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SALT MEDIATED ELUTION BEHAVIOR 

STATIONARY PHASE FOR SIZE EXCLUSION 
HIGH PERFORMANCE LIQUID 

CHROMATOGRAPHY 

OF PROTEINS ON A SILICA-BASED 

DANILO CORRADINI1*, RAFFAELLA FILIPPE'IT12, 
AND CLAUD10 CORRADINI' 

'Institute of Chromatography 
21mtitute of Structural Chemistry 

C. N. R 
Area dells Ricerca di &ma, P.O. Bax 10 

I-00016 Monterotondo St&ne, Rome, Italy 

ABSTRACT 

Salt mediated elution behavior of several pro- 
teins on the commercial silica-based size exclusion TSK 
G 3000 SW column was examined. Depending on the nature 
and salt concentration, this column exhibits three 
domains where either sieving effect or electrostatic or 
hydrophobic interactions are predominant. At sufficien- 
tly low salt concentration positively charged proteins 
were retained by electrostatic interactions, whereas 
negatively charged proteins were subjected to Donnan 
exclusion. On the other hand, by using salt with a 
large molal surface tension increment, at sufficiently 
high salt concentration proteins were retained by 
hydrophobic interactions. Under these conditions the 
hydrophobic parameters, defined as the slope of the 
linear plot of log K' against salt molality, were 
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3394 CORRADINI, FILIPPETII, AND CORRADINI 

e v a l u a t e d  and  compared t o  t h o s e  o b t a i n e d  on t w o  columns 
f o r  hydrophobic  i n t e r a c t i o n  chromatography , prepared 
by c o u p l i n g  b u t y l  and  pheny l  g l y c i d i l  ethers t o  t h e  TSK 
G 3000  S W  pack ing  m a t e r i a l .  P r o t e i n s  i n  a nar row 
molecu la r  we igh t  r ange  w e r e  s e p a r a t e d  on t h e  TSK G 3000 
S W  column a c c o r d i n g  t o  t h e i r  i s o e l e c t r i c  p o i n t  by  t h e  
u s e  of  i n c r e a s i n g  s a l t  g r a d i e n t .  

INTRODUCTION 

B e s i d e s  e l e c t r o s t a t i c  i n t e r a c t i o n  ( ion-exchange)  

chromatography ( E I C ) ,  where f i x e d  c h a r g e s  on t h e  S t a -  

t i o n a r y  phase  i n t e r a c t  w i t h  t h e  cha rged  p r o t e i n  rnolecu- 

l es  (1) and hydrophobic  i n t e r a c t i o n  chromatography 

(HIC), w h e r e  t h e  c o r r e s p o n d i n g  i n t e r a c t i o n  i s  between 

hydrophobic  m o i e t e s  ( 2 ) ,  e l e c t r o s t a t i c  and  hydrophobic  

i n t e r a c t i o n s  a r e  o f t e n  i n v o l v e d  i n  o t h e r  non-denatura-  

t i n g  modes o f  p r o t e i n  chromatography,  g i v i n g  rise t o  

mixed mode r e t e n t i o n  mechanisms. Horva th  and  E l  R a s s i  

have demons t r a t ed  t h a t  i n  ( H I C )  w i t h  s t a t i o n a r y  phases 

hav ing  i o n i c  g roups  a t  t h e  s u r f a c e ,  e l e c t r o s t a t i c  i n t e -  

r a c t i o n s  may e f f ec t  t h e  r e t e n t i o n  despite t h e  r e l a t i v e -  

l y  h i g h  s a l t  c o n c e n t r a t i o n  i n  t h e  e l u e n t .  Mixed mode 

r e t e n t i o n  mechanisms have  a l s o  been  o b s e r v e d  i n  b i o s p e -  

c i f i c  i n t e r a c t i o n  ( a f f i n i t y )  chromatography (BIC) ( 4 )  

and i n  m e t a l  c h e l a t e  i n t e r a c t i o n  chromatography (MIC) 

( 5 ) .  

T h e  n a t u r e  and c o n c e n t r a t i o n  of t h e  s a l t  i n  t h e  

e l u e n t  e f f e c t  b o t h  e l e c t r o s t a t i c  and hydrophobic  i n t e -  

r a c t i o n s  and,  t h e r e f o r e ,  it i s  o f  fundamenta l  impor tan-  

ce t o  i n v e s t i g a t e  t h e  s a l t  med ia t ed  ch romatograph ic  
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ELUTION BEHAVIOR OF PROTEINS 3395 

behavior of a given column. A theoretical treatment of 

the effect of salt on the retention behavior of pro- 

teins has been described by Horvath et al. (61, who 

also presented the use of commercial ion-exchange 

stationary phases either in EIC or HIC, depending on 

the range of the mobile phase salt concentration. The 

use of ion-exchange stationary phases in dual retention 

mode was also described by Regnier et al. (7), whereas 

Karger et al. ( 8 )  demonstrated that a given hydrophobic 

interaction column can be used for the separation of 

proteins either by size exclusion chromatography (SEC) 

at low salt concentration or by HIC with decreasing 

salt gradient. 

In SEC, samples are theoretically separated by 

size and shape, with large excluded molecules eluting 

first and small, totally included molecules eluting 

last. In practice, the stationary phase cannot be 

considered inert over a wide range of experimental 

conditions because it may exhibit weakly anionic and 

hydrophobic character (9-11). It is important, there- 

fore, to identify the mode of interaction and either 

eliminate or take advantage of it when useful. In both 

cases the appropriate selection of the mobile phase 

compositions is needed. 

In this paper we describe the salt mediated 

elution behavior of several proteins on a commercial 

silica-based stationary phase designed to be used in 
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3396 CORRADINI, FTLIPPEl'TI, AND CORRADINI 

SEC, which has proven to be a widespread technique for 

the analytical and preparative scale separation of 

proteins. The results provide information about the 

effect of salt concentration and salt molal surface 

tension increment on the electrostatic and hydrophobic 

interactions of proteins with this stationary phase. 

This information is useful to evaluate the weakly 

anionic and hydrophobic character of SEC with silica- 

based, bonded-phase column. Results in this study also 

suggest that different salts and salt concentrations 

can be used to control retention and selectivity during 

SEC with silica-based, bonded phase columns. 

EXPERIMENTAL 

Mat er ia 1 s 

Cytochrome c ( horse heart), lysozyme (chicken egg 

white) , myoglobin (equine skeletal muscle) , D- 

lactoglobulin A (bovine milk), a-chymotrypsinogen A 

(bovine pancreas), conalbumin (chicken egg white), were 

purchased from Sigma (St. Louis, MO, U.S.A.). Reagent- 

grade sodium hydrogen phosphate, ammonium sulfate, 

sodium chloride, as well as HPLC-grade water were 

obtained from Carlo Erba ( Milan, Italy ) .  

EauiDment 

The experiments were performed with a Beckman 

(Fullerton, CAI U.S.A.) Model 342 Liquid Chromatograph, 

consisting of two Model 114 M solvent delivery pumps, a 
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ELUTION BEHAVIOR OF PROTEINS 3397 

Model 420 system controller, a Model 210 sample injec- 

tion valve with a 20 pl sample loop, a Model 340 dyna- 

mically-stirred high pressure mixer and a Model 163 

variable wavelenght U.V. detector. Chromatograms were 

recorded by a Shimadzu (Kyoto, Japan) Model C-R 5A 

Chromatopac integrator. A Bio Sil TSK 250 (300 x 7.5 

m) column was supplied by Bio-Rad Labs. (Richmond, CA, 

U.S.A.). 

Chromatosraphic Conditions 

Mobile phases were prepared by adding the correct 

weight of salt and buffer to a volumetric flask contai- 

ning previously degassed HPLC water, the pH was adju- 

sted to the appropriate value with sodium hydroxide and 

small amount of degassed HPLC water was added to the 

mark. All eluents were filtered through a type HA 0.45 

pm membrane filter (Millipore, Bedford, MA, U.S.A.) and 

degassed by sparging with helium. Protein solutions (2- 

5 mg/ml) were freshly made up in HPLC water. A 20 pl 

sample injection volume was utilized. Chromatograms 

were obtained under isocratic conditions at a nominal 

flow rate of 1.0 ml/min. After each change of mobile 

phase composition a period of 30 min (+ 0.5 min) was 

allowed for equilibrating. Proteins were detected by 

monitoring the column effluent at 280 nm. Exception to 

these conditions are noted in the paper. 
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3398 CORRADINI, FILII'PETI'I, AND CORRADINI 

TABLE 1 
Proteins Used in This Study 

Protein S ymbo 1 Mw PI* 

Cytochrome c CYT 1 2 . 2 0 0  10.6 

L y s o z yme LYS 14.000 11.0 

Myoglobin MY 0 17.500 7.1 

8-Lactoglobulin A LAC-A 17.500 5.1 

a-Chymotrypsinogen A CHY 25 .500  9 .5  

Conalbumin CON 93.000 6.0, 6.3 
6 . 6  

*From refs. 13-14 

RESULTS AND DISCUSSION 

A Toya Soda TSK G 3000 SW column ( 1 2 )  (marketed 

by Bio-Rad as Bio-Sil TSK 250)  was chosen for our 

investigation since it exhibits good resolving power 

and high mass recovery for proteins. It is frequently 

applied in biochemical research. This column is packed 

with a chemically bonded silica-based stationary phase 

whose precise chemical and physical composition remains 

proprietary information. 

Elettrostatic Interactions 

We first investigated the elution behavior of 

proteins at low ionic strength to evaluate the effect 

of electrostatic interactions between the G 3000 SW 
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ELUTION BEHAVIOR OF PROTEINS 3399 

LYS 
CY T 
M Y 0  
LAC - A  

CON 

1 
0 0.2 0.4 0.6 

0 

Concentrat ion of N a C l  [MI 

FIGURE 1. Variation of the elution volume of represen- 
tative proteins as a function of mobile phase salt 
concentration. Column, TSK G 3000 SW ( 3 0 0  x 75 mm 1 . D ) ;  
eluent, sodium chloride in 20 mM phosphate buffer, pH 
7.0; flow rate, 1.0 ml/min; temperature, 22 OC; detec- 
tion, 280 nm. 

bonded-phase and charged proteins. The elution volumes 

of the proteins reported in Table 1 were determined as 

function of salt concentration in the buffered mobile 

phase at pH 7.0. 

The results for these proteins are reported in 

Figure 1. It is seen that three types of behavior were 

observed for the elution volumes of the proteins as the 

mobile phase salt concentration was decreased below 0.3 

M NaC1. The more basic proteins lysozyme and cytOCrOme 
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3400 CORRADINI, FILIPPE'TTI, AND CORRADINI 

c (PI values 11.0 and 10.6, respectively) showed in- 

creasing elution volumes with decreasing mobile phase 

salt concentration. The opposite trend was exhibited by 

the acidic proteins conalbumin (PI value 6.0-6.6) and 

D-lactoglobulin A (PI value 5.1) which exhibited 

decreasing elution volumes with decreasing salt concen- 

tration. A nearly constant elution volume was displayed 

by the neutral protein myoglobin (PI value 7.1). The 

observed behavior of proteins on the G 3000 SW column 

at low mobile phase salt concentration may be due to 

the presence of residual charged silanol groups on the 

surface of the silica-based stationary phase. At low 

Salt concentration, negatively charged proteins would 

be expected to be partially excluded from the negative- 

ly charged porous of the stationary phase and, therefo- 

re, they have smaller elution volume than expected on 

the basis of their molecular size. Since electrostatic 

interactions decrease with increasing ionic strength, 

these proteins would gain extended access into the 

pores as the salt concentration is increased, with the 

consequent increase in the elution volumes. On the 

other hand, positively charged proteins would be retai- 

ned by electrostatic interactions with the negatively 

charged stationary phase and, therefore, they exhibited 

opposite behavior relative to the acidic proteins. 

Neutral proteins would be expected to be the least 

influenced by a charged stationary phase and, conse- 
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ELUTION BEHAVIOR OF PROTEINS 3401 

quently, their elution volumes would not be effected by 

changes in the ionic strength, as experimentally obser- 

ved for myoglobin. 

The experiments described above were repeated at 

pH 5.4, so that silanol groups were still ionized and 

both myoglobin and conalbumin are positively charged. 

With the pH 5.4 mobile phase conditions both proteins 

were retained at low salt concentration and both exhi- 

bited decreased elution volumes as the salt concentra- 

tion increased. These results confirmed that electro- 

static interaction of positively charged groups on the 

proteins with the negatively charged stationary phase 

was mainly responsible for the retention behavior of 

basic proteins at low ionic strength. The elution 

volumes of a l l  proteins investigated were essentially 

independent of mobile phase salt concentration above 

0.3 M sodium chloride, indicating that at this mobile 

phase conditions the interactions of the charged sta- 

tionary phase with the charged proteins were neutrali- 

zed to a large extent. 

Hvdrophobic Interactions 

The possible contribution of hydrophobic interac- 

tions between the G 3000 SW bonded-phase and proteins 

was also investigated. According to the theory ( 1 5 ) ,  

hydrophobic interactions are expected to be governed by 

salt mediated changes in the surface tension of the 
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3402 CORRADINI, FILIPPETTI, AND CORRADINI 

mobile phase, which depends on the concentration and 

the molal surface tension increment of the salt. At 

sufficiently high salt concentration an increase in 

either quantity will lead to an increase in elution 

volume which depends on the magnitude of the contact 

area between the hydrophobic patches at the protein 

surface and the hydrophobic binding sites on the sta- 

tionary phase. 

We chose to examine the elution behavior of pro- 

teins at high salt concentration by using ammonium 

sulfate which has a higher molal surface tension incre- 

ment (2160 dyne x g x cm-I x mol-l)than sodium chloride 

(1610 dyne x g x cm -1 x mol-l) and, therefore, is more 

effective in promoting hydrophobic interactions between 

proteins and silica-based, bonded phase columns. 

Upon increasing the concentration of ammonium 

sulfate above 0.6 M, the elution volumes of proteins 

increased with salt concentration. The three proteins 

undergoing the greatest increases were a- 

chymotrypsinogen A, lysozyme and conalbumin (Figure 2). 

This finding is consistent with the hydrophobic charac- 

ter of these proteins and agrees with their chromato- 

graphic behavior in HIC (16). At salt concentrations 

higher than 0.8 M, plots of log K' against ammonium 

sulfate concentration were linear. Slopes were compa- 

red to those calculated from retention data obtained on 
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FIGURE 2. Variation of the elution volume of represen- 
tative proteins as a function of mobile phase salt 
concentration. Eluent, ammonium sulfate in 100 mM 
phosphate buffer, pH 6.0. Column and other conditions 
as in Fig. 1, 

two HIC columns synthesized by coupling butyl and 

phenyl glycidil ethers to the TSK G 3000 SW packing 

material (17) and are given in Table 2. According to 

the theoretical treatment developed by Horvath and co- 

workers (6), the slope, termed hydrophobic interaction 

parameter, C, expresses the magnitude of the salt 

mediated hydrophobic interaction and is expected to 
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TABLE 2 

Hydrophobic Interaction parameters,C, as Measured by 
the Limiting Slopes of log K' Against Ammonium 
Sulfate Concentration in the Mobile Phase (pH 6.0) for 
Proteins on Different Columns. 

Column 
Sample G 3000 SW1 Butyl G 3000  S W 2  Phenyl G 3000 SW2 

CHY C 0 . 9 0  1.35 

r 0 . 9 9 3  0 .997 

1 . 8 1  

0 .996  

LYS c 0.41 1.10 0.94  

r 0 . 9 9 1  0 . 9 9 6  0.999 

CYT C 0 . 1 1  0 . 9 7  1 . 1 8  

r 0 . 9 9 1  0 . 9 9 9  0.995 

'Column described in this report 
2Calculated from ref. 17  

increase with the density and size of the hydrophobic 

binding sites at the stationary phase surface, particu- 

larly at low hydrophobic functional group concentra- 

tions. Thus, the relative magnitude of the hydrophobic 

interaction parameter obtained with retention data of 

the same proteins on the three different columns re- 

veals, as expected, lower density of hydrophobic func- 

tions at the surface of the unmodified G 3000 SW bon- 

ded-phase than at the surface of the butyl or phenyl G 

3000 SW stationary phase. 
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ELUTION BEHAVIOR OF PROTEINS 3405 

FIGURE 3. 
mode HPLC. 
eluent B, 
isocrat ic 
linear gr 
conditions 
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Separation of proteins by mixed retention 
Eluent A, 20 mM phosphate buffer (pH 7.0); 
0.5 M sodium chloride in eluent A; 10 min 
elution with eluent A followed by 30 min 
adient from 0 to 100% B; Column and other 
as in Fig. 1. 

These results show that, depending on the nature 

and range of salt concentrations, the G 3000 SW Column 

exhibits three distinct domains where sieving, electro- 

static, or hydrophobic interactions seem to be predomi- 

nant. This suggests that in principle the G 3000 SW 

column could be used to elute proteins in each of the 

three modes, corresponding to the predominant mechanism 

of separation ( SEC, EIC, HIC), by appropriate Selec- 

tion of the composition of the mobile phase. 
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The u s e  of t h e  G 3000 SW column f o r  t h e  separa- 

t i o n  of p r o t e i n s  i n  a n a r r o w  m o l e c u l a r  w e i g h t  r a n g e  

u n d e r  c o n d i t i o n s  u s e d  i n  e l e c t r o s t a t i c  i n t e r a c t i o n  mode 

i s  i l l u s t r a t e d  b y  t h e  chromatogram i n  F i g u r e  3 .  D u r i n g  

t h e  i n i t i a l  i s o c r a t i c  e l u t i o n  s tep w i t h  t h e  mobile 

p h a s e  a t  p H  1.0 a n d  l o w  i o n i c  s t r e n g t h  t h e  n e g a t i v e l y  

c h a r g e d  p r o t e i n s  D - l a c t o g l o b u l i n  A i s  s u b j e c t e d  t o  

Donnan e x c l u s i o n .  T h e r e f o r e ,  it i s  separated f r o m  t h e  

n e u t r a l  p r o t e i n  myoglobin  which  has t h e  same m o l e c u l a r  

w e i g h t ,  b u t  i s  n o t  i n f l u e n c e d  b y  t h e  c h a r g e s  o n  t h e  

s t a t i o n a r y  p h a s e .  Under these c o n d i t i o n s ,  t h e  p o s i t i v e -  

l y  c h a r g e d  p r o t e i n s  lysozyme a n d  a c h y m o t r y p s i n o g e n  A 

are  s t r o n g l y  r e t a i n e d  b y  e l e c t r o s t a t i c  i n t e r a c t i o n  a n d  

are s e l e c t i v e l y  e l u t e d  i n  t h e  order o f  i n c r e a s i n g  PI b y  

t h e  f o l l o w i n g  i n c r e a s i n g  s a l t  g r a d i e n t .  

CONCLUSIONS 

Depending on t h e  s a l t  a n d  s a l t  c o n c e n t r a t i o n  t h e  

TSK G 3000 S W  column e x h i b i t s  three d i s t i n c t  separa- 

t i o n  mechanisms based e i ther  o n  s i e v i n g ,  e l e c t r o s t a t i c  

or  h y d r o p h o b i c  i n t e r a c t i o n s .  T h i s  column b e h a v e s  as a 

c a t i o n - e x c h a n g e r  a t  i o n i c  s t r e n g t h  v a l u e s  b e l o w  0 . 3  M I  

i n d e p e n d e n t l y  of t h e  n a t u r e  a n d  v a l e n c e  of t h e  s a l t .  I n  

c o n t r a s t ,  t h e  domain of h y d r o p h o b i c  i n t e r a c t i o n s  de- 

p e n d s  on t h e  c o n c e n t r a t i o n  a n d  t h e  mola l  s u r f a c e  t e n -  

s i o n  i n c r e m e n t  (a) of t h e  s a l t .  Thus ,  w i t h  sodium 

chlor ide ,  which has a m o l a l  s u r f a c e  t e n s i o n  i n c r e m e n t  
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ELUTION BEHAVIOR OF PROTEINS 3407 

of 1610 dyne x g x cm-l x mol-l, no changes in the 

elution volumes of proteins were observed with salt 

concentrations up to 1.8 M. With ammonium sulfate the 

elution volumes increased with salt concentration 

above 0.6 M. This indicates that the domain of the 

predominance of the sieving effect lies in a range that 

can be enlarged by changing the salt to one with lower 

molal surface tension increment or restricted by chan- 

ging the salt to one with greater a value. 

Indeed, it is likely that the separation of pro- 

teins under the whole range of salt concentration 

investigated occurs, to a minor or major extent, accor- 

ding to mixed separation mechanisms rather than solely 

size exclusion or electrostatic or hydrophobic interac- 

tions. However, information about the mobile phase 

compositions under which each separation mechanism 

seems to be predominant is useful to characterize the 

chromatographic behavior of columns and to tailor the 

selective properties of the stationary phase for a 

given separation problem. 
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