DNA size 
(see column 5, table 3). 

The concentration dependence of rt t,,,o/C and 
r,,,/C presented in fig. 5 (b) is in qualitative agree- 
ment with the phenomelological theory of Holmes, 
Ninomiya, and Ferry [43]_ They predict that J,/C, 
where Je is the steady-state compliance, decreases 
with increasing concentration, 

It is possible to show from the definitions of J,, i’, 
and rr that 

Thus, rr ,/C might also be expected to decrease with 
concentrkion. In order to make a quantative compa- 
rison, it is necessary to recognize that (~~t/p,,~)~ de- 
creases with increasing concentration. From fig_ 5, we 
can calculate that for C = 10 &ml, 

r, ,lC 
[r,lclX 

(711 hredO 

trl l/~reil 
= (0.94) (0.86) = 0.81 , (51) 

while the decrease predicted from eq. (49) would be 

JeIC 
(Je/c)c_o = t-M4 ’ (52) 

where [qs,/c] is taken from table 2. Since (JJC)/ 
(J&>c_,o is less than (T, 1 In,,&/ 1~~ t /4,,11 at C= 
lo&ml, it seems likely that (lP,~,jC)l [r,lCl should 
also decrease with increasing concentration, as we in 
fact observed. Comparison of eqs. (5 1) and (52) indi- 
cates that rhere is qualitative agreement between the 
concentration dependence obsemed for I’r,O /C and 
(rt t/qrel)o and that predicted from the phenomeno- 
lagical theory. 

As shown in fig. 5 (c), we found that the zero-shear 
ratio of recoil amplitudes (ITI I/r)o also decreased with 
increasing concentration. A similar effect was observed 
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by KIotz and Zimm [5] for E. coli Iysates at finite 
shear rates. 

In table 4 we present the characteristic molecular 
weights calculated from the limiting vlscoelaslic prop 
erties of T2 NaDNA:Mr,II = 13f.9,MT,= 132.7, 

M = 130.5, and MTA = 127.6 X 106. The mean of 
thi:e values is (130.7 -C I-6) X 106. Errors in DNA 
concentration determination are not included in the 
average deviation (see below). Because of this, the 
small average deviation actually refers to the mean of 
IC ‘+,., ,fC, FI,,IC, and MrAfC, obtained at a given con- 
centration C. We did not calculate these quantities 
specifically, but could do so from the available data. 
We will now show that these quantities are related to 
the number of DNA molecules per unit volume and 
that this is what we have determined acccrately. Con- 
sider the formulas in columns 2 and 3, table 4. FGi 

%rll 1 

(53) 

where Ll = the number of molecules of species 1 per 
unit volume (see sect. 3a) and Na = Avogadro’s number. 
Rearranging this equation, we can define Lrr,, as 

For n&,, , we define 

L 
TT1 

=N,+. 
rq 

(54) 

Comparable equations are obtained for L,, and L,,, 
Our measurements at a given DNA concentration, 
then, enable us to calculate the number of molecules 
per unit volume in different ways. The small average 
deviation for Lrrl,, L,,.,, L,,, and L,, suggests (1) 
that the theoretical equations we have used are valid, 
and (2) that our T2 DNA soIutions are nearly homa- 
geneous. (We note that Mzr,,r~fT,,fif7v, andhf,, 
could have been obtained from the intercepts of con- 
centration plots of L,, , , /C, etc.)! 

In order to estimate the extent of DNA size hetero- 
geneity in our solutions, we made the following calcu- 
lations. Assume that a DNA solution contains two spe- 
cies, 1 and 2, with concentrations C, and C2_ Species 
2 is one-half the size of species 1, so that M2/M1 = 
0.5. From table 4, WC can H rite 

where the H’s are called “heterogeneity indices”. The 
error (one standard deviation) presented is that re- 
sulting from viscoelastic measurements alone, since 
the concentration terms in the molecular weight for- 
muIas have cancelled out (Le., Ijl,,,/M,, 1 = L,, , ,/A&, 
When we include this error, the values otCz/C1 which 
we calculate range from 0 to 0.03 for H, 1 I R, from 0 
too.05 forHrllr, and from 0 to 0.84 for Hr , lA. 
The index H, 1 i 9 is the most sensitive to heterogene- 
ity, and so we consider it to be the most reliable num- 
ber from which to calculate CZ/C1 _ Thus, within the 

above error limits, our DNA solutions contain less than 
3% (from Hr , i ~ ), or perhaps 5% (from HP, I r). half- 
size moIecules, with the most probable v&e being 

zero(H,,,, =HrrL~ = 1.00). It appears that H, I 1A 
is quite insensitive to the presence of half-size mole- 

cules_ 
A similar analysis is possible for the case in which 

species 2 is one-tenth the size of species 1. In this case, 
the range of C&l vaIues is 0 to 0.06 for H, 1 1 n and 
0 to 2.60 for H,, , ,-, We have ruled out, though, the 
presence of more than 2% by weight of small frag- 
ments (e.g., one-tenth size molecules) by electron 
microscopic examination of our solutions (Ruth Kave- 
noff and Brian Bowen, unpublished observations)- 
Most of our data therefore indicate that the fraction 
of intact T2 DNA molecules in our solutions is at 
least 93% by weight. 

If the percentage of intact moIecules is less than 
lOoTo, then our characteristic molecular weights will 
each be larger than the true molecular weight MI. This 
is illustrated in table 3, where we have calculated the 
ratios &fl/&fTrL, and Ml /MT,., from the formulas in 
tab!e 4. As pointed out earlier, though, the most prob- 
able value of C,/C, is zero. Thus, the most probable 
value for the mdecular weight of T2 DVA is (130.7 C 
l&)X 106~ considerkg the sources of error discussed 
so far. 

We can compare this value directly to the molecular 
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weight ob ta ined  by  Chapman et al. [4] since they used 
the same ex t inc t ion  coefficient as we did to de te rmine  
T2 DNA concen t ra t ion  (see below).  They  obta ined  
[ r l l ]  w = 0.57 s and  [r/sp/C ] = 3.05 X I04 ml/g,  as 
discussed above, and calculated essentially Mrr ~, using 
S 1 =2.225 (see sect. 3.2). Their  result, MTn = 115 X 
106, is lower than  ours, probably  for reasons men t ion -  
ed earlier. 

As described in sect. 3.2, we have recalculated S 1 
and $2,  assuming "1"2 DNA to be a partially free-drain- 
hag chain.  The results S 1 = 2.041 and  S 2 = 1.126 were 
used to calculate.~[rn = 132.7 X 106 a n d M r r  = 
130.5 X 106, respectively. The  agreement  be tween  
these two M's ,  and  among all four  M's ,  suggest tha t  in  
viscoelastic exper iments  T2 DNA behaves as a partial- 
ly free-draining chain molecule. 

Finally,  we assess the error associated wi th  the de- 
t e rmina t ion  o f  DNA concent ra t ions .  Typical ly ,  con- 
centra t ions  o f  DNA in our  s tock solut ions were deter- 
mined b y  absorbance and then  quant i ta t ive  d i lu t ions  
x/ere made by  weighing (see sect. 2). The average 
error in  the weight and  absorbanee measurements ,  
though,  may  have been consis tent ly  too high, because 
of  the presence of  residual prote in  in our  extracts.  For  
the three stock solut ions s tudied,  the absorbance ratio 
A260[A2g 0 was t .72 ,  1.72, 1.78. These are less than 

1.839, reported by Felsenfeld and  Hirsehman [441 for 
purified P. mirabiiis DNA which has 38% GC base pairs 
compared  to 35% for T2 [22] .  I f  we assume that 
~[~(ONA)/E[~(DNA) -- 1.839, E 2 ~ ( p r o t e i n )  --- 
E l ~ ( p r o t e i n )  = E I ~ ( T 4  lysozyme)  = 12.8 [? ~],  

1% _ o o  true obs 
and E 2 6 0 ( D N A ) -  181 [ 19], then A260 IA260 -- 
0.932.  This is the ma x i mum correct ion because in 
general E[~(protein) < E[~(protein). The average 
correct ion would  be 0 .966 + 0 .039,  including weigh- 
ing errors. Mult iplying this by (1313.7 + 1.6) X 106 
lowers the molecular  weight to (126 + 5) × 106. 

In  table 5 we compare our  result with some o f  the 
more  recent  ualues for T2 and T4 DNA molecular  
weights, de termined by  other  techniques (T4 DNA is 
exFectea  to be larger than T2 DNA by  abou t  2%, due 
to  differences in glucosylat ion [14]) .  It is apparent  
f rom this table tha t  our  mean  molecular weight ig with.  
in the range o f  these reported values. 

We are able to draw several conclusions from our  
results. Viscoelastic properties of  DNA solutions,  
measured under  condi t ions  of  steady state shearittg, 
depend o n  the shear rate g. When these properties are 
extrat~olated to zero shear rate and zero concent ra t ion ,  
l imit ing values are ob ta ined  which can be used to cal- 
culate characteristic molecular  weights. For  T2 DNA,  
the characteristic M ' s  agree very well with each ocher 

Table 5 
Reported values for T2 and T4 DNA molecular weights 

Observer Method Bacteriophage 3[ x 10 6 

Schmid and Hearst Density gradient T4 113.5 -* 6 a) 
[ I  1 l ~ d J m c n t a t i o n  

equ i l i b r ium 

L~ightoil  and  32p star counting T2 132 ± 12 
Ruhenstein [ 121 (autoradio~aphy) 

D u b i n  e t  at, [ t 3 ]  S e d i m e n t a t i o n -  "I"4 105.7 ± 3.8 
d i f fu s ion  o f  phage  

tang 1141 Electron T4 1 t9 ± 2 
microscopy (T2) (I 16 +- 2) b) 

Weissman et al. Fluctuation T2 114 ± 5 
! I S ] spectroscopy 

This paper Viscoelasticity T2 126 ~- 5 (130.7 -+ 1.6 c)) 

a) The original valu~ of Schmid and llearst has been increased by 7.4%, as reported by Freifelder [461. 
b) Both values were calculated from the measured length of "1"4 DNA. Different rnass/leng~ factors ~rc duc to glucosylatlon. 
c) Value without allowance for concentration uncertainty (see sect. 5), 
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suggesting (1) that the theoretical equations from 
which the M’s (or L’s) are calculated are internally 
consistent, (2) that T2 DNA behaves as a partially free- 
draining chain, and (3) that our solutions are nearly 
homogeneous in DNA size. When the error involved 
in DNA concentration measurements is considered, 
the mean of the characteristic M’s is lowered and their 
average deviation increased. The resultant molecular 
weight, (126 f 5) X 106, is slightly larger than most 
of the previously reported values, but still in good 
agreement with them. 
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