
ABSTRACT

The Rapid Translation System (RTS 500) (Roche Molecular Bio-
chemicals) is a high-yield protein expression system that utilizes an
enhanced E. coli lysate for an in vitro transcription/translation reac-
tion. In contrast to conventional transcription/translation, this sys-
tem allows protein expression to continue for more than 24 h. We
demonstrated the utility of the RTS 500 by expressing different solu-
ble and active proteins that generally pose problems in cell-based
expression systems. We first expressed GFP-lunasin, a fusion protein
that, because of its toxicity, has been impossible to produce in whole
cells. The second protein we expressed, human interleukin-2 (IL-2),
is generally difficult to produce, either as the native molecule or as a
GST fusion protein, in a soluble form in bacteria. Finally, we demon-
strated the capacity of the RTS 500 to co-express proteins, by the si-
multaneous production of GFP and CAT in a single reaction. This
new technology appears to be particularly useful for the convenient
production of preparative amounts (100–900 µg) of proteins that are
toxic or insoluble in cell-based systems.

INTRODUCTION

For many years, in vitro transcription/translation has been
widely used for the synthesis of analytical amounts of pro-
teins. In vitro translation bypasses many aspects of cellular
function, thereby offering potential advantages over cell-
based expression, especially when producing cytotoxic, un-
stable, or insoluble proteins. Another advantage of cell-free
translation systems versus cell-based systems is that various
kinds of modified “unnatural” amino acid labels can be incor-
porated into proteins efficiently and at a low cost. Further-

more, by eliminating the need to manipulate whole cells in
culture, in vitro translation systems would be highly
amenable for the automated, high-throughput expression of
large numbers of proteins. Despite these potential benefits,
the very low productivity (usually less than 30 µg protein/mL
reaction) (1) of other commercial cell-free protein expression
systems limits the applicability of these systems. Consequent-
ly, they are unfeasible alternatives to cell-based expression.
Current commercially available in vitro translation systems
utilize mRNA and lysates from prokaryotic (E. coli) or eu-
karyotic (wheat germ or rabbit reticulocyte) sources to supply
all necessary components for transcription/translation. The
reactions contain limited quantities of small molecular sub-
strates and energy sources and drive expression only for 2–3
h, resulting in low total protein yields.

The hurdle of limited small-molecular-weight substrate
supplies and energy sources was overcome either by improv-
ing energy regeneration systems (15) or by continuously re-
plenishing low-molecular-weight substrates and removing in-
hibitory reaction products (2,19). The latter modification
extends the in vitro transcription/translation reaction for peri-
ods of more than 24 h, increasing yields of protein to hun-
dreds of micrograms per mL of reaction. Others have repro-
duced and convincingly demonstrated the merits of this
modified technology (5,6,12–14). The Rapid Translation Sys-
tem (RTS 500) incorporates these advancements and enables
the rapid production of preparative quantities of protein.

The RTS 500 uses a small, two-compartment device for
the transcription/translation reaction (Figure 1). Transcription
and translation (based on a modified E. coli lysate) occur
within the reaction compartment (1 mL volume). The feeding
compartment (10 mL volume), separated from the reaction
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compartment by a semi-permeable membrane (10 kDa cut-
off), contains a large supply of energy components and amino
acids. The concentration of these small molecules has been
extensively optimized for maximal performance of the sys-
tem. Small molecules freely diffuse across this semi-perm-
eable membrane. Inhibitory reaction end products from the
reaction compartment diffuse down the concentration gradi-
ent into the feeding compartment. By this same mechanism,
essential substrates are replenished into the reaction chamber
as they are utilized. The high yields of protein from the RTS
500 now make in vitro transcription/translation a possible al-
ternative to cell-based methods for the production of prepara-
tive amounts of recombinant protein (10,17,20).

We performed three challenging protein expression exper-
iments to investigate the capabilities of the RTS 500. In the
first experiment, we tested whether it was possible to express
a toxic protein. Lunasin, a toxic polypeptide derived from the
small subunit of soybean cotyledon-specific 2S albumin, pre-
vents cell division in mammalian cells and causes aberrant
cell division in bacteria (6). Because of these characteristics,
lunasin has been impossible to produce, as either a polypep-
tide or a GFP-fusion protein, in sufficient quantities, using
cell-based systems. In the second set of experiments, we in-
vestigated whether it would be possible to express soluble and
functional human interleukin-2 (IL-2) with the RTS 500 be-
cause IL-2 often forms insoluble aggregates in E. coli
(8,9,21). The ability to co-express two or more genes is of
great interest for many applications, including protein-protein
interaction studies; therefore, we tested the simultaneous ex-
pression of green fluorescent protein (GFP) and chloram-
phenicol acetyltransferase (CAT) in the RTS 500.

MATERIALS AND METHODS

All components of the Rapid Translation System, consist-
ing of the RTS 500 Instrument and the RTS 500 E. coli Circu-
lar Template Kit, were provided by Roche Molecular Bio-
chemicals (Indianapolis, IN, USA). All standard expression
experiments in the RTS 500 were performed according to the
supplier’s instructions. The lyophilized components supplied
in the RTS 500 E. coli Circular Template Kit were reconsti-
tuted and mixed according to the manufacturer’s instructions
(Figure 1). The two compartments of the RTS 500 reaction
device were filled with the appropriate solutions, and the re-
action was run in the RTS 500 instrument. Reaction condi-
tions were varied for optimized expression of human recom-
binant IL-2. The investigated parameters include plasmid
amount (5–20 µg), reaction temperature (25ºC–37ºC), and
time of expression (2–24 h) (Figure 3, A and B). Optimized
reaction conditions were as follows: 15 µg plasmid DNA,
with a stirring rate of 120 rpm, at 30ºC for 24 h. Standard re-
action conditions, as described in the kit instructions, were
used for the expression of GFP-lunasin and the co-expression
studies with GFP and CAT.

Cloning

The pIVEX family of expression plasmids has been opti-
mized for use with the RTS 500 and is included in the RTS 500
E. coli Circular Template Kit. The plasmids include a T7 pro-
moter, T7 terminator, and flanking multiple cloning sites. Both

N- and C-terminal hexa-his containing vectors are supplied, as
well as a plasmid-encoding wild-type GFP (positive control).
The plasmid sequences and maps of pIVEX are available at
http://proteinexpression.com. The expression plasmid for GFP-
lunasin was constructed by inserting a cDNA, which encodes a
fusion protein, between GFP and lunasin (6). This complex
was then cloned into pIVEX 2.4a, between the NcoI and SmaI
sites. Similarly, the PCR-generated DNA fragment, containing
the mature human IL-2 coding region, was cloned between the
NotI and PstI sites of pIVEX2.4a. The Corynebacterium glu-
tamicum gene, encoding CAT cDNA, was cloned into
pIVEX1.3, between the NcoI and SmaI restriction sites. A PCR
product containing the complete coding region of cycle 3 GFP
(4) was similarly cloned into pIVEX2.2, between the NcoI and
SmaI restriction sites. The sequences of all expression plasmids
were verified by DNA sequencing.

Purification and Quantification of GFP-Lunasin and IL-2

To generate sufficient protein for bioanalysis, GFP-lunasin
fusion protein was produced in 10 separate (1 mL) expression
reactions. The contents of the reaction compartments were
pooled and purified using a Ni-NTA column (Qiagen, Hilden,
Germany). The concentration of purified GFP-lunasin was es-
timated using SDS-PAGE, with a comparison against a known
concentration of purified, recombinant GFP (Roche Molecu-
lar Biochemicals). IL-2 was also purified using Ni-NTA col-
umn chromatography. The concentration of purified IL-2 was
estimated by ELISA (Bender MedSystems, Vienna, Austria).
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Figure 1. A schematic representation of the principle of continuous-ex-
change cell-free technology utilized by the RTS 500. The 1-mL Reaction
Compartment (green) contains a reconstituted, lyophilized lysate fromE. coli
containing the translation machinery, plasmid DNA encoding the gene of in-
terest, T7 RNA polymerase to produce RNA from the DNA template, as well
as energy and feeding components. The lower, 10-mL Feeding Compartment
(white) contains energy and feeding components. The two compartments were
separated by a semi-permeable membrane (patterned), and each contains a stir
bar to ensure the proper movement of small molecules across the membrane.



Biological Activity of GFP-Lunasin Fusion Protein Using
NIH 3T3 Focus-Forming Assay

To verify the biological activity of the lunasin fusion pro-
tein, we compared the ability of GFP-lunasin to inhibit foci
formation to lunasin, a chemically synthesized 40-amino-acid
peptide (Reference 7 and unpublished data). NIH 3T3 cells
were plated at a density of 7 × 104 cells/well on a 6-well plate.
On day 2, 250 ng mutant H-ras (G12V) plasmid DNA per
well was delivered by transfection. After transfection, there
were equal molar concentrations (1 µM) of chemically syn-
thesized lunasin and GFP-lunasin fusion protein. PBS was
used instead of lunasin in the control wells. On day 4, the
cells were split 1:6. Each well of transfected cells was trans-
ferred into six new wells. The media was changed as needed;
however, no additional lunasin was added after day 4. On day
21, the cells were fixed and stained with crystal violet, and the
foci were counted.

Functional Activity Testing of IL-2 through the
Generation of LAK Cells

The biological activity of IL-2 produced using the RTS
500 was assessed by its ability to stimulate lymphokine-acti-
vated killer (LAK) cell killing. LAK activity was determined
using a standard 4-h 51Cr-release assay (3). The natural killer
(NK)-resistant Burkitt lymphoma cell line, Daudi (ATCC no.
CCL243), was used as the target. The amount of active IL-2
was determined by a comparison with an IL-2 standard
(Shionogi, Osaka, Japan).

Western Blot Analysis of Co-Expressed GFP and CAT

Equal amounts of plasmid DNA, encoding CAT and GFP,
were added for both multiple plasmids (7.5 µg/plasmid) and
individual plasmids (15 µg) to an RTS 500 reaction. After 24
h, the proteins were analyzed by western blotting. Immobi-
lized GFP and CAT were both detected using anti-His6 anti-
body, followed by anti-mouse IgG conjugated to alkaline
phosphatase. They were then visualized using NBT/BCIP as
the substrate. Western blot detection reagents were provided
by Roche Molecular Biochemicals.

RESULTS AND DISCUSSION

The RTS 500 was used in this study to successfully ex-
press two functional proteins that are either impossible or dif-
ficult to obtain in preparative quantities from cell-based ex-
pression systems. Studies of the biological function of lunasin
have previously only been possible through the chemical syn-
thesis of the polypeptide (6). The fact that 270 µg lunasin-
GFP fusion protein were easily expressed and purified from
10 mL pooled RTS 500 reaction-compartment contents (Fig-
ure 2A) illustrates a major advantage of the RTS 500 over
cell-based expression (when expressing toxic proteins). Fig-
ure 2 shows the majority of GFP-lunasin fusion protein was
produced in the soluble fraction; however, some insoluble
product was present. NIH 3T3 cells, treated with purified
GFP-lunasin, showed a 50% reduction in the number of onco-
genic ras-induced foci. This result was comparable, on a
mole-to-mole basis, with the result obtained using a chemi-
cally synthesized 40-amino-acid residue (i.e., lunasin

polypeptide) (Figure 2B). Other cell-toxic proteins, such as
MID1 (microtubule-binding protein) (personal communica-
tion, A. Luckling, Max-Plank Institute), have also been ex-
pressed using the RTS 500.

Solubility problems are commonly encountered when at-
tempting to express proteins in E. coli. For example, human
IL-2 requires tedious optimization of solubilization and re-
folding processes to obtain a soluble, active protein. Insoluble
IL-2 produced in E. coli contains inappropriately formed
disulfide bonds that must be reduced and reformed under pre-
cisely controlled conditions. The RTS 500 is more reducing
environment for cysteine than intact E. coli cells. This may
prevent the formation of inappropriate disulfide bonds and re-
sults in increased solubility of IL-2 in the RTS 500. Very little
optimization was needed to produce soluble human IL-2 in
the RTS 500 with yields up to 600 µg/mL (Figure 3A). The
material stimulated the generation of LAK activity, with a
bioactivity that was nearly identical to commercially available
IL-2 standard produced in bacteria (Figure 3C). Rapid opti-
mization of human IL-2 expression was easily achieved be-
cause of the “open” nature of the RTS 500. The amount of
protein produced could be easily monitored by obtaining
samples (at anytime during the reaction) from the upper com-
partment of the RTS 500. When adding different amounts of
plasmid, the amount of soluble IL-2 protein produced reached
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Figure 2. Production and functional analysis of GFP-lunasin fusion pro-
tein. (A) Western blot analysis of rGFP and GFP-lunasin fusion protein pro-
duced in the RTS 500 with an anti-GFP antibody. Lane 1, molecular weight
marker (Invitrogen, Carlsbad, CA, USA). Lanes 2–5 contain 50, 10, 5, and 1
ng purified rGFP, respectively. Lane 6, 2% of the insoluble fraction of a lu-
nasin-GFP expression; lane 7, 2% of the soluble fraction of a lunasin-GFP
expression; lane 8, 1% of the insoluble fraction of a lunasin-GFP expression;
lane 9, 1% of the insoluble fraction of a lunasin-GFP expression; and lane 10,
0.2% of the soluble fraction of a lunasin-GFP expression. (B) Lunasin func-
tional analysis. Reduction in the number of ras-induced foci in NIH 3T3 cells
by treatment with an equal molar concentration of a GFP-lunasin produced
in the RTS 500 or a chemically synthesized lunasin peptide. The GFP-lunasin
fusion protein inhibited the ras-induced formation of foci similarly to the
chemically synthesized 21-amino-acid residue polypeptide. Negative control
contains no ras, and the positive control contains no lunasin.



a plateau at about 15 µg plasmid DNA (Figure 3A); however,
there may have been a slight reduction of productivity at 20
µg. Figure 3B shows the optimal temperature for the expres-
sion of IL-2 to be 30ºC. Expression at 37ºC caused a marked
decrease in IL-2 production. The total yield of protein
reached a plateau at 24 h. Although soluble IL-2 was pro-
duced in the RTS 500 using the standard reaction mixture,
other insoluble proteins produced in solution by adding dif-
ferent solublization reagents. For example, murine endostatin,
an insoluble protein when expressed in E. coli (16,22), has
been successfully expressed as a soluble protein using this
system and adding purified E. coli chaperones to the reaction.

While cellular systems are capable of expressing multiple
proteins in a single experiment, it is much easier to accom-
plish this in an in vitro transcription/translation system. To ex-
press multiple proteins from different plasmids in bacteria,
each plasmid must encode a different antibiotic resistance
marker and have compatible origins of replication (11). In
contrast, multiple plasmids may simply be added to the reac-
tion mixture when using the RTS 500. Using 15 µg plasmid
and optimized conditions, GFP alone was typically expressed
at 600 µg/mL reaction, while under the same conditions, CAT
produced 900 µg/mL. However, when GFP was co-expressed
with CAT (7.5 or 15 µg each plasmid), only the expression of
GFP was reduced, relative to GFP expressed alone. The
amount of CAT expressed during co-expression with GFP
was remarkably similar to the amount CAT expressed alone
(Figure 4A). A reduction in the yield of protein is often ob-
served when expressing multiple proteins using the RTS 500.

Although only two plasmids were added simultaneously in
our example, many plasmids could theoretically be expressed
in a single experiment. When co-expressing multiple proteins
with the RTS 500, there may be a reduction in the total
amount of an individual protein produced, relative to that
same protein expressed alone. However, we have also ob-
served that when only 0.5 mL reaction mixture was added
into the 1-mL reaction compartment, the amounts of func-
tional GFP and CAT increased. This was probably due to bet-
ter aeration and oxidization conditions. Researchers can take
advantage of the system’s openness to adjust the reaction
components, such as amount and ratio of the individual plas-
mids and co-factors, to balance the expression levels.

β-galactosidase is a large homo-tetrameric protein com-
posed of four identical 116-kDa subunits and requires correct
assembly for functional activity. This approximately 150
µg/mL functional β-galactosidase has been expressed using
this system. This data, together with the co-expression data
generated in this study, would suggest that the system might
be useful for protein-protein interaction studies and possibly
allow for the in vitro assembly of hetero-multimeric proteins.

Other researchers have successfully produced eukaryotic
and prokaryotic proteins from a wide number of species using
the RTS 500 E. coli Circular Template System. The RTS 500
system has produced proteins as large as a 120-kDa DNA
polymerase and as small as the cytomegalovirus (CMV) small
capsid protein (9.5 kDa). An extensive listing of these and oth-
er proteins successfully expressed using the RTS 500 is main-
tained at http://www.proteinexpression.com. This list also in-
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Figure 3. Optimization of expression conditions and functional analysis of IL-2. (A) Recombinant human IL-2 was produced using the RTS 500 system at
30ºC for 24 h with increasing amounts of pIVEX2.4-IL2 plasmid DNA. The amount of IL-2 was determined by ELISA. (B) RTS expressions were performed
with 15 µg plasmid DNA at three different temperatures. The reaction chambers were sampled at the indicated times. The amount of IL-2 was determined by
ELISA. (C) IL-2 functional analysis. Percent killing of Daudi cells by LAK cells stimulated with IL-2 produced either in a cell-based bacterial system (closed
circles) or in the RTS 500 (open squares). No IL-2 was included as negative control (open triangles).



cludes proteins that were expressed with much lower yields
than those discussed in this paper. It may be necessary to create
optimized conditions for generating soluble and correctly fold-
ed proteins by including additives such as detergents, protease
inhibitors, small molecules, and purified auxiliary proteins to
the Rapid Translation System during protein synthesis. Condi-
tions have also been identified that result in successful expres-
sion of functionally active recombinant plasminogen activator
(rPA). This process requires the correct formation of nine
disulfide bonds (18). During these studies, the RTS 500
demonstrated itself as a powerful tool for protein expression.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the contributions of
Katrin Zaiss, Zane Liu, J.J. Liu, and Stacey Traviglia.

Note Added in Proof:

Following the submission of this manuscript, enhance-
ments in the energy regeneration biochemistry of the RTS 500
have led to significant increases in the yield of most proteins.
The new RTS 500 E. coli HY Kit still takes advantage of
CECF technology, but the new energy regeneration chemistry
results in 5- to 10-fold higher yields of most protein com-
pared to the original RTS 500 E. coli Circular Template Kit
evaluated in this paper. Current information regarding all RTS
Kits and expression data may be found online at
http://www.proteinexpression.com.
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Figure 4. Co-expression of GFP and CAT in the RTS 500 system. Plas-
mids encoding CAT and GFP were added either singly or in combination to
the RTS 500 system. After 20 h at 30ºC, the reactions were assayed. (A)
Coomassie-stained SDS-PAGE. (B) Western blot analysis with anti-His an-
tibodies. Lane 1, See-Blue pre-stained standard (Invitrogen); lane 2, ex-
pression of CAT alone with 15 µg plasmid; lane 3, expression of GFP alone
with 15 µg plasmid; lane 4, GFP and CAT in the same reaction with 7.5 µg
plasmid each; lane 5, GFP and CAT in the same reaction with 15 µg plasmid
each; and lane 6, RTS lysate without plasmid as a negative control.


