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SUMMARY

The accuracy and precision of the estimates of hydrodynamic parameters of
globular proteins obtained by inverse regression from gel filtration chromatographic
data are discussed. The usefulness of gel filtration chromatography as the basis for
a rapid and reliable method for the determination of the Stokes radius and the
molecular mass is considered. The discussion is supported by an analysis of the models
already proposed in the literature, and is based on the precision of the estimates.

INTRODUCTION

Many analytical procedures have been used for the determination of the relative
molecular mass (M,) and the molecular size of proteins and nucleic acids. Whereas the
most accurate of these techniques, e.g., sedimentation velocity and sedimentation
equilibrium measurements, viscosity and density determinations and light scattering
(see refs. 1-5 and the references cited therein), require selected and expensive
instrumentation, gel filtration is a very simple method. Through a mathematical
approach, we have checked the quality of the results that can be obtained from gel
filtration chromatographic data for globular proteins by using the various models
already available.

Gel filtration chromatography can be considered as a transport phenomenon.
Although the mechanism of separation of macromolecules by gel filtration is not
completely understood® it is now well established that the behaviour of proteins in the
gel matrix can be better related to their hydrodynamic radius (Stokes radius, Rs) than
to their relative mass, M,’°. Considering the molecules of globular proteins as spheres
with a defined hydrodynamic radius'®!! is a simple assumption which can be very
useful in the determination of molecular masses if it is combined with the determin-
ation of sedimentation coefficients. This combination is necessary because proteins are
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not truly spherical but have various shapes and extents of hydration, and therefore no
unique relationship exists between Rs and M,'2. Therefore, it is not reasonable to
assume that there exists a method for determining one parameter from the other, valid
for any protein, and testing the mathematical models already proposed in the
literature, involving any of these two parameters and the chromatographic variables,
seems to be a reasonable step.

It is convenient to distinguish between accuracy and precision in the determina-
tion. The accuracy is related to bias, i.e., the mean of the deviations from the real value,
and the precision is concerned with the reproducibility of the determination!3. It is
possible for a given method to be accurate, i.e., no systematic error is involved, but of
low precision; conversely, the same erroneous value could be repeatedly obtained. It is
not unusual to find in the literature different estimates of the molecular mass of the
same protein even if the same method has been used; specimen purity and calibration
technique can account for discrepancies on this magnitude in many instances!>.

In this paper, we discuss seven models that have been already introduced, in the
light of real data for nine proteins used for calibration. These models are judged
according to the accuracy and precision obtained when determining Rs or M, by
inverse regression from gel filtration chromatographic data.

EXPERIMENTAL

Proteins

The following proteins were used for calibration (see Table I): thyroglobulin
(bovine thyroid), ferritin (horse spleen), catalase (bovine liver), and aldolase (rabbit
muscle) (all from Pharmacia); albumin (bovine serum) (Serva); and ovalbumin (egg
white), chymotrypsinogen A (bovine pancreas), myoglobin (whale muscle) and
cytochrome ¢ (horse heart) (all from Sigma).

TABLE 1

MOLECULAR MASSES AND STOKES RADII OF NATIVE PROTEINS USED FOR CALIBRA-
TION

Standards in aqueous solution obtained from sedimentation equilibrium.

Protein Molecular mass  Rg (nm)
Thyroglobulin 670 000° 8.60°
Ferritin 440 000* 6.06
Catalase 230000 5.23¢
Aldolase 148 000° 4.60°
Albumin 67 000¢ 3.55¢
Ovalbumin 43 500¢ 2.73¢
Chymotrypsinogen A 23 000° 2.24¢
Myoglobin 17 000¢ 2.08¢
Cytochrome ¢ 13 400° 1.65¢

¢ Potschka®.

b Frigon et al.'*.

¢ Righetti et al.'’.
4 Hoorike et al.®.
¢ Mantle'S.
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Reagents

Blue Dextran 2000 was purchased from Pharmacia and potassium dichromate
from Merck. Distilled water, further purified with a Millipore Milli-Q system, was
used throughout.

Gel filtration chromatography

Gel filtration was carried out at 4°C on an Econo-column (Bio-Rad Labs.) of
Sephacryl S-300 (Pharmacia) (111 x 1 cm [.D.) equilibrated with 50 mM Tris—HCI
buffer (pH 8.2)-0.1 M NaCl. A 0.8-ml volume of each sample was applied, at
aconcentration of 3 mg/ml, with elution at a rate of 10 mi/h. The absorbance at 280 nm
of the effluent was continuously recorded.

Chromatographic data were expressed in terms of the distribution coefficient,
Ky or K,,, defined by the equations

Ve — V,

KD=——Vi—O
and

Ve — V,

Ky = —2

Vi — Vy

where V., is the elution volume of the protein under study, V, is the void volume

(elution volume of Blue Dextran 2000, 1 mg/ml), and V; is the internal volume (given

by Vi = V, — Va — Vo, V, being the total volume and ¥V, the matrix volume).
The calibration proteins were chromatographed 3-8 times.

Calibration of the column by Stokes radius

Several equations have been proposed in order to describe the relationship of the
distribution coefficient of the protein with Rg. The following models have been
considered in this paper.

Model I:

erf_l(l - KD) =a + bRs
was used by Horiike et al.'”, according to Ackers'®, who assumed that the effective
radius of the pores follows a Gaussian distribution. This Gaussian distribution has
also been considered by several workers in this context®!2-19-23,

Model II:

KY® = a + bRg

was proposed by Porath?4, and used later by Horiike et al.!”.
Model III:

(—‘lOg I<av)1/2 =a+ bRS
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proposed by Laurent and Killander?®, and later by Siegel and Monty?9, is usually used
when the measurements are obtained for a variety of proteins at the same gel
concentration.

Model 1V:

was proposed by Davis?® as a simplified calibration procedure for gel filtration
columns.

Correlation of distribution coefficient and molecular mass

Three models relating the distribution coefficient to the molecular mass have
been considered.

Model V:

K., = a + blogM,

has been used by several authors and is usually considered in studies of gel filtration2°,
Model VI

erf"'(1 — Kp) = a + bM}!?

was developed by Fish'!.
The sigmoidal model VII:

1
K = T——
[+ (Mja)

can be transformed into a linear model using the function logit ¥ = In[Y/(1 — Y)]*%:
logit K., = a + b log M,

In all the equations a and b are empirical constants for a given chromatographic
system, and were estimated by a linear regression discussed below. Rg and M, are
assumed to be free from errors of determination and were therefore taken as control
variables. The experimental variables were considered as response variables and
written on the left-hand side of the equations.

RESULTS

Preliminary analysis
Let us consider the model

yij=a+ bx; + u; + &ij 1 ¢}

N
N
N
VAN
~
VAN
=
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where x represents the control variable in any of the seven models introduced above
and y is the response variable; #; replications were made for the ith calibration protein
(n; varies between 3 and 8); y;; is the value of y in the jth replication for the ith protein,
and ¢; is the error in the determination of y;;, which is assumed to follow a Gaussian
distribution, N(0,0;); u; represents the deviation of the ith protein from “ideal”
behaviour, i.e., the exact linear model. This deviation has been commented upon in the
Introduction and including it in the model allows us to assume that ¢;; has a zero mean.
Not much can be guessed, at present, about #; for an individual protein and, more
important, nothing can be known from the bare value x;. Therefore, the best we can do
is to make the simplest hypothesis concerning u;, i.e., that u; follows a Gaussian
distribution N(0,0) (¢ independent of x). It is important to distinguish between both
types of error, because omission of u; leads to a model that does not pass the usual test
of linearity. Nevertheless, this distinction makes eqn. 1 unmanageable, and a reduction
must be made.
Taking means in eqn. 1:

)7i=a+bxi+ui+§i 1<i<9 (2)

and now & is N(0,0:/\/n;). An exploratory analysis of the values of 6> + o7/n;, carried
out by estimating the residual variance after fitting by the ordinary least-squares (OLS)
method a linear model to the pairs (x;, J;), shows that the values ¢?/n;, although
different, are small in comparison with ¢, and thus we are led to a model

)7i=a+bx,-+w,- 1<l<9 (3)

where the variance of w; assumed to be constant, y; can be taken as an estimate of the
true value of y for the ith protein (not the expected value corresponding to x = X;,
unless the ith protein could be assumed to be “ideal’).

Predictions from the models

To check the seven models, the following operations were performed. For each
i we considered the sample obtained by omitting the pair (x;, 7;) and fitted a linear
model by the OLS method to this sample. Then the model obtained was used to
calculate x; by inverse regression, and this prediction was recorded. We thus obtained
nine errors for each model. The predictions, together with the relative errors, in the
form of percentages, are presented in Tables II-VIII. We can use now these errors in
order to discuss the accuracy and precision of these methods for determining Rg and
M,. The purpose of omitting one pair (x;, ¥;) when fitting the models is to avoid the
influence of the pair in the prediction of x; when the prediction is made using a model
obtained from a sample in which the pair itself was included (see ref. 27, Chapter 2, for
an elementary discussion of this subject).

Let us look first at the models involving Rg (models I-1V). The estimates of Rg
obtained by means of these models are negatively biased, the mean of errors being ca.
—0.7 for all of them. Therefore, these models can be considered as reasonably and
similarly accurate.

The precision of a method can be measured in different ways (variance, mean
square error, median absolute deviation, etc.). Nevertheless, we are not interested here



352 F. CABRE, E. I. CANELA, M. A. CANELA

TABLE 11
VALUES OF THE CHROMATOGRAPHIC VARIABLE AND THE STOKES RADIUS IN MODEL I

Each predicted value of Rg was obtained by inverse regression from a linear model fitted to the eight other
points. The percentage errors are referred to the true values of Rg.

erf' (1 — K;) Ry Predicted Ry Percentage error
1.2078 86.0 80.73 6.12
0.9437 60.6 64.28 6.07
0.7686 52.3 48.88 6.53
0.7257 46.0 45.92 0.17
0.6244 35.5 38.50 8.45
0.4871 273 27.60 1.09
0.4234 224 22.70 1.34
0.3778 20.7 18.74 9.46
0.3158 16.5 13.68 17.09
TABLE II1

VALUES OF THE CHROMATOGRAPHIC VARIABLE AND THE STOKES RADIUS IN MODEL I1
Details as in Table II.

K3 Ry Predicted Rg Percentage error
0.4442 86.0 80.07 6.98
0.5667 60.6 64.80 6.93
0.6519 52.3 49.00 6.31
0.6730 46.0 45.92 0.17
0.7226 35.5 38.32 7.94
0.7888 27.3 27.35 1.83
0.8190 224 22.52 0.54
0.8401 20.7 18.73 9.52
0.8685 16.5 13.96 15.39
TABLE 1V

VALUES OF THE CHROMATOGRAPHIC VARIABLE AND THE STOKES RADIUS IN MODEL
I

Details as in Table II.

(—log K,,)'? Ry Predicted Ry Percentage error
1.0166 86.0 78.76 8.42
0.8463 60.6 64.51 6.45
0.7306 52.3 49.65 5.07
0.7016 46.0 46.76 1.61
0.6322 35.5 39.39 10.96
0.5340 27.3 28.07 2.82
0.4862 22.4 22.67 1.21
0.4489 20.7 17.89 13.50

0.3997 16.5 11.80 28.40
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TABLE V

VALUES OF THE CHROMATOGRAPHIC VARIABLE AND THE STOKES RADIUS IN MODEL
v

Details as in Table IL

1000}V, Rg Predicted Rg Percentage error
25.21 86.0 77.63 9.73
22.28 60.6 66.18 9.20
19.95 52.3 49.64 5.09
19.35 46.0 46.34 0.74
17.96 355 38.44 8.28
16.14 27.3 26.92 1.39
15.34 224 2247 0.31
14.79 20.7 18.84 8.99
14.08 16.5 14.54 11.38
TABLE VI

VALUES OF THE CHROMATOGRAPHIC VARIABLE AND THE MOLECULAR MASS IN
MODEL V

Each predicted value of M, was obtained by calculating log M, by inverse regression from a linear model
fitted to the eight other points and transforming the resulting estimate into an estimate of M,. The
percentage errors are referred to the true values of M,.

K,, M, Predicted M, Percentage error
0.0927 670000 872048.30 30.16
0.1926 440000  363710.70 17.34
0.2928 230000 189132.62 17.77
0.3219 148000  158330.34 6.98
0.3985 67000 9447486 41.01
0.5187 43500 37503.20 13.79
0.5803 23000 25380.36 10.35
0.6265 17000 18025.14 6.03
0.6921 13400 10275.22 23.32
TABLE VII

VALUES OF THE CHROMATOGRAPHIC VARIABLE AND THE MOLECULAR MASS IN
MODEL VI

Each predicted value of M, was obtained by calculating M!/3 by inverse regression from a linear model fitted
to the eight other points and transforming the resulting estimate into an estimate of M,. The percentage
errors are referred to the true values of M,.

erf ' (1 —K;) M, Predicted M, Percentage error
1.2078 670000  959386.11 43.19
0.9437 440000  332089.95 24.52
0.7686 230000 196 804.47 14.43
0.7257 148000 162754.97 9.97
0.6244 67000 102509.69 53.00
0.4871 43500 41021.98 5.70
0.4234 23000 25862.72 12.45
0.3778 17000 16516.54 2.84

0.3158 13400 7246.70 4592
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TABLE VIII

VALUES OF THE CHROMATOGRAPHIC VARIABLE AND THE MOLECULAR MASS IN
MODEL VII

Details as in Table VI.

Logit(K,,) M, Predicted M, Percentage error
—2.2828 670000  1850502.70 176.19
—1.4359 440 000 313949.36 28.65
—0.8829 230000 152276.88 33.79
—0.7452 148 000 127 496.24 13.85
—0.4119 67000 79 888.69 19.24
0.0750 43500 36274.601 16.61
0.3232 23000 26574.56 15.54
0.5192 17000 19712.90 15.96
0.8119 13400 12267.75 8.45

in checking the quality of the models from a purely mathematical point of view, i.e., the
goodness of fit, but from a practical point of view, according to the precision of the
estimates of Ry which could be obtained using them. In order to stress such an
approach, the errors are presented as relative errors, and our discussion will be based
on these. This presentation makes the result look worse than when the absolute
error/length of interval ratio for the x variable is expressed, which would be the natural
way for a linear model. Moreover, the correlations are high, above 0.99 for any of the
nine fittings made for each model. However, the main interest here is the usefulness of
the model for the determination of Rs, and the approach used here seems to be correct
and easy to understand, and any one can draw his or her own conclusions from the
results in Tables II-V.

For the models involving the molecular mass (models V-VII), the same analysis
was performed. Nevertheless, M, was transformed to linearize the models and, in spite
of the high correlations (always above 0.975), the estimates of M, show errors whose
size is partly due to the change in dimension.

CONCLUSIONS

Gel filtration chromatography is considered to be a rapid and useful technique
for the determination of the size and relative molecular masses of proteins®!2.
Classical physico-chemical methods, such as sedimentation analysis, light scattering
and electron microscopy, require very specific instrumentation'3, but gel filtration
chromatography has the advantages of being relatively simple and of providing
accurate results when the column has been calibrated properly.

The separation mechanism of gel filtration chromatography involves not only
the molecular mass but also the shape of the molecules. Potschka® suggested that the
universal calibration principle for gel filtration chromatography is the viscosity radius,
i.e., the molecular volume times a shape function which is defined by the intrinsic
viscosity. Nonetheless, the reported differences between the Stokes radius based on the
translational frictional coefficient, ie., calculated for native proteins from the
diffusion coefficient with the Stokes—Einstein equation, and that based on the intrinsic
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viscosity are usually not larger than 10%2® or are indistinguishable®2°. We consider
that the use of any Stokes radius for calibration in gel filtration chromatography could
lead to good results.

We present here some conclusions from the results of the analysis made on seven
models taken from the literature. The technical details have been given in the preceding
section. The most obvious fact is that the use of the Stokes radius leads to better results,
as could be expected considering what was previously known about the subject.

The models I-IV can be taken as acceptable for the determination of Rs, but
some facts deserve attention. The errors obtained for proteins 1 and 9 must be
considered, bearing in mind that they come from predictions corresponding to values
of x falling outside the interval used in the determination of the parameters. It is
interesting that, for all the models checked, the same proteins have either a low
(aldolase) or a high (albumin) percentage error. This truly reflects the fact that some
proteins behave anomalously with respect to the others. The basis for the difference is
probably a greater deviation from a spherical shape (or, less likely, greater hydration)
of some proteins. Without considering the error for cytochrome ¢, we do not find
significant differences among the four models. Model IV has the advantage of using V,
directly, allowing an easier interpretation, but model 1 has a suggestive physical
explanation, based on the assumption that the pore size of the matrix is Gaussian'®, as
mentioned earlier. However, this model is limited as this assumption is not valid except
for a particular Gaussian distriution of pore size centred at the origin, and Le Maire et
al.'* have shown that when the pore size distribution is calculated using an
experimentally determined Kp = f(Rs), the pore site is bimodal and therefore in no way
Gaussian.

The importance of robustness in these analyses must be emphasized, because of
the risk that the presence of a protein with very far from ideal behaviour could
adversely affect the estimates of the parameters. We have already described the
cautious approach followed in this work to the analysis of the size of the errors. Unless
a deep knowledge of the proteins used for the calibration allows the experimenter to
disregard such problems, we consider it advisable to use a robust regression technique
in the calculation of the parameters of the model to be used for future determinations.

With respect to models V-VII, our results confirm that the use of M, as
a parameter for the description of the behaviour of the molecule inside the column is
not adequate, as has been repeatly stated in the literature. However, if truly spherical
proteins, hydrated to the same extent, are used, the errors can be minimized and
a direct relationship between M, and R can be achieved. In any event, the size of the
errors obtained in this work does not allow us to consider these models as the basis for
any precise method of determination of molecular masses of proteins. Nevertheless,
they could be used to obtain an approximation of the relative magnitudes of the
molecular masses of different proteins, i.e., as a basis for comparative methods.

Finally, it is interesting to emphasize that a combination of Rg and sedimenta-
tion coefficient measurements to obtain M,*® leads to an error most generally smaller
than that which results from a direct determination of M, by gel chromatography.
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