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Here we present a procedure for preparing amino acid mixtures—hav-
ing both the desired composition and a physiological pH—at high con-
centrations for cell-free expression systems. Up to 2.1 mg/mL of active
protein was synthesized in batch mode reactions with an all Escherichia
coli cell-free expression system. Our method is fast, easy to execute,
and economically advantageous compared to expensive commercial
kits, making it useful for high-throughput experiments, incorporation
of nonstandard amino acids, and cell-free metabolic engineering.

In recent years, the possibility of
synthesizing large amounts of protein
in vitro has promoted the development
of new projects in the field of synthetic
biology. These studies rely on cell-free
transcription-translation (TX-TL)
systems used as platforms for the
construction of complex biochemical
systems in vitro, such as gene circuits
and metabolic pathways (1-3), phage
and ribosome synthesis (4,5), minimal
cells (6,7), or artificial cells (8). Cell-free
TX-TL is becoming a popular tool for
bioengineering that takes advantage
of the open nature of in vitro protein
synthesis (9).

A cell-free expression reaction
is a complex biochemical mixture.
Crude cytoplasmic extract is supple-
mented with synthetic DNA, amino
acids, nucleosides, salts, co-factors,
and an ATP-regeneration system to
recapitulate TX-TL in vitro. The protein
concentration is diluted 20- to 30-fold
compared to in vivo, and the endog-
enous genetic information (DNA and

mRNA) is removed during preparation.
A cell-free TX-TL reaction is an open
system with no physical barrier, such
as a cell membrane. The system’s
outputs (i.e., gene circuit perfor-
mance, metabolic engineering, and
protein yield) are studied as a function
of concentration levels of each of the
aforementioned components, which
can be varied over wide ranges as
opposed to in vivo.

An all Escherichia coli cell-free
expression system was used in the
present study. The reporter protein
deGFP, a slightly modified version of
eGFP (10), was expressed through a
transcriptional activation cascade using
the following two plasmids (1): pBEST-
p15A-OR2-OR1-Pr-T7rnap-T500 (0.1
nM) to express the T7 RNA polymerase
and plVEX2.3d-deGFP (1 nM) (11).
Preparation of highly concentrated
stable aqueous solutions of nutrients
is one of the key steps in achieving
efficient cell-free TX-TL reactions.
However, amino acid mixtures of good

quality for cell-free TX-TL are compli-
cated to make due to the chemical
diversity of the residues. Amino acid
mixtures are commercially available,
but they are expensive, and either the
buffer is unknown or the amino acid
concentration is low. Detailed protocols
for preparing solutions containing the 20
canonical amino acids at high concen-
trations have not been reported. Here
we present the preparation of amino
acid mixtures at high concentration for
cell-free TX-TL systems.

We devised a fast and easy
procedure to dissolve each of the
20 solid amino acids in an agueous
solution (see Supplementary Material),
from which mixtures of arbitrary
composition can be prepared. The
pH can be also adjusted between 6.0
and 9.0 (i.e., the physiological range).
We used various amino acid mixtures
and a custom-made cell-free TX-TL
system (10,12) to achieve in vitro active
protein synthesis exceeding 2 mg/mL
(11). We show how the concentration
of amino acids, distribution (relative
abundance of each of the 20 canonical
amino acids), and pH affected protein
synthesis yields. It should be noted that
T7 RNA polymerase was synthesized
in the reaction rather than being added
as a purified component. Therefore,
our results on protein yields relative to
amino acid distributions are specific to
the transcriptional activation cascade
(both T7 RNA polymerase and deGFP
reporter). The amount of T7 RNA
polymerase was ~100 times smaller
than the amount of reporter produced.

The major difficulty in preparing
amino acid mixtures is properly
dissolving each of the solid chemicals
at a high concentration. To make a
mixture suitable for in vitro cell-free
protein synthesis, the amino acids
have to be concentrated in the molar
range. We found that this was possible
using a solution of 5 M KOH. Potassium
is preferred to sodium as a cation in
cell-free TX-TL reactions (13). The 20
solid amino acids were dissolved in

The 20 solid amino acids are dissolved at concentrations between 1.6 and 4 M in 5 M KOH, and mixtures containing each
of the 20 amino acids are prepared for cell-free expression. The mixtures are diluted in water to achieve a total amino acid
concentration between 253 and 268 mM. The pH of the resulting aqueous solutions is adjusted with acetic acid. The amino
acid mixtures are frozen in liquid nitrogen and stored at —-80°C.
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Figure 1. In vitro protein synthesis in batch mode (12 pL) measured after 12 h incubation at 29°C. deGFP was synthesized through the T7 cascade with
0.1 nM pBEST-OR2-OR1-Pr-UTR1-T7-T500 plasmid, 1 nM plVEX2.3d-deGFP plasmid, 20 mM K-glutamate, and 2 mM Mg-glutamate. The synthesis was
carried out using three different amino acid distributions: (A) constant, (B) E. coli, and (C) deGFP sequence-based (1 mg/mL deGFP = 39.39 uM). The final
concentration of amino acids in the cell-free reaction is shown on the horizontal axis. Error bars represent the standard deviation from five measurements.

5 M KOH to produce concentrations
of 1.6-4 M. These stock solutions,
stored at -20°C in a liquid phase, can
be used for a few weeks. Amino acids
were mixed at the desired concentra-
tions, and the mixture was diluted in
water. The pH of the resulting mixture
was adjusted with concentrated acetic
acid;the solution was then aliquoted in
small amounts and stored at -80°C,
ready for cell-free expression (see
Supplementary Material). This is a
highly complex and difficult to stabilize
mixture as it contains 20 different
acids characterized by 20 different
pK, values. We found that the mixture
stability depended on amino acid
concentration, composition, and pH.
This procedure is fast and inexpensive
compared to previous studies where
expensive commercial kits were used
(12). On average, amino acid mixtures
prepared with this method were 30
times less expensive than those
prepared with an amino acid sampler
kit (e.g., 5 PRIME).

We measured the amount of
reporter protein produced in batch
mode reactions for nine different amino
acid mixtures. In each of the experi-
ments, T7 polymerase and deGFP were
expressed (Figure 1). Three different
amino acid distributions were used:
(f) constant, in which all amino acids
were at similar concentrations (120-150
mM) in 5 M KOH (Supplementary Table
S1), (i) E. coli, in which the amino acid
concentration distribution was similar to
that in E. coli cells (14) (Supplementary

Table S2), and (/i) deGFP, in which the
amino acid concentration distribution
was based on the relative frequencies of
the individual amino acids in the deGFP
protein sequence (10) (Supplementary
Table S3). In addition, three different
pHs were tested: basic, neutral, and
acidic. The final total concentrations
of amino acids in the cell-free reactions
were comparable for the three different
distributions. The mixtures were stable
at room temperature (RT, ~25°C), during
aliquoting (~20 min), and when snap
frozen in liquid nitrogen for long storage
at -80°C (~6 months).

The protein yield was quantified by
fluorescence using a calibration line,
as described previously (11). The amino
acid mixture was thawed at RT and
added to the cell-free reaction. Amino
acid mixtures can show some turbidity
after thawing, but this had no effect
on the protein yield. For the constant
distribution (Figure 1A), the highest yield
reached was 83 pM, which is equal to
2.11 mg/mL of active protein. This was
obtained with a mixture containing
~2.75 mM of each of the amino acids
at pH 6.51. For the E. coli distribution,
leucine is the most abundant amino acid
(10.5%) and cysteine the least abundant
(1.1%). The maximum deGFP synthesis
was 1.55 mg/mL (~61 pM) with amino
acids stabilized at pH 6.04. The last
concentration range was measured for
the deGFP distribution mixture. Glycine
(8.9%) and leucine (8.4%) were the most
abundant, whereas cysteine (0.9%)
and tryptophan (0.4%) were the least

abundant. A protein yield of 1.35 mg/
mL (~53 uM) was measured at pH 6.82.

Overall, the protein yield mostly
varied linearly in relation to the concen-
tration of amino acids used to supply
the in vitro TX-TL reaction. With our
custom-made cell-free expression
system, larger protein yields were
reached at slightly acidic pHs between
6.0 and 6.8. Interestingly, the highest
production of active deGFP was
observed with the constant distribution
mixture. The E. coli distribution prepa-
ration was the most stable, as it system-
atically appeared as a clear solution
after gentle thawing at RT. Conversely,
the two other mixtures sometimes
appeared turbid after being thawed
at RT. However, the turbid solutions
were well dissolved in the reaction, and
protein yields with clear or turbid amino
acid mixtures were identical.

In conclusion, we have established a
method for preparing complex mixtures
of amino acids for custom-made,
cell-free expression systems (1,11). This
method represents an economical and
easy way to solubilize amino acids for
in vitro protein synthesis and could be
an alternative to the widely used, yet
expensive commercial kits. Although
only tested for an all E. coli cell-free
system, we expect that our protocol
could be adapted for other cell-free
expression systems, such as T7-based
E. coli systems; wheat germ, yeast,
plant, and mammalian crude extracts;
or platforms developed for the incorpo-
ration of nonstandard amino acids (15).



In addition, the flexibility of our method
may allow for combinatorial studies
involving machine learning and high-
throughput experimentation (16).
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