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Abstract
Pretreatment of animals with butyrylcholinesterase (EC 3.1.1.8 BChE) provides complete protection
from the acute effects of organophosphorus nerve agents. Butyrylcholinesterase has also been shown
to protect from cocaine toxicity. Large amounts of highly purified butyrylcholinesterase are needed
to test the effectiveness of this new therapeutic agent in monkeys. Only a minimum amount of
endotoxin can be present in a therapeutic intended for injection into monkeys. Our goal was to develop
a large scale purification method for human BChE from human plasma with precautions to minimize
endotoxin content. A protocol was developed that processed up to 100 L of human plasma at a time.
Dialysis in pH 4.0 buffer, ion exchange chromatography at pH 4, affinity chromatography on
procainamide-Sepharose, and HPLC ion exchange at pH 7.4 yielded highly purified human BChE
containing a low endotoxin level of about 800 EU/ml. The purified BChE produced by this method
had a mean residence time of 56 h in mice and 93 h in monkeys, and caused no toxic effects. The
absence of a toxic effect in monkeys demonstrates that the endotoxin level of 800 EU/ml was well
tolerated by monkeys.

INTRODUCTION
Butyrylcholinesterase (EC 3.1.1.8) protects against cocaine toxicity (Hoffman et al., 1996;
Lynch et al., 1997; Carmona et al., 1998; Duysen et al., 2002; Sun et al., 2002) and protects
from the toxicity of nerve agents (Broomfield et al., 1991; Brandeis et al., 1993; Raveh et al.,
1993; Raveh et al., 1997; Allon et al., 1998). Large amounts of highly purified BChE are needed
to conduct studies in monkeys. Substances injected into monkeys must contain minimum
amounts of endotoxin to avoid toxic shock. This paper describes how these goals were achieved
in a university laboratory, without industry-scale equipment. The starting material was outdated
human plasma. The key steps in the protocol were ion exchange chromatography at pH 4.0,
affinity chromatography on procainamide-Sepharose, and HPLC ion exchange at pH 7.4. The
scale up to processing 50-100 liters of plasma at a time, and the necessity to minimize
endotoxin, required us to modify procedures we had previously published (Lockridge and La
Du, 1978; Lockridge, 1990).
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Our protocol uses no large-scale centrifugation. Therefore we did not need a continuous flow
centrifuge as in the purification procedure by Grünwald et al. (Grunwald et al., 1997). This
paper describes in detail the procedures we developed while processing a total of 1,700 L of
human plasma.

BChE in plasma is a tetramer of 340,000 Da. Each 85,000 Da subunit contains 574 amino acids
and 9 asparagine linked carbohydrate chains (Lockridge et al., 1987b). The carbohydrates,
which account for 24% of the total weight, are located on the surface of the globular protein
molecule and serve to protect BChE from proteolysis. Each subunit contains 3 internal disulfide
bonds (Lockridge et al., 1987a; Nicolet et al., 2003). A 40 residue tetramerization domain at
the C-terminus of each subunit functions to assemble the four subunits by folding into an alpha
helix. The tetramer assembly is stabilized by interchain disulfide bonds at Cys571.

MATERIALS AND METHODS
Materials. Two 55 gallon (200 L) Nalgene cylindrical tanks with cover and spigot
(11102-0055, Fisher Scientific) were used for dialysis. The widest dialysis tubing available
had a flat width of 120 mm, Spectra/Por MWCO 6-8000 manufactured by Spectrum labs (part
no. #132675) and sold by Fisher Scientific. The top of each dialysis bag was closed with
Spectra/Por closures, gripping width 150 mm (142 250 Spectrum Labs, Fisher Scientific). The
bottom of each dialysis bag was tied in three knots. Dialysis bags were recycled and reused.
Used bags were washed with water and stored in 25% ethanol.

The first ion exchange step used a 10 × 90 cm glass chromatography column, maximum
capacity 7.1 L (Part No. 123965 Spectrum Chromatography, Houston TX). This column was
built into a table on wheels by Edward Rao in the University of Nebraska instrument shop. Ion
exchange chromatography at pH 4 used 4 to 5 Liters of Q Sepharose Fast Flow (cat. no.
17-0510-04 Amersham Biosciences, Piscataway, NJ). The flow rate was 1 L in 18 min.

The affinity gel was custom synthesized by Dr. Yacov Ashani, Institute of Biotechnology,
Ness-Ziona, Israel, in 1 L quantities. He attached procainamide to Sepharose 4B through a 6
carbon spacer arm (Grunwald et al., 1997). The density of covalently bound procainamide was
34 micromoles procainamide per ml beads. This affinity gel was introduced for purification of
BChE in 1978 (Lockridge and La Du, 1978); it can be synthesized in a small scale from
Sepharose beads already derivatized with a 6 carbon spacer arm. The affinity gel was packed
in a Pharmacia column C26/40, maximum capacity 212 ml.

A plastic 20 L carboy was used to deliver pH 4.0 buffer to the ion exchange column. A plastic
2 L carboy was used to deliver pH 7.0 buffer to the affinity column.

Recycling and equilibrating Q-Sepharose Fast Flow. The Q-Sepharose Fast Flow (QFF)
column was unpacked after each use, and the QFF was recycled in a 22 L plastic bucket. It was
washed twice with 10 L of 0.5 M sodium hydroxide, and then 3 times with endotoxin-free
water. The QFF was resuspended in water and the pH was adjusted to 3.9 with glacial acetic
acid. The QFF was washed once more with endotoxin-free water to bring the conductivity to
0.29 mS. The washed QFF was stored in 25% ethanol by adding 2 L of ethanol to a 6 L slurry.
The bucket was covered with a plastic lid and stored at 4°C. Immediately before use, the ethanol
was poured off and the QFF was washed twice with endotoxin-free water. Each use of QFF
resulted in some loss of gel. The starting 5 L of gel had diminished to 4 L after 10 rounds of
use and recycling.

Recycling and equilibrating affinity gel. Used affinity gel was stored in 20% ethanol or in 0.1%
sodium azide. Just before use the 150 ml affinity gel was washed in a coarse scinterred glass
funnel with 1 L of 0.5 M acetic acid in endotoxin-free water, followed by 2 L of endotoxin-
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free water, and 1 L of 20 mM potassium phosphate, 1 mM EDTA pH 7.0. The washed affinity
gel was packed into Pharmacia column C26/40 and equilibrated with 2 L of 20 mM potassium
phosphate, 1 mM EDTA pH 7.0 at 4°C.

Amicon stirred cell. BChE was concentrated and dialyzed in an Amicon stirred cell Model
8200 with a PM10 membrane, cut off 10,000 kDa (13132 MEM 5436C Diaflo Ultrafiltration
Membrane, Amicon).

HPLC. Waters 625 LC system, with a Waters 486 tunable absorbance detector. Only highly
purified BChE was applied to the Protein-Pak anion exchange column, DEAE 8HR 1000Å 8
microm, 10 × 100 mm, Part No. 35650 (Waters Chromatography Division/Millipore
Corporation, Milford, MA). The loading loop was an empty glass column with a 25 ml capacity;
HR10/30 column, code no. 18-1470-01 (Amersham Pharmacia Biotech, Piscataway, NJ). The
maximum pressure tolerated by this glass loading loop was 900 psi. Protein samples were
filtered through a 0.2 micron syringe filter before being placed into the glass loading loop. The
precolumn was a 2 microm titanium frit installed in a holder (A-340 analytical filter with A-108
frit, Upchurch Scientific, Oak Harbor, WA). The standard operating pressure was about 400
psi. When the pressure reached about 800 psi at a flow rate of 1 ml per min, the frit in the
precolumn was replaced. Frits were cleaned by immersion in nitric acid for 24 hours.

The HPLC column was operated at room temperature at a flow rate of 1 ml per min. All buffers
were made in endotoxin-free glass bottles (2 L glacial acetic acid bottles) with endotoxin-free
water, and autoclaved. The HPLC column was cleaned with 0.1 M NaOH and 0.5 M NaCl to
remove contaminating proteins between runs.

A 1 M solution of dibasic potassium phosphate (Acros Organics 215470010) had an absorbance
at 280 nm of 0.040, whereas a 1 M solution of monobasic potassium phosphate (Sigma P-5379)
had an absorbance at 280 nm of 0.003. These low absorbance values verify that the reagents
were greater than 99% pure. The HPLC buffers contained 11 mM potassium phosphate pH
7.4. A contaminant from the phosphate buffer bound to the ion exchange column and eluted
with 0.5 M NaCl. The contaminant in the phosphate buffer accumulated on the ion exchanger
during the BChE loading step, when 600 ml of buffer were pumped through the loading loop
and Protein-Pak column. This artifact from the phosphate buffer was first noticed when a BChE
preparation that looked 100% pure on SDS gel, nevertheless showed a contaminant peak of
absorbance at 280nm when the ion exchange column was eluted with 0.5 M NaCl. No such
artifact was found when the buffer was 20 mM TrisCl pH 7.5.

Human plasma. Outdated human plasma was a gift from the University of Nebraska Hospital
Blood Bank. Bags of plasma were stored at 4°C until 50-100 L had accumulated, a period of
about 3 to 5 months. Plasma that was visibly turbid with lipids was not used because the lipids
clogged the ion exchange gel, reducing the flow rate to almost zero. Clots of fibrin were not a
problem, however, because they settled to the bottom of the dialysis bag.

Platelet depleted plasma gave normal yields of purified BChE activity. However, aphoresis
plasma often yielded only half of the expected amount of BChE and was therefore not a
preferred starting material.

Endotoxin-free water. Buffers were made with double distilled water taken directly from the
glass distillation tank. This water was free of endotoxin as measured with the chromogenic
kinetic assay. In contrast, Nanopure water, which is water filtered through Millipore filters,
contained significant amounts of endotoxin (1200 EU/ml) and was not used. Buffers that were
not used immediately were autoclaved to prevent bacterial growth.
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Endotoxin-free plasticware and glassware. Plastic containers were soaked in 1 M sodium
hydroxide for 24 hours or longer to destroy endotoxin (Sharma, 1986). Then they were rinsed
with endotoxin-free water. Glass beakers were heated in a muffle oven at 1000°F (750°C) for
16 hours. Glass bottles that had previously contained 2 L of glacial acetic acid made good
endotoxin-free bottles for buffers. They were rinsed with endotoxin-free water before use.
Fractions from QFF and affinity chromatography were collected into endotoxin-free bottles
(500 ml and 1 L serum-free culture-medium bottles). Volume was determined by weight.

Kinetic chromogenic assay for measuring endotoxin. The Limulus Amebocyte Lysate
Endochrome-K kit was used for measuring endotoxin levels (LVR17000, Charles River
Laboratories, Charleston, SC). The kit contains lyophilized amebocyte lysate, buffer, and the
chromogenic substrate p-nitroaniline. Immediately before use, the contents of a vial were
rehydrated with 3.4 ml of LAL reagent water (Cat. No. W50-500, BioWhittaker, Walkersville,
MD). A multichannel pipettor was used to deliver 100 microliters of the reagent to 100
microliters of test sample in a 96-well plate. Absorbance increase at 405 nm was recorded in
a Molecular Devices Spectra Max 190 plate reader for up to 60 minutes, at 25°C. The time to
reach an absorbance of 0.20 was determined. A standard curve was prepared from endotoxin
standard (catalog 210-SE, Sigma).

100X buffer for dialysis. 70 L of plasma was dialyzed in 120 L of 20 mM sodium acetate, 1
mM EDTA pH 4.0. The 120 L of buffer was prepared by diluting 1.2 L of 100x buffer to 120
L with distilled water. The 100x buffer was made in a glass bottle and contained 152 g EDTA
tetrasodium salt (Aldrich E2,629-0, 98% pure) plus 456 ml glacial acetic acid, and 18 g sodium
hydroxide in a total volume of 4 L. After 1:100 dilution this buffer had a conductivity of 0.36
mS and a pH of 4.0. Neither the 100X stock buffer nor the 120 L of 1X buffer was autoclaved.

50X buffer for affinity chromatography. The buffer for affinity chromatography was 20 mM
potassium phosphate, 1mM EDTA pH 7.0. This buffer was prepared by diluting 40 ml of a
50X stock buffer to 2 L with endotoxin-free water. The 50X stock buffer contained 108.8 g
K2HPO4 plus 51.0 g KH2PO4 plus 19.0 g Na4EDTA in 1 L total volume. The stock buffer
solution was autoclaved.

Activity assay. BChE activity was measured with 1 mM butyrylthiocholine as substrate in the
presence of 0.5 mM dithiobisnitrobenzoic acid, in 0.1 M potassium phosphate buffer pH 7.0
at 25°C in 1 cm cuvettes. A recording Gilford spectrophotometer connected to a Macintosh
computer via a MacLab interface was used to record the change in absorbance at 412 nm. The
extinction coefficient for the product was 13,600 M−1 cm−1 (Ellman et al., 1961). Units of
activity were defined as micromoles butyrylthiocholine hydrolyzed per minute per ml.

Nondenaturing gel electrophoresis. Migration of BChE on nondenaturing gel stained for
activity revealed the relative amounts of tetramers, dimers, and monomers. In addition this
method was useful for identifying BChE samples that had been desialylated by bacterial
contaminants. A 4-30% gradient polyacrylamide gel was prepared in a Hoefer SE600 gel
apparatus (Hoefer, San Francisco, CA; presently part of Pharmacia Inc.). Electrophoresis was
at 200 volts constant voltage for 24 hours at 4°C. Gels were stained for BChE activity in the
presence of 2 mM butyrylthiocholine iodide by the method of Karnovsky and Roots
(Karnovsky and Roots, 1964).

SDS gel electrophoresis. 4-30% gradient gels were run at 120 volts constant voltage for 15
hours at 4°C. Gels were stained with Coomassie Blue R-250.

Protein concentration. The protein concentration was calculated from absorbance at 280 nm
where a 1 mg/ml solution had an absorbance of 1.8 in a 1 cm quartz cuvette. Percent purity
was calculated by using a value of 720 units/mg as the specific activity of 100% pure BChE.

Lockridge et al. Page 4

J Med Chem Biol Radiol Def. Author manuscript; available in PMC 2006 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Animals. Animal studies were carried out in accordance with the Guide for the Care and Use
of Laboratory Animals as adopted by the U.S. National Institutes of Health. Mice were strain
129Sv from Taconic (n =5). Rhesus monkeys (Macaca mulata) (n=2) were maintained at the
University of Michigan. The monkeys weighed 12.6 and 14.2 kg. Monkeys were anesthetized
with ketamine before being injected with purified human BChE (3 mg/ml) at a dose of 4 mg/
kg.

Pharmacokinetic calculations. The data for elimination of BChE from the circulation were

fitted to the double exponential equation  in Sigma Plot (Jandel
Scientific), where A is the fraction of material removed from the circulation in the fast phase,
B is the fraction of material removed in the slow phase, k1 is the first order rate constant for
the fast phase, k2 is the first order rate constant for the slow phase, and Ct is the concentration
of BChE in the blood at time t in units/ml. This equation has been used by Kronman et al.
(Kronman et al., 2000) as well as by Saxena et al. (Saxena et al., 1998). Another way to describe
these rate constants is to say that k1 is the first-order rate constant of enzyme distribution while
k2 is the first-order rate constant of enzyme elimination from the blood stream. The half-time
calculated from the slowest process, k2, is called the biological half-life.

The mean residence time (MRT) was calculated according to Gabrielson and Weiner
(Gabrielson and Weiner, 1994) using the following equations. AUC = A/k1 + B/k2 ; AUMC
= A/ (k2)2 + B /(k2)2 ; MRT = AUMC/AUC.

The half-life was calculated from the relationship, t1/2 = 0.693/k, where 0.693 is ln2, and k is
the first order rate constant.

RESULTS
Purification method

Dialysis. Dialysis in cellulose membrane bags was chosen as the first step in the purification
because it avoided centrifugation. A heavy precipitate settled to the bottom of the dialysis bags,
removing about 9% of the total protein without loss of BChE activity. In addition, this step
reduced the salt concentration to 0.02 M and the pH to 4.3, to a level that enabled selective
binding of BChE to the ion exchange gel (Das and Liddell, 1970). Most plasma proteins do
not bind to ion exchange gel at pH 4.3.

A typical starting volume of plasma was 70 L. The plasma was poured into 26 dialysis bags,
the bags were clamped shut and placed into 120 L of precooled 20 mM sodium acetate 1 mM
EDTA pH 4.0 in a 200 L tank. Fresh buffer was prepared in the second tank and allowed to
cool overnight to 4°C before the bags were transferred to the fresh buffer. The buffer was
changed every day until the pH of the tank buffer at the end of 24 hours was 4.0. The number
of days required for dialysis depended on the volume of plasma: 12 days for 100 L, 9 days for
70 L, 8 days for 47 L.

The pH of the dialyzed plasma at the end of the dialysis period was 4.3 to 4.4.

Binding BChE to ion exchanger. Dialyzed plasma was poured into a 22 L plastic cylinder
containing 4 L of Q-Sepharose Fast Flow (QFF) that had been equilibrated to pH 3.8 and low
ionic strength (conductivity 0.3 mS/cm) Only the clear plasma was poured out of the dialysis
bag, while the heavy precipitate was left undisturbed in the bottom of the bag. The plasma and
QFF were stirred with a plastic rod, allowed to settle for 30 minutes, stirred again, and allowed
to settle for another 30 min. The supernatant was tested for activity. When 80-90 % of the
starting BChE activity had disappeared from the plasma by binding to QFF, the yellow
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supernatant was discarded. The cylinder was refilled with more dialyzed plasma to allow BChE
to bind. This was repeated 5 to 6 times until all the dialysis bags had been emptied.

pH 4 chromatography. The QFF in the bucket was washed with 10 L of cold 20 mM sodium
acetate, 1 mM EDTA pH 4.0, then resuspended to make a slurry of less than 7 L, and poured
into the 7.1 L column. The column was washed with 200 L of pH 4.0 buffer at 4°C to elute
contaminating proteins. Buffer was made with double-distilled water because double-distilled
water, taken directly from the still, was free of endotoxin. The column was washed with 200
L of buffer until the eluant had an absorbance of 0.04 at 280 nm. It took about 7 days to wash
the column with 200 L of buffer, depending on the availability of endotoxin-free water in the
still. The 200 L of buffer was not autoclaved.

BChE was eluted with 0.05 M NaCl in 20 mM sodium acetate, 1 mM EDTA pH 4.0. The first
2 L contained no BChE activity and no protein. The next 1 L contained 18% of the BChE,
which was 8.3% pure. The next 0.6 L contained 60% of the BChE and was 4.1% pure. The
next 0.5 L contained 17% of the BChE and was 0.9% pure. See Figure 1. The final two fractions,
containing about 5% of the BChE activity, were discarded. The QFF column purified the BChE
about 800 fold. Figure 2 shows the proteins in plasma and in the QFF fractions on SDS gel
stained with Coomassie blue. The most prominent protein in plasma is the 66 kDa albumin.
The QFF fractions have almost no albumin but have a prominent band at 45 kDa. Fractions
rich in the 45 kDa protein are blue-green in color.

The pH of protein-containing fractions eluted from QFF was about 4.5.

Affinity chromatography. There was no need to adjust the pH or ionic strength before loading
the BChE on the affinity column. The BChE that had eluted from the ion exchange column
was immediately loaded onto a column packed with 150 ml of recycled procainamide-
Sepharose. The affinity gel had been equilibrated with 20 mM potassium phosphate, 1 mM
EDTA pH 7. 99% of the activity bound to the affinity gel, whereas contaminating proteins
eluted during loading. The gel was washed with 2 L of 20 mM potassium phosphate, 1mM
EDTA pH 7.0 and then with 2 L of 0.2 M NaCl in buffer to remove contaminating proteins.
Finally the BChE was eluted with 1 M NaCl in 20 mM potassium phosphate, 1mM EDTA pH
7.0. The BChE eluted in the first 300 ml. See Figure 3. The affinity column increased the purity
about 10 fold.

Sodium chloride was used to elute BChE because sodium chloride had no absorbance at 280
nm, was not inhibitory, and was inexpensive. Elution with 0.2 M procainamide, or 0.2 M
procaine hydrochloride, or 0.2 M succinylcholine chloride, or 0.2 M acetyl-beta-
methylcholine, or 0.2 M decamethonium also worked but the purification was no better. The
disadvantage of using these inhibitors for elution was that an accurate specific activity could
not be determined until after the inhibitors had been removed. The inhibitors procainamide and
procaine not only inhibited activity but they also interfered with measurement of absorbance
at 280 nm. Another disadvantage of using an inhibitor for elution is that inhibitors remain in
the enzyme active site gorge even after extensive dialysis. The presence of decamethonium in
highly purified acetylcholinesterase was seen in the x-ray structure of Torpedo c.
acetylcholinesterase (Axelsen et al., 1994), and also detected using capillary electrophoresis
and differential scanning calorimetry (Rochu et al., 2002).

The BChE could also be eluted with substrate, for example with 0.2 M acetylcholine, but the
pH of the BChE solution rapidly dropped to 3.6 and inactivated the enzyme. Other compounds
that worked for elution were 0.1 M trimethylammonium bromide in 0.3 M NaCl, or 0.2 M
choline chloride.
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Desalting. The BChE was dialyzed in an Amicon stirred cell to reduce the salt concentration
below 0.03 M NaCl and to reduce the volume to about 20 ml.

HPLC. The BChE was centrifuged in microfuge tubes to remove solids and then filtered
through a 0.2 microm syringe filter before it was loaded into the 25 ml glass loading loop of
the HPLC. Autoclaved buffer, 11 mM potassium phosphate pH 7.4 prepared in endotoxin-free
water, was pumped through the column and glass loading loop to load the BChE onto the HPLC
ion exchange column. It took 500-600 ml to wash the 25 ml of BChE out of the loading loop.
Loading was usually accomplished overnight. The BChE was eluted from the HPLC column
with autoclaved 0.15 M NaCl in 11 mM potassium phosphate pH 7.4, a buffer equivalent to
phosphate buffered saline. Figure 4 shows the elution profile detected as absorbance at 280 nm
versus time in minutes. Step elution with 0.15 M NaCl in buffer eluted contaminating proteins
at the front and tail end of the peak. The purest BChE eluted in the center of the peak. Additional
contaminating proteins and a yellow color eluted with 0.5 M NaCl in buffer. A Coomassie blue
stained gel in Figure 5 shows that fraction 3 was the purest. To minimize the possibility of
bacterial growth, the BChE recovered from HPLC was immediately filter sterilized and frozen
at −70°C.

Table 1 summarizes the purification of BChE from human plasma. The data for the purification
of each fraction from the QFF column are shown in groups (QFF/Affinity/HPLC). To reach a
specific activity of 720 units/mg, the BChE must be purified 14,000 fold. This level of purity
can be achieved by additional HPLC runs where only the cleanest fractions are pooled.

Notes on HPLC purification.—The binding capacity of the 7.8 ml HPLC column (Protein-
Pak DEAE, 10×100 mm, Millipore) is very high. When the BChE was 55% pure, this column
bound a maximum of 76,000 units or 105 mg BChE. The binding capacity decreased when the
BChE was less pure. For example, it bound a maximum of 15 mg BChE (11,000 units) when
the BChE was 11% pure. Step elution gave a more concentrated BChE than gradient elution.

An alternative buffer that gave very good results was 20 mM TrisCl pH 7.5. When Tris buffer
was used, contaminating proteins could be eluted with 0.1 M NaCl in buffer, provided the
BChE was at least 36% pure when it was loaded. If the BChE was 5-20% pure, then some of
the BChE eluted during washing with 0.1 M NaCl in 20 mM TrisCl pH 7.5. Elution of BChE
in a small volume was achieved with 0.19 M NaCl in 20 mM TrisCl pH 7.5 buffer. Use of a
lower salt concentration spread the BChE into a larger volume. TrisCl buffer was used for
BChE samples intended for non-animal experiments.

Purification of side-fraction. Approximately 20,000 units out of 100,000 units in the starting
plasma, eluted late in the first chromatography step on QFF at pH 4. This fraction was about
0.9% pure, was green in color, and had a major protein band at 45 kDa (Figure 2). This side-
fraction was carried through the purification steps separately and was not combined with the
cleaner BChE because this fraction was difficult to purify. Table 1 shows that after affinity
column chromatography this side-fraction became 30% pure, and after HPLC it became 58%
pure, values significantly lower than the best BChE fractions.

Additional steps that helped to further purify this side-fraction included ion exchange at pH
4.5, affinity chromatography on a 10 ml affinity column, and ion exchange at pH 7.5.

Characteristics of purified BChE
Purified BChE consists of tetramers—The BChE in human plasma consists of 95%
tetramers, and 5% dimers and monomers. The minor forms are cleared from the BChE during
the purification. The final HPLC purified BChE consists predominantly of tetramers. These
forms are visualized on a nondenaturing gel stained for BChE activity (Karnovsky and Roots,
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1964) in Figure 6 . Monomers are the result of proteolysis which removes the tetramerization
domain at the C-terminus (Lockridge and La Du, 1982; Saxena et al., 2003).

Endotoxin content. The endotoxin content of purified human BChE was generally in the range
300 to 1000 EU/ml, similar to the endotoxin level found in purified horse BChE purchased
from Sigma. Table 2.

The endotoxin level in various sources of water varied widely (Table 2). Double distilled water
prepared at UNMC and taken directly from the glass still was as pure as LAL reagent water
purchased from a commercial vendor. Buffers for washing the QFF column, the affinity
column, and the HPLC column were made with this water. When this water was stored in a
plastic carboy at room temperature, the endotoxin level rose significantly. Nanopure water had
a high level of endotoxin even after a new filter was installed. Surprisingly, city tap water had
less endotoxin than Nanopure water.

N-terminal amino acid sequence. The goal here was to determine whether the purified BChE
contained a second peptide that might represent a tetramer organizing peptide. Recombinant
AChE requires a proline-rich tetramer organizing peptide in a ratio of 1:4 before AChE
assembles into tetramers (Simon et al., 1998). Proline-rich peptides also promote
tetramerization of BChE from cell culture (Altamirano and Lockridge, 1999). The amount of
BChE sequenced (370 pmoles) would have allowed detection of a second peptide if the second
peptide constituted 25% of the N-termini. Only one amino acid sequence was found and that
sequence was EDDIIIATKN, a result in agreement with the published amino acid sequence of
human BChE (Lockridge et al., 1987b). No evidence for a second peptide sequence was found.
This result does not rule out the possibility that a proline-rich tetramer organizing peptide may
be present in the tetramer organizing domain because the N-terminus could be blocked.
Alternatively the peptide could promote tetramerization in catalytic quantities.

The finding of only one N-terminal sequence confirms the purity of the BChE preparation.

Storage. BChE solutions containing at least 1 mg/ml protein (720 units/ml) could be stored
frozen, in the absence of any cryoprotectant (i.e. glycerol, sucrose, or polyethylene glycol),
without loss of activity. Dilute solutions required a cryoprotectant such as 30% glycerol.
Purified BChE could also be stored at 4°C indefinitely provided it was either filter sterilized,
or it contained sodium azide (0.02%= 3 mM) to prevent bacterial and fungal growth. Ten to
twenty years of storage in aqueous solution caused no loss of activity in sterile BChE, as
measured with butyrylthiocholine or benzoylcholine, but did have an effect on the carbohydrate
content. The BChE became desialylated as observed on nondenaturing gel stained for BChE
activity.

After frozen BChE containing 1-4 mg/ml in phosphate buffered saline was thawed, a white
pellet was observed at the bottom of the tube. This pellet was easily dissolved. There was no
adverse affect on BChE activity.

Bacterial contamination of BChE. Bacterial contamination of a BChE preparation could be
recognized in 4 ways. 1) A heavy contamination was accompanied by a distinct odor. 2) A
heavily contaminated preparation had an endotoxin level in millions of units per ml. 3) Bacterial
contamination changed the migration pattern of BChE on nondenaturing gel because bacterial
enzymes desialylated the BChE. Partially desialylated BChE tetramers migrated more slowly
than native tetramers. Figure 7 shows that completely desialylated BChE tetramers barely
entered the separating gel. In addition, a broad smear of BChE activity was found in the 4%
stacking gel. The effects of bacterial contamination were reproduced by incubating BChE with
viral neuraminidase, confirming that the shift in migration was caused by desialylation. Native
human BChE tetramers contain approximately 72 sialic acids on 36 N-linked carbohydrate
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chains. 4) As a result of desialylation, bacterially contaminated BChE had a short residence
time of less than 1 h in the circulation of rats and mice. The asialo receptors in liver rapidly
cleared BChE from the circulation.

Bacterial contamination of purified BChE had no apparent effect on BChE activity as measured
with butyrylthiocholine.

Stability of BChE at low pH. BChE in plasma was stable during dialysis and chromatography
in pH 4 buffer for at least one month at 4°C. It was noticed that though the pH of the buffer
was 4.0, the pH of the plasma never dropped below 4.3. After partial purification, the BChE
was no longer stable to dialysis and chromatography in pH 4.0 buffer. A 20% pure BChE
preparation lost 22 % activity after 66 hours in pH 4.1 buffer. Therefore, ion exchange
chromatography at pH 4.0 could not be repeated. However, partially purified BChE was stable
at pH 4.5. No activity was lost after 66 hours in 20 mM NaAcetate pH 4.5.

Half-life in mouse. The BChE purified by this protocol had a half-life of 43 h and a mean
residence time of 56 hours in the circulation of mice. Figures 8 shows that 168 h (7 days) after
injection of human BChE, the mouse circulation still had 8.9 u/ml of BChE, a value 5 fold
above endogenous levels.

Half-life in monkey. The BChE purified by this protocol was injected iv into rhesus monkeys
at a dose of 4 mg/kg. Blood samples were drawn for 14 days and tested for BChE activity.
Figure 9 shows the biphasic disappearance of human BChE from the circulation of two
monkeys. In the first few minutes after injection, the BChE activity increased 30-fold, from an
endogenous value of about 4 u/ml to 120 u/ml. After 11 days, the BChE activity was still
slightly elevated, at about 6 u/ml. After 13 days, the BChE activity had returned to the starting
activity of 4 u/ml. The data in Figure 9 were fit to a double exponential equation using the
curve fitting program in Sigma Plot. The double exponential equation gave the following
values. The fast phase had a first order rate constant of 3.02±1.49 days, which calculates to
t1/2 = 5.5 h; 28% of the BChE activity disappeared in the fast phase. The slow phase had a first
order rate constant of 0.250±0.024 days, which calculates to t1/2 = 66.4 h; 72% of the BChE
activity disappeared in the slow phase. The mean residence time of our purified human BChE
in monkeys was 93.2 h.

DISCUSSION
What is new in this purification protocol.

Methods for purifying BChE from human plasma have been described previously (Surgenor
and Ellis, 1954; Malmstrom et al., 1956; Das and Liddell, 1970; Gaffney, 1970; Lockridge and
La Du, 1978; Ralston et al., 1983; Lockridge, 1990; Lynch, 1993; Grunwald et al., 1997; Lynch
et al., 1997). Our previous reports have been brief outlines. This report is the first detailed
description of the methods we use, developed during 30 years experience of purifying human
BChE.

The new features of our purification protocol are the scale-up to processing large volumes of
plasma and the use of HPLC. We simplified the protocol by using a batch method to bind BChE
to ion exchanger, and by using step elution in place of gradient elution for each chromatography
column. We introduced the use of an HPLC chromatography step. The ion exchange gels for
HPLC have a higher binding capacity than the gravity flow ion exchangers and give better
separations. Finally, we showed how to prepare human BChE so that the purified BChE
contained a minimum amount of endotoxin.
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Procainamide-Sepharose affinity gel.
The affinity gel we introduced in 1978 (Lockridge and La Du, 1978), is widely used today for
purification of both butyrylcholinesterase and acetylcholinesterase (De la Hoz et al., 1986).
The binding capacity of procainamide-Sepharose depends on the purity of the BChE that is
applied. An 8 L column of affinity gel is required to bind the BChE in 70 L of citrated human
plasma (100,000 units) where the BChE concentration is 0.002 mg/ml and the protein
concentration is 30 mg/ml. However, only 150 ml of affinity gel is required to bind the same
amount of BChE after it has been purified 400 to 800-fold by ion exchange chromatography
at pH 4.0. When the BChE is very pure (50-70% pure) so that only minor increments in purity
are being attempted, the affinity gel binds 3 mg BChE per ml gel.

The dependence of binding capacity on BChE purity means that proteins other than BChE bind
to the affinity gel. The contaminants bind through ion interactions and are released by low
concentrations of sodium chloride (0.2 M). The best binding capacity is obtained with affinity
gel containing the maximum number of covalently bound procainamide molecules.

How much endotoxin can a monkey tolerate?
Endotoxin, also called lipopolysaccharide, is the main component of the outer membrane of
the cell wall of Gram-negative bacteria such as E. coli. Gram-negative bacteria are ubiquitous
in the environment. They are in oral cavities and intestinal tracts of mammals, in ventilation
systems, humidifiers, and swimming pools. Endotoxins cause the immune system to release
inflammatory cytokines. A high dose of endotoxin can result in multiple organ failure and
death.

The endotoxin concentration in our purified BChE preparation is no higher than 1000 EU/ml,
which corresponds to 100 ng/ml (Petsch and Anspach, 2000). The BChE protein concentration
is 3 mg/ml. A monkey scheduled to receive 60 mg of BChE would be receiving 20 ml of
purified BChE and 2 micrograms of endotoxin (equivalent to 20,000 EU). Is this dose of
endotoxin likely to be safe when injected iv into monkeys? Rhesus monkeys survived when
treated with 150 micrograms endotoxin twice daily for 5 days (Xiao et al., 1998) or with 100
micrograms six times in 4 days (Landman et al., 2003). A lethal dose in rhesus monkeys was
3 × 106 EU/kg (Veloso et al., 1999), which calculates to 1500 micrograms endotoxin for a 5
kg animal. Thus 2 micrograms of endotoxin in our BChE preparation was not expected to cause
an adverse reaction in monkeys.

The horse BChE purchased from Sigma had an endotoxin concentration similar to that in our
BChE preparation. The Sigma horse BChE has been administered to monkeys without sequelae
(Broomfield et al., 1991; Wolfe et al., 1992; Castro et al., 1994; Matzke et al., 1999), supporting
our expectation that the level of endotoxin in our BChE preparation can be safely tolerated by
monkeys.

The expectation that monkeys would not be harmed by our BChE preparation was confirmed
by injecting BChE iv into monkeys. The monkeys had no adverse effects. Since body
temperature and endotoxin-induced cytokines were not measured, we cannot rule out the
possibility of pyrogenic effects.

Quality of our BChE preparation.
A mean residence time of 93 h for our human BChE preparation compares favorably with the
results of Raveh et al who reported a mean residence time of 30-37 hours in the circulation of
rhesus monkeys for their purified human BChE (Raveh et al., 1997). No other reports of the
residence time of human BChE in monkeys have been published. In mice, the mean residence
time for our BChE preparation was 56 h. Human BChE prepared by others was found to have
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a mean residence time of 33-46 h in mice, 60 h in rats, and 78 h in guinea pigs (Ashani et al.,
1991; Kronman et al., 1995; Saxena et al., 1998; Ashani, 2000).

The long residence time of our purified human BChE in monkeys and mice attests to the high
quality of our BChE preparation. A long residence time is obtained for BChE that is fully
sialylated and that is assembled into tetramers. In our experience, partially desialylated BChE
is cleared in less than one hour from the circulation of mice. BChE that is composed of
monomers and dimers rather than tetramers is also rapidly cleared (Duysen et al., 2002). The
related enzyme, acetylcholinesterase, is rapidly cleared from the circulation when it is
desialylated or when it is monomeric, but has a long residence time when it is tetrameric and
is maximally sialylated (Saxena et al., 1997; Chitlaru et al., 1998; Saxena et al., 1998; Kronman
et al., 2000; Chitlaru et al., 2001).

Another indication of the high quality of our BChE preparation was the finding that monkeys
showed no toxic signs when treated with our BChE. This result confirms that our BChE
preparation contained only a low level of endotoxin. In conclusion, a method for purifying
BChE from up to 100 L of human plasma per batch has been developed. The purified BChE
has a low endotoxin content, safe for injections into monkeys.
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Figure 1.
Purification of BChE by ion exchange at pH 4.0 The BChE in 62 L of dialyzed human plasma
was bound to 4 L of Q-Sepharose Fast Flow (QFF) at pH 4.0 in a batch process. The QFF was
packed into a 7 L glass column and washed with 200 L of endotoxin-free 20 mM sodium
acetate, 1 mM EDTA pH 4.0, at 4°C. The graph shows elution of BChE from QFF with 0.05
M NaCl in pH 4.0 buffer at a flow rate of 1.7 L per hour. The BChE in fraction #1 was purified
1200-fold.
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Figure 2.
SDS gel stained with Coomassie blue Plasma before and after dialysis and fractions from
QFF were applied at 5 micrograms protein per lane. The BChE band at 85 kDa is indicated by
an arrow. BChE is a faint band in the 8.3 and 4.1% pure fractions. The 66 kDa albumin band
is intense in plasma but not in the QFF fractions, indicating that most of the albumin has been
removed by ion exchange at pH 4.0.

Lockridge et al. Page 15

J Med Chem Biol Radiol Def. Author manuscript; available in PMC 2006 June 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Affinity column purification of BChE The 1200-fold purified BChE from QFF was loaded
onto a 150 ml affinity column at a flow rate of 350 ml per hour. The column was washed with
2 L of 20 mM potassium phosphate, 1mM EDTA pH 7.0 followed by 2 L of 0.2 M NaCl in
buffer to elute contaminants. The graph shows elution of BChE from procainamide-Sepharose
with 1 M NaCl in pH 7 buffer.
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Figure 4.
HPLC purification of BChE The 64% pure BChE recovered from the affinity column was
desalted to about 0.04 M NaCl, reduced in volume, and filtered into a 25 ml sample loop in
preparation for loading onto the Protein-Pak DEAE column. About 600 ml of 11 mM potassium
phosphate pH 7.4 were pumped through the sample loop to load all of the BChE onto the HPLC
column. The BChE was eluted with 0.15 M NaCl in 11 mM potassium phosphate pH 7.4 at a
flow rate of 1 ml per min, at ambient temperature, at 400 psi. Fractions 1 and 2 at the leading
edge of the peak, between 4.6-7.0 min, were 25% and 34% pure and contained 180 units out
of the 18,200 units applied. Fraction 3 between 7.0-18.5 min was 80% pure and contained
16,100 units. Fractions 4 and 5 at the tail end of the peak between 18.5 and 38 min were 74%
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and 43% pure and contained a total of 970 units. Fraction 6, which contained additional
contaminating proteins as well as 190 units of 5% pure BChE, eluted with 0.5 M NaCl.
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Figure 5.
HPLC fractions on SDS gel stained with Coomassie blue Fractions 1-5 were eluted with
0.15 M NaCl. Fraction 6 was eluted with 0.5 M NaCl. The % purity of the BChE in each fraction
is indicated. Up to 10 micrograms protein were loaded per lane. The BChE monomer and dimer
are 85 and 170 kDa.
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Figure 6.
Nondenaturing 4-30% gradient gel stained for BChE activity The samples are plasma
before (2 lanes) and after (1 lane) dialysis in pH 4 buffer, 3 fractions from QFF (see Figure 2),
and 6 fractions from HPLC (see Figure 3). Each lane contains the amount of BChE activity
found in 5 microliters of plasma, 0.015 units. After electrophoresis at 200 volts constant voltage
for 24 hours at 4°C, the gel was stained for BChE activity.
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Figure 7.
Detection of bacterial contamination BChE contaminated with bacteria migrates more
slowly on a nondenaturing gel stained for BChE activity. Lanes 1-3, human serum; lanes 4-5,
highly purified human BChE, 800 EU/ml; lanes 6-7, partially desialylated BChE; lanes 8-9,
completely desialylated human BChE by bacterial contamination 30,000,000 EU/ml; lanes
10-11, completely desialylated human BChE , by treatment with viral neuraminidase; lanes
12-13, purified horse BChE from Sigma, 800 EU/ml; lanes 14-15, horse serum. Each lane
contains the amount of BChE enzyme activity in 5 microliters of human serum, 0.015 units.
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Figure 8.
Residence time of purified human BChE in mice 0.2 ml of purified native human BChE
containing 438 units was injected i.p. into 5 mice, at a dose of 27 mg/kg. Blood samples were
collected at 0, 1, 2, 4, 6, 8, 10, 24, 34, 48, 72, 96, 168, and 216 hours and assayed for BChE
activity. At time zero the BChE activity in mouse blood was 1.79±0.16 u/ml. The mean
residence time was 56.6 hours.
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Figure 9.
Residence time of purified human BChE in monkeys Two monkeys were injected with 16.8
ml and 19.5 ml of purified human BChE iv to give a dose of 4 mg/kg. The BChE solution had
a concentration of 3 mg/ml. Blood was withdrawn at 10, 30, 60, 120 min, 6 h, 12 h, 24 h, 2
days, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, and 14 days and assayed in triplicate for BChE activity.
The symbols are the data, the line is the fit to the double exponential equation Ct = Ae(−k1t)
+ Be(−k2t). The half-life, calculated from the first order rate constant was 5.5 h for the fast
phase and 66.4 h for the slow phase. The mean residence time was 93.2 h.
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