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A convenient plotting method in the Archibald method generally adoptable for determin-
ing the molecular weight of proteins was developed. This method consists mainly of
plotting of 1/x-(dn/dx),; vs. ¢,;, which is designed to read the exact slope, 1/xc,-(dn/
dx),, and to exclude an error arisen from the separate run with synthetic boundary
cell necessary to estimate the initial concentration of the solute. The experimental
results indicated that this convenient method provided the same accuracy for the de-
termination of molecular weight as that of usual Archibald method, when the initial
concentration of the solute was suitably assumed and used in the calculation of thr
provisional or supposed concentation of the solute at any position in the cell of ultra-
centrifuge.

INTRODUCTION

Sedimentation equilibrium has long been recognized as one of the standard
methods for the estimation of the molecular weight of biopolymer such as pro-
tein (Svedberg and Pedersen, 1940; Fujita, 1962). Many additional devices and
methods have been investigated to overcome a disadvantage that much long time
is needed to attain the true sedimentation equilibrium of the solute in a cell set
up in the centrifugal field. Such studies may be classified into two categories;
one is focused to an improvement of the sedimentation cell with a short column
(Yphantis, 1947) and the other to detect theoretically the sedimentation state in
the cell which can be treated similarly to that in true sedimentation equilibrium.
In connection with the latter, Archibald (1947) had demonstrated an excellent
method for the estimation of the molecular weight of proteins. His method was
based upon the theoretical prediction that the solute can be regarded to be in
an equilibrium-like state at meniscus or bottom of the cell independently of the
centrifugation time, if the revolution of the rotor is suitably chosen to attain
finally the equilibrium of the solute throughout the cell.

The Archibald method has a great advantage in that this method requires
only a considerably short time for centrifugation. However, the precise estima-
tion of the value of initial concentration of the solute, and the solute-concentra-
tion and concentration-gradient at the meniscus or bottom boundary have been
thought to be necessary for the adoptation of this method. Usually, the initial
concentration of solute has been estimated by use of a synthetic boundary cell
in a separate run, and the concentration and concentration-gradient at the bound-
aries have deen determined by an extrapolating method.
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In the estimation of the initial concentration by the synthetic boundary cell,
an insufficient dialysis of the solution and a perturbation of initial boundary
formed between solution and solvent layers in the cell are referred to be a
large source of an experimental error.

The present paper deals with a simple and convenient plotting method in the
Archibald method, which does not require the measured value of the initial con-
centration, hence, does not need the use of the synthetic boundary cell in a sep-
arate run.

THEORY

When the sedimentation equilibrium was completed throughout the cell, the
following equation may be established at any position, x (distance from the cen-
ter of rotation) in the cell of a ultracentrifuge. The first term represents the

®’xs¢ — D~ac =0 (D

ox

solute amount sedimenting across the cross-section at x, and second term rep-
resents the counter-current arisen from the free diffusion of the solute. Where
@ represents the angular velocity, s is the sedimentation constant, ¢ the concent-
ration of the solute and D the diffusion constant. Molecular weight M relates
with s and D according to the following equation

_ M(Q1-9p)D @

s RT

where 7 is partial specific volume of solute and p is the density of solvent.
Combining equations (1) and (2), we obtain

M=""" ¢ o (3)

In the case of the Archibald method, equation (3) holds only at meniscus
xy and at bottom x; of the cell*. Equation (3) is rewritten for the Archibald

method,

_ (de/dx)y RT _ (de/dx) s . RT

M CuXy (1 9p) 0* cxxy  (1-9p)e? “)

where suffixes M and B indicate the meniscus and bottom of the cell.

For the calculation of molecular weight from experimental data using equa-
tion (4), it is absolutely necessary to estimate ¢y and c¢;. When plateau region,
X, still remained in a middle of the cell in regard to the concentration-gradient,
¢y and ¢, can be calculated by equations (5) and (6), respectively.

* In true equilibrium state, dc/dx, ¢ or dc/dx/c at any x -value is constant independently

of time, and cigéd))c( will be constant for all x-value independently of time. However, it

should be noted that under the Archibald condition, only the value of d€é—f’—‘—— at meniscus

or bottom is held constant independently of running time, but not at another x-values.
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1% ,dec
Cu=0C J g 9% (5)
Cp=C + }J ? ”Z—i—dx (6)

where ¢, represents the initial concentration, and dc¢/dx=0 at X. The initial
concentration c,, is calculated from the experimental data with the synthetic
boundary cell using equation (7).

X1 dc
o= @)
X, and X, show the x-values of both boders of boundary, where dc/dx drops to

zero. Thus, it is necessary to run the separate experiment for obtaining the
c,-value.

When the terms (df—;d—x)ﬂand (dc;dx)’i are measured at two different times, 1,
M B

and t,, we obtain equations (8) and (9).

(de/dx)un _ (de/dx) s _ (Car— Cur) (A—-2p)o*’M
Xy Xy RT
(de/dx)un _ (de/dX) e r
and similarly,
(de/dx) 5, _ (de/dx) sn
M— _ X o X5 "'"(1}:;—%62 %)

dey=—Cyp—Cypy AC5=Cpe—Cup.

Since, in equations (8) and (9), we need to know only the difference in the solute
concentrations, A c, but not the absolute values of the solute concentration. Equa-
tions (5) and (6) may threfore be replaced by following equations;

— 1 *u 2 di
Cyrn = Y — ;{ IX X dx dx (10)
_ 1 (* ,de
Cota= Y + EEJZB dpdx 1D
where suffix nis 1, 2,-- and Y is an arbitrary round -number. It is preferable

«

v
to choose the Y-value larger than the real ¢,-value. In practical, and newly

defined ¢ by equations (8)-(11) should be calculated at several x-values to obtain
more precise value of molecular weight by use of equations (8) and (9), similar-
ly to the usual Archibald method.
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EXPERIMENTAL

Materials : Hen's egg white lysozyme was five-times recrystallized and
lyophilized preparation.

Ultracentrifugation . For the Archibald method, 12-mm standard cell was filled
with 0.4 ml of a silicon oil and 0.3 ml of protein solution, and centrifuged at 13410
or 20410 rpm and 20°C for 3-4 hr using a Spinco Model E Ultracentrifuge. Pro-
tein was dissolved in 0.1 M phosphate buffer, pH 6.8 to about 1%. For determina-
tion of initial concentration, a synthetic boundary cell was used and the boundary
was formed at the same revolution as that in the sedimentation run.

Calculation : Photographic pattern of the boundary was enlarged about 5 times
and traced on section-paper. Pattern traced was divided in 0.25 cm units along
x-axis, and dn/dx (height of pattern and a quantity proportional linearly to de/dx)
was read at each point. The x-values were corrected to the real value in the
cell by dividing with the magnification of camera lenses. Partial specific volume
of lysozyme was assumed to be 0.70. For usual Archibald method, analysis of
the experimental data was carried out according to the original report. First,
dn/dx was measured at each x-value, and the solute concentration at each x-value
was calculated according to equations (5) and (6) with changing ¢, and ¢; to ¢,

and x, or x; in the integrals to x. Then (d"ci/‘ix)i was plotted against X.(dnc/it?)M
z M
(dn/dx) 3 . .
and Sk, Wwere obtained as an extrapolated value on meniscus and bottom,
BB

respectively. The molecular weight was calculated by equation (4).
For new plotting method, first, @Lj’o’“ was plotted against c,,, that is cal-

culated by equations (10) and (11) with changing cu:. Or ¢z, O ¢y, aNd Xy OF X5
to x. In this plotting, points at the same x-value were connected by suitable line
and the slopes of lines were read. Thus obtained slopes were again plotted
against x-value in arbitrary units and extrapolated to x, or x;. The extrapolat-
ed values are

(dn/dx) y, (dn/dx) 4,

Xy Xy
dcy
and
(dn/dx) sy __ (dn/dx) pn
X5 Xp
dcy

These values were used for the calculation of the molecular weight by equa-
tions (8) and (9).

RESULTS AND DISCUSSION

One per cent lysozyme solution was centrifuged at low revolution and sedi-
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Fig. 1. Plotting of i(:j—;)“ Vs. ¢, in meniscus side Solid line represents the plot

drawn for each traced pattern.
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Fig. 2. Plotting of ?(21}):.: VS. €y in bottom side.



148 K. Hayashi and M. Funatsu

W 0.6 u
Z =)
@ 0.4 +41.2
s
(&)
v 0.2 q10 2
e —
w o]
= 0] 108 @
z z
-0.2 o6
& r:
9 o
»n -04 104 (7)'
-0.6 1 | | | |

| 2 3 4 5

X-VALUE (arbitrary units)
Fig. 3. Plotting of slope vs. x. The slope was calculated from dotted lines in Figs.
1and 2. The x-values are represented by arbitrary units. M and B represent the
x-values of meniscus and bottom. The extrapolated values were used for calcula~
tion of molecular weight. O: Meniscus side. ®: Bottom side.

M
B

Table 1. Molecular weight of lysozyme determined by Archibald method.

Method 1/cx » dnjdx M%gf;ﬁ?r
! o |
Meniscus 0.415 i 15700
Usual method Bottom 0. 410 | 15590
Convenient ! Meniscus 0.390 14820
plotting method ; Bottom 0.410 15590
Literature | 77771 4300

mentation boundaries were photographed at intervals of 16 min after 20 min from
the constant revolution. Photographic plate was enlarged 4.96 times and traced
on section-paper. The x-value of traced pattern was corrected by a factor,
1/(4.96x2.17), to the real value of the cell, where 2.17 is magnification of camera
lens in the machine. The y-axis (height of pattern, dn/dx) was directly read
without making any correction. The concentration at each x-value at time ¢ was

calculated from equations (10) and (11) with choosing Y=2.
The plotting ofx-](éin-) vs. ¢, IS shown in Fig. 1. The straight line cover-
xt

ing all points at the same x-value was drawn and the slopes of lines were read.
Uppermost dotted line connects the values at meniscus. The slopes decreased
gradually as x-value is apart from the meniscus.  The similar plotting was done
for bottom-side, and the slopes were read. The slope increased as x-value be-
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comes smaller than that of bottom, as shown in Fig. 2.

Fig. 3 shows the plotting of slope vs. x-value in arbitrary units. Extrapolated
values of slopes should be used for the calculation of molecular weight. The
slopes obtained at meniscus and bottom should be of the same value, if the sample
protein is completely homogeneous.

As can be seen in the figures, the values of slope read directly from Figs.
1 and 2 are slightly different from those obtained by extrapolation.

For comparison, the molecular weights obtained by the usual method and
the new plotting method are listed in Table 1. The molecular weight of lysozyme
calculated from amino acid composition is known to be 14300 (Canfield, 1963, 1965).
The Archibald method gave a little larger value for the molecular weight. How-
ever, it is well known that lysozyme at a high concentration above 1% exhibited
an association in solution. It is therefore reasonable value obtained by the pres-
ent experiment, because the present experiment was carried out at the concentra-
tion of about 1 %.

As shown in Table 1, the new plotting method gave a satisfactory and rea-
sonable value for the molecular weight of lysozyme. The new method may be
applicable as convenient one for the determination of molecular weight of pro-
teins by the Archibald method.
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