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ABSTRACT

The result of a systematic investigation into the effect of shear
stress and precipitation in the separation channel of centrifugal
precipitation chromatography on the enzymatic activity of α-chy-
motrypsin at room temperature is reported.  From the experiment,
it was observed that more than 90% of α-chymotrypsin remains
active after being subjected only to the shear stress in the separa-
tion channel, with the exception of α-chymotrypsin subjected to a
relatively high water flow rate.

Upon introducing the ammonium sulfate gradient in the sepa-
ration channel, it was observed that 89.03% of the enzyme
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remained active after being subjected to both shear stress and pre-
cipitation in centrifugal precipitation chromatography.  As a result,
it can be concluded that centrifugal precipitation chromatography
should be friendly to most proteins under the appropriate operat-
ing conditions. 

INTRODUCTION

Although several new techniques in protein purification have evolved over
the past three decades, ammonium sulfate precipitation is still the preferred
method for crude protein purification, especially in large-scale separation.1,2

Ammonium sulfate precipitation is, perhaps, the most inexpensive and simplest
technique available and yet it does not harm most proteins and enzymes.3 These
advantages, combined with a relatively high degree of recovery, make the tech-
nique extremely useful.  Unfortunately, because the solubility of proteins in
ammonium sulfate solution often differs only slightly, a common batch-process,
ammonium sulfate precipitation, usually does not yield high-purity proteins.  

In order to improve the purity of fractionated proteins, a method of ammo-
nium sulfate precipitation in a chromatographic column, sometimes called “zone
precipitation,” was developed.4,5 Unfortunately, the efficiency of zone precipita-
tion was reduced because of adsorption of proteins on the solid support and pre-
mature elution of smaller protein precipitates.

Recently, Ito6 has proposed an alternative technique, called “centrifugal
precipitation chromatography,” to perform ammonium sulfate precipitation in a
chromatographic mode.  Principles of the technique, equipment, and preliminary
studies on operating parameters have been discussed in detail by Ito6,7 and
Sookkumnerd et al.8 Briefly, in this technique, a transfer of ammonium sulfate
across a parallel-flow membrane unit is used to form an ammonium sulfate gradi-
ent inside the separation channel under the centrifugal force field.  When injected
into this separation channel, the proteins precipitate along the length of the chan-
nel, in accordance with their solubility in ammonium sulfate solution.  After the
proteins precipitate, an ammonium sulfate gradient in the separation channel is
shifted toward the outlet.  Simultaneously, the protein precipitates move with the
gradient until they elute out from the separation channel.  Using this strategy,
mixtures of proteins,6,8 recombinant protein,7 and PEG-protein conjugates9 have
been successfully purified.

Although a preliminary experimental study into the effect of operating
parameters on the efficiency of the protein fractionation,7 as well as a theoretical
analysis of ammonium sulfate gradient formation in the separation channel8 have
been reported, there has not been a systematic investigation of the effect of cen-
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trifugal precipitation chromatography, particularly shear stress and precipitation,
on enzymatic activity of proteins.  Before centrifugal precipitation chromatogra-
phy can be fully utilized in large-scale protein purification, such a study must be
performed.  While it is well known that ammonium sulfate solution is friendly to
proteins and other biomolecules, 3,10 shear stress has been documented to cause
losses in protein activity.11,12

Since it has been reported that the shear stress caused by fluid flow can
sometimes denature proteins, the effect of rigorous mixing in the separation
channel, caused by the combination of fluid flow and centrifugation, on the enzy-
matic activity of α-chymotrypsin is evaluated in this research article.  In the
experiment, α-chymotrypsin is chosen as a protein model due to its availability
and its well-documented enzymatic assays.  By varying the flow rate of water in
the separation channel and the rotational speed of the separation apparatus, the
effect of fluid mixing on the enzymatic activity of α-chymotrypsin is evaluated.
The findings reported in this article would be valuable to engineers and scientists
interested in optimizing and scaling up centrifugal precipitation chromatography.

EXPERIMENTAL

Materials

α-Chymotrypsin from bovine pancreas was purchased from Sigma.
Benzoyl-L-tyrosine ethyl ester (BTEE) and sodium phosphate monobasic and
sodium phosphate dibasic were also purchased from Sigma.  All other chemicals
were of analytical grade.

Apparatus

The centrifugal precipitation chromatography unit used was kindly loaned
to us by Dr. Ed Chou, Pharma-Tech Research Corp., Baltimore, Maryland, and
was similar to the one described by Ito.6 Briefly, the actual apparatus consists of a
separation column made of a pair of flat disks (high-density polyethylene, 13.5
cm in diameter and 1.5 cm in thickness) with a spiral-shaped narrow groove (1.5
mm wide and 2 mm deep) at the periphery.

The dialysis membrane sheet (regenerated cellulose, MWCO 6,000-8,000,
Spectrum) is sandwiched between these disks to form two channels, each with a
capacity of 5 mL.  The column assembly is mounted on the sealless continuous
flow centrifuge that allows continuous elution through multiple flow lines of the
rotating column without the use of rotary seal.13
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Enzymatic Activity Assay of αα-Chymotrypsin

An assay proposed by Clark and Bailey,14 and later modified by Cicek and
Tuncel,15 was used in determination of α-chymotrypsin activity. Conceptually, the
assay was based on the changes in the absorbance at 258 nm during the hydroly-
sis of BTEE by α-chymotrypsin.  In the assay, a fresh solution of BTEE in borate
buffer, pH 7.8, was prepared.  2.5 mL of BTEE solution in borate buffer was then
transferred to a silica cuvette.  After that, 0.1 mL of α-chymotrypsin solution was
added into the cuvette.  Immediately after the α-chymotrypsin solution was
added, the absorbance at 258 nm of the assay mixture was monitored every 10
seconds until there was no significant change in the absorbance.  The apparent
BTEE hydrolysis rates or the activity was then calculated by the equation pro-
posed by Clark and Bailey14 as

where R is the reaction rate, S0 is the initial BTEE concentration, dA/dt is the
derivative of the absorbance with respect to time during the initial course of the
reaction, and ∆A is the differences of the absorbance before and after the reaction
is completed.

The specific activity of α-chymotrypsin was then calculated as the ratio of
the enzymatic activity of α-chymotrypsin to the concentration of α-chy-
motrypsin.  Bradford assay16 was used to determine the concentration of α-chy-
motrypsin present in the solution.

Experimental Procedure

In order to study the effect of shear stress caused by fluid mixing in the sep-
aration channel of centrifugal precipitation chromatography on the enzymatic
activity of α-chymotrypsin, 1 mL of 5 mg/mL α-chymotrypsin solution in 10
mM sodium phosphate buffer, pH 7.0 (containing 10 mM NaCl), was injected
into the separation channel, i.e. the water channel, of centrifugal precipitation
chromatography.  Sodium phosphate buffer, pH 7.0 (containing 10 mM NaCl),
was fed into the separation (water) channel and also into the upper salt channel,
which normally contains ammonium sulfate solution.

It should be pointed out, that this experimental design was set up in order to
isolate the effect of shear stress caused by fluid mixing on α-chymotrypsin activ-
ity.  The solution of α-chymotrypsin was subjected to different rotational speeds
and different water flow rates in the separation (water) channel.

950 SOOKKUMNERD ET AL.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



The eluent of the separation channel was monitored by an UV spectropho-
tometer at 280 nm and was collected by a fraction collector.  Samples containing
α-chymotrypsin were pooled, and the concentration and specific activity of these
pooled α-chymotrypsin samples were later determined according to the proce-
dures described in the previous section.

In an independent experiment, the effect of precipitation and dissolution
was investigated.  In this experiment, 70% ammonium sulfate solution was sup-
plied into the upper salt channel while other operating conditions were similar to
the set up described above.  The rotational speed of 1500 RPM was applied since
it was observed that the enzyme was most likely to remain active at this rotation
speed.  (See below in Result and Discussion).

The flow rate of water fed into the water channel was 0.06 mL/min, since it
was shown in the experiment described earlier, that this water flow rate would 
be less likely to deactivate α-chymotrypsin.  The eluent from centrifugal precipi-
tation chromatography was collected, desalted, and analyzed for both α-
chymotrypsin enzymatic activity and concentration.

RESULTS AND DISCUSSIONS

The relative enzymatic activity of α-chymotrypsin subjected to different
rotational speeds (RPM) and different water flow rates is shown in Figure 1.  The
relative enzymatic activity of α-chymotrypsin is defined as the specific activity
of α-chymotrypsin in the sample compared to that of the standard α-chy-
motrypsin solution.  The Reynold number (Re) was used to represent the effect of
water flow rate, while the rotational number (Ro) was used to represent the effect
of rotational speed.  The Reynold number and rotational number17 can be defined
as

where dh is equal to 4 times the mean hydraulic radius, v is the fluid velocity, Ω is
the angular velocity of the columns, and ν is the kinematic viscosity.  According
to Ito and Nanbu,17 as Ro increases, the effect due to the centrifugal force
becomes greater.

From Figure 1, it is apparent that the activity of α-chymotrypsin usually
decreased when the Reynolds number of water in the separation channel
increased, regardless of the rotational number (Ro).  The decreases in α-chymo-
trypsin activity at high Reynolds number are probably the result of more fluid
mixing when the fluid in the separation channel flowed faster.  More importantly,
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it is evident in Figure 1 that the effect of fluid mixing in the separation channel on
the proteins’ activity is minimal at low Reynolds number.  Consequently, it is rec-
ommended that centrifugal precipitation chromatography should be operated at
low Reynolds number.

According to Figure 1, it is also observed that the enzymatic activities of α-
chymotrypsin at low Reynold number and rotational number of 1231.49 (1000
RPM), 1847.23 (1500 RPM), and 2472.97 (2000 RPM) are very close to each
other; hence, the losses in enzyme activities do not depend on the rotational num-
ber at low Reynolds number.  This observation implies that one can utilize higher
rotational number than the ones used by the authors without any significant
losses in protein activity if Reynolds number in the separation (water) channel is
low.  On the other hand, the losses in enzymatic activities depend on the rota-
tional number at higher Reynold number.  In this region, it is found that the rota-
tional number of 1847.24 (1500 RPM) is optimum for operating centrifugal pre-
cipitation chromatography.

The complicated changes of secondary flow patterns in the separation
channel, for example the formation of double vortices and quadruple vortices, as
Reynold number and rotation number vary,18 are probably responsible for the
existence of the optimum rotational number at 1847.24 (1500 RPM).  This obser-
vation points out that a detailed study of fluid dynamics in the separation channel
is needed in order to design a better separation channel, which would not deacti-
vate proteins at high Reynold number.

An independent experiment was performed to investigate the effect of
repetitive precipitation and dissolution of α-chymotrypsin in the separation chan-
nel.  As discussed previously, the 70% saturation ammonium sulfate solution was
supplied into the upper salt channel; hence, this set up was similar to the one used
to fractionate protein.  From the experiment, it was found that 89.03% of α-
chymotrypsin remained active.

Although the observations reported here are very important in optimizing
and scaling up centrifugal precipitation chromatography, detailed analysis of pro-
tein structural changes after passing through the centrifugal precipitation chro-
matography would undoubtedly provide more information.  As a result, future
investigations by 2-D NMR will be performed, and the results of the analysis will
be reported in subsequent publications.

CONCLUSION

We have shown in this paper, that the effect of fluid mixing in the separa-
tion channel of centrifugal precipitation chromatography on the enzymatic activ-
ity of α-chymotrypsin is minimal, especially at low Reynolds number.  More than
90% of the original enzyme remained active after passing through the separation
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channel of centrifugal precipitation chromatography in most cases.  Therefore, it
is concluded that, most proteins should remain active after being subjected to
centrifugal precipitation chromatography when the Reynolds number in the sepa-
ration channel is low.

Although we have observed some losses in enzymatic activity of α-
chymotrypsin after passing through centrifugal precipitation chromatography at
higher Reynolds number, it should be noted that all experiments reported here
were performed at room temperature without any temperature control. A signifi-
cant improvement is expected if the experiment is performed at lower tempera-
ture, with better channel design and the friendlier precipitating reagents.
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