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Abstract

Contemporary approaches to biology often call for the high-throughput production of large amounts of numerous proteins for

structural or functional studies. Even with the highly efficient protein expression systems developed in Escherichia coli, production of

these proteins is laborious and time-consuming. We have simplified established protocols by the use of disposable culture vessels:

common 2-liter polyethylene terephthalate beverage bottles. The bottles are inexpensive, fit conveniently in commonly available

flask holders, and, because they are notched, provide sufficient aeration to support the growth of high-density cultures. The use of

antibiotics and freshly prepared media alleviates the need for sterilization of media and significantly reduces the labor involved.

Uninoculated controls exhibited no growth during the time required for protein expression in experimental cultures. The yield,

solubility, activity, and pattern of crystallization of proteins expressed in bottles were comparable to those obtained under con-

ventional culture conditions. After use, the bottles are discarded, reducing the risk of cross-contamination of subsequent cultures.

The approach appears to be suitable for high-throughput production of proteins for structural or functional studies.

� 2003 Elsevier Science (USA). All rights reserved.
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The emerging fields of structural and functional ge-

nomics embrace many different objectives, but both

depend in part on the production of numerous proteins

at a much faster rate than it occurs currently [1–3].
Structural genomics research typically requires simul-

taneous production of distinct, novel proteins, whereas

functional analyses may call for production of numerous

variants of a specific protein. To achieve these objec-

tives, every step involved in the production of proteins

must be accelerated, including cloning, expression, and

purification. Automated methods using robotic liquid

handlers and newly developed chromatography stations
help to simplify the cloning and purification of proteins

[4,5], but the process of producing target proteins in

Escherichia coli remains laborious. New strategies of

protein production have been developed, such as cell-

free translation systems and miniaturized fermentation

batteries [6–9], but these processes are highly specialized,

requiring considerable investment in training or equip-

ment. Inexpensive, convenient methods that reduce the

effort required for production of proteins in E. coli but
use commonly available equipment and simple proto-

cols would be of value.

Improved volumetric yields of proteins can be ob-

tained by expressing proteins in high-density cultures of

E. coli grown in a highly enriched medium such as terrific

broth (TB) [10,11]. This commonly used approach re-

duces the effort by using a smaller volume of culture me-

dium, simplifying media preparation, centrifugation, and
waste disposal. Evenwith this improvement, however, the

process is time-consuming and cumbersome. In addition

to the time required for the essential biological stages of

cell growth and protein expression, conventional ap-

proaches spill over into the days preceding and following

these steps, in the preparation and sterilization of media

and in the cleanup of the vessels used for the cultures. The

method described here—expression of proteins in non-
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sterilized media in disposable flasks—greatly reduces the
time required for media preparation and eliminates much

of the cleanup that follows harvesting of the cells.

The ubiquitous 2-liter polyethylene terephthalate

(PET) bottles, normally used for soft drinks, fortu-

itously are well suited for use as disposable culture

vessels. The bottles fit in standard shaker baskets de-

signed for 1-liter flasks, and the notches in the base of

the bottles provide effective aeration of cultures. They
do not need to be sterilized because the antibiotics

typically required for heterologous protein expression

prevent the growth of contaminants. Disposal of the

bottles afterward reduces the risk of cross-contamina-

tion of subsequent cultures. Expression of proteins in

the bottles gave yields of soluble protein comparable to

flasks, and proteins purified from both culture condi-

tions exhibited similar properties.

Materials and methods

Cloning and expression of target proteins

Target proteins were cloned into the vector pMCSG7

[12] by automated, robotic polymerase chain reaction
(PCR) and ligation independent cloning (LIC) using

previously described protocols [5]. Expression was per-

formed in the E. coli host strain BL21-Gold(DE3)

(Stratagene, La Jolla, CA) that contains an extra plasmid

encoding three rare tRNAs (complementary to codons

AGGandAGA for arginine andAUA for isoleucine). All

media were supplemented with 100 lg/ml ampicillin and
30 lg/ml kanamycin to maintain the two plasmids. Cul-
tures were grown in either terrific broth (TB), Luria broth

(LB), orM9minimal medium [11]. TBwas prepared from

EZMix preformulated solids (Sigma Chemical, St. Louis,

MO), LB was from premixed LB broth (Fisher Scientific,

Fair Lawn, NJ), andM9was from premixedmineral salts

(Sigma). EZMix TB contains tryptone (pancreatic digest

of casein), 12 g/liter; yeast extract, 24 g/liter; K2HPO4,

9.4 g/liter; KH2PO4, 2.2 g/liter; and inert binder, 0.6 g/li-
ter. The medium was supplemented with 8 g/liter glycerol

or 4 g/liter glycerol plus 4 g/liter glucose. Premixed LB

contains tryptone, 10 g/liter; yeast extract, 5 g/liter; and

NaCl, 10 g/liter. Premixed M9 Mineral Salts (Sigma M-

6030) containsNa2HPO4 6.78 g/liter;KH2PO4, 3.0 g/liter;

NaCl, 0.5 g/liter; andNH4Cl, 1.0 g/liter. The mediumwas

supplemented with NaCl, 0.5 g/liter; MgSO4, 0.24 g/liter;

CaCl2, 0.01 g/liter; thiamine hydrochloride, 1 lg/ml; and
glucose, 4 g/liter.

Production of target proteins in high-density cultures in

2-liter PET bottles

Inocula were prepared by streaking glycerol stocks on

LB plates containing ampicillin and kanamycin at 100

and 30 lg/ml, respectively, and incubating overnight at
37 �C. A consistent-sized sample of the cells was then
scraped from the plate using a disposable 1/4-in. plastic

inoculation loop, resuspended in 2ml sterile TB me-

dium, and added to non-sterile TB medium prepared

immediately prior to inoculation in 2-liter PET bottles

(below). Bottles were obtained as a generous gift from

Plastipak Packaging (Plymouth, MI) or purchased

through Continental Glass and Plastic (Chicago, IL).
For expression in high-density cultures in TBmedium,

two protocols were employed: expression at 37 �C in
medium supplemented with 4 g/liter glucose plus 4 g/liter

glycerol, and expression at 20 �C in medium containing
8 g/liter glycerol. Specifically, the medium was prepared

immediately prior to use by adding 12 g of preformulated

EZMix medium solids through a powder transfer funnel,

followed by addition of 1 cup (236ml) of high-purity
water (not sterilized) and 4ml of a sterile solution con-

taining concentrated ampicillin, kanamycin, and carbon

sources. The freshly prepared medium was used imme-

diately, without sterilization, by inoculation with the re-

suspended cells described above. In both cases, cultures

were incubated at 37 �C in a C25 Incubator Shaker (New
Brunswick Scientific, Edison,NJ) rotary shaker (radius of

gyration: one inch) with agitation at 300 rpm. The OD600
of the cultures was monitored periodically. For expres-

sion at 37 �C, cultures were induced at OD600 4–8 by ad-
dition of 1mM isopropyl-(3-DD-thiogalactopyranoside)

(IPTG) and harvested after 3–4 h of continued growth at

37 �C. For expression at 20 �C, cultures were induced at
OD600 � 1, then moved to an Innova 4230 Refrigerated
Incubator Shaker (NewBrunswick Scientific, Edison,NJ)

rotary shaker (radius of gyration: three-quarter inch) at
20 �C, and agitated at 220 rpm overnight (approximately
16 h). In both cases, cells were harvested by centrifuga-

tion, resuspended in lysis buffer (50mM Hepes, pH 7.8,

containing 500mM NaCl, 10mM imidazole, 10mM b-
mercaptoethanol, and 5% glycerol), and frozen at)80 �C.

Production of proteins in low-density cultures and in

minimal medium

Proteins were also produced in less rich media that

supported lower cell densities, both in sterile 2-L baffled

Erlenmeyer flasks and in 2-L PET bottles. For both

types of vessels, 1 liter of medium was used. LB medium

was prepared from 25 g of preformulated solids (Sigma)

and M9 medium was prepared from 11.3 g of prefor-

mulated M9 salts (Sigma) supplemented with the ap-
propriate sterile stock solutions (above) to give complete

M9 medium [11]. For production in LB medium, inoc-

ula were grown on plates, as described above, but for

M9 medium, inocula were grown overnight at 37 �C at
180 rpm in 15ml sterile M9 medium in 125ml baffled

Erlenmeyer flasks. The production cultures were inoc-

ulated to give an initial OD600 ¼ 0:02 to 0.05, grown at
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37 �C with agitation at 200 rpm until OD600 ¼ 0:5, in-
duced with 1mM IPTG, and then incubated overnight

(approximately 16 h) at 20 and 30 �C, respectively, for
the LB and M9 cultures.

Purification and crystallization of proteins

Expression of target protein from the vector

pMCSG7 attaches a polyhistidine affinity tag, followed
by a tobacco etch virus (TEV) protease recognition site

to the N-terminus of the target protein. Details of the

purification will be published elsewhere, but briefly, cells

were lysed by sonication, and the target proteins were

purified by two steps of immobilized metal affinity

chromatography (IMAC). First, target proteins were

partially purified by IMAC, followed by gel filtration on

an Akta-3D purification station (Amersham Bio-
sciences, Piscataway, NJ). The polyhistidine-tag leader

was removed by treatment with his-tagged TEV prote-

ase (a generous gift of D. Waugh [13]), and a second

IMAC step removed the TEV protease, uncleaved tar-

get, and contaminants from E. coli that had interacted

with the first IMAC column. These two steps typically

generated homogeneous or nearly homogeneous protein

based on analytical sodium dodecyl sulfate (SDS) gel
electrophoresis [14]. Glycerophosphodiester phosphodi-

esterase was purified further by ion-exchange chroma-

tography on a Mono Q column (Amersham). Purified

proteins were screened for crystallization using the

Hampton screen kits (Hampton Industries, Laguna

Niguel, CA) or stored for later crystallization or enzy-

matic assay by flash freezing by dripping into liquid

nitrogen. For diffraction analysis, crystals were treated
with an appropriate cryoprotectant, flash-frozen in li-

quid nitrogen, and analyzed at the 19-ID or 19-BM

beamlines of the Advanced Photon Source, Argonne

National Laboratory (www.sbc.anl.gov).

Analytical methods

Expression of target proteins was determined by SDS
gel electrophoresis of cell lysates. A volume of cells

equivalent to 1ml of a culture at OD600 ¼ 3 was centri-
fuged, resuspended in 50 ll of 0.1MTris/HCl, pH8.0, and
then solubilized by addition of 50 ll of solubilization
buffer (6% SDS, 1M dithiothreitol, 0.06% bromphenol

blue, and 20% sucrose), followed by heating for 5min at

90 �C. The sample was cooled and diluted with 200 ll
more 0.1M Tris buffer, and 25 ll of the solution was an-
alyzed on aprepoured 4–20%gradient polyacrylamide gel

(Gradipore, Hawthorne, NY) and stained with Coo-
massie Brilliant Blue R. To evaluate the solubility of the

expressed proteins, samples of induced cells (1.5ml of

high-density cultures and 5ml of low-density cultures)

were centrifuged, resuspended in 600 ll of 0.1M Tris/

HCl, pH 8.0, and treated with 2.4 ll ‘‘Ready-Lyse’’ lyso-
zyme (Epicentre Technologies, Madison, WI) and 1 ll
Benzonase DNAase (Novagen, Madison, WI) for 15–

30min at room temperature. The sample was then
transferred into a 20ml scintillation vial containing 3ml

of 0.1M Tris/HCl, pH 8.0, and frozen. The cells were

thawed and sonicated in an ice bath with a Branson So-

nicator 450 (Branson Ultrasonics, Danbury, CT) fitted

with a 1/2-inch tip and using 30 pulses at power setting

4 and duty cycle 50%. Following centrifugation of 250 ll
of the ruptured cells, 25 ll of the supernatant was treated
with 5 ll of solubilization buffer and heated for 5min
at 90 �C. The pellet from the centrifugation step above
was washed gently with buffer and then suspended in

40 ll of 0.1M Tris, pH 8.0, plus 40 ll of solubilization
buffer, treated for 5min at 90 �C, and diluted with 160 ll
Tris buffer. Protein was analyzed as described above by

SDS–polyacrylamide gel electrophoresis of 25 ll of each
preparation.

The kinetic parameters of glycerophosphodiester
phosphodiesterase (APC172, Table 1) were determined

by measuring the conversion of glycerophosphorylcho-

line to glycerol-3-phosphate, which was detected by its

NADþ-dependent oxidation by the coupling enzyme
glycerophosphate dehydrogenase [15,16]. The assay

mixture (1ml) contained 0.9M hydrazine/0.18M glycine

buffer, pH 9.0, 0.5mM NADþ, 10mM CaCl2, 20U

glycerol-3-phosphate dehydrogenase (Sigma), and 62–
500 lM LL-glycerophosphorylcholine as substrate. The

Table 1

Target proteins expressed in PET bottles

Targeta Accession Nos. Identity

APC172 P09394 E. coli glycerophosphodiester phosphodiesteraseb

APC1303 O34682 Bacillus subtilis hypothetical cytosolic protein

APC1313 P71020 B. subtilis hypothetical cytosolic protein

APC1317 O34632 B. subtilis hypothetical cytosolic protein

APC1324 P37104 B. subtilis hypothetical cytosolic protein

APC1341 P32729 B. subtilis ribosomal protein L7A

APC1343 Q04809 B. subtilis dipicolinate synthase

APC1468 RBS2257c B. subtilis prephenate dehydrogenase

a Full information available at www.mcsg.anl.gov.
bMature form of protein lacking leader sequence (residues 1–25).
cAnnotation available online at WIT database, wit.mcs.anl.gov.
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glycerophosphorylcholine was prepared from the CdCl2
adduct (Sigma) by addition of Na2CO3, followed by

incubation on ice for 10 min and removal of the pre-

cipitated CdCO3 by centrifugation [17]. Assays, per-

formed in duplicate, were initiated by addition of 0.4 lg
purified glycerophosphodiester phosphodiesterase. Data

were fitted to the hyperbola with the program Prism

(GraphPad Software, San Diego, CA) assuming simple

Michaelis–Menten kinetics.

Results

Culture of E. coli in 2-liter PET bottles

The common 2-liter PET bottles normally used for

soft drinks can also serve as disposable culture vessels
for the expression of proteins in E. coli (Fig. 1). The

notches in the base of the bottles, which are designed to

provide mechanical stability to the bottom and allow

them to stand upright, serve in this context to disrupt

vortices that would form during rotary agitation,

thereby providing efficient aeration of cultures, just as

do the notches in conventional baffled Erlenmeyer

flasks. Photographs of PET bottles containing 250ml
water and agitated at 250 rpm (taken in the dark with

flash lighting to freeze the motion) reveal the effective-

ness of the notches in dispersing the liquid (Fig. 1B).

Comparison of the growth of E. coli in PET bottles and

baffled Erlenmeyer flasks gave indistinguishable results

(Fig. 2). Strain BL21-Gold(DE3) containing a derivative

of the expression plasmid pMCSG7 [12] was cultured in
250ml TB medium in either a 2-liter PET bottle or in a

sterile 1-liter baffled Erlenmeyer flask. Growth, as

measured by OD600, was identical in each culture until

the very end of the experiment when, in this case, a

slightly higher final cell density was attained in the PET

bottle. In this experiment, induction of the protein en-

coded by the plasmid was initiated at OD600 ¼ 5, and
analysis of total cell lysates by gel electrophoresis re-
vealed comparable expression under the two conditions

(Fig. 3).

A major difference between the protocol using con-

ventional flasks and that using PET bottles is that in

the latter case the media and the bottles are not ster-

ilized (see Materials and methods). The inclusion of

two antibiotics in the culture medium, ampicillin for

maintenance of the pMCSG7 derivative and kanamy-
cin for the tRNA-encoding plasmid, effectively prevents

the growth of contaminating bacteria; no measurable

growth occurred during the time course of expression

in an uninoculated control containing non-sterilized

medium in a non-sterile PET bottle (Fig. 2, diamond

symbols). Critical aspects of the protocol allow this

approach to work: the inocula are scrupulously han-

dled to maintain their sterility and prevent cross-con-
tamination, and the medium is prepared immediately

prior to use. This control experiment has been repeated

many times, and not once have we observed measur-

able growth of contaminants during the time required

for growth, induction, and harvesting of the experi-

mental cultures.

Fig. 1. Two-liter PET bottles as culture vessels. (A) A culture of E. coli expressing a heterologous protein in a 2-liter PET bottle. The medium, 250ml

TB, was not sterilized, but the presence of ampicillin and kanamycin prevented the growth of other microbes during the time required for expression

of the target protein. The culture was agitated at 250 rpm. (B) Close-up view of a bottle containing 250ml water, agitated at 250 rpm, to illustrate the

effective aeration provided by the notches in the base of the bottle.
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High-throughput production of diverse proteins for struc-

tural studies

Structural genomics studies often call for the simul-

taneous production of different proteins of unknown

function and properties. Attaining both a high yield and
high solubility of the expressed targets is critical to

maintaining high-throughput production of crystals.

Expression of a random set of six target proteins (Table

1), previously scored as producing soluble products by a

small-scale preliminary screen, was compared under two

conditions: �classical� expression conditions (low-density
cultures in sterile LB performed in 1 liter of medium in

2-liter, baffled Erlenmeyer flasks) and the reduced-labor
conditions described here (high-density cultures in

250ml non-sterile TB in 2-liter PET bottles). The yield

and solubility of the proteins, as estimated by SDS gel

electrophoresis, were essentially identical (Fig. 4). Both

approaches gave high yields of the target proteins, with

virtually identical distributions between the soluble and

insoluble fractions. We also observed that inoculation of

expression cultures with cells resuspended from plates
gave more consistent growth, with less variability in the

lag before exponential growth, than did inoculation with

cells grown overnight in liquid medium, provided the

experimenter resuspended a roughly equivalent amount

of each strain. This result may be a consequence of the

heterogeneity of growth conditions that cells experience

on plates, reducing the chance that the entire inoculum

has entered stationary phase.
Three of the proteins illustrated in Fig. 4 were pu-

rified to homogeneity from cultures grown under both

conditions. The yields of purified protein obtained from

high-density cultures grown in PET bottles were equal

to or greater than those obtained from the lower-den-

sity cultures grown in Erlenmeyer flasks (Table 2). The

yields, which reflect the efficiency of purification as well

as of expression, vary greatly, but the relative yields of
the different proteins were the same for the two culture

methods (Table 2). The higher overall yield from the

high-density cultures resulted primarily from the higher

amounts of cells obtained in those cultures; yields of

pure protein per gram of cells were comparable for the

two methods (Table 2). In crystallization trials, proteins

purified from either culture gave the same patterns of

crystallization. Of the three proteins, one yielded crys-
tals in a preliminary screen using the Hampton kits:

APC1341 expressed under both growth conditions

crystallized under the same conditions, producing

crystals of the same morphology and same quality. In

this particular case, unfortunately, both crystals dif-

fracted poorly. However, other proteins not included in

these comparisons that were expressed only under the

high-density conditions in the PET bottles have given
high-quality crystals that have led to full structural

characterization. Three of these structures have already

been deposited in the Protein Data Bank (PDB);

APC1167, PDB identification code 1NNI; APC1490,

PDB identification code 1MK4; and APC1644, PDB

identification code 1NC5 (www.mscg.anl.gov, www.

rcsb.org/pdb/).

Fig. 2. Growth of cells in PET bottles and in baffled Erlenmeyer flasks.

Cultures of E. coli containing the gene encoding APC1468 in the ex-

pression vector pMCSG7 were grown in 250ml TB medium supple-

mented with 4 g/liter glucose and 4 g/liter glycerol either in a PET

bottle (triangles) or in a 1-liter baffled Erlenmeyer flask (squares) at

37 �C with agitation at 250 rpm. The Erlenmeyer flask and its medium
were sterilized, but the bottle and its medium were not. The cultures

were induced by addition of 1mM IPTG at OD600 ¼ 5. Growth was
measured by determination of the OD600 of appropriate dilutions of

the cultures. No growth was observed for an uninoculated control of

non-sterilized TB medium in a PET bottle (diamonds).

Fig. 3. Expression of ACP1468 in cultures grown in PET bottles and in

baffled Erlenmeyer flasks. Polyacrylamide gel electrophoresis of total

protein extracts of cells expressing APC1468 grown: (1) in non-sterile

medium in a PET bottle or (2) in sterile medium in a baffled Erlen-

meyer flask. Proteins were stained with Coomassie Brilliant Blue R.

Molecular weight markers were the Board Range Prestained Markers

of New England Biolabs (Beverly, MA), which run with apparent

molecular weights of 175, 83, 62, 47.5, 32.5, 25, 16.5, and 6.4 kDa.
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Expression of heterologous proteins at lower tem-

perature has long been recognized to improve the

solubility of some proteins that give insoluble prod-

ucts when expressed in E. coli, and this was found to
be true for expression in PET bottles in TB medium

as well (Fig. 5). When the same six proteins were

expressed in cultures grown at 37 �C (that is, when

they were not shifted to 20 �C upon induction) some
of the proteins gave a significant fraction of insoluble

product (Fig. 5).

Expression of proteins for functional characterization

For proteins of known function that produce soluble,

active products efficiently in E. coli, expression may also
be performed at 37 �C, allowing production of cells
containing high levels of the desired protein in a single

day. Of the six proteins analyzed above, for example,

APC1324 gave equivalent yields of soluble protein when

expressed at either 20 or 37 �C, with no significant for-
mation of insoluble material at 37 �C (Figs. 4 and 5).

Table 2

Yields of cells and purified target proteins from cultures grown in PET bottles or baffled Erlenmeyer flasks

Proteina Growth conditionb Cell yield

(g wet weight)

Protein yieldc

(mg)

Pure protein/Cell mass

(mg/g wet weight)

APC1317 PET bottle 8.8 120 13.6

Erlenmeyer flask 4.6 50 10.9

APC1324 PET bottle 10.6 183 17.3

Erlenmeyer flask 5.2 103 19.8

APC1341 PET bottle 9.1 29 3.2

Erlenmeyer flask 6.0 33 5.5

aDetails of target proteins are available at http://www.mcsg.anl.gov/.
bGrowth conditions for PET bottles were: 250ml of TB (containing glycerol at 8ml/liter), 37 �C at 250 rpm until OD600 ¼ 1, induction with 1mM

IPTG followed by shift to 20 �C overnight. Growth conditions for baffled Erlenmeyer flasks were: 1 liter of LB medium, 37 �C at 250 rpm until
OD600 ¼ 0:5, induction with 1mM IPTG followed by shift to 20 �C overnight. Both cultures contained ampicillin at 100lg/ml and kanamycin at
30 lg/ml.

cYield of purified protein after hydrolysis of his-tag and second IMAC column (see Materials and methods).

Fig. 4. Solubility of proteins expressed in PET bottles and in baffled Erlenmeyer flasks. Polyacrylamide gel electrophoresis of the soluble and

particulate protein fractions of proteins expressed (A) in 250ml non-sterile TB medium containing 8 g/liter glycerol in PET bottles or (B) in

1 liter sterile LB medium in 2-liter baffled Erlenmeyer flasks. In both cases, the cultures were grown at 37 �C until induction with 1mM IPTG

(at OD600 ¼ 1 for the TB cultures and 0.5 for the LB cultures) and then shifted to 20 �C for overnight expression (approximately 16 h). The
upper panel represents the soluble fraction; the lower, the particulate fraction. The target proteins expressed (Table 1) were: 1, APC1303; 2,

APC1313; 3, APC1317; 4, APC1324; 5, APC1341; and 6, APC1343. Molecular weight markers (unlabeled lanes) are described in the legend to

Fig. 3.
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ACP172, the glycerophosphodiester phosphodiesterase
of E. coli, is another such protein. The enzyme is nor-

mally excreted into the periplasm by signal peptide

mediated transport [16]. When the mature protein,

lacking the signal peptide, was cloned into pMCSG7, it

was expressed in high yield in the cytoplasm (data not

shown). The phosphodiesterase, expressed in cultures

grown either at high density in 250ml non-sterile TB

medium in a PET bottle or at low density in 1 liter of
sterile LB medium in a 2-liter flask, was purified to

homogeneity from both cultures and its kinetic param-

eters were evaluated. The yields of pure protein and the

kinetic properties of the two preparations were similar

(Table 3). The Vm determined for the enzyme purified
from the high-density culture was 29% lower than that

of the enzyme purified from the LB culture, but its Km
was also lower, by 22%. The calculated Vm=Km values
were 0.965 and 1.02 for the enzyme obtained from the

TB and LB cultures, respectively. These results indicate

that both culture methods give material suitable for

functional characterization. These kinetic values did,

however, differ significantly from those reported for the

native, mature enzyme purified from the E. coli peri-

plasm (values for hydrolysis of glycerophosphorylcho-

line were: Vm ¼ 180lmol=min =mg, Km ¼ 280lM [17]).
These differences could be due to slight differences in the

proteins (expression from pMCSG7 results in addition

of the amino acids serine and asparagine to the N-ter-

minus of the protein after removal of the polyhistidine

tag), but could equally well be attributed to variation

between laboratories, or differences in the quality of the

substrate and coupling enzyme used in the assays.

Use of PET bottles for lower-density cultures

Under appropriate conditions, PET bottles can also

be used as culture vessels for the production of proteins

in low-density cultures grown in less rich medium than

TB. When ACP172 was grown at 37 �C to OD600 ¼ 0:5
in either 1 liter non-sterile LB medium in a 2-liter PET

bottle or in 1 liter sterile LB in a 2-liter, baffled Erlen-
meyer flask, then induced and incubated overnight at

20 �C, the final cell density of the culture was only 15%
lower in the PET bottle (Table 4). Similarly, growth of

induced cells in 1 liter of M9 medium in PET bottles was

less than 10% lower than that in a 2-liter flask. The slight

reduction in cell yield is most likely due to the lower

surface to volume ratio of the medium in the PET bottle

cultures. In both LB and M9 media, uninoculated, non-
sterile controls incubated in bottles under identical

conditions showed no growth of contaminants during

Table 3

Yield and kinetic parameters of purified APC172 obtained from cells grown under different conditionsa

Culture vessel Medium Yieldb (mg) VmðSEÞc ðlmol=min =mgÞ KmðSEÞc ðlMÞ

PET bottle TB 85 109d (5.3) 113d (16)

Erlenmeyer flask LB 76 141d (12) 138d (33)

a For expression in the PET bottle, cells were cultured at 37 �C with agitation at 300 rpm in 250ml TB containing glycerol at 8ml/liter until
OD600 ¼ 1, then induced with 1mM IPTG, and shifted to 20 �C and 220 rpm for overnight induction (approximately 16 h). For expression in the
baffled Erlenmeyer flask, cells were cultured in 1 liter LB at 37 �C with agitation at 250 rpm until OD600 ¼ 0:5, induced with 1mM IPTG, and shifted

to 20 �C and 220 rpm for overnight induction. Both cultures contained ampicillin at 100 lg/ml and kanamycin at 30 lg/ml.
bYield of purified protein after MonoQ column (see Materials and methods).
c SE, standard error.
d Literature values reported for these parameters, with glycerophosphorylcholine as substrate, were: Vm ¼ 180lmol=min =mg; Km ¼ 280lM [17].

Fig. 5. Solubility of proteins expressed in PET bottles at 37 �C. Poly-
acrylamide gel electrophoresis of the soluble and particulate protein

fractions of proteins expressed at 37 �C in 250ml non-sterile TB me-
dium supplemented with 4 g/liter glucose and 4 g/liter glycerol in PET

bottles. Expression was induced by addition of 1mM IPTG at

OD600 � 5. Cells were harvested after 4 h induction at 37 �C. The up-
per panel represents the soluble fraction; the lower, the particulate

fraction. The proteins expressed were: 1, APC1303; 2, APC1313; 3,

APC1317; 4, APC1324; 5, APC1341; and 6, APC1343. Molecular

weight markers (unlabeled lanes) are described in the legend to Fig. 3.
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the time course of the experiment (Table 4). Comparison

of protein expression showed that equivalent high

amounts of the target protein were produced under all

culture conditions (Fig. 6).

Discussion

The critical difference between the protocols de-

scribed here and conventional approaches to protein

production is the use of non-sterile media and dispos-

able flasks; these are the adaptations that save time and

reduce labor. With the elimination of sterilization and

cleaning of flasks, virtually all non-productive handling

of culture vessels is avoided, and production experi-

ments occupy little time more than that required for
microbial growth and expression. Sterilization can be

bypassed because of the presence of antibiotics in the

production medium. Structural and functional genom-

ics experiments almost always produce proteins using

expression systems that require addition of an antibi-

otic to maintain an expression vector, and frequently a

second antibiotic is needed to maintain a helper plas-

mid that provides rare tRNAs. Our results show that
these antibiotics also effectively prevent the growth of

contaminants in non-sterile media for a longer period

of time than is needed for the expression of the target

proteins (Fig. 2, Table 4). This condition is clearly

essential to the successful implementation of the ap-

proach, and is insured by preparation of the medium

immediately prior to inoculation and by the use of a

healthy inoculum. In repeated control experiments,
uninoculated cultures always had final OD600 values

less than 0.05 at the time when the experimental cul-

tures, with OD600 values between 3.5 and 20, were

harvested. The absence of growth in uninoculated

controls also indicates that the approach described here

successfully avoids cross-contamination by other am-

picillin and kanamycin resistant strains present in the

laboratory, a major concern in high-throughput pro-
tein production facilities. The use of a disposable vessel

avoids potential contamination through the reuse of

culture vessels; after harvesting the cells, the bottles are

simply discarded.

Because of their notches, PET bottles provide effi-

cient aeration of cultures and support the production of

high-cell densities with strong overexpression of soluble

proteins as well as baffled Erlenmeyer flasks (Figs. 2–4).
Very high yields of pure protein were obtained from a

single bottle containing 250ml of a high-density culture

(Table 2), and proteins isolated from these cultures had

properties equivalent to those isolated from low-density,

conventional cultures. Three proteins were purified from

cultures grown under both conditions and screened for

crystal formation. Of the three, one crystallized, yielding

similar crystals under similar conditions from both
preparations. Likewise, the kinetic parameters measured

for a target protein of known function, the E. coli

periplasmic glycerophosphodiester phosphodiesterase,

were similar for the enzyme purified from cells cultured

under both conditions (Table 3). These results indicate

that expression of target proteins in high-density cul-

tures in the PET bottles provides a satisfactory source of

material for structural and functional characterization.
In support of this conclusion, three structures have re-

cently been deposited in the PDB for proteins expressed

in non-sterile TB in PET bottles: PDB identification

codes 1MK4, 1NC5, and 1NNI (www.mcsg.anl.gov,

www.rcsb.org/pdb).

The bottles were also able to support growth and

expression of heterologous proteins in 1-liter volumes of

Table 4

Yields of cells obtained in low-density cultures in PET bottles

Medium Conditiona Cell yieldb

(SE)c (OD600)

LB Erlenmeyer flask 4.88 (0.40)

PET bottle 4.15 (0.29)

PET bottle, uninoculated 0.03 (0.02)

M9 Erlenmeyer flask 3.59 (0.32)

PET bottle 3.27 (0.11)

PET bottle, uninoculated 0.001 (0.001)

a Both types of culture vessels (baffled, 2-liter Erlenmeyer flasks and

2-liter PET bottles) contained 1 liter of medium. Cultures were incu-

bated at 37 �C with agitation at 200 rpm until OD600 ¼ 0:5, induced
with 1mM IPTG, and incubated overnight at 20 �C or 30 �C, respec-
tively, for the LB and M9 cultures. Shaking rates were maintained at

200 rpm in both cases. All cultures contained ampicillin at 100lg/ml
and kanamycin at 30 lg/ml.

bYield of cells was estimated by OD600 taken at the time of har-

vesting cells (approximately 16 h after induction).
c SE, standard error of the mean.

Fig. 6. Expression of target proteins in low-density cultures grown in

PET bottles. Polyacrylamide gel electrophoresis of APC172 expressed

in (1) 1 liter sterile LB medium in a 2-liter baffled Erlenmeyer flask, (2)

in 1 liter of non-sterile LB medium in a 2-liter PET bottle, (3) 1 liter

sterile M9 medium in a 2-liter baffled Erlenmeyer flask, and (4) in

1 liter non-sterile M9 medium in a 2-liter PET bottle. In all cases, the

cultures were incubated at 37 �C to OD600 ¼ 0:5 and induced by ad-
dition of 1mM IPTG. Induction occurred overnight at 20 �C and

30 �C, respectively, for the LB and M9 medium cultures. Total cell

lysates were compared. Molecular weight markers (unlabeled lane) are

described in the legend to Fig. 3.
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LB or M9 medium, in spite of their small cross-section.
When 1-liter cultures were induced at low cell density

and shifted to 20 or 30 �C, cell yield was only slightly
lower in the bottles compared to baffled Erlenmeyer

flasks. The final cell densities obtained in bottles were

approximately 85–90% of those in the flasks (Table 4),

and expression of a representative target protein was

equally strong in both cases (Fig. 6). Sterilization of

these media was not required either, as no growth oc-
curred in uninoculated, non-sterile controls incubated in

parallel to the experimental bottles. These results indi-

cate that the approach should be applicable to expres-

sion experiments conducted in less rich media, such as

LB, that generate lower cell densities, or in minimal

media such as M9, which allow the incorporation of

selenomethionine or isotopically labeled amino acids for

crystallography or nuclear magnetic resonance experi-
ments [18–20], saving time and reducing the effort re-

quired for these experiments as well.

The methods described here require only commonly

available laboratory equipment and employ standard

techniques used in all laboratories. Unlike in vitro ex-

pression systems or miniature fermentation banks [7,21]

no special expertise or equipment is required, making

the approach suitable for diverse research situations,
from small laboratories to high-volume, high-through-

put production facilities. One drawback of the method is

that there currently is no simple way to purchase the

bottles. Almost all 2-liter PET bottles are produced for

captive, local markets of soft drink bottlers. The bottles

are not normally sold in small volumes. Nonetheless, we

were able to consign a shipment of over 2200 bottles

with little difficulty through contacts made in the
packaging and bottling industries. The 2-liter PET bot-

tles may, in the end, merely be convenient surrogates for

a future, optimized disposable culture vessel designed

specifically for high-throughput production of proteins

for genomic studies. Bottles of different sizes or shapes

would be desirable, as would bottles constructed of a

more easily degraded polymer to reduce waste genera-

tion. If the general approach—production of proteins in
non-sterile media in disposable vessels—is widely adop-

ted, manufacturers may develop new bottles specifically

tailored for microbiological applications, but they will

most likely cost more. In the interim, at least, 2-liter

PET bottles provide a readily available source of dis-

posable vessels that can reduce labor costs and free staff

for other experiments.

Acknowledgments

We thank Edward St.Martin for helpful discussions

of the research, Tom Harmon, Plastipak Packaging,

Inc., for a gift of bottles in the early stages of the

research, and Dennis Dunn, Continental Glass and

Plastic, Inc., for help in procuring an adequate supply of
2-liter PET bottles. This work was supported by the

National Institute of Health Grant GM62414-01 (A.

Joachimiak, PI) and by the U.S. Department of Energy,

Office of Health and Environmental Research, under

Contract W-31-109-Eng-38.

References

[1] T.C. Terwilliger, Structural genomics in North America, Nat.

Struct. Biol. 7 (Suppl.) (2000) 935–939.

[2] R.C. Stevens, I.A. Wilson, Tech. Sight. Industrializing structural

biology, Science 293 (2001) 519–520.

[3] W.G. Hol, Structural genomics for science and society, Nat.

Struct. Biol. 7 (Suppl.) (2000) 964–966.

[4] S.A. Lesley, High-throughput proteomics: protein expression and

purification in the postgenomic world, Protein Expr. Purif. 22

(2001) 159–164.

[5] L. Dieckman, M. Gu, L. Stols, M.I. Donnelly, F.R. Collart, High

throughput methods for gene cloning and expression, Protein

Expr. Purif. 25 (2002) 1–7.

[6] Y. Endo, S. Otsuzuki, K. Ito, K. Miura, Production of an

enzymatic active protein using a continuous flow cell-free trans-

lation system, J. Biotechnol. 25 (1992) 221–230.

[7] S.A. Lesley, P. Kuhn, A. Godzik, A.M. Deacon, I. Mathews, A.

Kreusch, G. Spraggon, H.E. Klock, D. McMullan, T. Shin, J.

Vincent, A. Robb, L.S. Brinen, M.D. Miller, T.M. McPhillips,

M.A. Miller, D. Scheibe, J.M. Canaves, C. Guda, L. Jaroszewski,

T.L. Selby, M.A. Elsliger, J. Wooley, S.S. Taylor, K.O. Hodgson,

I.A. Wilson, P.G. Schultz, R.C. Stevens, Structural genomics of

the Thermotoga maritima proteome implemented in a high-

throughput structure determination pipeline, Proc. Natl. Acad.

Sci. USA 99 (2002) 11664–11669.

[8] T. Kigawa, T. Yabuki, Y. Yoshida, M. Tsutsui, Y. Ito, T.

Shibata, S. Yokoyama, Cell-free production and stable-isotope

labeling of milligram quantities of proteins, FEBS Lett. 442 (1999)

15–19.

[9] A.S. Spirin, V.I. Baranov, L.A. Ryabova, S.Y. Ovodov, Y.B.

Alakhov, A continuous cell-free translation system capable of

producing polypeptides in high yield, Science 242 (1988) 1162–

1164.

[10] K. Tartof, C. Hobbs, Improved media for growing plasmid and

cosmid clones, Bethesda Res. Lab Focus 9 (1987) 12.

[11] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: A

Laboratory Manual, Cold Spring Harbor Laboratory Press, Cold

Spring Harbor, NY, 1989.

[12] L. Stols, M. Gu, L. Dieckman, R. Raffen, F.R. Collart, M.I.

Donnelly, A new vector for high-throughput, ligation-indepen-

dent cloning encoding a tobacco etch virus protease cleavage site,

Protein Expr. Purif. 25 (2002) 8–15.

[13] R.B. Kapust, D.S. Waugh, Controlled intracellular processing of

fusion proteins by TEV protease, Protein Expr. Purif. 19 (2000)

312–318.

[14] U.K. Laemmli, Cleavage of structural proteins during the

assembly of the head of bacteriophage T4, Nature 227 (1970)

680–685.

[15] C. Bublitz, O. Weiland, Glycerokinase, in: S. Colowick, N.

Kaplan (Eds.), Methods in Enzymology, vol. 5, Academic Press,

New York, 1962, pp. 354–361.

[16] T.J. Larson, M. Ehrmann, W. Boos, Periplasmic glycerophosph-

odiester phosphodiesterase of Escherichia coli, a new enzyme of

the glp regulon, J. Biol. Chem. 258 (1983) 5428–5432.

[17] T.J. Larson, A.T. van Loo-Bhattacharya, Purification and char-

acterization of glpQ-encoded glycerophosphodiester phosphodi-

C. Sanville Millard et al. / Protein Expression and Purification 29 (2003) 311–320 319



esterase from Escherichia coli K-12, Arch. Biochem. Biophys. 260

(1988) 577–584.

[18] K.M. Lee, E.J. Androphy, J.D. Baleja, A novel method for

selective isotope labeling of bacterially expressed proteins, J.

Biomol. NMR 5 (1995) 93–96.

[19] J.M. Studts, B.G. Fox, Application of fed-batch fermentation to

the preparation of isotopically labeled or selenomethionyl-labeled

proteins, Protein Expr. Purif. 16 (1999) 109–119.

[20] W.A. Hendrickson, J.R. Horton, D.M. LeMaster, Selenomethi-

onyl proteins produced for analysis by multiwavelength anoma-

lous diffraction (MAD): a vehicle for direct determination of

three-dimensional structure, EMBO J. 9 (1990) 1665–1672.

[21] T. Kigawa, E. Yamaguchi-Nunokawa, K. Kodama, T. Matsuda,

T. Yabuki, N. Matsuda, R. Ishitani, O. Nureki, S. Yokoyama,

Selenomethionine incorporation into a protein by cell-free syn-

thesis, J. Struct. Funct. Genomics 2 (2002) 29–35.

320 C. Sanville Millard et al. / Protein Expression and Purification 29 (2003) 311–320


	A less laborious approach to the high-throughput production of recombinant proteins in Escherichia coli using 2-liter plastic bottles
	Materials and methods
	Cloning and expression of target proteins
	Production of target proteins in high-density cultures in 2-liter PET bottles
	Production of proteins in low-density cultures and in minimal medium
	Purification and crystallization of proteins
	Analytical methods

	Results
	Culture of E. coli in 2-liter PET bottles
	High-throughput production of diverse proteins for structural studies
	Expression of proteins for functional characterization
	Use of PET bottles for lower-density cultures

	Discussion
	Acknowledgements
	References


