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Cell-free protein synthesis (CFPS) platforms are now considered a powerful tool for synthesizing
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mats through high-performance liquid chromatography (HPLC) and chemical assays. We discov-
ered that creatine phosphate, the secondary energy substrate, and nucleoside triphosphates were
rapidly degraded during batch CFPS, causing a significant drop in the reaction’s energy charge
(E.C.) and eventual termination of protein synthesis. As a consequence of consuming creatine
phosphate, inorganic phosphate accumulated as a toxic byproduct. Additionally, we measured
amino acid concentrations and found that aspartic acid was rapidly consumed. By adopting a
semi-continuous reaction format, where passive diffusion enables substrate replenishment and
byproduct removal, we achieved over a 70% increase in active superfolder green fluorescent pro-
tein (sfGFP) as compared with the batch system. This study identifies targets for the future
improvement of the batch yeast CFPS reaction. Moreover, it outlines a detailed, generalized
method to characterize and improve other CFPS platforms.
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[1]. While Escherichia coli extract-based CFPS is now rec-
ognized as a promising disruptive technology (2], eukary-

1 Introduction

Protein production is a highly active area of research
spanning applications from industrial enzyme synthesis
to the production of next generation therapeutics. From
its roots as a research tool designed to study translation,
cell-free protein synthesis (CFPS) has emerged as one
strategy for cost-effective and scalable protein production
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otic CFPS systems currently suffer from lower product
yields, expensive reagents, smaller reaction scales, and
laborious extract preparation procedures. There is a great
potential payoff for the development of a eukaryotic CFPS
system that can address these limitations and expand the
scope of traditional manufacturing practice for proteins
that are difficult to produce in vivo.

From a practical standpoint, in vivo eukaryotic protein
expression systems are widely used and have shown
advantages for producing recombinant proteins that are
difficult to actively express in E. coli [3]. Similar advan-
tages have been seen with regards to eukaryotic cell-free
systems as well [4]. Saccharomyces cerevisiae extract is a
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prime candidate to harness the benefits of both a eukary-
otic- and microbial-based system. Similar to the F. coli
extract platform, yeast CFPS benefits from cost-effective
microbial fermentation, inexpensive and robust lysate
preparation, as well as detailed knowledge from its use as
an established protein production platform and model
organism. Recently, our lab has developed improved
extract preparation methods and optimized conditions for
S. cerevisiae extract-based CFPS reactions capable of
automated high-throughput combined transcription and
translation (Tx/T1) [5]. In addition, the rich literature with
respect to developing CFPS systems has allowed us to
evaluate and determine several guiding principles that
we can implement for the advancement of our nascent
yeast cell-free protein expression platform. Of note are the
efforts pursued by the Swartz lab when significantly
advancing the development of E. coli extract CFPS [6].

As described by Swartz [6], the most obvious focus
with respect to developing a CFPS platform would initial-
ly be placed on the product (i.e., protein). However, care-
ful consideration reveals that focusing on the substrates
allows one to better understand the underpinnings of the
reaction [6]. For example, the Swartz lab placed a focus on
characterizing individual biochemical reactions and
pathways and discovered an exhaustion of the arginine,
cysteine, and tryptophan supply was initially tied to the
termination of the reaction [7]. Future changes to the
genome of the E. coli host strain were implemented to sta-
bilize non-productive amino acid metabolism and extend
cell-free reaction lifetimes [8, 9]. In a similar effort here, we
aimed to characterize the amino acid, nucleotide, crea-
tine phosphate (used as a secondary energy source), and
mRNA supply during the course of the protein synthesis
reaction in order to leverage this information to improve
its productivity. It should not be overlooked that our
approach to characterize the yeast CFPS system is appli-
cable to any CFPS platform.

Previously, we reported active firefly luciferase yields
in 2 h yeast CFPS batch reactions of 7.7 £ 0.5 pg mL™ [5].
Although protein synthesis ceased after 2 h, this did not
appear to be caused by a limitation of the catalytic poten-
tial of the extract itself, as demonstrated through “pre-
incubation” experiments [5]. Here, we seek to understand
the root cause of reaction termination. By taking advan-
tage of the open reaction environment, a benefit of cell-
free systems, straightforward measurement of the reac-
tion conditions is possible. Through time-course assays
and fed-batch reactions in combination with HPLC,
chemical assays, and radioactivity incorporation assays;
we have determined that the exhaustion of the nucleoside
triphosphate pool, along with the accumulation of the
inhibitory small molecule inorganic phosphate, are tied to
termination of protein synthesis in a batch reaction.

Ultimately, our results led to the adoption of a semi-
continuous reaction format where the protein synthesis
yields improved and reaction duration lengthened from
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8.2 £ 0.1 ug mL™! superfolder green fluorescent protein
(sfGFP) in a 4 h batch reaction to 17.0 £ 3.8 ug mL ' stGFP
in a 10 h semi-continuous reaction. Additionally, several
targets were identified that can be used as the focus of
future work to improve yeast CEFPS batch productivity.

2 Materials and methods
2.1 Linear DNA template

Linear DNA template encoding for sfGFP was amplified
from the pY71sfGFP plasmid [10]. A two-stage poly-
merase chain reaction (PCR) method was adopted to
amplify the stGFP gene. Primer sequences and PCR work-
flow can be found in Supporting information, Table S1.
Transcription was assumed to terminate via run-off of the
T7 bacteriophage polymerase.

2.2 Extract preparation

Extracts were prepared by the same method developed in
Hodgman and Jewett [5] with fermentation for cellular
growth, high-pressure homogenization for cell lysis, and
dialysis for buffer exchange. S. cerevisiae strain MBS was
used as the source strain for extract preparation [11].

2.3 Cell-free protein synthesis batch reaction

CFPS batch reactions were carried out according to the
method for combined Tx/Tl reactions in Hodgman and
Jewett [5] with the following working concentrations: 22
mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES)-KOH pH 7.4, 120 mM potassium glutamate,
4.5 mM magnesium glutamate, 1.5 mM each of adenosine
triphosphate (ATP), guanosine triphosphate (GTP), cyti-
dine triphosphate (CTP), and uridine triphosphate (UTP),
0.08 mM each of 20 amino acids, 25 mM creatine phos-
phate, 1.7 mM dithiothreitol (DTT), 1 mM putrescine,
0.5 mM spermidine, 11% v/v glycerol, 0.27 mg mL™" crea-
tine phosphokinase (from rabbit muscle; Sigma—Aldrich,
St. Louis, MO), 0.027 mg mL™" T7 RNA polymerase (made
in house following the protocol developed by Swartz et al.
[12]), 6.67 ug mL 1 Q-sfGFP-Ag, PCR amplified DNA, and
50% v/v yeast extract. The concentration of proteins in
the yeast extract was 18.2 + 0.9 mg mL™!, as determined
by Bradford Assay using commercially available assay
reagents (Bio-Rad, Hercules, CA) compared to a bovine
serum albumin protein standard. All other reagents were
purchased from Sigma—Aldrich unless otherwise noted.

2.4 sfGFP assay
The amount of active sfGFP produced was determined by

adding 2 uL of CFPS sample to 100 pL of sfGFP assay
buffer (100 mM HEPES-KOH pH 7.6, 14 mM magnesium
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acetate, 60 mM potassium acetate) in a black 96-well half-
area plate. Samples were allowed to incubate in the assay
buffer for 1 h before measuring total fluorescence to allow
for complete protein folding during the time course
assays. The total fluorescence was read using a BioTek
Synergy 2 plate reader (Winooski, VT) with excitation/
emission of 485/528 nm. Relative fluorescent units (RFUs)
were recorded for each cell-free reaction. RFUs were com-
pared to a linear standard curve made in house by
expressing “C-leucine labeled sfGFP in an E. coli PANOx
CFPS reaction and relating trichloroacetic acid (TCA) pre-
cipitable soluble protein yield to RFUs [13].

2.5 Fed-batch CFPS reactions

For fed-batch reactions, 15 uL, CFPS batch reactions were
prepared as described above. At the specified time, the
reactions were removed from the incubator, supplied with
1 uL of feeding solution containing the appropriate con-
centration of the desired substrate(s), mixed with a
pipette, and returned to the incubator. All reactions were
incubated at 21°C for 8 h total and assayed using the
sfGFP assay.

2.6 Semi-continuous CFPS reactions

For semi-continuous CFPS reactions, a 10 mL beaker with
2 mL of dialysate was placed on a stir plate with a stir bar.
A membrane tube (1 kDa MWCO Tube-O-Dialyzer; G-Bio-
sciences, St. Louis, MO) was placed in the foam support
with the membrane cap facing downward in the beaker
such that the membrane contacted the surface of the
dialysate with minimal submersion. The non-membrane
end of the tube was removed for adding the reaction mix-
ture and sampling. The beaker was covered with alu-
minum foil when not sampling. Initial reaction volumes
totaled 100 uL, with the same composition as the batch
reactions. The dialysate imitated the final reaction mix-
ture: 37 mM HEPES-KOH pH 7.4, 170 mM potassium glu-
tamate, 5.5 mM magnesium glutamate, 1.5 mM each of
ATP, GTP, CTP, and UTP, 0.08 mM each of 20 amino acids,
25 mM creatine phosphate, 1.9 mM DTT, 1 mM
putrescine, 0.5 mM spermidine, 11.0% glycerol, 0.05 mM
phenylmethanesulfonyl fluoride (PMSF), and 115 mM
mannitol. Differences in concentrations between the
batch reaction mixture and the dialysate are due to con-
tributions from the lysis buffer in the reaction. The reac-
tions occurred at room temperature (23—24°C) and were
compared to a 100 uLL batch reaction occurring under the
same conditions. At 0,0.5,1, 2, 3,4, 6,8, and 10 h of incu-
bation time, b uL samples were removed from the batch
and semi-continuous reactions, frozen on liquid nitrogen
to quench the reaction, and later thawed and assayed
concurrently. The remainder of the reaction mixture after
10 h of incubation was saved for small molecule assays
and stored at —80°C until use.

632

Biotechnol. J. 2014, 9, 630-640

BlOZtec
£~ visions

www.biotecvisions.com

2.7 Creatine and inorganic phosphate quantitative
assays

The quantitative analysis of creatine was performed
using the EnzyChrom™ Creatine Assay Kit (BioAssay
Systems, Hayward, CA). The quantitative analysis of inor-
ganic phosphate was performed using the EnzChek®
Phosphate Assay Kit (Life Technologies, Carlsbad, CA).
For each kit, the CFPS samples were frozen on liquid
nitrogen to quench the reaction and later thawed and
assayed concurrently. To measure creatine concentration,
samples were diluted 30-fold with water and compared to
a linear creatine standard ranging from 0 to 1 mM.
Absorbance was measured at 570 nm, following manu-
facturer’s instructions with 100 uL reactions in a 96-well
plate. To measure phosphate concentration, samples
were diluted 500-fold with water and compared to a linear
phosphate standard ranging from 0 to 150 uM. Absorb-
ance was read at 360 nm following manufacturer’s
instructions.

2.8 Nucleotide and amino acid concentration
quantitative HPLC assay

HPLC analysis was used to measure nucleotide and
amino acid concentrations. For both assays, 5% v/v TCA
was added to the cell-free reaction mixture in a 1:1 volu-
metric ratio. Samples were centrifuged at 12000 g for
15 min at 4°C. The supernatant was collected and sam-
ples were analyzed using an Agilent 1260 series HPLC
system (Agilent, Santa Clara, CA).

For amino acid analysis, a ZORBAX Eclipse Plus col-
umn (4.6 mm x 100 mm, 1.8 um particle size; Agilent) was
used with a Rapid Resolution HT derivitization method
using o-phthalaldehyde (OPA) and fluorenylmethyl chlo-
roformate (FMOC). Separation was carried out at a flow
rate of 1.0 mL min for 20 min. Mobile phase A contained
10 mM sodium borate, 10 mM sodium phosphate dibasic,
and 5 mM sodium azide (pH 8.2 with HCI) and mobile
phase B contained acetonitrile:methanol:water in a
45:45:10 volumetric ratio. The buffer gradient for B was as
follows: 0 min, 2%; 0.35 min, 2%; 16.4 min, 57%; 16.5 min,
100%; 17.7 min, 100%; 17.8 min, 2%; 20 min, end. Amino
acids were detected at 262 and 338 nm. Amino acid con-
centrations were determined by comparison to a standard
calibration.

For nucleotide analysis, a BioBasic AX column
(4.6 mm x 150 mm 5 pum particle size; Thermo Scientific,
West Palm Beach, FL) was used for analysis. Separation
was carried out at a flow rate of 0.75 mL min~!. The
method started with a mobile phase of 100% 5 mM
Na,HPO, (mobile phase A) and 0% 750 mM Na,HPO,
(mobile phase B), both adjusted to pH 3.2 with phosphor-
ic acid. The buffer gradient for B was as follows: 0 min, 0%);
10 min, 40%; 40 min, 80%; 45 min, 100%; 47 min, 0%;
50 min, end. Nucleotides were detected at 254 nm.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

85U017 SUOLUWIOD BAIER1D) @ |eat|dde By Aq peusanob a1 s3Il YO ‘3N JO SaINI 10} Akeiq 17 8UIIUO AB]IA UO (SUORIPUOD-PUR-SWLIBY WO AB| 1M AReIq1jeu1|uO//SdNY) SUORIPUOD PUe SWid L 84} 88 *[7202/0T/20] uo ARigiTauliuo A1 ‘AisAIUN pIojuels Ad EBE00ETOE 1010/200T OT/10p/Wwod /B| imAze.q1jeu|U0's feuINO OB 105 ed A e/ SdNY 014 popeojumoq ‘S ‘¥T0Z ‘YTEL098T



Biotechnology
Journal

www.biotechnology-journal.com

Nucleotide concentrations were determined by compari-
son to a standard calibration.

2.9 Denaturing RNA gel electrophoresis

The denaturing RNA gel was prepared with 1.5% agarose
containing 2.2 M formaldehyde and 2x GelRed in 1x
MOPS Buffer (2 M 3-(IN-morpholino) propanesulfonic acid
(MOPS) pH 7.0, 20 mM sodium acetate, 10 mM EDTA pH
8.0) under RNase free conditions to a final volume of
50 mL. CFPS samples were quenched by placing on ice
and supplying with 1 uL Qiagen RNase Inhibitor (Qiagen,
Valencia, CA) per 15 uL reaction. Samples were immedi-
ately purified using Qiagen RNeasy MinElute Cleanup Kit
(Qiagen). Total RNA was quantified using ThermoScien-
tific NanoDrop 2000c (ThermoScientific, Waltham, MA).
Twenty micrograms of total RNA, the bulk of which is
ribosomal RNA, was mixed with 1x denaturing mix (1.3x
loading buffer, 1.3x MOPS, 42% v/v deionized formamide,
and 8.2% v/v formaldehyde) and adjusted to a final volume
of 20 uL. Samples were heated to 70°C for 10 min to dena-
ture any secondary structure, after which they were
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immediately placed on ice for 5 min. In addition, the dena-
turing gel was supplied with 100 V for 10 min before load-
ing the RNA samples. After loading the RNA samples, the
gel was supplied with 60 V for 2 h. The buffer was recir-
culated every 30 min to prevent ion/pH gradients from
forming. The gel was imaged with BioRad GelDoc XR+
(BioRad, Hercules, CA) for GelRed staining.

3 Results
3.1 Characterizing the batch reaction

To initially assess the CFPS batch reaction, we carried out
a 15 uL combined Tx/Tl reaction for 8 h at 21°C. Samples
were taken at 0, 0.5, 1, 2, 3, 4, 6, and 8 h to profile sfGFP
production during the course of the reaction. From
Fig. 1A, we can see the synthesis of sStGFP shows a slight
lag during the first 0.5 h and then progresses linearly from
0.5to0 2 h at a rate of 4.06 + 0.15 ug sfGFP h™!. Between 2
and 4 h sfGFP synthesis slows and after 4 h minimal addi-
tional sfGFP is synthesized.

(Transcription)

Figure 1. Time course analysis of pro-
tein yield for a batch yeast CFPS reac-
tion. (A) Active sfGFP synthesis is shown
over the course of a standard batch reac-
tion incubated at 21°C. Fifteen uL batch
reactions were prepared in separate

1.5 mL tubes and sampled for active
sfGFP yield at the appropriate time
points and measured using fluorescence
intensity. Reactions were supplied with
(circles) or without (squares) sfGFP-
encoding PCR template. Values show

(Translation)

(ATP Regeneration)

(Example NXP Regeneration)

(Pyrophosphate Cleavage)

(e.g. AA Metabolism)

means with error bars representing the

ABBREVIATIONS o ¢ X
AA Amino Acid P Inorganic Phosphate standard ‘deV|at|ons o thr‘ee independ-
CrK Creatine Kinase PP, Pyrophosphate ent experiments. (B) Outline of metabol-
CrP Creatine Phosphate PPase Phosphatase ic activity within a yeast cell-free protein
NTP Nucleoside Triphosphate T7 Pol  T7 Polymerase synthesis reaction.
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Figure 2. Time course analysis of amino acid, creatine, and nucleotide concentrations with energy charge during a batch yeast CFPS reaction. Fifteen uL
batch reactions were prepared in separate 1.5 mL tubes and sampled for active sfGFP yield at the appropriate time points. (A) Concentrations of select
amino acid species were measured using HPLC. (B) Creatine was measured using a chemical assay. (C) Nucleoside triphosphate, (D) diphosphate, and
(E) monophosphate concentrations were measured by HPLC. Values show means with error bars representing the standard deviations of data pooled from
three independent experiments. (F) Energy charge (E.C.; left axis) and sfGFP (right axis) are plotted against the reaction time. sfGFP yields were measured

using fluorescence intensity.

In addition to measuring active sfGFP, each sample
was assayed for concentration of amino acids, nucleo-
tides, creatine, phosphate, and mRNA in order to charac-
terize the reaction environment during the course of the
cell-free reaction. A metabolism diagram that summa-
rizes the major substrate flows within the yeast CFPS
reaction is shown in Fig. 1B. HPLC analysis of 19 amino
acids (Supporting information, Fig. S1; glutamate was
excluded from the analysis due a concentration of
>100 mM), show that aspartic acid and asparagine fall
below the exogenously supplied amount (80 uM) within
3 h (Fig. 2A). In fact, no detectable aspartic acid is meas-
ured after 1 h reaction time, suggesting a possible amino
acid limitation (Fig. 2A).

We next measured consumption of creatine phos-
phate, the secondary energy substrate. Because creatine
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is not part of a natural biosynthetic pathway in yeast, we
are able to measure consumption of creatine phosphate
by measuring the synthesis of creatine (Fig. 2B). A plateau
in creatine synthesis occurs after 2 h, which implies the
creatine phosphate supply has been exhausted. Once cre-
atine phosphate has been depleted, it is reasonable to
assume that ATP can no longer be regenerated.
Quantitative HPLC analysis of the nucleotide pool also
shows fluctuation of each species over time. Nucleoside
triphosphate (NTP) concentrations stay relatively stable
around 1.5 mM each for the first 2 h of the reaction
(Fig. 2C). This timing corresponds with the exhaustion
of the creatine phosphate supply. As NTPs are con-
sumed, nucleoside diphosphates (NDPs) and nucleoside
monophosphates (NMPs) are accumulated sequentially
(Fig. 2D—E). NDPs do not accumulate above 0.75 mM each
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Figure 3. Time course analysis of mRNA synthesis during a batch yeast CFPS reaction. (A) Synthesized mRNA is shown using tritiated UTP incorporation
over the course of a standard batch CFPS reaction. Fifteen L batch reactions were prepared in separate 1.5 mL tubes supplied with 0.5 pL *H-UTP and
sampled at the appropriate time points. The reaction was supplied with and without sfGFP-encoding PCR template. Synthesized mRNA was quantified via
scintillation intensity. Values show means with error bars representing the standard deviations of four independent experiments. (B) mRNA was measured
via denaturing gel electrophoresis over the course of a standard batch CFPS reaction. Twenty micrograms of purified RNA was added to each lane. A gel
image without DNA added to the reaction is supplied as Supporting information, Fig. 2. This experiment was replicated twice with similar results.

and are quickly converted to their monophosphate form,
with the concentration of NMPs stabilizing shortly after
4h. Evaluating the Energy Charge (E.C.), which is defined
by Atkinson as the overall status of energy availability in
the system (Eq. 1), allows us to hypothesize when energy
in the system becomes limiting [14].

2C - [ATP] + 4 [ADP]
"~ [ATP|+[ADP] + [AMP]

(1)

It has been reported that in vivo E.C. measurements
below 0.8 indicate an energy limitation [15]. This E.C.
threshold is reached in our CFPS system between 2 and
3 h (Fig. 2F).

Lastly, we investigated the synthesis and degradation
of mRNA encoding for sfGFP during the course of the
CFPS reaction. Figure 3 shows that sfGFP mRNA is syn-
thesized between 0 and 2 h, maintains a relatively con-
stant concentration from 2 to 3 h, and is degraded after
4 h. These results agree with the exhaustion of NTP sup-
ply, which would limit transcription, between 2 and 4 h of
the reaction. Because protein synthesis terminates and
slows prior to 4 h, the timing of sfGFP mRNA degradation
suggests that the mRNA template is not a limiting sub-
strate during batch CEFPS reactions.

3.2 Fed-batch experiments

From the information gained while characterizing the
batch reaction, we designed fed-batch experiments to
feed the substrates that were determined to be limiting
over the course of the reaction: aspartic acid and creatine
phosphate. The feed times of 0.5, 1.0, and 1.5 h were cho-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sen based on the time of depletion of aspartic acid
(Fig. 2A) and the consumption of creatine phosphate
(Fig. 2B). Aspartic acid and creatine phosphate additions
were performed individually at 0.5x, 1.0x, and 1.5x the
initial concentrations (Fig. 4A and B, respectively) and
combined at 1.0x initial concentration (Fig. 4C). The
intent was to feed the potentially limiting substrates pri-
or to their depletion, so that protein synthesis could be
sustained, as opposed to restarted. As can be seen in
Fig. 4A—C, neither feed time nor feed supplement affect-
ed active sfGFP yield.

The lack of any positive effects on protein synthesis
from the fed-batch reactions indicates that substrate
depletion is not the only cause of reaction termination.
Inorganic phosphate has been previously characterized
as a toxic molecule byproduct during CEFPS reactions
because it sequesters magnesium [7]. Furthermore, we
would expect phosphate accumulation during CFPS with
creatine phosphate used as a secondary energy source.
Here, a phosphate is donated from creatine phosphate to
ADP to regenerate ATP. However, once the phosphate
bond is cleaved from an ATP-dependent reaction, the
phosphate is unable to be recycled and thus accumulates
in the system.

To evaluate the effect of phosphate on the system,
potassium phosphate was added to the system at the
start of the reaction in known concentrations (Fig. 4D).
With as little as 30 mM additional phosphate added to the
system, sfGFP production is reduced by 50%. Similarly we
see the accumulation of additional 30 mM phosphate
within 3 h of the reaction (Fig. 4E). To offset inorganic
phosphate accumulation, one established strategy is to
include magnesium in a fed-batch reaction [7]. However,
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Figure 4. Effects of feeding limiting substrates and accumulating toxic byproducts during a cell-free protein synthesis reaction. Fifteen UL fed-batch reac-
tions were prepared in separate 1.5 mL tubes. After 0.5, 1.0, or 1.5 h of incubation, 1 uL of feeding solution was added to each of the reactions, in order to
feed (A) aspartic acid, (B) creatine phosphate, or (C) both with additional magnesium glutamate supplied at the specified concentration. Active stGFP was
quantified via fluorescence intensity after 8 h of incubation. (D) Additional phosphate was added to 15 L batch reactions at time 0 h in the form of potas-
sium phosphate (pH 7.4), ranging from 0 to 60 mM. The additional potassium was offset by a reduction in potassium glutamate added to the reaction.
(E) Phosphate concentration was measured using a enzymatic assay and analyzed over the course of a standard batch CFPS reaction. Values show means
with error bars representing the standard deviations of data pooled from three independent experiments.

this too showed no benefit in overall yield as can be seen
in Fig. 4C. Despite the addition of magnesium and limit-
ing substrates, it is possible that inorganic phosphate
accumulation remains a factor preventing the anticipated
increase with respect to protein production in fed-batch
reactions.

3.3 Semi-continuous exchange experiments

To allow for limiting substrate replenishment and byprod-
uct removal, we employed a semi-continuous exchange
method, seen in Fig. 5A. The 1 kDa molecular weight cut
off (MWCO) semipermeable membrane allows for passive
diffusion of small molecules between the reaction mixture
inside the membrane tube and the dialysate, while keep-
ing the enzymes and translation machinery contained
within the reaction. While these experiments were per-
formed for 100 pL reaction volumes, the increase in reac-
tion volume has no effect on sfGFP yield (Supporting infor-
mation, Fig. S3). When samples of the batch and semi-
continuous reactions at time points of 0, 0.5, 1, 2, 3, 4,
6, 8, and 10 h were assayed for active sfGFP (Fig. bB), the
semi-continuous method led to a 70% improvement in
protein synthesis yields over the batch reaction, produc-
ing 17.0 + 3.8 ug mL". In addition, the NTP measure-
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ments clearly show that, compared to the batch reaction
where NTPs are completely depleted by 4 h, the semi-
continuous method is able to sustain the NTP pool above
1 mMup to 10 h (Fig. 5C). Similarly, Fig. 5D shows that the
semi-continuous reaction maintains reduced concentra-
tions of both creatine and phosphate compared to the
batch reaction. Finally, Fig. bE also shows that the aspar-
tic acid is no longer limiting in the semi-continuous reac-
tion, despite its depletion in the batch reaction. In addi-
tion, Supporting information, Fig. S4 shows that the oth-
er amino acids — excluding arginine, which is synthesized
in the semi-continuous reaction — are at the same con-
centration in the semi-continuous reaction and the
dialysate, indicating good diffusion across the mem-
brane. These results demonstrate that the exchange of
small molecules, including limiting substrates and toxic
byproducts, does indeed prolong the reaction length,
leading to a higher protein yield.

4 Discussion
Eukaryotic CFPS platforms are known to experience lim-

ited batch synthesis yields, in part due to short protein
synthesis timeframes. By characterizing the cell-free

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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measurements after a 10 h semi-continuous reaction using chemical assays. (E) Endpoint aspartic acid measurements after a 10 h semi-continuous reac-
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pendent experiments.

reaction environment using a systematic approach, we
have uncovered substrate limitations (specifically ATP)
that limit protein synthesis during a yeast CFPS batch
reaction, as well as outlined a path for characterizing oth-
er cell-free platforms. The study began by running a time

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

course analysis of batch CFPS reactions characterizing
synthesized protein, small molecules of interest, and
mRNA. The time course analysis for protein synthesis
revealed that sfGFP synthesis slows dramatically
between 2—4 h of reaction time (Fig. 1A).
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Energy limitations were identified as the key factor
contributing to reaction termination. We found that pro-
tein synthesis cessation correlates closely with both ATP
depletion and E.C. drop (Figs. 1A and 2C-F). This is sim-
ilar to previous work in E. coli-based CFPS systems [7, 16].
Additionally, we observed that creatine concentration
plateaus around the 2 h reaction mark (Fig. 2B), suggest-
ing an exhaustion of the creatine phosphate secondary
energy supply at the same time. Not surprisingly, NTP
species are stable for the first 2 h of reaction (=1.5 mM)
and then are noticeably consumed between 2 and 3 h
(=0.3 mM each at 3 h) after the exhaustion of creatine
phosphate. Concurrently, the E.C. of the system drops
below the energy-limiting value of 0.8 from 1.0 to 0.4. The
cascading result continues with the synthesis and con-
sumption of NDPs as well as synthesis of NMPs between
2 and 4 h. Further, mRNA synthesis slows and stops
between 2 and 3 h and begins degrading thereafter, coin-
ciding with the depletion of NTPs (Fig. 3). Because mRNA
concentration remains significantly non-zero up to 4 h of
reaction time, while protein synthesis stops closer to 3 h,
it seems unlikely that mRNA is a limiting substrate in
yeast CFPS batch reactions. The most likely explanation
for reaction termination, therefore, is the depletion of the
primary energy source (ATP; fully consumed around 3 h),
which is strongly correlated to the depletion of the sec-
ondary energy source (creatine phosphate; fully con-
sumed by 2 h).

While energy substrates are clearly limiting, amino
acid supply does not appear to be an issue. Amino acid
limitations have been previously determined to be impor-
tant factors in limiting CEFPS reactions in E. coli-based
CFPS [8, 9]. Interestingly, our results show that only aspar-
tic acid and asparagine concentrations are significantly
non-productively consumed. However, it is a curious
result that aspartic acid concentration drops below the
detection limit of our HPL.C method after 1 h reaction time
while protein synthesis continues for at least an addition-
al 2 h (sfGFP contains 17 aspartic acid residues). Further
investigation is necessary to explain this result.

If energy substrate limitations are indeed the cause of
CFPS batch reaction termination, obvious solutions
would be to adopt fed-batch or semi-continuous reaction
formats to replenish creatine phosphate supply. Interest-
ingly, we found that expectations were only met when
adopting the semi-continuous approach (increasing
active sfGFP yield 70%; Fig. 5) and not for fed-batch reac-
tions (no change in sfGFP yield; Fig. 4A—C). This is count-
er to previous work in E. coli-based systems [7, 17]. This
result suggests the reaction is more complicated than ini-
tially thought. One potential reason why the fed-batch
approach for feeding additional creatine phosphate was
not beneficial is due to the synthesis of the inhibitory tox-
ic byproduct, inorganic phosphate (Fig. 4D-E), which has
been previously shown to inhibit other CFPS reactions as
well [7]. In contrast, the semi-continuous reaction had
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clear diffusion of small molecules between the reaction
mixture and dialysate that allowed (i) the reaction to
retain high concentrations of NTPs, which were demon-
strated to be correlated with reaction termination,
(ii) higher concentration of aspartic acid, and (iii) reduced
concentrations of inorganic phosphate (Fig. 5C-E), com-
pared to the batch reaction.

Ultimately, we are concerned with maximizing protein
synthesis in a batch reaction, which is the most econom-
ical and simple high-throughput reaction format [1]. By
designing a study to characterize the small molecules in
a batch reaction, we have determined that reaction ter-
mination is correlated with a drop in NTP supply and E.C..
However, reaction termination is unlikely attributed to a
single cause. Beyond the scope of this study there are oth-
er possibilities that could be associated with CEFPS reac-
tion termination. For example, phosphorylation of the
o-subunit of elF2 has been shown to limit extended
eukaryotic CFPS reactions by blocking translation initia-
tion in hybridoma- [18], HeLa- [19], and mouse embryo
fibroblast- [20] based extracts. This notion could also par-
tially explain the lack of additional synthesized proteins in
a fed-batch reaction as well as the reduced protein syn-
thesis rate seen in the semi-continuous reaction after 3 h.

With batch yields on the order of 10 ug mL?, yeast
CFPS is on par with other eukaryotic cell-free platforms
under development. For example, the commonly used
wheat germ extract and rabbit reticulocyte lysate CFPS
kits available from Promega (Madison, WI) each yield
1-10 ug mL™" in combined Tx/TI batch reactions. Addi-
tionally, insect and CHO cell extracts recently published
by the Kubick lab have reported batch Tx/TI yields of 14
and 49 pug mL !, respectively [21]. However, major advan-
tages of our platform include technically simple and inex-
pensive extract preparation methods [5] as well as low
batch-to-batch variability with a variance of 1.21 pg? mL™
among three individually prepared extracts.

To continue to improve yeast CFPS yields, several
strategies will likely need to be employed. One such strat-
egy might involve genome engineering, which was suc-
cessful for the improvement of E. coli-based CEFPS. The
idea here is to engineer the source strain for improved
extract performance. For example, successful gene dele-
tions for E. coli-based extracts have been implemented to
stabilize amino acid degradation pathways [8, 9], inhibit
protein degradation [22, 23], and promote disulfide bond
formation [24]. Amino acid biosynthetic pathways are
clearly active in yeast CFPS reactions (Supporting infor-
mation, Fig. S1) and could be potential genome engineer-
ing targets. One advantage of starting with S. cerevisiae
as our source for eukaryotic-based extract is the wealth of
information associated with this organism, including a
fully sequenced genome.

A second strategy would involve template engineer-
ing. Although the tobacco mosaic virus Q sequence has
been shown to be effective at promoting translation initi-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ation in CFPS [25], it is unclear if there are other alterna-
tives that might offer improved CFPS yields. For example,
the Q sequence is thought to recruit the translation initi-
ation complex eukaryotic initiation factor 4F, which is
related mechanistically to cap-dependent translation [26].
Alternatively, several eukaryotic CFPS platforms employ
the use of internal ribosome entry sites (IRES) to initiate
cap-independent translation including those derived
from the picornavirus Dicistroviriadae family of intergenic
region (IGR) IRES [27-29]. Furthermore, the use of IGR
IRES sequences bypass eukaryotic initiation factor 2o
phosphorylation regulation [28]. An additional alternative
for CFPS 5" untranslated region of the DNA template
would be the use of species-independent translational
sequences [30].

A final strategy used to improve E. coli CFPS has
involved activating alternative energy pathways that do
not depend on supplementing the reaction with high-
energy phosphate compounds. This strategy can be used
to both extend CFPS reaction lifetime and prevent phos-
phate accumulation. Examples of this include fueling the
reaction with dextrins and polymeric carbohydrates [31,
32] or a hybrid system that uses both creatine phosphate
and glucose [33]. Adopting one of these techniques could
limit phosphate production during yeast CEFPS reactions,
thus extending the reaction lifetime. An added benefit
would be the removal of dependence on the costly sec-
ondary energy source, thus improving the economics
associated with yeast CFPS.

In summary, we designed a systematic approach
intended to characterize the yeast-based CFPS reaction
previously developed. Although our focus was on charac-
terizing yeast-based CFPS reactions, this study could eas-
ily be adapted to studying any CFPS platform of interest.
By evaluating biochemical reactions, we determined that
the source of early reaction termination results from a cas-
cade of events resulting from loss of available energy
sources. We went on to show that a semi-continuous
reaction format could alleviate these limitations to realize
a =70% increase in active protein synthesis and informa-
tion gained can now be leveraged to improve batch reac-
tion performance. Moving forward, several strategies
have been identified that we expect to continue to
improve the emerging yeast CFPS platform.
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