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Recent work! 2 has shown that equilibrium sedimentation in a density gradient
will separate solutes whose effective densities® differ very slightly and will provide
information from which molecular weights can be computed. This is of particular
interest in the study of deoxyribonucleic acid (DNA), as Meselson, Stahl and
Vinograd! have shown, not only because one can study the replication of DNA?
but also because there is disagreement between the molecular weights measured for
DNA samples by other methods.* Since the method is known to be sensitive to
small differences in effective density (), one would like to know the effects of a con-
tinuous distribution in 6. On the one hand it would be useful to measure such
distributions, and on the other hand it is important to know how a distribution of ¢
affects the calculation of molecular weights.

For a single solute, the shape of the curve of concentratlon versus distance (the
“band”) is Gaussian,! to a first approximation, and the band width is inversely
proportional to the square root of the molecular weight, M. Thus a linear plot of
log ¢ versus (r — ro)? (where ¢ is concentration, r is distance from the center of rota-
tion, and ro marks the center of the band) has been used® 2 to test for homogeneity,
and M has been found from the slope of this graph. It will be shown below that
if the material has a Gaussian distribution of effective densities the band will still be
Gaussian in shape and the width of the band will be markedly increased by narrow
distributions of . Thus a Gaussian shape for the band is a necessary but not
sufficient condition for homogeneity in 6, and the presence of a Gaussian distribution
of 6 will cause M to be seriously underestimated.

When the material being studied contains several fractions, we may express the
total concentration C as the sum of the individual concentrations (which are given
on a weight per volume scale)

C=2ec (1)
and denote the weight fraction of 2ach by
w; = C{o / Co (2)

where ¢;° is the initial concentration of species 7. Combination of equations (1)
and (2) gives

C. = C° T we/ed), @)

If the material has a continuous distribution, g(6) of species each with an effective
density 6 the following equation takes the place of equation (3).
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Cr = C° " g(0) (c/c)r, 0B 4)

It has been shown by Meselson et al.! that under certain conditions discussed in the
following section, ¢ is given by

In (c/¢;) = —(r — 10)%/20% + (0) (r — 10)? (5)
o2 = RT/Mwr, (Z—:) (5a)
0=op, = 1/7 (5b)

where (0) (r — 70)® means that (minor) terms of order higher than (r — r)? are
omitted. Here R is the gas constant, 7' the absolute temperature, p the density
of the solution, w the angular velocity of the rotor, and 9 the partial specific volume
(cc/gm) of the solute. In the next section it will be shown that equation (5) retains
this form, but that a different significance must be given to ¢? and 6, when the
effects of preferential interaction are considered. The relation of ¢,, to the initial
concentration ¢® depends on the type of cell used. In general

Sl Acdr = ¢ fPAdr (6)

where A is the cross-sectional area of the cell and the limits b, @ mark the ends of
the column of solution. For a rectangular cell, use of equation (6) gives

¢, = (b — a)/o V2x (7a)
and for a sector-shaped cell the result is
¢, = c°(b% — a?) /270 V 2. (7b)
When the distribution of effective densities is Gaussian
1
= —6 — om)¥/2 4 8
(6) V2 ®)

equation (4) can be integrated readily by completing the square, provided that o
is treated as a constant and p is expressed by®
dp .
p = Pm+ d— (7_rm)+ (0) (T—Tm) (9)
" /rm

In equation (8), 6, is the mean of the distribution of § and v is the standard devia-
tion in equation (9), r,, is the value of r at which p = 6,,. For a rectangular cell the
result of integration is

CYb — a)

C=ova (10)
2
o = ot + (,Y/Z_i) (10a)

Thus a material with a Gaussian g(f) will form a Gaussian band. As equation
(10a) shows, the width of the band will be markedly increased by small values of
v. For example, a value for v of 0.003 gm cm~—3 would double ¢? for each of the



Vou. 45, 1959 CHEMISTRY: R. L. BALDWIN 941

DNA bands shown in Figure 2 of the article by Meselson and Stahl? and cause M
to be underestimated by a factor of 2. Since 8,, = 1.7 gm cm 2 for this case, such a
value for v would represent a standard deviation equal only to 0.2 per cent of the
mean. Narrow distributions of 6 such as this could arise both from chemical and
from configurational differences among the molecules. Heating DNA was found?
to change 6, by 5 times this amount (Af,, = 0.016 gm cm—3%). Differences in base
composition produce sufficient variation in 6 that DNA samples from different
organisms actually produce separate bands in a cesium chloride gradient.® It
would not be surprising if differences in base composition among the DN A molecules
of one organism were sufficient to cause broadening of this band.

There is a close analogy between the equations given above and the ones which
describe boundary spreading in electrophoresis for a material with a distribution of
mobilities. In the latter case, the concentration gradient curve is Gaussian for a
single solute and also for a material with a Gaussian distribution of mobilities,’
provided the diffusion coefficient is the same for all species and the field strength
and mobilities can be assumed constant. One can measure g() when the band is
not Gaussian in shape by the equation of Brown and Cann.® Their equation,
which gives the distribution of mobilities in terms of moments of the experimental
curve, can be adapted to the sedimentation case simply by changing the notation.
However, one must have an independent estimate of ¢* (equations 5a, 17a). One
would like to measure g(6) without knowing ¢% and, by analogy with the measure-
ment of mobility distributions by an extrapolation to infinite time,* ¥ one might
hope to do this by varying «. However this is not possible, as equations 5a and 10a

. oo : dp\? .
show: the relative contributions to ¢? of ¢* and (7/&1;) do not vary with o,

since dp/dr is proportional to w?.

Alternatively one might hope that, when the material is examined both in a ree-
tangular cell and in a sector cell, the band shapes would be sufficiently different to
detect the heterogeneity in effective density.! The result of integrating equation
(4) for the case of a sector-shaped cell is

C‘c(b2 — a2) e_(r_rm)g/2 il {

C= ———=
2rme V27

2
l—I-i—e(r—r,,,)+e2(r—r,,,)2+...}
T

m

(11)

e[+ (+25)] o

The additional terms of equation (11) are only slightly larger than the ones omitted
from equation (5), and both are outside present experimental error when light-
absorption optics are used. Consequently, examining a material in these two types
of cells offers little promise of detecting heterogeneity in 6.

A method of detecting heterogeneity in 8 which does appear promising (Meselson
et al.,’ footnote 1) is the use of a partition cell to isolate material on either side of
the band center, followed by rebanding of the isolated materials. The new bands
should differ from that of the starting material both in shape and position. One
might be able to detect differences in position by using schlieren optics to find the
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positions of the bands, and by examining both materials mmultaneously in a twin
cell experiment.

At this point we will cons1der certain of the assumptions made in deriving equa-
tion (5), in order to see what factors might cause the band for a single solute with
the properties of DNA to deviate from Gaussian shape. First, there is the question
of the interaction of the solute with itself: equation (5) applies to the limiting case
in which the concentration of solute approaches zero. Since one can study DNA
at very low concentrations (ca. 0.001 gm/100 ml) with light absorption optics, the
assumption seems reasonable. Secondly, there is the question of charge effects,
caused by dissociation of the polyelectrolyte into ions. These have been con-
sidered by Meselson et al.! and by Yeandle,!? and the conclusion has been reached
that the shape of the band remains Gaussian. Thirdly, there is the question of
preferential interaction of the solute with one of the components of the mixed
solvent, a situation which is known to affect markedly the light scattering behavior
of such a system.!?* An equation has already been given for the effect of this on
the position of the center of the band.4 .

Consider a system of three nonionizing components: a mixed solvent whose
components are labeled 0, 1, and a macromolecular solute labeled 2. In order to
obtain a simple equation which applies rigorously to compressible systems, it is
convenient to use a molal, or weight per weight, concentration scale. Equation
(43) of Williams et al.* provides a convenient and rigorous starting equation.

.1 dWa _ oMs(l — @) §, | T'(1 — 73,,,_)} 9
u},‘_.o W, dr RT 1+ (1 — 7ap) (12)
I = —(mpuaM/M5)/(1 + miBu) (12a)
Bu = <b n 7‘) (12b)

Omy /r,p m

Here W is the number of grams and m is the number of moles per 1000 gm of com-
ponent 0, and v, is the activity coefficient of component ¢ on the molal scale. If we
again define 7, to be the position of the maximum concentration

aws

dr = O, r=r (138')
and define 6, as before by the value of p at which r = 7o, we have!*
141 ] .
— o, = L 13b
6= [772 + I'a, 4, (13b)

When the variables on the right-hand side of equation (12) are expressed in series

form as functions of (r — 7o)
w1+ (2 ] (14a)
To

dX
dr

X=X,+ ( > (r — ro) + (0) (r — 7o)? (14b)



VoL. 45, 1959 CHEMISTRY: R. L. BALDWIN 943

. axX o0X dm, (DX) dP:|
1 ) = -~ ) === plnind il 14¢
u',‘ﬁ,,(dr)r, [(aml)P ar T \oP)m ar Jn (140)

where X = either p, %, 91, or '/, and then these expressions are substituted into
equation (12), the result is

. 1 dw, (r — 7o) 2
e VT Ty _ 15
l,lmo ar — + ) (r — ro) (15)

dd T
ow? = RT/(Ma'ro) { R TR ( oy, d”‘)}

dr
(15a)
Integration with respect to (r — ro) gives, as before, a Gaussian curve.
—_— 2
lim I (We/ (W] = — =2 4 (0) (r — r? (16)
Ws—0 26W2

In order to obtain an equation on the ¢ scale, for comparison with equation (5);
we consider the case in which df,/dr and d?./dr are negligible and N’, the quantity
corresponding to I'/, is a function only of the concentrations. Then, following the
same procedure outlined in equations 12-16, one obtains the result

lim In [e/(c2)s)] = — (7—2—7_)_

+ () (r — r0)? 17

o2 = RT/(Mary) [(v, +2 v,) 2 _ (1 - mp) (b)‘ ) d"‘] (17a)

dr
s _ (e blnyp)/[ <blny1)] 17b
V= (5) Can),/ [+ e Ca), o
1+ N
P pn [ﬁz+>\’ﬁl],‘ (17)

If the partial volumes #, and 7, are known, one can find A\’ by measuring 6 and using
equation (17c¢). Then one can find M, from o2, by means of equation (17a), if
(O\’/dc;) is approximated by (A'/e;). This procedure will probably be accurate
enough for measurements made with light absorption optics. More rigorous
procedures could be devised by using equations (15) and (16).

In summary, if the macromolecular material examined by this method has a
Gaussian distribution of effective densities it will form a Gaussian band and
thus appear to be homogeneous. However, the band width will be increased and
the apparent molecular weight will be less than the true molecular weight, often
by a large amount. When the effects of preferential interaction of the solute with
one component of the solvent are considered, one finds that the band for a single
solute is still Gaussian but that its position and width are altered. One can take
account of this, at least approximately, if the partial volumes are known.

The author would like to thank Drs. L. J. Gosting and J. W. Williams for helpful
suggestions.
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Acridine orange (AO) is one of a number of dyestuffs which aggregate in aqueous
solution. It is thought that these flat, aromatic dye molecules aggregate by stack-
ing on top of one another, and are held together by London dispersion forces be-
tween their w-electron systems. The argument for aggregation in the case of AO
rests upon a quantitative analysis by Zanker! of the variation in the dye spectrum
with concentration and temperature. As the dye concentration is increased, the
absorption band (at 492 my) of the monomer falls and is replaced by a new band
(at 464 my) due to dimers. With further increases in concentration this band
shifts further toward shorter wave lengths, corresponding to the formation of
higher aggregates. Zanker showed that these changes could be quantitatively
expressed in terms of an association equilibrium constant, corresponding to a free
energy decrease in forming a dimer of 5.7 kcal/mole.

When AO is used to stain certain polyanionic tissue elements or is mixed with



