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MOLECULAR WEIGHT OF T2 NaDNA FROM VISCOELASTICITY
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The viscoelastic properties of T2 DNA solutions are used to determine the NaDNA molecular weight in four indepen-
dent ways from rhe theory of the beads-springs madel. The four molecular weights are 1319, 132.7,130.5, and 1276 X
10%. The avarage of these values, adjusted for the probable errors in viscoelasticity and concentration mcasurements, is
(126 £ 5) X 10°. The four molecular weights are termed Afrpy 1. Moy Mo, and M4 ; each is different in its sensitivity to-
molecular weight distribution. Their agreament suggasts (1} that the theoretical equations relating each M to the correspend-
ing measured propertics are valid, (2} that T2 DNA behaves as a partially free-draining polymer chain, and (3) that our soln-
tions were pearly homogenesous in DNA size. We show that serious errors can result if the viscoelastic properties are not ex-
Lrapolated to their limits a1 zero shear rate, as well as at zero DNA concentration, hefore calculating molecular weight.

1. Introduction

Large DNA molecules exhibit the phenomenon of
viscoelasticity. This is observed in a creep-recovery
type of experiment in which the mwolecules are ex-
tended by an externally-applied, shearing stress and
then allowed to relax in the absence of that stress [1-
3]. While- the molecules are extended in steady-state
shearing, the viscosity of a DNA solution can be meas-
ured. During relaxation, at least four additional prop-
erties are measurable: T, the total amplitude of the
elastic recoil; 4, the time integral under the recoil
curve; 711 and 'y, the retardation time and recoil
amplitude due to the largest molecular species in its
lonpest relaxation mode.

As demonstrated here for T2 DNA, combinations
of the five properties can be used to caleulate four in-
dependent, “characteristic’” melecular weights. Previ-
ous viscoelasticity measurements have been pesformed
ont DMA solutions fram T2 bacteriophage {4], E. coli
and B. subtilis [5], Drosophila [6], aberrant T2 phage
[7L E. coli [8], yeast [9], and blue-geeen algae [10].
For the most part, only two of the viscoelastic prop-
erties, the specific viscosity (n,,) and 7y, , were used
10 calculate molecular weights in these papers, al-
though some use of the other properties was made by

Kavenoff and Zimm {6] and Uhlechopyp, Zimm and
Cummings {7§.

The four molecular weights are M py . M, . M,
and M_ , , where the subscripts refer 1o the character-
istic set of properties from which each # is caleulated.
The results for T2 DNA are 1319, £132.7, 130.5, and
127.6 X 109, respectively; they do not depend upon
canstants which must be obtained from empirical
curves. They differ, however, from the usual viscosity-
average and sedimentation-average molecular weights
in that they are not averages (see remarks at end of
Theory section (a)).

The good agreement between the characteristic W's
isnplies that the theory of DNA viscoelasticity from
which they are derived is internally consistent and that
the solulions contained primarily intact T2 DNA mole-
cules, The mean of the characteristic Afs was (130.7 #
1.6) X 106, but this value does not inciude an error
estimate for measurement of DNA concentration (each
M is proportional to concentiration). When this estimate
is included, the mean molecular weight becoimnes (126 *
5} X 10%_ This value may be compared with previous
values determined by other techniques [11—15}. These
are summarized in tabie 5; they range from 105.7 to
132 X 105. A previous result obtained by viscoelastic
measurements is 115 X 10° [4].
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In addition to the determination of malecular
weipht, this paper is concerned with the dependence
of viscoelastic properties on shear rate, This depen-
dence, except for the property ng,. has bean negtected
in previous viscoelasticity measurements cited above,
probably because of limited data accuracy. With im-
proved instrumentation, it has become possible to
demonstrate the dependence, and to show that it is
necessary to extrapolate measured properties to Zero
shear rate, as well as to zero DNA concentration.

2. Materials and methods
2.1. Prepararion of phage T2

E. coli B were grown at 37°C in three liters of M9
salts medium [16] supplemenied with 1% Casamino
acids and 0.4% glucose. At a concentration of about
5 X 107 cells/ml the culture was infected with 5 X
103 T2 phage/m}. Incubation was continued for 5.5 h,
at which time the glucose concentration was increased
by 0.25%. After seven hours, chloroform was added to
enhance bacterial lysis. All subsequent manipuiations
were done at 4°C. The phage were purified by two
cycles of low, high, and low-speed centrifugation.
After each high-speed centrifugation, the phage pellet
was covered with zbout twice its volume of 0.005M
Ma(l,, 0.01 M Tris buffer (pH 7.5). The covered
pellets were left at 4°C for a few hours and then re-
suspended by gentle shaking. The titre of this purd-
fied phage stock was 4.5 X 1012 PFU/ml.

2.2, Purificasion of DNA

An aliguot of the T2 phage stack was subjected to
2 low-speed centrifugation (5000 rpm or 10 min) in
the Sarvaill §834 rotor. The supernatant was diluted
four-fold with 1M-BPES buffer and then extracted by
the hot phenol method of Massie and Zimm: [17]. Af-
ter four extractions the aqueous, DNA-containing
phase was clear at room temperature. Three additional
extractions gave the same experimental results (see
below). Phenol was removed (determined spectropho-
tometrically) from the aqueous phase by dialysis
against 1M BPES and then BBES buffer [18). The
purified T2 DNA was stored in BBES or BBESD

(0.01 M N25B,;0,,0.001 M Nay EDTA, ¢.007 M Na
dodecyl sulfate, 0.171 M NaCl, pH 8.9) in screw-cap
polystyrene test tubes.

2.3. Preparation of solurions

DNA concentrations in stock solutions were meas-
ured spectrophotometrically assuming that 55.2 ug/mi
DNA gives an absorbance of unity [19]. Quantitative
dilutions were made by careful pouring and weighing.
The method of dilution was:

(i) Stock T2 DNA solutions (abour 100125 ug/ml)
were diluted with glycerol (Mallinckrodt, Analytical
Reagent) in the propostion, 3 g glyeerol fo | gstack
solution.

(ii} The tubes were placed in a horizontal position
on a mechanical rotator, and mixed by rotation (at
8 rpm) until Schlieren pattemns disappeared (about
two hours).

(iii} Solutions were then stared overnight at 4°C,

(iv) The mixing procedure was repeated for 30 to
60 min before making fucther dilutions with the sol-
vent, 75% glycerol — 25% BBES (weight per cent) or
75% glycerol — 25% BBESD.

(v) Subsequent dilutions were followed by 30 to 60
min of mixing, storage at 4° for at least six heurs, 15
to 30 min of mixing, and then viscoelastic measure-
ments.

The storage steps in the above procedure appeared
to be necessary for disperszl of DNA molecules after
dilution from a higher concentration (B, Bowen and
R. Kavenoff, unpublished observations; J. Harpst, per-
sonal communication). For the glycerol-buffer solvent,
P35°c = 1.19 gfml (determined pycnometrically).
For the stock solutions of DNA in BBES or BBESD,
P13z = 1.00 gfml. DNA concentrations in giycerol-
buffer solutions were calculated using these densities
and were verified by absorbance in one set of experi-
ments. Final sodium ion concentration was 0.06 M.

2.4, Viscoelastic measuraments

The determination of viscoelastic solution proper-
ties using a Couette-type visconeter has been de-
scribed previously [5-—7,20]. Basically, ong mieasures
the angular position 8() of a rotating inner cylinder
(rotor} which is suspended in the DNA solution. The
rotor can be tumed by the interaction of a metal ring
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in the cylinder with a rotating magnetic field. When the
the field is removed (¢ = 0), the rotor recoils in re-
sponse to the relaxation of the elongated DNA male-
cules. As these molecules relax to their equilibrium,
random-coil configurations, the rotor angle decays ap-
proximately exponentially from @(0) to a baseline
value g{=9),

If the rotor is twmed for a long time relative to the
longest relaxation tiue of the DMA molecules, the
latter reach z steady-state extension, and the rotor an-
gular velocity becomes constant. This is called a steady-
state wind-up. The vigcoelastic parameters obtamned
during one experimental run are

(1) wo = 360/ T (deg/s), the rotor angular velocity
during the wind-up, where Tis the time per revolution;

(i) ' = 8(0) — 8(=9) (deg), the total amplitude of
the rotor recoil;

(Gii) 4 = f7 {6(r) — 6(=)] dr (deg-s), the time inte-
gral of the recoil;

(iv) 71, (5), the cetardation time associated with the
longest (or principal) relaxation mode of the largest
mnolecules in the solution;

(v) I'y; (deg), the amplitude of the rotor recoii due
to the largest molecules in their longest (or principal)
relaxation mode.

The quantities 7,y and 'y, are found by plotting
In{8(z) — 8(==}] versus time. The curve exhibits a long-
tisne Hnear portion with iatercept equal to In Iy and
slope equal to the negative reciprocal of 7. The spe-
cific viscosity 7gy. or the relative viscasity n,.;. may
be calculated from o once the rotor angular velocity
in pure solvent, g, is known,

Nop et~ 1 = o2feo~ 1 =TT — 1. (1}

The average shear rate k during a steady-state wind-
up can be calculated from the equation of Zimm and
Crothers [21],

S Ry *Ry

;=K=ﬂﬂ 'R—zj'é—l-f(R;,Rl), )

where § = average shear stress (dynefcm?), 1 = solu-
tion viscosity (poise), £2 = w1360 (rev/s}, Ry =rator
radius {cm), R, = stator radius (cm), and f(R [+ R2)

is a correction factor for concentric-cylinder viscome-
ters. Also, if one measures §2 for a solvent of known
viscosity, then § corresponding o 2 given magnetic
field strength can be determined. We calculated shear

stresses from rotor velocities in a 30% sucrose solution
at 25°C (i = 0.02739 poise, [22]). For the instrusneat
used in these experiments Ry =0.25 cmand R, =
0.40 ¢, so that

,
K =12.426 & =(I2'4'6)m .

360 3)

The factor (12.426/360) was used to convert measure-
ments from degrees of rotor rotation to radians of
shear. Details of the design and construction of the ap-
paratus are given elsewhere [23]. All viscoelastic meas-
urements were made at T= 25°C.

3. Theory
3. I. Characreristic molecular weights

When Nsps T1i- T'y;-T.and A for a DNA sclution
at infinite dilution and under vanishingiy small stresces
are known, it is possible to calculate four independem
molecular weights. These are called characteristic mo-
lecular weights because each is defined by a character-
istic set of viscoelastic properties of the solution.

The beads-springs theory (24,25) of macromolecu-
far benavior in infinitely dilute solutions predicts that
for molecule § ¥,

7
L (gl'ﬁs‘f) [0 /Cl M; = K {ngp /O, (4)

where 7;; is the relaxation time in the {irst normat
mode, 7, is the solvent viscosity, [nsp/C] ; is the limit-
ing viscosity number, M; is the molecular weight, and
8 is a thearetical constant (sce below). In general,
1n5p/C) ; may be related to M; alone using an empirical
¢quation,

{np/CY; = K 818, 3)

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

Th =K KM (6)

#Throughout this paper, we will represent the limiting viscos-
ity owmbesr. or intrinsic viscosity, by [ngp/Cl rather than by
{n]- This nomenclature is consistent with other limiting
quantrities which we ealculate,
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Consider a heterogeneous solution containing con-
centrations C;, or number density L;, of DNA mole-
cules of molecular weight M, wherei =1, 2, ..., P.
Following the method of Klotz and Zimm [20], we
let

P
c=§ G, 0)

be the totai concentration of DNA molecules, and
P P c
L=EL-=EN(——'—), 8
=1 =1 O\M @

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

iy Ci[’?Sp/C]izK L GM
n .
G G

[ﬂsp/ a = 9

In the following equations, wc will omit the brackets
around n,,/C because we assume the solution of DNA
molecules to be infinitely dilute. The average longest
relaxation time (7> for the solution is related to each
M; by

P
L. K.
Gp=231 =1, L 2eME . QO)
=1 L =P (C/M)) i
F=IN Ty
Similarly,
P
(KK,
D=y M an
j=l( j/ j)
k.k)» L
adh KK C;ME*3e (12)

L (Gl =

Egs. (9), (10), (11), and (12) enable us to derive vari-
ous molecular weight formulas for heterogeneous
DNA solutjons.

We start with an equation similar to eq. (4) to de-
fine the characteristic molecular weight, M_,,,

_SiRT 7y
AL s TNsp/C ’

From eqs. (6) and (9) we may write

(13)

7 P
sp T 3L G M P

so that

s
My =My it (14)
i G MMy Y

A second characteristic molecular weight M_5 4, is de-

rived from an expression for the magnitude of Iy

(see eq. (18) in ref. [20]),
2

wigpV f171y

SiMer )’

(15)

where f; =Ly /L and v = 1 (linear molecules) or 2 (cir-
cular molecules). Rearranging and substituting from
egs. (8), (9), and (10) gives

'n=

Rvaf%lC_ p z{;r’i

= ) (16)
MsTret11 g

The right-+and side of eq. (16) is 2 molecular weight
which we can define as

Rvar%l C =5 1G
M = =
T analfn P G

- a7

A third value, M_., is obtained from eq. (17) of Klotz
and Zimm [20] for the amplitude of the total recoil,
wils, So «h
Mgy Sy @7
where S, is a constant (see below). Division by eq.
(15) gives
Ty v fi7ls

~ : 19
T 5, «D (19

(18)

Combining eqs. (19) and (16) eliminates 'y,
SRTwHC G
AsTigeil Zf-’:! (C;/M) 7‘% )

(20)
The right-hand side of this equation is 2 molecular
weight, so that we can Aefine
SzRwaﬁC M Zf-_—l C‘i
7r N Mol 1 2?=1 CAM;/M, y+2a> @n
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after substitution of egs. {6) and (11) for r“ and
&), respectively.

Finally, the fourth molecular weight, M_, , in-
volving the area under a relaxation curve, can be de-
rived from eq. (22} of Klotz and Zimm [20},

Sy 02
A= _1 y 22
/ Sy (T%) D

where 54 is a third constant (see below). We combine
eqs. (20Q) and (22) and obtain

SRTwt) C LG 23)
576141 =L (G @

Multiplying both 51des of eq. (23) by 7, and substi-
tuting for T;’l and (1'1) from eqs. (6) and (12) yields
S:;RTL:JT{]_C‘ Ef:lcli

L CL a3

f,a @4

WeTirej

[t is possible to obtain M _;. and M_, by direct substi-
tution of eqgs. (10), (11), and {12) inte (18) and (32).
However, intermediate expressions of greater com-
plexity result, These ase

SIRTn ,TC M2,

M. = = 23
P soneon?, M

and
_SISRTAC M3,
SS ns"sp r

M M.
The formulas for M, M_ 5y, M_.,and M_, are re-
praduced in table 4, These molecular weights are not
averages since they are not of the form
(E;.D: 1CMD Ef;; C;. They are actually equal to the
fargest molecular weight raised to the power (x + 1)

and then divided by the corresponding average. For
example aq. (14)

=L, ¢
1 1
M, =M,
zP | CAM /My ¥

may be rewritien as
M. = MFR
™ .
(=2 CMINEE, G,

27)

M_pand M_ 4 have the same form; however, #_gyy
is an excepuon

My

—— (28
(C'[M[)IE‘; C; )

Mo =

since (Cy My ¥ =£L, C; is not an average moleculas
weight, but is tather a fraction times &, . Average
molecular weights would range between the smallese

A; and M, . Our characteristic malecutar weights car

be larger than M, as shown in table 3 for some hypo-
thetiral DNA solutions.

3.2. Eigenvalue series

The molecular weight equations (13), (21), (24) in
the preceding section contain the constants $,. 8. and
53, respectively. Each constant is equal to convergent
series, which results from the bead-spring theory of
Rouse [24] and Zimm §25], muoltiplied by a constant
v. For linear molecules v = [, and we may write [26],

N -‘\x N -
Sy =2 e=20 (29)
k= L)\‘ k=1 T]
S R IELAN PN
s:,,:z:(_l.) > (_k) . 30y
k=t l:‘, k=1 1
N hVs
AT V2 ] T
53-2 () -2‘,(") : (31)
k=1 )\'}.i k=]

whare Mg is the eigenvalue of the hydrodynamic inter-
action operator for the kih normal mode of motion,
and 7 is the corresponding relaxation time. Each
eigenvalue Af | and hence each series, depends apon
the extent of hydrodynamic interaction between seg-
ments of a randomly coiling chain {27} and upon ex-
cluded volume effects {28]. The dependence is ex-
pressed as AL = M (¥, €), where ft is a parameter which
measures the strength of the intefaction and € accounts
for expansion of the ceil due to excluded volume. For
the bead-spring model, 2 is given by,

2</2N],
= ST rreys (2)
(122 gpn(i+e2
where fp is the tramslational {detion coefficient of

ezch bead, 1 is the solvent viscosity, b is the root-
mean-square spring length, V is the number of springs
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[29]. The two limiting cases for hydrodynamic inter-
action are 1 = 0, the “free-draining’ case with vanish-
ing interaction, and /1 = oo, the “‘nondraining™ case
with dominant interaction. Bloomfield and Zimm [29]
considered the nondraining case and obtained

S5y =225, §,=1.146, §3=1.036, 33)

for € = 0.1 (which is the value found for native DNA
in 0.2 M Na* neutral buffers {30]). The value of 5y
has been used to calculate'molecular weights from eq.
(13) [4—10]. Dill and Shafer [31] recalculated the
eigenvalues of Bloomfield and Zimm more accurately.
From their values and egs. (27)—(29), we found

§; =2.211, S,=1.143, §3;=1.035. (B34

We also determined S; for # =ocand € = 0.1 by the
method outlined below and found that Sy = 2.238.
At the present time we do not know the source of
this discrepancy. The experimental results obtained in
this work suggested that even the § 1 and §, values in
eq. (34) may be too high for T2 DNA (see sect. 5).
Since S| = 1.645 and S, = 1.082 for the free-draining
case (independent of €), we decided to calculate Sy
and S, for T2 DNA considered as a partially free-
draining chain with € = 0.1.

The calculation of Sy is accomplished in the fol-
lowing way. First, we determine h from eq. (32).
This # is the one which appears in the approximate
integro-differential equation of Zimm [25]. Osaki
[22] 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, # is replaced by hp [32—34], where

hye =h/8, (35)
and -
B=1_ 4.13 4 (36)

(1—eNU-a)2 "~
(Osaki [32] and Tschoegl [33] have 4 instead of 4.13
here; the latter comes from a more refined approxima-
tion. See Wang [34].) The parameter §is called the
“free-draining parameter”. Once we have calculated
hy, we use it to obtain the Flory constant ¢ from
table 1, Tschoegl [26], where values of ®(h, €) versus
log h are presented. Tschoegl (private communication)
has pointed out that 1 may be substituted for & in

table 1. Thus, we can obtain $(/iy, 0.1). The series
S is related to ® by combining eq. (29) above and
eq. (21) in Tschoegl [26],

®(hr. €)= (1 +—) [100(37)1/22¢/2] —12 -
1 _1
PaTa S
Thus,

A
$,01¢,0.1) = 5066 X 10—22 }—l—_l:d:(h-l-, 0.1). @GN

The eigenvalue A (v, 0.1) may be calculated from
the relation [26],

Ak
AL Cig, €)= 1 +( )xl(oo e, (38)
Tr

where A} (°2, €) = 5.0076 [31]. This procedure for de-
termining S| was necessary since Tschoegl [26] has
tabulated values of ®(/, 0.1), but pot Sy (%, 0.1), ver-
sus log /1.

We begin with the calculation of /i from eq. (32).
Following the method of Wang and Zimm [35], and
Wang [34] we represent the real chain of NV + 1 seg-
ments by N springs between beads located at segment
centers, and require that the root-mean-square length
b of a spring equal the contour length of a segment
LZ. In order for the model to approximate as closely
as possible to the real chain with respect to its con-
tour length and rms end-to-end length, & must be
equal to one Kuhn length by . In this way V is made
as large as possible without corresponding to an un-
realistic model. Although this method of determining
N is arbitrary, the insensitivity of S} to & (see eq. (45)),
and hence to /V (eq. (30)), means that an accurate
value of IV is not required. (See also reference {34].)
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

mLX(1 —vp)
AT
where 1 = molecular weight per unit length of DNA,

¥ is the partial specific volume of L in solution, and
p is the solvent density. If we take $* =6.90X

(39)
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10~13 s—1 {37], m = 195 X 108 dalton/cm, and vp =
0.55, then the value of fois

fo=2.111X10-2L2, (10)
which can be substituted into eq. (32) to give
h=0.1133N945L%/p . “n

If we chaose by = 1300 A, then N = N =473.4 seg-
ments for T2 DNA with Af= 120 X 106 (average of
values from refs. [12] and [13]), and # = 1.812. From
eqs. (35) and (36), it follows that i1 = 3.775. Next,
we refer to table 1, Tschoegl {26] and obtain
®(3.775,0.1) = 1.59 X 1021, Substituting these values

of ity and @ into eqs. (37) and (38), we arrive at the
result

5,(3.775,0.1) =2.041 . 42)

We choose a simpler method to calculate S5, since
it is not as sensitive to variation in iy as §; is.
Tschoegl [27] presents a table of §; and S, values ver-
sus log #z for € = 0. We substitute 7z for /2 in this table
and obtain,

51(3.775,0) o 5,(3.775,0) 0.985 3
50 T S ee  T0. @
The ratio of 5§ values enables us to determine a mini-

mum value for $; (3.775, 0.1) from §, (==, 0.1) =
1.143,

5, (3.775,0.1) = (0.985)(1.143) = 1.126 . 44)

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

Sy (3.775, a.1) _2.041
§; (==, 0.1) 2.211

=0.923. (45)

The series S5 converges more rapidly than S, or
§5 and. of course, must be greater than 1. Thus, 1 <<
53(3.775, 0.1) < S35 (==, 0.1) = 1.035_ In view of this
and the ratios given in egs. (43) and (45), we assume

§3(3.775,0.1)= 1.035 (46)
within about one percent.

4. 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
{21,39] at a given DNA concentration, which is 2 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 theoretical conditions — zero concentration
and zero shear rate — in order to use these results in
the molecular weight equations.

4.1. Shear-rate dependence

The specific viscosity of T2 DNA [39] and T4 DN
{41] has been shown to depend on shear rate. In boti
cases, 7, 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 2.55 X 10—3 1o 8.20 X 102 dyne/cm?
on a series of solutions the concentrations of which
ranged from 7 to 30 ug/ml. The results obtained for
the shear dependence of Tp at three different conces
trations are shown in fig. I.

2 -
xx10 (s2h)
Q35 800 1963 (C:27%
Q61 974 2316 {C=1aw
o852 1367 3185 (=717
? T ™ T T
16 —D\ -

a

a S,
= =
o8 \A\ﬂ ca9 a3
—_—
st
oo o c=Tit
o ! 1 1 ]
0 2 5 3 8

S x107 Layres jerd' )
Fig. 1. Dependence of the specific viscosity nsp on shear rate
or shear stress. The average shear rate « corresponding to a
particular average shear stress § and DNA concentration Cis
given at the top of the graph. The concentrations are ex-
pressed in ug DNA/m).
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Fig. 2. Dimensionless plots of viscoelastic properties as a function of shear rate. DNA concentrations are denoted by the same
symbols as in fig. 1. xry is the shear rate times the measured retardation time for the same run. A subscript 0™ refers to the
zero shear value. (2) Speciftc viscosity, ngp. (b) Principal retardation time, 7;y. (¢} Reduced, principal recoil amplitude, I'y T
(d) Recoil amplitude ratio, Iyy /L.
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Table 1
Data obtained at € = 7,86 gz DNA/ml 2)

243

Run T Tsp ey i1 x 102 rx 10 AX 10%
number (s/rev) () (rad) ©) (rad) ©) (1ad -5) ©
2,85} 1393.98 0.306 23.68 2.54 3.02 61.23
3,90} 588.18 0.298 23,24 5.09 6.26 12495
4,109 353.11 0.287 22.42 7.14 9.17 169.12
1,79 147.90 0.261 21,41 12,75 16.78 288.28

5 93.53 0.254 19.58 16.12 23.14 345.79

[ 40.26 0.222 19.67 24.23 40.85 565.09

a} Also presented in fig. 3. See sect. 2 for calculation of « (rad/s) from T (s/rev). See seet. 4 for calculation of Ty3,r and £ from

'yy and I, respectively.
b) Data from both runs were averaged.
€) The units are radians of shear, not radians of rotor rotation,

As suggested by Klotz and Zimin [5], the ratio
Tsp l’"sp,O’ where 7,5, g is the specific viscosity at zero
shear rate, may be plotted against the parameter €7y,
which is the ratio 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 poiats should be independent of DNA size at low
concentrations. Fig. 2 (2) 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 k7 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

of 15, to shear rate decreased with decreasing concen-
tration.

Dimensionless plots for other properties of visco-
elastic solutions are also displayed in fig. 2. Since 'y,
and I are directly proportional to k7, each was di-
vided by the k7 value of the same run before extra-
polating to zero shear rate (the extrapolation method
is described below). 'y furyy =Ty and Dfkryy =
I, 2re 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 ng/n,; g although
scatter in the data makes an unequivocal interpreta-

¥ I'p is not to be confused with Fp in tef, [20], which is
equal to ¥ here.

tion difficult.

From fig. 2 it appears that 'y /T"y; o was more
sensitive to shear rate than ny,/u, g, and that
T11/711,0 and (T /DY /D) decreased as k7 in-
creased to seven. These results would not be expected
from the multi-Maxwell-element model of Kictz and
Zimm [20]; however, they can be predicted by in-
cluding a shear-rate dependent viscosity coefficient in
a single-element model (see sect. 5).

Typical data obtained in one experiment are pre-
sented in table 1. After converting I'yy to T'y; , and
" to I';, we determined the zero-shear values of Np»
115 T, T and A/T" by plotting the natural loga-
rithm of each quantity at a given x7y,; versus
In[1 + 3(x7y;)?] (fig. 3). The term In[1 + 3(x7;;)?]
was used as the abscissa because, asxvy; + 0, In
{1+ 3(k7{1)?] = 3(k7{1)?, and, at low &7y values,
Tgps 11 p» and [ are functions of (x7yy)* [20,30,39,
40]. The constant 3 is purely empirical [40}. Each
double logarithmic plot yielded a set of points which
could be fit with 2 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 plot
(fig. 1). 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 k7y,, all six points were included
In fig. 3, all the six points were used to obtain the
zero-shear properties Tsp,0- (r11/nedo- Ty, p,0-20d
(A/T)g- We plotted In(A/T) rather than In(A/k7yy)
because the former is much less shear dependent. The
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Fig. 3. Double logarithmic plots of viscoelastic properties as a function of shear rate. The data are taken from table 1. Data points
were fit to a straight line by the method of least-squares (see Results). The intercept and slope of each line are indicated by a set
of two numbers: (intercept, slope). (a) Specific viscosity, nsp. (b) Principal retardation time, ;4 (5); ratio of the principal retarda-
tion time to the relative viscosity. 711 /nrel ($)- (S} In(r11): (8) Intry 1 /mrel)- () Reduced, principal recoil amplitude, T3y ; reduced
total recoil amplitude Ty, (©) —In(I; 1) (o) —In(Ty). (d) Ratio of the area under the recoil curve to the total recoil amplitude,
Al’r (s).
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Fig. 4. Double logarithmic plot of the principal secoil amplitude as a function of shear rate, The data points were obtairted at eleven
concentrations; each point is the average of at least two runs at a given concentration. The slope of the line, 0.241 + 0.015, is the
mean (¢ the standard deviation of the mean) of all slopes obtained in the manner of fig. 3 (c).
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above method of curve fitting was most suceessful shows in fig. 3 (c), was 0.341 £ 0.015. Fhis is the
when applied to Iy 1,¢- In fig. 4, all of the '}, data slope of the line drawn in fig. 4; the equation of this
which we obtained are displayed as In(F'y ; o Tyy,) line,

versus Inf1 + 3(k7;})?]. The average of the siopes of

~ e 2
the individual least-squares lines, such as the one (1 1,0,0/011,: = (0.241 £0.015) Inf # 3er (3 )],
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Fig. 5. Dependance of zero-shear, viscoelastic properties on DNA concentration., Each set of data points, except for 5,0 1C (see
text), was fit with 2 least-squares straight line, The infercept of the resulting line is presanted in table 2, {a) Specific viscosity,
fgp,g; selative vistosity, ngel,o- (90, R5p 0/C: (2) In(nge) )/C. () Redured, pricipal recoit amplitude, T'yy r o; reduced, total recoil
mnphitude, 11 g, (O) Ci15,0i () Fraf/C. () Ratio of racoil 2mplitudsas, ("1, /T)g. (d) Principal retardation fime, 1 o; ratio of the
principal catardation tie to the relative viscosity, (=14 fageplo- (0} T11,05 (2) {r11./M:0d0. (&) Ratio of the area under the tecoil
curve ta the total recofl amplitude, (4/1Y. '
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Table 2

Limiting viscoclastic properties of T2 DNA at 25°C 2)
Eimiting Value equals intercept Hypothetical value
property from fig. 5 &) in water

[n5p/C} (3.51 £ 0.04) X 10° ml/g  (sameas column 2)
[C114/C] €  (1.73:0.02) x 10 ml/g "

[ry/C] © (1.97 £ 0.03) X 10% ml/g i

[r31./T} 0.886 = 0.009 ”

[711] 20.7+0.5s 0.85+0.0254)
(rit/mrel 20.0:0.% s 0.82:0.01s9)
[4/r) 18.820.4 s 0.77+0.02s9)

) The viscosity of the glycerol-buffer solvent at 25°C was
ns =1(21.71 £ 0.21) X 10~2 poise. The viscosity of water at
25° was assumed to be ngy, = 0.8913 X 1072 poise [22].

b) The error is the standard deviation obtained from the
least-squares formula [45].

€) We define Pyy r=Pyi/xryyg and Fp = Tferg.

d) The hypothetical value in water is obtained by multiplying
the corresponding experimental value in column 2 by the
viscosity ratio, 0.8913/21.71.

may perhaps b2 used to correct I'y; | to zero shear
1ate for solutions of other DNA molecules. Similarly,
for (I';; /T") we obtained the rejation,

In[([y;/D)g/(Ty1/T)]

=(0.063 £ 0.018) In{1 + 3(x7,)?] . (48)

4.2, Concentration dependeice

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)
viscoelastic properties of T2 DNA in the glycerol-
buffer solvent; their values are presented in column
2 I table 2. The limiting properties, by analogy with
the limiting viscosity number (or intrinsic viscosity),
are bracketed. For example, [Fu'r/C'] is the limiting,
reduced, principal recoil amplitude, and [r;;] 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. In fig. 5 (a),
both ng, o/C and In(ng,; o)/C were piotted as func-
tions of C. We found, as did Crothers and Zimm-[39]
that the logarithmic plot was more nearly linear and
thus was preferable to the specific viscosity plot in de-

termining [n.,/C]. The slope of the regression line
for the logarithmic plot was —0.74 X 109 (ml/g)2.
From this, we calculated the slope of the limiting line
for the specific viscosity plot and the Huggin’s con-
stant, & = 0.44 (sce ref. [40] for details).

The dependence of the ratio (I'y, /I")g on concen-
tration is shown in fig. 5 (¢). The limiting value,
[Fy{/I'] =0.886 + 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 calculations 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 [I'}{/T'] = 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 molecules could be present in our
solutions (see sect. 5).

The quantities 71y g and (7} /7¢1)g in fig. 5(d)
should approach the same value at zero concentra-
tion. They did, within error limits of two standard de-
viations, as shown in table 2. We used the value of
[711/7e1] = 20.0 s in calculations of molecular
weight because it had a lower standard deviation than
[741]. The concentration dependence of (4/T), is
less than that Olel'O or (Tll/nrel)o (ﬁg, 5 (d) and
(€)), and the limiting value of [4/"'] = 18.8 s (table 2).
If we divide [4/I"] by [7[1/7,e1], we obtain 0.94
0.02 which is close to the theoretical value 0.919
(table 3) for a homogeneous solution. Theoretical
values of 4/I'71,, 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 solutions with variations in steady-state shear
rate k, and (2) the calculation of a molecular weight
for T2 NaDNA from several viscoelastic properties,
which have been extrapolated to zero shear rate and
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Table 3
Effect of DNA size heicrogeneity on viscaelastic properties and characteristic molecular weights — predictions from theory

Ma/M, o,/ Cy/c nsp/C T/ Alrry M/Mopy, My Moy
(ﬂsp 1
- 1.00 o 1.000 0.888 0.919 1.000 1.000
(=1/83) (=53/52)

0.50 0.95 0.05 0.982 0879 0.913 0.950 0.982
» 0.90 0.10 0.963 0.869 0.906 0.900 0.963
v 0.80 0.20 0.926 0.846 0.889 0.800 0.926
- 0.50 9.50 0.815 0.741 0.815 0.500 0.815

0.10 0.50 0.10 0.922 0.888 0.919 0.900 0.922
- 0.80 0.20 0.843 0.887 0.918 0.800 0.843
" 0.50 0.50 0.608 0.884 0.915 0.500 6.558

In this table, we consider hypotheticai DNA solutions composed of two species, 1 and 2, whose sizes are M; and M, respective-
1v. The total DNA concentration is the sum of the concentrations of the two species, € = C; + C,. From eqgs. (5) and {3} in sect.
3a, we abtain

NpflC = f—:_lcf(l"lg./ﬁfl)“
(Wsp/c)l :’:é;lc“

= CIIC B3 Cz!C (J‘fz!l‘,l)g

where (nsp!C)‘ is the limiting viscosity number of species 1. This equation enables us to calculate the numbers in column 4, if we
assume g = (0.665 [39]. Similarly, eqs. (6), (11), and (19) vield (for v = 1)

Fu_ €
T 5y =8, GO,

1 24 Y-
Yotz ~s; (L C2/C1 @ Mt 23

from which column 5 results. The numbers in column 6 are calculated from the equation,
A Sz SEiGuanan)?438 51+ Co[C @0, M, )4
Iryy S ga‘f; 1CKM:‘I’M1 yza 52 1+ C=iCy (M, AT )34 '

which is derived from eqs., (6}, (11), (12), and (22). The molecular weight ratics are obtained from column 3, table 4. The purpose
of these calculations is to indicate the sensitivity of certain viscoelastic properties and characteristic molecular weight to DNA size
heterogencity. The theoretical values presented in column § and € may be compared to the experimental results for [Ty /T and
[A/T) /17111, Tespectively (see sect. 4). Note that the viscaelastic properties from the theory refer to the condition of infinite dilu-
tion and Newtonian behavior,

zero concentration.

The specific viscosity is the only viscoelastic prop-
erty of T2 DNA solutions which has previously been
shown to depend on k. Crothers and Zimm [21,39]

a slope equal to zero at k7 = 0 are required. These
considerations also guided our choice of an extrapola-
tion procedure, i.e. — In g, versus In[1 + 3(k7y;)?],
from which we obtained ng, g.

showed that the shape of the curve of nsplnsp,o is
concave downward at low shear rates and upwaid at
higher shear rates. The point of the inflection is
around k7y; == 0.3 (assuming 744 = 0.7 s for T2 DNA
in BPES, which was the solvent used in their work).
The curves in fig. 1 and 2 {a) are very similar to those
of Crothers and Zirnm, but since our lowest k7, was
0.14 compared with their lowest value of about 0.02,
the initial downward curvature is not as apparent. On
the basis of theoretical arguments [40], though, an
approximately parabolic curve shape at low k7y; and

Our result for the limiting viscosity number of T2
DNA is (3.51 = 0.04) X 10 ml/g. This is larger than
3.16 X 10* mifg 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 Na‘* concentration in our solvent
was 0.06 M while theirs was 0.2 M. We can correct for
the difference in Na* concentration with eq. (5) of
Ross and Scruggs [42]. In 0.2 M Na', our result
becomes (3.51 X 10*) (0.883) = 3.10 X 10* mi/g.
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Table 4
Characteristic molecular weijghts for T2 NaDNA
Molecular  Formula for Equivalent Formula of column (M to)x 107°
weight molecular weight statistical formula 2 with limiting calculated from
viscoelastic properties previous column ©)
M, wRTwrs C A & WRT {T11/n1ell 1319 = 2.8
T nsngelTen g ns  [T11,1/C} o
SiRTryC G S1RT {711/nze1l @
M _— 1y e 32.7=+ 2.
o s7sp My S e R ns TnsplCl 132.7= 2.8
S2RTuws?y C £ C: S.RT
A 1 i 2 {T11/nret]
T nshrelt ' qen )T 7 [rg/C) 130.5 £ 3.1
53RTwr]; C ZCj S3RT [r11/n5ep]? @)
M - - M 127.6 + 5.4 €)
TA nstretd T a8 Tis 4:IC1

Mean = 130.7 + 1.6 4}

a) At C=0, 711,0 and (711/ne))o have the same value (sce text).

b) 5 is the standard deviation.

¢} The value of Af_a was calculated from the equation, A, = (S18:RT/S3n)[A4/T] /{nspIC'] = (135.7 £ 3.5) X 105, and the

relation M5 = M Mo /M 51y, (see sect. 3a).

d) The error given here is the average deviation of the four M's about their mean value,

Apparently, the presence of glycerol does not affect
the T2 DNA coil dimensions significantly.

Our limiting viscosity number is also greater than
the value of 3.05 X 10% obtained by Chapman et al.
[4] (reported again in ref, [5]) for T2 DNA in glycer-
ol-BBES buffer (1, = 22.0 cp). We believe the discre-
pancy is due to the shear-rate deper.dence of n,.
Chapman et al. made measurements at average shear
stresses of 2 to 50 X 10~2 dyne/cm? while ours
ranged from 0.255 to 8.20 X 10—2 dyne/cm? (fig. 1).
Bacause we obtained more datia at lower shear stresses
(or rates), we were able to make a better extrapola-
tion of 7, to zero shear rate (fig. 3 (a)), and hence
obtained higher values of g, g and [nsp /C]. Our
range of DNA concentrations encompasses that of
Chapman et al., which was 10 to 22 ug/ml.

The retardation time 74 exhibited an apparent
shear-rate dependence. The dependence may be pre-
dicted from a single-Maxwell-element model [4] of a
viscaelastic solution, if the Maxwell-element dashpot
viscosity s 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-state rate approaches

zero. At higher shear rates, the semi-log plot is curved,
and when one attempts to fit 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 — If7{)is
greater than the true limiting slope. Hence, at values
of « greater then zero, the apparent 7y, is less than
the true Ty;. As shown in fig. 2 (b), we found that

711 appeared to decrease about 15% between 7y =
0 and k73 = 7. Chapman et al considered 7,; 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 {7}, ] or [7)3 /1], were 20.7 £ 0.5 s and
20.0 = 0.3 s (see table 2). Within error limits, these
are the same; we prefer the latter value for calcula-
tions of molecular weight because it has a smaller
standard deviation. When [1y{/7,.] is corrected to
water (see table 2), its value is

[Tll/nrel]w = [Tl 11w =082,
The [7;,],, reported by Chapman et al. is 0.57 s, 30%

¥ In 0.2 M Na*, the limiting retardation time would be
[711]w = (0.82) {G.883) = 0,72 s (see discussion of limiting
viscosity number zbove).
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lower than our value. Since their shear rates were
greater than ours, a lowering of {r,;] by at least
15% might be expected; our improvement of the sig-
nul to noise ratio for the recoil curves [23], allowing
more accurate measurement at longer times, could ac-
count for some of the discrepancy. Ken Dill (unpub.
lished results) has recently measured relaxation and
retardation times of T2 DNA and obtained the same
[7111w as we have.

Values for the limiting, reduced recoil amplitudes,
{'y3,,/C] and [I',/C], have not been reported previ-
ously. We find that I'y, , and I'; depend on shear rate,
and in fact, they decrease more rapidly with increasing
KTy than daoes sp (fig. 2(@), (c), and (d)). Also, 'y,
decreases more rapidly than I'_, and consequently
['y;/T" is lower at higher k7, (fig. 2(d)). We have
been able to mimic the shear-rate dependence of I,
with the same single—Maxwell-element model men-
tioned above [40]. To mimic the shear-rate depen-
dence of ' /T" would require extension of this single-
element model to 2 multi-element model in which the
viscasity coefficient n; of each deshpot varies with
shear rate. Since n; actually depends on shear rate
times relaxation time [30,40] and not just shear rate
alone, 7, would decrease mose rapidly than n,, 73, -,
as shear rate increases. Correspondingly, I') . which is
proportional to 17; would also decrease more rapidly
than I', which is related to the sum of all the n;’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 molecules I'yy . would be more sensitive to
shear than the total amplitude I',.

If our results on shear effects are 1o 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 k7y values, and the T2 DNA solutions 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 heterageneity. If significant heterogeneity exists,
though, these data provide only 2 maximum correc-
tion. For example, we consider the results of Uhlen-
hopp, Zimm, and Cummings [7] on aberrant T2. If
we extrapolate our data to the high k7, reported in
their experiments, then we can correct their values of

Iy, =0.80and 'y /T =0.35 at k7 =22.80 (our
calculation of 7, ; from their data) to «7;; =0. From
eqs. (47) and (48) above, the maximum zero-shear
values would be I'y ) ; ¢ =4.70 and (T',; /')y =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';,/T'] than were reported. A higher
{I'y1/T] would imply less heterogeneity in DNA size
(see column 3, table 3).

The concentration dependence of I'yj ¢ o/C and
T; o/C preseated in fig. S (b} is in qualitative agree-
ment with the phenomelological theory of Holmes,
Ninomiya, and Ferry {43]. They predict that J./C,
wheze J, is the steady-state compliance, decreases
with increasing concentration,

JJC ( . C[nsp/q) 2 )
(J el OC -0 \/i

It is possible to show from the definitionsof J,, T,
and I'; that

.
7=t =r‘,( 1 ) (50)
7?,;’7;31“ nsntel

Thus, I'; ¢/C might also be expected to decrease with
concentration. In order to make a quantative compa-

rison, it is necessary to recognize that (v /1. )g de-

creases with increasing concentration. From fig. 5, we
can calculate that for C= 10 pg/ml,

L o/C  Grilageido

=(094)(0.86)=0.81, (51)

[F:/C} [TI 1 /nrel]

while the decrease predicted from eq. (49) would be
J/C <

T /C)pg =064 (52)

where [nSP/C'] is taken from table 2. Since (J./C)/
(Jo/O)po—p isless than (ryy /0ol [711 /M ] 2t C=
10pg/ml, it seems likely that (T, o/C)/{I';/C] should
also decrease with increasing concentration, as we in
fact observed. Comparison of egs. (51) and (52) indi-
cates that there is qualitative agreement between the
concentration dependence observed for Fr,o [fCand

(7§1/7e1)p and that predicted from the phenomeno-
logical theory.

As shown in fig. 5 (c), we found that the zero-shear
ratio of recoil amplitudes (I'y /T")g also decreased with
increasing concentration. A similar effect was observed
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by Kloiz and Zimm [5] for E. coli lysates at finite
shear rates.

In table 4 we present the characteristic molecular
weights calculated from the limiting viscoelastic prop-
erties of T2 NaDNA: M -y = 131.9, M = 132.7,
M_..=130.5, and M, A—l’77 6 X 106. Themeanof
these values is (130.7 = 1.6) 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
g2 S /C rn/C, and M, +a/C, obtained at a given con-
«.cmratxon C We did not calculate these quantities
specifically, but could do so from the available data,
We will now show that thes=s quantities are related to
the number of DWNA molecules per unit volume and
that this is what we have determined accurately. Con-
sider the formulas in columns 2 and 3, table 4. For
M. r 11’

M., RTwtf, M, N,

Xt Whichanh VAl SEAC I (53)
c nsnrelrll CI Ll

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

11
N

_ aflsTrerl11 =L, =N, C 54
Trll_ RT(.OT%I a‘"!‘”' ( )
For M_,z, we define
£ CAM/M,)° c
L_=N {- L =N, . 55)
n a ﬂ!l‘ @ Mfﬂ

Cornparable equations are obtained for L~ and L_ 4.
Qur 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 L,y L .. L ., and L4 suggests (1)
that the theorencal equations we have used are valid,
and (2) that our T2 DNA solutions are nearly homo-
geneous. (We note that M, p | (M, M ¢, and M_,
could have been obtained from the mtercepts of con~
centration plotsof L_p | /C, ete)!

In order to estimate the extent of DNA size hetero-
geneity in our solutions, we made the following calcu-
Iations. Assume that 2 DNA solution contains two spe-
cies, 1 and 2, with concentrations Cy and C,. Species
2 is one-half the size of species 1, so that M, /M, =
0.5. From table 4, we can write

. Cyr M
H, Mea 14 2(“)] =1.00£002,
Cirn Mrl"“ Cl A’I‘

. Mfr L+ Cq(Mz)li-’a] -1 - 1.00%0.01
Tl =M T2 C\M, I
M_, C, fM5) 2432} ~1
Hp, A= e 1+C1(Ml) ] =0.98 +0.03

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-
mulas have cancelled out (i.e., 5f_ Lo /Lin
When we include this error, the values of‘ CZ/CI which
we calculate range from O to 0.03 for . ., from 0
t0 0.05 for Ay, ps and from O to 0.84 for . Hy A
The index A, is the most sensitive to heterogene-
ity, and so we ‘consider it to be the most reliable num-
ber from which to calculate C,/C; . Thus, within the
above error limits, our DNA solutions contain less than
3% (from Hy. ), or perhaps 5% (from Hp. | ), half-
size molecules, with the most probable value bemg
zero (Hr, ' Hr, =1.00). It appears that Hp. & A
is quite insensitive to the presence of halfsize 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 C5/C; values is O to 0.06 for H.  , and
0 to 2.60 for Hp . 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 molecules is less than
100%, then our characteristic molecular weights will
each be larger than the true molecular weight Af;. This
is illustrated in table 3, where we have calculated the
ratios My /M . = and M;/M_ from the formulas in
table 4. As pomted out earher, though, the most prob-
able value of C,/C, is zero. Thus, the most probable
value for the molecular weight of T2 DNA is (130.7 £
1.6) X 105, considering the sources of error discussed
so far.

We can compare this value directly to the molecular
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weight obtained by Chapman et al. {4} since they used
the same extinction coefficient as we did to determine
T2 DNA concentration {see below), They obtained
[ri1]w =0.57 sand [0, /C] = 3.05 X 10% mifg, as
discussed above, and calculated essentially Mrn’ using
8, =2.225 (see sect. 3.2). Their resutt, M, =115X
108, is lower than ours, prabably for reasons mention-
ed earlier.

As described in sect. 3.2, we have recalculated §
and §5, assuming T2 DNA to be a partially free-drain-
ing chain. The results 8§, = 2.041 and §, = 1.126 were
used to calculate M, = 1327 X 10% and M, = -
130.5 X 108, respectively. The agreement between
these two M's, and among all four AM’s, suggest that in
viscoelastic experiments T2 DNA. behaves as a partial-
fy free-draining ciain molecule.

Finally, we assess the error assaciated with the de-
termination of DNA concentrations. Typically, con-
centcations of DNA ia our stock solutions were deter-
mined by absarbance and then quantitative dilutions
were made by weighing (see sect. 2). The average
error in the weight and absorbance measurements,
though, may have been consistently too high, because
of the presence of residual protein in our extracts. For
the three stack solutions studied, the absorbance ratio
AngnlAagy was 1.72, 1.72, 1.78. These are less than

Tablc 5
Reported values for T2 and T4 DNA molecular weights

1.839, reported by Felsenfeld and Hirschman [44] for
purified P. mirabilis DNA which has 38% GC base pairs
compared to 35% for T2 [22]. If we assume that
E},_gg,(DNA){.EgEz,(DNA) = 1.839, E3& (protein) =

EL & (protein) = ELB(T4 lysozyme) = 12.8 [},

and E3%(DNA) =181 [19], then AYHS/ASES =
0.932. This is the maximum correction hecause in
general £ ig'{’)(pmtein) <E }-';_g%(protcin). The average
carrection would be 3966 + 0.039, including weigh-
ing errars. Multiplying this by (130.7 £ 1.6) X 10°
lowers the molecular weight to (126 + 5) X 108.

In table 5 we compare our result with some of the
mors 1ecent vaiues for T2 and T4 DNA molecular
weights, determined by other techniques (T4 DNA is
expected to be larger than T2 DNA by about 2%, due
to differences in glucosylation [14]). It is apparent
from this table that our mean molecular weight is with-
in the range of these reported values.

We are able to draw several conclusions from our
resules. Viscoelastic properties of DNA solutions,
measured under conditions of steady state shearing,
depend on the shear rate k. When these properties are
extrapolated to zero shear rate and zero concentration,
limiting values are obtained which can be used to cal-
culate characteristic molacular weigltis, For T2 DNA,
the characteristic M's agree very well with eacit other

Qbsarver KMethod Bacteriaphage A X 10°
Schmid and Hearst Density gradient T4 113.5 2 6 4)
{11} sedimentation
equilibrium
Leighton and 32p star counting T2 132212
Rubenstein [12] (autoradiography)
Dubin etal, [13] Sedimentation- T4 105.7 = 3.8
diffusion of phage
Lang {14] Flectron T4 1g=2 -
microscopy (f2) (116 = 21 b)
Weissman et al. Fluctvation T 1145
f151 spectroscopy
This paper Viscoelasticity T2 126+ 5(130.7 = 1.6 Y

2) The original value of Schmild and Heasst has been increased by 7.45, as reportad by Freifelder [46].
B) Both values were calentated from the measured Iength of T4 DNA. Different massfienzth factors are due to glucosylation.
€} Yalue without allawance for concentration uncestainty (see sect. 5),



252 B.C. Bowen, B.H. Zimm/Molecular weight of T2 NaDNA

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 = 5) X 106, is slightly larger than most
of the previously reported values, but still in good
agreement with them.
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