
Adsorption Chromatography of Proteins: 
Determination of Optimum Conditions 

A simple and convenient method for predicting optimum chromato- 
graphic conditions from linear gradient elution experiments with a small 
column is presented and verified experimentally. The method was found 
to be very useful for a rapid survey of the nature of unknown proteins, for 
the estimation of optimum chromatographic conditions, and for scaling 
up the separation of proteins in ion exchange and hydrophobic interac- 
tion chromatography. 

Two applications were successfully carried out on the basis of the 
proposed method: (1) Separation of a protein mixture of ovalbumin and 
P-lactoglobulins A and B with both anion and cation ion exchange col- 
umns by means of column switching technique. In this method, the sam- 
ple is always subjected to the elution process until it is collected as a 
purified fraction through the two columns. A special valving system is 
devised for this method. (2) Large-scale ion exchange chromatography 
separation of B-galactosidase. Linear gradient elution of crude P-galac- 
tosidase was carried out with a 30 L ion exchange gel column on the 
basis of data obtained with a small (23 mL) column. 

Introduction 
The development of biotechnology requires excellent separa- 

tion methods such as various types of liquid chromatography for 
processing large amounts of proteins and enzymes. 

Linear salt gradient elution is the most common and useful 
method for separation of proteins by adsorption chromatogra- 
phy procedures such as ion exchange chromatography (IEC), 
hydrophobic interaction chromatography (HIC), and several 
types of group-specific affinity chromatography. In isocratic 
elution the composition of the elution buffer is the same as that 
of the starting buffer, and in stepwise elution the composition of 
the elution buffer is changed discontinuously from that of the 
starting buffer. In comparison with these methods, linear gra- 
dient elution has the following advantages (Morris and Morris, 
1964; Matsuno et al., 1987): 

1. An artificial peak caused by discontinuous changes of the 
elution buffer is avoided 

2. A number of components can be eluted in a single elution 
experiment without using excessively large effluent volumes 

3. The resolution is increasea simply by reducing the slope of 
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the gradient (Kato et al., 1982, 1983, 1985; Matsuno et al., 
1987; Yamoto et al., 1987b) 

The movement of protein zones in linear gradient elution is 
drawn schematically in Figure 1 in comparison with that in iso- 
cratic elution. Initially, the protein zones including a protein of 
interest are retained at  the top of an IEC or HIC column. As the 
linear increase (decrease) of the salt concentration is introduced 
to the IEC or HIC column, the zones start to move. Then their 
velocities increase drastically because the adsorption of proteins 
on the stationary phase depends strongly on the salt concentra- 
tion. Finally, they move with a certain salt concentration. After 
this period, the distance between the two zones hardly varies 
with time, while in isocratic elution it increases with time, as 
shown in Figure 1. 

The movement of the protein zone in linear gradient elution 
can be described by equilibrium theory (Drake, 1955; Freiling, 
1955) as: 

When the linear gradient of a salt concentration is assumed to 
be established ideally in the column, the salt concentration or 
ionic strength I as a function of zp and t is given as 
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Figure 1. Movement of zones during linear gradient elu- 
tion and isocratic elution. 

I = I ,  i- G [ ( u t / Z )  - (1 + HK') ( z , /Z ) ]  (2) 

where G = gV, is the slope of the gradient normalized with 
respect to the column void volume and K' is the distribution 
coefficient of the salt. When the distribution coefficient of a pro- 
tein K is known as a function of I, integration of Eq. 1 together 
with Eq. 2 with respect to time yields the peak retention time tR 
This calculation procedure was first presented by Drake (1955) 
and Freiling (1 955). Pitt ( I  976) has shown by numerical calcu- 
lation that the t R  value obtained by this model is coincident with 
that obtained from a mass balance model taking into account 
the zone spreading. However, since the analytical solution of 
Eqs. 1 and 2 cannot be obtained unless several simplified 
assumptions are made (Drake, 1959,  the numerical integration 
must be carried out for each set of operating conditions, which is 
rather laborious. 

Yamamoto et al. (1983) obtained Eq. 3 from Eqs. 1 and 2, 
and presented a simple graphical method for obtaining the ionic 
strength at t,, I R  based on Eq. 3. 

p d I f [ K ( I )  - K'] = CH (3) 

When K ( I )  - K' is known, we integrate the lefthand side of Eq. 
3 as a function of I and plot it against I .  With the aid of this 
curve, we can predict I R  with a single parameter GH, which is 
composed of the column volume and the slope of the gradient. 

In our previous study (1983), linear gradient elution experi- 
ments of proteins were carried out with various ion exchange gel 
columns for a wide range of experimental conditions. The Z, val- 
ues obtained were in good agreement with the values calculated 
by Eq. 3 with K ( I )  measured by separate batch experiments 
(Yamamoto et al., 1983). However, the determination of K ( I )  
by the batch experiment over a wide range of I was found to be 
tedious and time-consuming. 

On the other hand, our previous study also suggests that in the 
case of K ( I )  unknown, once the GHvs. I R  plot is prepared with a 
certain column, it can be used for predicting I, and hence t, in 
linear gradient elution of various column dimensions and the 

slope of the gradient. The purpose of this paper is first to verify 
this experimentally. 

Our second purpose is to show that K ( I )  can be obtained from 
the GH vs. I R  plot. The derivative of Eq. 3 with respect to I 
becomes 

d(GH)/dZ p l / [ K ( I )  - K']  (4) 

Therefore, the differentiation of the GH vs. I, curve gives 1/ 
[ K ( I )  - K'] irrespective of the type of the salt concentration 
dependence of K .  Since K' is constant under the usual experi- 
mental conditions, we can obtain K' from a pulse response 
experiment or from frontal analysis. Using the above procedure, 
we have determined K ( I )  of several standard proteins in IEC 
and HIC in this study. Good agreements are observed between 
K values obtained by the proposed method and those by the 
batch or isocratic elution method. Stepwise elution designed on 
the basis of this method also has shown the utility of the meth- 
od. 

Our third purpose is to show that the G H  vs. IR plot can be 
also used as a method for determining not only the optimum 
chromatographic conditions but also the characteristics of pro- 
teins. 

When K ( I )  - K' is approximated by Eq. 5 ,  Eq. 6 is obtained 
from Eq. 3 is negligibly small compared with I f + ' )  in the 
usual liquid chromatography conditions]. 

K - K' - AI-B ( 5 )  

GH - Ik""'/[A(B + l ) ]  (6) 

B implies the number of points involved in the adsorption equi- 
libria, as shown later. Therefore, we expect that the GH vs. I ,  
curve in IEC becomes steep and shifts to higher I ,  values with 
an increase in the net charge of a given protein. This corresponds 
to an increase of pH in the case of anion exchange columns and a 
decrease of pH in the case of cation exchange columns. 

In the case of HIC, it is difficult to predict the degree of affin- 
ity of a given protein to the HIC column. However, the above 
consideration still holds. Namely, the GH vs. I, curve becomes 
steep and shifts to lower IR values with an increase in the num- 
ber of points involved in the adsorption equilibria. Therefore, if 
we prepare G H  vs. IR curves for various pH, we can use them not 
only for determining the optimum chromatographic conditions 
of proteins but also for obtaining important information on the 
protein characteristics. The present experimental results for 
IEC and HIC have shown the utility of the proposed method. 

Furthermore, the following two successful applications of the 
proposed method are demonstrated: 

1. The separation of a protein mixture of ovalbumin and 
P-lactoglobulins A and B with both anion and cation ion 
exchange columns by means of column switching techniques. In 
this method, the sample is always subjected to the elution pro- 
cess until it is collected as a purified fraction through the two 
columns. A special valving system is devised for this method. 

2. The large-scale IEC separation of 8-galactosidase. The 
linear gradient elution of crude 8-galactosidase was carried out 
with a 30 L IEC column on the basis of the data obtained with a 
small (23 mL) column. 
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Experimental Method 
The proteins employed are listed in Table 1. The following 

buffer systems were used: 60 mM sodium acetate-acetic acid 
(pH 4.0), 10 mM sodium acetate-acetic acid (pH 5.2), 10 m M  
sodium acetate-acetic acid (pH 5.6), 14 mM tris-HCI (pH 7.7), 
and 4 mM tris-HC1 (pH 8.5). The ionic strength Zof these buff- 
ers was around 0.01. Chromatographic media (gels) from Toyo 
Soda used in this study included DEAE Toyopearl 650M (d, = 

65 pm), DEAE Toyopearl 650s (dp = 40 pm), C M  Toyopearl 
650s (d, = 36 pm), Buthyl Toyopearl 650s (dp = 38 pm), and 
Buthyl Toyopearl 650C (dp = 92 pm).  These gels were packed 
into the column according to a procedure similar to that of Kato 
et al. (1981) or that of Yamamoto et al. (1986). 

Experimental apparatus was essentially the same as that 
employed in our previous studies (Yamamoto et al., 1983,1986) 
except that closed columns were employed. Therefore, sample 
injection into the column was carried out by means of a Rheo- 
dyne 7120 injection valve in the case of isocratic elution. The 
sample solution was directly introduced to the column with the 
aid of the pump in the case of both linear gradient elution and 
stepwise elution. A block diagram of the apparatus for the col- 
umn experiment in linear gradient elution and stepwise elution 
is given by Figure 14 when valves V3 and V4 are set to positions 
A and B, respectively. Experiments were carried out in a con- 
stant-temperature box maintained at  25°C. The elution was per- 
formed by the increase of NaCl concentration from 0.03 M in 
IEC and by the decrease of (NH,),S04 concentration from 2 M 
in HIC. 

The distribution coefficient K was determined from the elu- 
tion volume V, = t,v in isocratic elution experiments according 
to the relation 

V, was determined from a Dextran T-2000 (Pharmacia) pulse. 

Table 1. Proteins Employed in Study 

Protein* 
.. .- 

Cytochrome C 
from horse 
heart 

Ribonuclease A 
(RNAse) 
from bovine 
pancreas 

Myoglobin 
from equine 
skeletal muscle 

8-lactoglobulin A 

P-lactoglobulin B 

Ovalbumin (OA) 
from egg white 

8-galactosidase 
from Aspergil- 
lus oryzae 

(LG-A) 

(LG-B) 

MW** DI** Supplier 

13.000 9.0-9.4 

14.000 8.7-8.9 

18,000 7.3-7.6 

Sigma 

Sigma 

Sigma 

44,000 4.7 

130,000t 4.2 

Contained in bovine 6- 
lactoglobulin, 
ICN Pharmaceuticals 

Seikagaku Kogyo 

Amano Pharmaceutical 

*Abbreviations in parentheses are usefi in figures and text. 
**Molecular weight (MW) and isoelectric point (PI) values from Righetti and 

Caravaggio (1976), Righetti et al. (1981). Smith (1968). 
?Determined by high-performance gel filtration chromatography (TSK G- 

3000SW) with the aid of a calibration curve prepared with standard proteins hav- 
ing known MW values 

I DEAE IEC columnldc=1.6cm, Z=15cm, dp=40pnl I g = 8 ~ 1 0 - ~  MlmL I\ 
CH-0.013 M 

D V S l l  

0 

0 

a 

20 

lactoglobulrn A 

CH-0.013 M 

5 10-0.04 M lactoglobulrn A 

N pH 7 . 7  

0 ovalbumin 

Y 
C 
0 

0 w n a 

20 60 80 

.2 

? -  

time [mini 
Figure 2. Typical elution curves in linear gradient elution 

with a DEAE IEC column. 
Sample: 0.5% OA + 0.5% LG-A and LG-B, 1 mL 

When K was larger than about 5 ,  a batch experiment and/or 
frontal analysis was carried out according to the same procedure 
as that in our previous study (Yamamoto et a]., 1983). 

Results 
Efleect of sample load 

Figures 2 and 3 show typical elution curves obtained from 
linear gradient elution experiments in IEC and HIC, respec- 
tively. The peak retention time, t,, and the peak width a t  the 
base line, W, were measured for various sample volumes to 
examine the effect of sample volume on tR  and W. As seen in 
Figures 4 and 5, both the elution volume Ve = t , ~  and Wremain 
constant a t  low sample volumes. Although a further increase of 
sample volume causes a considerable increase of W, t, still 
remains constant. The highest sample loads shown in Figures 2 
and 3 are 1 . 1  (mg protein/mL column) in IEC and 1.7 (mg pro- 
tein/mL column) in HIC. These sample loads are much higher 

I B u t h y I  H I C  column pH7.7  Ig=ZM 
(dc=l.6cm. Z-IScm. d p = 3 0 F m )  
cytochrome C 

8 - 0 . 0 1  MlmL 
GH.O.19 M 
v.3 mLlmin 

2.0 

ribonuclease 

-0 20 40 
time trnin~ 

Figure 3. Typical elution curves in linear gradient elution 
with a Buthyl HIC column. 
Sample: 0.2% cytochrome C + 0.2% myoglobin + 0.4% RNAse + 
0.4% OA, 2 mL 
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than those for analytical separations (Kato et al., 1982; Vanecek 
and Regnier, 1980). Even a t  such high sample loads the varia- 
tion of fR is negligible, although Wincreases by a factor of I .5 to 
2.0. Similar experimental results were obtained by a number of 
investigators (Yamamoto et al., 1983; Kato et al., 1982; 1985; 
Vanecek and Regnier, 1980). 

This is because the linear part of the isotherm of proteins very 
rapidly becomes wider with increasing Zin IEC and decreasing I 
in HIC (Yamamoto et al., 1983). Consequently, the protein 
zone moves with the velocity governed only by I soon after elu- 
tion although the protein follows a nonlinear isotherm a t  the 
beginning of the elution (Morris and Morris, 1964; Yamamoto 
et al., 1983). 

These experimental results permit the assumption involved in 
the proposed method that Kis  dependent only on Zand not much 
affected by the initial protein concentration, and thus permit use 
of the proposed method for preparative protein separation. 

Relation between GH and ZR 
The linear gradient elution experiment whose results are 

shown in Figures 2 and 3 were carried out for a wide range of the 
slope of the gradient g, the flow rate, and the column dimension. 
Then, the values of I ,  obtained were plotted against GH to give 
the curves shown in Figures 6 and 7. The curves are not depen- 
dent on the column size, the flow rate, or dp. Accordingly, once 

I I l l  1 I I I I I I I I  I ,  

dc=I.6cm Z-1Scm d p = 3 8 ~ m  
0 v=l.5mL/mln GH-O.IIM 
Y Veo-179mL W0-12.9mL 
\ 
K 

I - I I l l  I I I I I I l l 1  
I 2 5 10 20 

SAMPLE VOLUME ImLl 

Figure 5. Effect of sample load on peak position (tn or 
V, = tnv) and on peak width Win linear gradient 
elution HIC. 
V, - r,u and W, values at sample volume - 0.75 mL 

loor 
0.1 *I. OA 5 mL 
DEAE Column 

0.2 0.3 0.4 0.5 
I R  [MI 

Figure 6. GH vs. In for OA with DEAE IEC columns. 
IR. ionic strength = molarity of NaCl + molarity of buffer (0.01) 

the GH vs. ZR curve is obtained with a certain small IEC or HIC 
column, the IR and hence t R  value in linear gradient elution can 
be predicted from the curve for a given set of g, d,, and Z. This is 
very useful since the height to diameter ratio ( -Z/d , )  and the 
flow rate, as well as the slope of the gradient, must often be 
changed in the scaling-up due to the mechanical properties of 
the packing materials (gels) (Janson and Hedman, 1982). 

Determination of K as a function of Z 
from the GH vs. ZR curve 

Knowledge of K(Z) is required for the design of the stepwise 
elution of proteins, since we must choose the condition (salt con- 
centration) where a desired protein is retained (or eluted) while 
the other proteins or contaminants are eluted (or retained). It is 
also needed in models of linear gradient elution that consider 
zone spreading (Pitt, 1976; Yamamoto et al., 1983; Gibbs and 
Lightfoot, 1986). 

On the basis of Eq. 4, the values of K(Z) are obtained by the 
slope of the curve of GH vs. Z,. K‘ values were determined by the 

0 rn 

U 
I 

2 
(3 

0.01 

0.8 1.0 20 30 
IR [MI 

Figure 7. GH vs. In for OA and RNAse with Buthyl HIC col- 
umns. 
In = (NHJ2SO, concentration 
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Figure 8. Relation between K and I for OA in DEAE IEC. 
Curve obtained from differentiation of curve in Figure 6 

pulse response experiment [K' = 0.66 for NaCl in IEC and K' = 

0.76 for (NH4)$04 in HIC]. As shown in Figures 8 and 9, good 
agreement is observed between K values obtained by this 
method and those by the isocratic elution and batch experi- 
ments. We have shown that the peak position t R  in stepwise elu- 
tion can be predicted on the basis of K value a t  the salt concen- 
tration (ionic strength) of the elution buffer (Yamamoto et al., 
1983). Therefore, once the curve of G H  vs. I ,  is obtained, we can 
predict tR  in both linear gradient elution and stepwise elution for 
a given combination of the operating variables such as  the slope 
of the gradient, the salt concentration of the elution buffer, and 
the column dimension. 

The elution curves in stepwise elution designed on the basis of 
Figure 9 are shown in Figure 10. It is seen that four proteins are 
well separated and the predicted t, values (arrows in the figure) 
are in good agreement with the experimental values. 

GH vs. I R  plots for various pH 
When the ion exchange gel particle is considered to consist of 

matrices having charged groups (solid phase) and interstices 

1 

r- 
I 
U 

1.0 2.0 
I [MI 

Figure 9. Relation between K and I in Buthyl HIC. 
Curves obtained from differentiation of curves in Figure 7 (data of 
GH vs. 1, for myoglobin and cytochrome C are not shown in Figure 
7) 
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Figure 10. Elution curves in stepwise elution with a Bu- 
thy1 HIC column. 
Sample: 0.25% cytochrome C + 0.25% myoglobin + 0.5% 
RNAse + 0.5% OA. 0.5 mL 

among them (pores), the distribution coefficient K is expressed 
by 

K = K,, + Kp (8) 

Here, Kcr, is the distribution coefficient under the condition 
where the interaction between a given protein and the charged 
group is negligible-i.e., gel filtration (size exclusion) mode-. 
and K p  is that between the protein concentration in the pore and 
that in the solid phase (Yamamoto et al., 1983; Arnold et  al., 
1985; Matsuno et al., 1987). Furthermore, when the law of mass 
action is assumed to be valid, Kp is given as (Boardman and Par- 
tridge, 1955; Kopaciewicz et al., 1983): 

Kp = A I - B  (9) 

Then, 

We found that Eq. 10 can describe the experimental relation 
between K and I in IEC fairly well (Yamamoto et al., 1983). 
Therefore, when K' is close to K,,, Eq. 5 is also a good approxi- 
mation for K in IEC. 

From Eq. 6, we expect that when a GH vs. I ,  relation in IEC 
is plotted on a log-log scale, a straight curve is obtained; the 
curve shifts to larger I ,  values and its slope becomes steep with 
an increase of B, that is, the number of charges involved in the 
adsorption equilibria. 

In order to verity the above relations, we carried out linear 
gradient elution experiments a t  various pH using a DEAE and 
CM ion exchange gel columns (1.6 x 15 cm). A synthetic mix- 
ture of proteins including ovalbumin, @-lactoglobulin A, and 
P-lactoglobulin B was employed as a sample. pH was changed 
from 4.0 to 8.5. As is seen from Figure 11, the curve shifts to 
larger I ,  values and its slope becomes steep with an increase in 
the net charge, that is, increasing pH in the case of the DEAE 
column and decreasing pH in the case of the C M  column. These 
findings are in good agreement with the expectations drawn 
from Eq. 6. However, near the respective PI, the retention 
behavior of the proteins is very different. For example, a t  pH 5.2 
both @-lactoglobulins A and B were adsorbed to either of the 
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Figure 1 1. GH vs. /,for DEAE and CM IEC columns at vari- 
ous pH. 
I.  I 0.04. 

anion and cation columns while ovalbumin was not retained on 
the cation column. These experimental results suggest that the 
retention mechanism of proteins in IEC cannot be explained on 
the basis of the simple net charge concept (Kopaciewicz et al., 
1983; Haff et al., 1983). So, we must rely on the experimental 
results for the prediction of the retention behavior of proteins in 
IEC. 

Figure 12 shows the GH vs. fR curves at various pH in HIC. 
The slope of the curves is steep, which implies that a number of 
points are involved in the adsorption equilibria. The variation of 
the G H  vs. Z, curve with pH is strongly dependent on respective 
proteins. In the case of ribonuclease, which is known to maintain 
its native conformation over a wide range of pH (Buzzell and 
Tanford, 1956), the curve did not much vary with pH. On the 
contrary, myoglobin was not desorbed from the HIC column at 
pH 5.2 and was eluted only when a buffer solution of pH 7.7 was 
used. The curve for cytochrome C shifted to lower ZRvalues with 
a decrease in pH, which means that the retention volume 

PH 4.0 pH 5.2 pHt7 

- 
I 
Y 

s 

10 20 10 20 
IR [MI 

Figure 12. GH vs. /, for Buthyl HIC columns at various 
PH. 
1, - 2.0. 

becomes larger with decreasing pH. Consequently, ribonuclease 
was eluted before cytochrome C at pH 4.0 while the order is 
reversed at pH 5.2. It seems that the retention behavior of pro- 
teins in HIC is hard to expect, and therefore the utility of the 
proposed method is again stressed. 

It should be mentioned that the assumption of Eq. 5 is not the 
necessary condition for the above discussion. It is employed only 
to show that the GH vs. ZR plot reflects the adsorption equilibria 
between proteins and IEC or HIC columns. 

Application of present method 
to actual protein separation 

To achieve a fine separation, the values of ZR at a certain GH 
should differ considerably. Therefore, we can determine from 
Figure 11 that the optimum condition for the separation of the 
three proteins with a single column is pH 5.6 with the DEAE gel 
column. As shown in Figure 13, the resolution of the proteins is 
fairly good and the f R  values estimated from Figure 11 (arrows 
in the figure) are in good agreement with the experimental 
results. 

However, a more efficient separation process consisting of 
three separation steps was devised from Figure 1 1. The first step 
is the fractionation of ovalbumin, which is not adsorbed to the 
CM column at pH 5.2. The second step is the desorption of lac- 
toglobulins A and B from the CM column. In this step, they are 
not separated but are eluted as a single peak. The third step is 
the separation of f3-lactoglobulins A and B on the DEAE column 
at pH 5.2. Since the elution position in each step can be pre- 
dicted by the proposed method before chromatography, it is pos- 
sible to couple columns in a series and skip the process of collect- 
ing fractions. This type of process is called column switching 
technique, multidimensional column chromatography, or cou- 
pled multiple-column chromatography (Kopaciewicz and Reg- 
nier, 1983). We designed such an on-line separation process 
using the column switching technique; it consists of a very small 
CM gel column (0.75 x 7.5 cm), a small DEAE gel column 
(1.6 x 15 cm), and a valving system, as shown in Figure 14. We 
chose a low GH value so that the ZR value for @-lactoglobulins A 
and B from the CM column is low. Consequently, they can be 
readsorbed to the DEAE column without desalting the fraction. 
Therefore, we can skip the desalting process and the sample is 
always subjected to the elution process until it is collected as a 
purified fraction. The experimental elution profiles are shown in 
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Figure 14. Block diagram of column switching tech- 
nique. 

Figure 15. The resolution of the three proteins separated by 
means of this process was far better than that with the single- 
step process shown in Figure 13. In addition, the separation time 
was 140 min, which was 70% of the single-step separation. 
These results demonstrate not only the utility of the proposed 
method but also the versatility of the column switching tech- 
nique. 

It is desirable that large-scale liquid chromatography can be 
designed and operated on the basis of data obtained with a small 
column. As an example, the large-scale linear gradient elution 
IEC of crude 8-galactosidase was carried out according to the 
GH vs. I ,  plot prepared with a small, 23 mL, column. Note that 
the large (30 L) column employed is not geometrically similar to 
the small one, as is often the case with the large-scale chroma- 
tography of proteins (Janson and Hedman, 1982). The slope of 
the gradient g was adjusted so that the GH values of the small 
and large IEC columns became equal. As seen in Figure 16, the 
peak positions as well as the peak shapes for the small and large 
IEC columns expressed in V/Vo are quite similar. The devia- 
tions observed in some peaks are probably due to experimental 
difficulties in preparing the large volume of sample and buffer 
solutions, in packing the large column, and so on. We further 
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Elution curves in separation experiment using 
column switching technique. 
Sample: 0.25% OA + 0.25% LG-A and LG-B, 2.5 mL 
Roman numerals I-VI correspond to Figure 14; arrows represent 
peak positions estimated from Figure 11 
GH value = 0.00069 M for CM column, - 0.0073 M for DEAE 
column 
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Figure 16. Elution curves of small- and large-scale linear 
gradient elution IEC. 
Sample (1% p-galactosidase) was applied so that sample volume 
was $V,; the sample load was 3.3 mg crude enzyme/mL column 

scaled this up to a 11 3 L column. The results will be reported 
elsewhere, and variables affecting the purification factor also 
will be examined (Yamamoto et al., 1987a). 

i t  should be mentioned that the packing materials (gels) 
employed in this study are more rigid and smaller than conven- 
tional soft gels for protein separation (Yamamoto et al., 1986; 
Kato et al., 1981, 1983; Janson and Hedman, 1982). These 
properties of the gels not only make scale-up easy but also give 
the high resolution at  high Bow rates shown in this study. 

Discussion 
Separation by liquid chromatography is based on the differ- 

ential migration velocity caused by the difference of the affinity 
of substances to the packing material (stationary phase) (Gid- 
dings, 1965; Morris and Morris, 1964). Therefore, biospecific 
affinity chromatography with immobilized monoclonal anti- 
bodies is probably the most efficient method of liquid chroma- 
tography with proteins a t  present (Chase, 1984a, b); only a pro- 
tein of interest is adsorbed to the stationary phase selectively. 
Therefore, once a column is saturated with the protein, a subse- 
quent one-step desorption yields the highly purified fraction. 
However, since the affinity is so strong, the desorption must be 
done with extremely low pH solutions and/or with protein dena- 
turants such as urea and guanidine hydrochloride; these may 
denature proteins (Chase, 1984a). Furthermore, the prepara- 
tion of monoclonal antibodies immobilized packing materials is 
laborious and time-consuming. 

On the other hand, various packing materials (gels) are com- 
mercially available for IEC and HIC. Moreover, proteins can be 
eluted (desorbed) simply by the change of the salt concentra- 
tion. However, a number of overlapped elution curves appear in 
the linear gradient elution IEC or HIC of crude bioproducts, as 
shown in Figure 16, since biospecific adsorption of a desired pro- 
tein is not involved. Let us focus our attention on the resolution 
of two adjacent elution curves involved in such experiments. The 
resolution is determined by the distance between the two peak 
positions and by the peak widths. The optimum chromato- 
graphic conditions are therefore such that the distance between 
the two peak positions is long. 

In gel filtration chromatography (GFC), the distribution 
coefficient K is usually a unique function of molecular size 
(Whitaker, 1963). So, once K of two given proteins is deter- 
mined for a certain GFC column, their peak positions and hence 
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the distance between the two peaks for various column and oper- 
ating variables can easily be calculated by Eq. 7. 
On the other hand, the K of proteins in IEC and HIC depends 

on the salt concentration I ,  pH, and protein concentration. 
Moreover, the salt concentration dependence of K in IEC and 
HIC is very strong. Therefore, it is very cumbersome to measure 
K over such a wide range of experimental conditions by a batch 
experiment. Moreover, when more than one component is 
included in the sample, the K value of each component cannot be 
measured by the batch experiment unless a specific measure- 
ment method for each component is available. In contrast, the 
proposed method is applicable to such a case when each peak is 
resolved. So, it is useful for determining rapidly the optimum 
chromatographic conditions such as the initial pH and the salt 
concentration of the elution buffer in stepwise elution and the 
slope of the gradient in linear gradient elution. 

Once such chromatographic conditions are found, the next 
task is to choose the variables increasing the peak width, such as 
the column and operating variables (flow rate, column dimen- 
sion, particle diameter, and so on) and the sample load. We 
derived an equation that relates the resolution in linear gradient 
elution to the column and operating variables such as the flow 
rate, the particle diameter, the column length and the slope of 
the gradient, and verified it experimentally (Matsuno et  al., 
1987; Yamamoto et al., 1987b). 

In the case of IEC, the sample load in mg protein/mL column 
is 0.1-0.5 for analytical purposes (Kato et al., 1982; Vanecek 
and Regnier, 1980). A further increase of the sample load 
broadens the peak width as shown in Figures 4 and 5. Conse- 
quently, the separation efficiency decreases considerably. So, 
the sample load as well as the variables increasing the peak 
width mentioned above in IEC and HIC must be carefully 
chosen so that the desired separation efficiency can be 
obtained. 

It should be noted that the increase of the sample load up to 
1-1.6 mg protein/mL column hardly affected the tR  (or I , )  
value in this study. This sample load is not low as compared with 
that in biospecific affinity chromatography (Arnold and Blanch, 
1986; Chase, 1984b; Clonis et al., 1986; Janson and Hedman, 
1982). When the sample load is further increased, for example 
to 30 mg protein/mL column as shown in the plasma protein 
fractionation by Janson and Hedman, the tR  value may deviate 
from that predicted by the present method. However, even when 
the aim is to maximize throughput by such overloads, knowledge 
of t ,  at  low sample loads is quite important (Knox and Pyper, 
1986). For this reason, the present method is useful for the 
large-scale separation of proteins by IEC and HIC. 
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Notation 
A = parameter, Eq. 5 

ACJ = absorbance unit 
B = parameter, Eq. 5 

CM = carboxymethyl 
C, = initial protein concentration, 75 

DEAE = diethylaminoethyl 

d, = column diameter, cm 
d, = particle diameter, rm 
G - gv., M 
g = absolute value of slope of linear gradient, M/mL 

H =  tv, - V J / V ,  
I - salt concentration in HIC, M; ionic strength in IEC, M 

I R  = I at tR,  M 
I ,  = I at start, M 
K - distribution coefficient for a protein 

K’ - K for a salt 

Kp - distribution coefficient, defined as protein concentration in 
K,, = Kin gel filtration mode 

solid phase of gel divided by that in pore 
LG-A = @-lactoglobulin A 
LG-B - @-lactoglobulin B 
MW - molecular weight 
OA = ovalbumin 

PI - isoelectric point 
RNAse - ribonuclease A 

t - time, min 
t R  = peak position (retention time), min 

u - vZ/V,, linear mobile phase velocity, cm/min 
V - tv, elution volume, mL 

V, - t,v, elution volume at  tR, mL 
V, = V, at low sample loads, mL 
V, = column void volume, mL 
V, = total column volume, mL 
W - peak width measured at  base line, Figure 2, mL 
W, - Wat low sample loads, mL 

v = volumetric flow rate, mL/min 
Z - column length, cm 
zp - distance of peak position of protein zone from inlet of column, 

t R 0  - tR at low sample loads, min 

cm 
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