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SUMMARY 

Commercial ovalbumin was measured by high-performance ion-eschange 
chromatography on TSK-GEL IEX-545 DEAE SIL and linear gradient elution with 

NaC! to investigate the effects of gradient, ll ow-rate, column length and sample load- 
ing on resolution and retention. As the gradient became less steep, both resolution 
and separation time increased. At constant gradient time, the resolution increased 
and the separation time decreased with increasing flow-rate, but at constant gradient 
volume, both resolution and separation time increased with decreasing flow-rate. 
Columns of 75 mm and 150 mm in length provided almost identical resolution. The 
maximum sample loading was approximateIy 0.5 mg for columns of 6 mm I-D_ and 
almost independent of column length and injection volume. 

INTRODUCTION 

Since Peterson and Sober’ developed cellulose ion-exchangers in 1956, ion- 
exchange chromatography has been wideIy used for the separation and purification of 
proteins_ With the introduction in 1976 of rigid or semi-rigid ion-exchangers hav<ng 
high protein capacity and low irreversible adsorption by Chang et ai.’ and lMikes et 

ale3 high-performance ion-exchange chromatography of proteins has also become 
possible. As a result, the application of ion-exchange chromatography to proteins has 
rapidly been extended, especially in the analytical field. However, previous studies 
concerning chromatographic operational variables do not seem to have resulted in 
the optimization of separation condition?-13. 

This paper reports the effects of salt concentration gradient, flow-rate, column 
length and sample loading on the linear gradient elution of ovalbumin with NaCl on a 
new chemically bonded ion-exchanger_ TSK-GEL IEX-545 DEAE SIL. 

EXPERIMENTAL 

Ovalbumin purchased from Seikagaku (Tokyo, Japan) was used in all measure- 
ments_ As shown later, this sample contains several components which can be sep- 
arated in ion-exchange chromatography, although it is fairiy homogeneous in terms 
of molecular weight. 
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Ion-exchange chromatographic measurements were performed with a high- 
speed liquid chromatograph Model HLC-S03C equipped with gradient generator 
Model GE-Z (Toy0 Soda, Tokyo, Japan). The liquid chromatograph consists of a 
reciprocating single-plunger pump, a valve loop injector and a variable-wavelength 
IX detector_ The UV detector was operated at 280 nm. The gradient generator is a 
nozzle flapper type and can generate linear_ convex or concave gradients of two 
solvents_ A gradient time -between 1 and 999 min can be selected. Commercially 
available prepacked columns of TSK-GEL IEX-545 DEAE SIL were used. The 
cohnnn packings were weak anion exchangers prepared by introducing dicthyl-. 
aminoethyl groups into chemically bonded hydrophilic layers of TSK-GEL G3OOOSW, 
which is a silica-based support of particle diameter 10 qn and pore diameter 250 A 
for high-performance gel filtration. A 150 x 6 mm I.D. column was generally used. A 
75 x 6 mm I.D. column was also used to study the effects of column size and sample 
ioading. A linear gradient of NaCl was employed in all measurements_ The initial 
buffer was O-1 &f Tris - HCI of pH 7.50 and the final buffer was 0.1 ,W Tris - HCl 
containing 0.2 :W NaCl of pH 7_50_ Ovalbumin did not move along the column at all 
in the initial buffer. Gradient elution was started at the _-me time as sample injection. 
Usually 0.2: ml of 0.2 7: solution were injected. To study the effect of sample loading 
however, both the injection volume and sample concentration were varied. All 
measurements were carried out at 25 2 O.YC. 

RESULTS AND DISC5’3xirN 

Eraharion of I esohtien 
Since several peaks were observed in chromatograms of ovalbumin as esempli- 

fied in Fig. I. tlly resolution was calculated for two major peaks a and b according to 
eqn. 1 

Fr. 1 
Ii 
I” 
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Fi_e 1_ An example of a cbroma~o~am of ovzlbumin obuined by hi&-performance ion-exchaqe chro- 
matography. Colmnn: TSK-GEL IEX-545 DEAE SIL (150 x 6 mm I.D.). Elutionr 90-min linear gradient 
fron 0. I M Tris - I-ICI buEer (pH 7.43) to 0.1 M Tris. HCl buffer containing 0.2 _%f NaCl (pH 730): &XV- 
rate, 1 ml/&. Sampie loading: 0.3 7;. 0.21 ml. Temperaturez ZYC. Detector: UV spectrophotometer at 
280 nm. 



IEC OF PROTEINS 

I ‘“‘I 1 ““I 

- 
Slope=0 9510.9-I 01 

10 

E 

i\___\\_i 

>” 

P 

‘F \z 

SIope=06-07 

- 

10 

3 

-s 
r” 

1 

I ---k----- t t 11 I*r?l I I I 1 *ttrl 
15 20 15 15 20 1 10 

Elution Timetmin) Gradient (mM NaClfminI 
Fig. 1. Cbromatograms of fractions I and 2 from Fig. I and the original ovalbumin sample obtained by 
high-performance gel filtration- Column: TX-GEL G3OOOSW (600 x 7-5 mm I-D_)_ Eluent: 0.1 M 
phosphate bulier containing 0.1 M Na,SO, (pH 6.6); flow-rare. 1 ml/mitt. Injection volume: 0.1 ml. 
Temperature: 29C. Detector: UV spectrophotometer at 210 nm. Vertical bars indicate the elution po- 
sitions of myoglobin, bovine serum albumin monomer and dimer. Numerical vahtes on the bars are 
molecular weights of the proteins. 

Fig. 3_ Dependences of resolution, peak inter4 and peak width on b. Gradient times (min): 30,45.60,!30. 
120. 180, 240 and 360. Other conditions as in Fig. 1. 

where V,, Vb, IV, and IV,, are the elution volumes and baseline peak widths of the 
components a and b, respectively. The two peaks a and b were separated as in Fig. 1 
and subjected to high-performance gel filtration on TSK-GEL G3000SW. The two 
fractions were eluted at the same position as the original ovalbumin as seen in Fig. 2, 
which implies that components a and b have almost the same molecular weights and 
are not separated on the basis of molecular weight in ion-exchange chromatography_ 

Effect of the salt concentration gradient 
The effect of the slope (b) of the salt concentration gradient on resolution and 

‘F., p 10 ’ * 1 *#*.I , a I ier,,l 
1 10 

Gradient (mM NaCllmin) Gmdient ’ (m&i MXmin? 
Fig. 1. Dependen= of resolution on 6 at different flow-rates. Gradient times as in Fig. 3. Other conditions 
asinFig. 1. 

Fig_ 5. Dependence of ef%ent salt concentration at which o\albtin was eluted from the column on 6. 
Gradient times as in Fig. 3_ Other conditions as in Fig. i. 
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retention was investigated by measuring ovalbumin with gradient times of 30-360 
min. Fig. 3 shows the dependences of resolution. peak interval and peak width on b 
obtained at a flow-rate of 1 ml/min. Higher resolution was achieved in inverse pro- 
portion to boz-o.5, Le., as the gradient time hecame longer. This is hecause the peak 

interval increased approsimately in inverse proportion to boSg5 while peak width 
increased approsimately in inverse proportion to b”*6-oW’. However. since the latter 
dependence becomes more pronounced with decreasing b, the resolution tends to 

become constant as the gradient becomes less steep. The same qualitative results were 
obtained also at flow-rates of 0.25, OS and 2 mljmin as shown in Fig. 4 The depen- 
dence of the sodium chloride concentration at the elution volume on b is shown in 
Fig. 5, indicating that ovalbumin is eluted at lower salt concentrations as the gradient 
becomes less steep. Detection sensitivity increased in proportion to ho-6-o-7 as can be 
understood from the dependence of the peak width on b in Fig. 3. The separation 
time became longer as the gradient became less steep as seen in Fig_ 6. 

Effect of Jkw-rate 
The effect of flow-rate on resolution and retention was investigated by measur- 

ing ovalbumin at flow-rates of 0.25,0.5, 1 and 2 ml/min. Measurements were carried 
out at either constant gradient time or constant gradient volume (product of flow-rate 
and gradient time). 

Fig. 7 shows the dependences of resolution, peak interval and peak width on 
Bow-rate obtained with constant gradient time_ Higher resolution was achieved in 
proportion to (flow-rate) - o OH-I_ This is hecause the peak interval increased approsi- 
mately in proportion to (flow-rate)‘.’ while peak width increased approximately in 
proportion to (now-rate) o w-g5_ - As shown in Fig_ 8, the same quahtative results were 
obtained also with other b values. Fig. 9 shows flow-rate dependence of the eflluent 
salt concentration at which ovalbumin was eluted. Ovalbumin was eluted at lower salt 
concentrations as the flow-rate became higher. This means that higher resolution is 
attainabie in a shorter time by increasing the flow-rate at constant gradient time, as 
seen in Figs_ 10 and 1 I_ Detection sensitivity, however, decreased almost in inverse 
proportion to flow-rate. 

A. L 4LrnH Eiacumin 5.7 22tmM P;aa/min c. lllm!! riacllti 

^^) .1&y 

I 

'L JJ 

15 20 25 20 30 L5 60 
Efution Time (mid 

Fig. 6. Cbromatograms of ovalbumin obtained \titb gradients of 4.44 mM NaCl/min (A), 2.22 mX 
NaCUmin (B) aad 1.11 m&f NaCl,‘min (C). Gradient times: 45 min (A), 90 min (B) and 180 min (C). Other 
conditions as in Fig_ 1. 
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Fig_ 7. Dependences of resolution, peak interval and peak width on flow-rate at constant gradient time. 
Gradient time: 240 min (corresponds to a _p-adient of 0.833 mAI NaCljmin). Flowrates (mi/min): 025.05, 
1 and 2. Other conditions as in Fig. 1. 

Fig_ 8. Dependence of resolution on flow-rate at different constant gradient times. Gradient times as in 
Fig_ 3_ flow-rates as in Fig. 7; other conditions as in Fig_ 1. 

Fig. 12 shows the dependences of resolution, peak interval and peak width on 
flow-rate obtained with constant gradient volume (60 ml)_ In this case, higher resolu- 
tion was achieved in inverse proportion to (flow-rate)0~‘*-3. This is because the peak 
width decreased approximately in proportion to (flow-rate)“-‘-o-3 while peak interval 
was almost unchanged with decreasing flow-rate. As shown in Fig. 13, the same 
qualitative results were obtained also with other b values, and this tendency has been 
observed also by Vanecek and Regnier lo Fig. 14 shows flow-rate dependence of the . 
e&tent salt concentration at which ovalbumin was eluted. Ovalbumin was eluted at 
lower salt concentrations as the flow-rate decreased. However, the separation time 
became longer ahnost in inverse proportion to flow-rate as seen in Fig. 15 On the 
other hand, the detection sensitivity increased in inverse proportion to (ffow- 
rate)0*‘*‘.3_ 

As shown above, in the case of a constant gradient volume the flow-rate effect 
is the same as in the case of isocratic eiution. In the case of a constant gadient time, 
however, the effect of flow-rate on resolution is opposite to that in isocratic elution. 

~~~~ 

0.1 1 10 
Flow-Rate(mllminl 

Fig. 9. Dependence of eflluent-salt concentration at which ovalbumin was eluted on flow-rate at different 
constant gradient times. Details as in Fig_ S- 



IS Y. KATO, K_ KOMIYA. -I-. HASHIMOTO 
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Fit 10. Chromato_ms of o\albumin obtained at different flow-rates: (A) 0.15 ml/mitt. (B) 0.5 mlimin 
and (C) 1 mljmin. Gradient timer 90 min. other conditions ‘as in Fig. 1. 

The effect of column length on resolution and retention was investigated by 
measuring ovalbumin on 150 x 6 mrr I.D. and 75 x 6 mm I.D. columns. The height 
equivalent to a theoretical plate of both columns evaluated by measuring uric acid 
isocraticahy in l/l5 M phosphate buffer of pH 6.4 at a flow-rate of 1 ml/min was co. 
35 ,LSL The results are summarized in Table I. Almost identical peak intervals, peak 
widths and resolutions were obtained on both columns. However, the 150-mm 
column provided slightly higher resolution than the 7.5~mm column as the gradient 
became less steep, although the diEerence is not so great as reported by Vanecek and 
12egnierr”. They observed an approximately 11% increase in resolution with a 5-cm 
incremental increase in column length_ Fig. 16 shows a comparison of chromato- 
grams of ovalbumin obtained on two columns with a gradient of 0.833 m&1 NaCl,/ 
min. Ovalbumin was eluted at lower salt concentrations on the 7%mm column than 
on the 150~mm column. 

Ejject of-sample loading 
The effect of sample loading on resolution and retention was investigated by 

injecting 0.21 ml and 1.64 ml of solutions of varioits concentrations. Figs. 17 and 18 

I- 
60 75 90 15 60 75 30 L5 60 

Elution Timeiminf 

Fig. IL Chromatograms of ovalbumin obtained at difSerent Row-rates. Gradient time: 240 min. Flow- 
rates as in Fig. 10. Other conditions as in Fig. 1. 
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Fig. 12. Dependences of resolution. peak inrenal and peak width on flow-rate at constant gradient 
volume. Flow-rate and gradient time were varied simultaneously keeping the gradient volume at 60 ml 
(corresponds to a zgadient of 3.33 mM N&l per ml eiuent). Gradient times and flow-rates; 30 min and 2 
ml:min: 60 min and I-mllmin: 120 min and 0.5 ml,min; 210 min and 0.25 mi min. Other conditions ;1s in 
Fie I. 

Fig_ 1X Dependence of resolution on flow-rate at different constant gradient volumes. Gradient times 2s in 
Fig_ 3. Flow-rates ImLmin): 0.1X0.5. 1 and 2. Other conditions as-in Fig. 1. 

101 I 1 l**vtl I I *I I, 
0.1 1 ’ IQ 

Flow-Rate(mumin) 
Fig. 14. Dependence of eflluent salt concentration at which o\anlbumin was eluted on now-rate at ditferent 
constant gradient \olumes. Gradient times as in Fig. 3, flow-rates ;1s in Fig. 13; other conditions as in Fig_ 
1. 
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Fig. 15. Chromatograms of ovalbumin obtained a~ differenr flow-rates and a -gradient volume of 90 ml 
(corresponds to a _erdient of 2.22 m&f Nail per ml eluent). Gradient times and flow-rates: (A) 1SO yin_ 
0.5 mljmin; (B) 90 min. I mljmin; (C) 4.5 min, 2 mljmin. Other conditions 2s in Fig. 1. 
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TABLE I 

COMPARISON OF RESOLUTION, PE4K INTERVAL, PEAK WIDTH AND EFFLUENT SALT CONCEN- 
TRATION _4T WHICH OVALBUMIN WAS ELUTED 

Columns: 150 x 6 mm I.D. and 75 x 6 mm I.D. Conditions as in Fig. 1 except column size and gradient time were 
varied. 

Gradienr 
(mM NaCl/min) 

(b) 

0.556 24.4 23-4 
0.333 16.7 16.1 
:_I1 13-O 12.4 
1.67 8.57 8-47 
2.12 6.73 6.49 
333 468 4.47 
4.41 3.47 3.42 

6.67 2.30 2.35 

R(d) 

150 mm 75 - 
-___ 

I50 mzn is nun IS0 nun 75 nlRz 

4.74 4.90 2.51 242 
3.47 3.52 237 2.2 3 
2.86 2.91 2.27 2.10 
zo-4 2.18 2.12 705 
1.84 1.83 1.96 1.57 
1.39 1.3s 1.69 1.69 
1.17 1.12 153 1.57 
0.92 0.90 1.25 1.31 

25.8 20.0 
30.6 24-O 
34.7 27.2 
41.0 323 
45.6 36.4 
519 __. 42.3 
58.3 46.5 
66.9 54.3 

A. 75x6 mnlcl. 8. l50x6mmlO 

Elution TimeLmin) 

Fig_ i6. Chromatogkms of ovalbumin obtained on columns of different size: (A) 75 x 6 mm I.D., (B) 
150 :c 6 mm I.D.; _mdient time: 240 min. Other conditions as in Fig. 1. 

Fig_ 17. Dependence of peak width on sample loading. Column sizes: 150 x 6 mm 1-D. or 75 x 6 mm I.D. 

Sample loading: O.OOS-5%. 0.21 ml or 1.64 tnI. Other conditions as in Fig. 1. 



IEC OF PROTEiNS 21 

I . I(I.bX, I 1 ,.fi’., 
5 

z! 

s 
B 
z .- 
2 
0” 

=yq-+.tiedm- 
KI7l lmll 

. 150 0.21 
g lo_ * 0 150 7s 1 0.21 6L 

I- * 1 . . ..I I . . ..I I I1 . . ..I 1 

O-1 1 10 
Sample Loading lmgl 

fig. 18. Dependence @f effluent salt concentration at which okalbumin WZQ elured on sarn~le loading- 
Details as in Fig. 17. 
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Fi_e 19. Chromato_erams of ovaibcmin obtained with solutions of different concentrations_ Sample con- 
centrations: (A) 0.1 ?A, (B) 0.25 “4, (C) 0.5% and (D) 1 ‘/& Other conditions as in Fig. 1. 
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Fig. 20. dhromatograms of ova!bumin obtained with sample loadings of (A) 0.2%. 0.21 ml (0.42 mg 
protein) and (B) 0.025%. 1.64 ml (0.41 mg protein)_ Conditions except sample loading as in Fig. 1. 
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show the dependences of, respectively, peak width and emuent salt concentration at 
which ovalbumin was eluted_ The sample loading at which the peak width begins to 
increase or elution begins to become faster is almost independent of both column 
length and injection volume and is L’LI. 0.5 mg_ However, the increase in peak width 
above a sample loading of O-5 mg is more pronounced on the 75mm column than on 
the 135mm column. Although it has been reported that resolution decreases little up 
to considerably high sample loadings in ordinary low pressure ion-exchange chroma- 
tography of proteins;, sample loading should be kept less that 1-2 mg per unit 
column section area (cm’) in high-performance ion-exchange chromatography of pro- 
teins Chromai-grams of ovalbumin obtained at various sample loadings are shown 
in Fig. 19, which indicates that peak width becomes wider, elution becomes faster and 
peak shape becomes tailing with increasing sample loading. The effect of the sample 
!oading on each compone;lt in the sample seems to depend not on the whole amount 
injecred but on the respective amount of each component. This is why the separation 
between peaks a and b (see Fig. 1) seems to be almost unchanged in the chromato- 
grams in Fig. 19. Fig. 20 shows chromatograms of ovalbumin obtained with different 
injection volumes and sample concentrations, but almost identical sample loadings_ 
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