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the purification of proteins. 

To date, only a relatively few prop- 
erties of proteins have been used, ad- 
vantageously, for the purification of 
this class of macromolecules in their 
native state. These techniques are 
largely dependent on charge, size, 
shape, solubility, and physical and 
chemical adsorption properties of these 
macromolecules (1-3). Techniques de- 
signed to exploit the hydrophobic 
properties of macromolecules for their 
purification have not been highly de- 
veloped. This report describes a new 
technique that appears to provide a 
general method for the purification of 
proteins, which may operate primarily 
on the basis of the hydrophobic charac- 
teristics of proteins. 

It is shown in this report that in the 
presence of high potassium phosphate 
concentrations (1.OM) over half of 
the proteins in a cell-free extract of 
Escherichia coli are retarded on 
agarose columns to which aliphatic sub- 
stituents have been attached. It is fur- 
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ther demonstrated that it is possible to 
elute and chromatograph these pro- 
teins by utilizing a decreasing potas- 
sium phosphate concentration gradient. 

The soluble proteins from a dialyzed 
cell-free extract of E. coli strain K12 
were placed on a column of L-valine 
substituted agarose in the presence of 
l.OM potassium phosphate, pH 7.5. 
The elution profile of these proteins 
observed during the development of a 
1.0 to 0.1M potassium phosphate con- 
centration gradient is shown in Fig. la. 
About half of the proteins applied to 
this column chromatographed through- 
out the concentration gradient. In ad- 
dition, a large amount of material that 
absorbs strongly at 260 nm (presum- 
ably polynucleotides) also eluted 
throughout the course of the concen- 
tration gradient (Fig. la). In order to 
determine whether this 260-nm absorb- 
ing material affected the chromato- 
graphic behavior of these proteins, a 
dialyzed cell-free extract of E. coli K12 
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was treated with 2 percent strepto- 
mycin sulfate to remove the nucleic 
acids. This dialyzed extract was chro- 
matographed as before. This procedure 
removed over 90 percent of the 260- 
nm absorbing material from the ex- 
tract, and the chromatography of the 
proteins was not significantly altered 
(Fig. lb). The nature and chroma- 
tographic behavior of this 260-nm ab- 
sorbing material requires investigation. 

To determine whether a significant 
amount of protein remained on the 
column after completion of the de. 
creasing gradient, the column was 
washed with several column volumes 
of a high-ionic-strength solution of a 
mild chaotropic agent (1.OM potassium 
bromide in 0.05M potassium phos- 
phate, pH 7.5). That this treatment 
did not further remove any protein 
from the column suggests that reten- 
tion of the proteins on the column due 
to ion exchange at the low potassium 
phosphate concentrations is unimpor- 
tant. However, a measurable amount 
of denatured protein was removed 
from the column by O.1N sodium hy- 
droxide (Fig. lb). 

Figure Ic shows that the proteins 
from these extracts elute within the 
void volume of an unsubstituted 
agarose column developed under the 
same decreasing potassium phosphate 
concentration gradient conditions. 

Since phosphate and sulfate ions are 
structure-forming ions, which are 
known to decrease the solubility of 
proteins and to stabilize hydrophobic 
bonds between nonpolar molecules 
(4), we attempted to establish a rela- 
tionship between the solubility of the 
proteins of an E. coli cell-free extract 
in concentrated ammonium sulfate and 
the position at which these proteins 
appear in a decreasing potassium phos- 
phate concentration gradient. Accord- 
ingly, three nucleic acid-free ammo- 
nium sulfate fractions (0 to 35 percent, 
35 to 50 percent, 50 to 65 percent of 
saturation) of a cell-free extract of E. 
coli K12 were dialyzed free of ammo- 
nium sulfate and placed on separate 
columns. The 0 to 35 percent fraction, 
which contained the proteins that were 
least soluble and, therefore, presumably 
the most hydrophobic (4), were chro- 
matographed across the entire decreas- 
ing concentration gradient (Fig. ld). 
A greater proportion of these proteins 
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Phosphate-Induced Protein Chromatography 

Abstract. High phosphate concentration is shown to cause a large proportion 
of the proteins of a cell-free extract of Escherichia coli to bind to agarose columns 
to which L-valine is attached. With a decreasing concentration gradient of potas- 
sium phosphate, the proteins elute in relation to their solubility in concentrated 
ammonium sulfate. This column technique appears to provide a general tool for 
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50 to 65 percent fraction, were only 
slightly retarded on the column at the 
higher salt concentrations (Fig. If). 
Therefore, the more soluble the protein 
is in ammonium sulfate, the earlier it 
elutes from the L-valine agarose column 
during the development of the decreas- 
ing potassium phosphate concentration 
gradient. 

In order to demonstrate the utility 
of this chromatographic method for 
the purification of specific proteins, an 
E. coli strain 2000 cell-free extract 
containing ,B-galactosidase activity was 
applied to an L-valine agarose column. 
Approximately 3 to 4 percent of the 
protein of this extract was /-galacto- 
sidase. The purification of this enzyme 
is shown in Fig. Ig. The /j-galactosid- 
ase activity applied was quantitatively 
recovered from the column. Column 
fractions containing 71 percent of the 
total activity applied to the column 
were combined. The purity of the P- 
galactosidase in these fractions was ap- 
proximately 77 percent (5). This rep- 
resents one of the easiest and most 
efficient purification methods known 
for this enzyme (5-7). When P-galac- 
tosidase was applied to an L-valine 
agarose column in the presence of 
O.05M potassium phosphate, the en- 
zyme activity was eluted within the 
void volume of the column. Also, the 
enzyme was not retarded on unsubsti- 
tuted agarose in the presence of 1OM 
potassium phosphate. Since it has been 
shown here that j-galactosidase has a 
much higher affinity for L-valine 
agarose than for unsubstituted agarose 
in the presence of high potassium phos- 
phate concentrations, it may be that 
it is the long hydrocarbon chain, m 
addition to the attached galactoside, 
that causes /-galactosidase to bind to 
the affinity column developed for this 
enzyme by Steers et al. (6). This situ- 
ation may occur in other cases of affin- 
ity chromatography. 

The biosynthetic L-threonine de- 
aminases from cell-free extracts of 
Bacillus subtilis and E. coli (8) have 
also been partially purified by this 
method. The purification obtained with 
the B. subtilis enzyme is shown in Fig. 
2. More than 95 percent of the enzyme 
activity applied was recovered. Over 
90 percent of the enzyme activity was 
recovered in the fractions pooled from 
the column and the purification was 
12-fold. It should be noted that the 
B. subtilis enzyme elutes very early in 
the gradient (0.88M potassium phos- 
phate), whereas the E. coli enzyme 
elutes near the end of the gradient 
21 DECEMBER 1973 

(0.2M). This difference is consistent 
with known structural differences be- 
tween these two L-threonine deaminases 
(9). 

The phosphate-induced binding of 
proteins to L-valine agarose reported 
here may be due primarily to hydro- 
phobic interactions between the pro- 
teins and the aliphatic moiety of L- 
valine, although there is insufficient 
evidence at the present time to estab- 
lish that this is the case. Such phos- 
phate-induced hydrophobic binding 
could be caused by a specific salt effect 
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whereby phosphate ions stabilize hydro- 
phobic bonds (4). Preliminary evi- 
dence of others (10) suggests that the 
binding of alkaline phosphatase iso- 
zymes to L-leucine or L-phenylalanine 
agarose does depend on the type of 
salt in the buffer and does involve 
hydrophobic sites on the enzyme. That 
high potassium phosphate concentra- 
tions are needed to cause the enzyme 
a-isopropylmalate synthase to bind to 
aliphatic amino acid agarose deriva- 
tives has been interpreted by Doellgast 
and Kohlaw (11) as being due to a 
salt-induced conformational change in 
the protein. On the other hand, binding 

Fig. 1. Chromatography of cell-free ex- 
tracts of E. coli on L-valine agarose. Col- 
umns were prepared with 20 ml of settled 
gel (1.5 by 11.4 cm) at 2?C. Each column 
was washed with IM standard buffer (po- 
tassium phosphate, pH 7.5, and 4 X 10-4M 
2-mercaptoethanol). After the addition of 
4 to 6 ml of cell-free extract in IM 
standard buffer to the column, a decreas- 
ing gradient of potassium phosphate stabi- 
lizing buffer was started. For the gradient, 
150 ml of IM standard buffer was placed 
in the mixing chamber and 150 ml of 
O.05M standard buffer (from dilution of 
IM potassium phosphate, pH 7.5, and 
addition of 2-mercaptoethanol) was placed 
in the reservoir. The concentration of salt 
in the fractions collected was determined 
from conductivity measurements (dashed 
line). The dotted line in (a) represents 
the pH of the buffer, which varies slightly 
with temperature and with ionic strength 
for a fixed ratio of added buffer salts 
(15). The protein content of the fractions 
(solid line) was monitored by the method 
of Lowry et al. (16). Material absorbing 
at 260 nm is denoted by a dot-dashed line. 
The arrow at the base of each panel in- 
dicates the void volume. The crude extract 
used for the chromatography depicted in 
(a) to (f) was obtained from E. coli strain 
K12 that was grown on Kornberg-Littauer 
medium (17); that used for the chroma- 
togram shown in (g) was obtained from 
E. coli strain 2000 that was grown on 
double-strength Davis minimal salts (18) 
(without citrate and glucose) containing 
0.4 percent lactose and 0.08 g of thiamine 
per liter. Thirty milligrams of protein was 
placed on columns (a) and (b) and 40 
mg on the rest. All protein solutions ex- 
cept that used on column (g) were dia- 
lyzed free of small contaminating molecules 
before application to the columns. (a) 
Cell-free extracts; (b) treated with 2 per- cent streptomycin sulfate in order to 
precipitate nucleic acids; (c) control with 
streptomycin-treated extract on unsubsti- 
tuted Sepharose 4B; (d) to (f) 0 to 35, 
35 to 50, and 50 to 65 percent, respec- 
tively, of saturation ammonium sulfate 
fractions (pH 7.5) of dialyzed streptomy- cin-treated extract (containing 19, 22, and 
45 percent, respectively, of the protein); 
(g) /-galactosidase (dotted line) assayed 
by use of o-nitrophenyl-,/-D-galactopyrano- side reagent (6). 
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of proteins may be brought about by 
a nonspecific salt effect whereby high 
potassium phosphate concentration 
shields repulsive interactions between 
charges on the proteins and the gel 
and, thereby, allows hydrophobic inter- 
actions to occur. Also, since it is 
known that at moderate concentrations 
phosphate ions bind to proteins and 
substantially lower their isoelectric 
points (12), it is possible that this 
binding influences chromatographic be- 
havior and that as the ionic strength 
of the buffer entering the column de- 
creases, ionic interactions between the 
proteins and the positively charged gel 
linkage (2, 13) may become signifi- 
cant. In fact, recent investigations of 
protein binding to alkylamino agarose 
and aminoalkylamino agarose deriva- 
tives at low ionic strength indicate that, 
while hydrophobic interactions play a 
major role, ionic interactions are an 
important factor (14). However, the 
carboxylate group of the L-valine used 
here should tend to neutralize the posi- 
tive charge of the gel linkage and 
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0 

thereby diminish the importance of 
these electrostatic effects. Experiments 
utilizing different buffer salts, column 
temperatures, and agarose substituents 
may help elucidate the mechanism by 
which this new form of chromatog- 
raphy operates. 

In summary, it has been shown that 
high potassium phosphate concentra- 
tions cause a large proportion of the 
proteins in bacterial cell-free extracts 
to bind to L-valine substituted agarose. 
When columns of this material are de- 
veloped under conditions of a decreas- 
ing potassium phosphate concentration 
gradient, these proteins elute roughly 
in the order of their decreasing solubil- 
ities. Enzyme activity has been quan- 
titatively recovered from columns. The 
high capacity of these columns for pro- 
tein is illustrated by the fact that as 
much as 40 mg of protein per milliliter 
of L-valine agarose can be loaded on 
a column. 

It has recently been observed in sev- 
eral laboratories that the purification of 
certain specific enzymes by affinity 

Fraction number 

Fig. 2. Chromatography of L-threonine deaminase on L-valine agarose. The substituted 
Sepharose 4B was prepared by the method of Cuatrecasas (19), except that the 
cyanogen bromide was initially dissolved in a small volume of dioxane in order to 
increase the rate of the activation reaction. For the reaction 0.2 g of cyanogen bromide 
and 2 mmole of L-valine were used per milliliter of Sepharose 4B. A 5 by 19 cm 
column of the gel at 5?C was washed with 1M stabilizing buffer (pH 7.5, 10-3M 
2-mercaptoethanol, 10-4M pyridoxal 6-phosphate). The column flow rate was 250 
ml/hour, and 21-ml fractions were collected. An ultracentrifuged B. subtilis cell-free 
extract (240 ml) [Hatfield and Umbarger (9)] containing 1.93 g of protein (16) in 
1M stabilizing buffer was applied. After 800 ml of the 1M buffer was added, a decreas- 
ing potassium phosphate gradient was started. For the gradient 2 liters of 1M stabilizing 
buffer was placed in the mixing chamber and 2 liters of 0.1M stabilizing buffer was 
added to the reservoir. When equal volumes of a high and a low phosphate buffer 
are used, the container of low phosphate buffer must be slightly higher than the 
chamber with the more dense buffer so that no net flow occurs initially. It is probably 
simpler to use equal weights of the two buffers, in which case the bases of the two 
containers are maintained at equal heights. L-Threonine deaminase activity (dotted 
line) was detected by use of the dinitrophenylhydrazine colorimetric assay (20). 
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chromatography can be enhanced by 
increasing either the phosphate or sul- 
fate salt concentrations in the elution 
buffers (8, 10, 11). However, these re- 
ports have been concerned with iso- 
lated observations and have not consid- 
ered the general applicability of this 
technique. This report presents in a 
more formal fashion the general utility 
of chromatography of proteins on 
agarose substituted with an aliphatic 
ligand in high concentrations of struc- 
ture-forming salts such as potassium 
phosphate or ammonium sulfate and 
demonstrates its usefulness as a new 
protein chromatography method. 

RONALD A. RIMERMAN 
G. WESLEY HATFIELD 

Department of Medical Microbiology, 
California College of Medicine, 
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