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Abstract

Membrane proteins play essential roles in cellular function and metabolism.

Nonetheless, biophysical and structural studies of membrane proteins are

impeded by the difficulty of their expression in and purification from heterolo-

gous cell-based systems. As an alternative to these cell-based systems, cell-free

protein synthesis has proven to be an exquisite method for screening

membrane protein targets in a variety of lipidic mimetics. Here we report a

high-throughput screening workflow and apply it to screen 61 eukaryotic

membrane protein targets. For each target, we tested its expression in lipidic

mimetics: two detergents, two liposomes, and two nanodiscs. We show that

35 membrane proteins (57%) can be expressed in a soluble fraction in at least

one of the mimetics with the two detergents performing significantly better

than nanodiscs and liposomes, in that order. Using the established cell-free

workflow, we studied the production and biophysical assays for mitochondrial

pyruvate carrier (MPC) complexes. Our studies show that the complexes

produced in cell-free are functionally competent in complex formation and

substrate binding. Our results highlight the utility of using cell-free systems for

screening and production of eukaryotic membrane proteins.
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1 | INTRODUCTION

Membrane proteins (MPs) make up 20–30% of gene prod-
ucts and are involved in numerous cellular functions and

metabolisms.1,2 Membrane proteins are the targets of
about half of the known drugs and thus are of great inter-
est for structure–function characterizations.3,4 Relative to
their soluble counterparts, only about 3.1% structures
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deposited in Protein Data Bank (PDB, www.pdb.org) are
membrane proteins. The under-representation of mem-
brane protein structures is mainly due to difficulties asso-
ciated with their production including low level of
expression, toxicity to host cells, sub-optimal stability in
detergent micelle, and mismatches in lipid composition
of host cells.5–10 To overcome these limitations, several
approaches have been utilized. On a “genomic” level, one
approach is to screen cell-based expression of large num-
bers of homologs, orthologs, and other close relatives of
genes of interest that may improve the odds of finding a
target suitable for structural determination.11,12 Typically,
this approach is performed at a dedicated center and is
labor-intensive and expensive.11,13–17 The second
approach is genetic manipulation of the expression host
cells. This has been achieved in particular with various
Escherichia coli strains based on T7 RNA polymerase,
such as C41, C43, C44, C45, and M5618,19 (see also Ref.
20 for a recent review). The third approach is to screen
for host genes that can directly affect the expression of a
target. For example, the overexpression of certain
Escherichia coli genes has been shown to increase the
expression of MP targets.21–23

Eukaryotic MPs are more successfully expressed using
eukaryotic expression systems, mainly insect cells and
mammalian cell lines such as HEK293. However, eukary-
otic expression systems are labor-intensive and expensive
to support. They are also not particularly conducive to a
high-throughput approach and genetic manipulation of
host strains is difficult and not as common as for prokary-
otic expression systems (see Refs. 24,25 for a review).

Complementary to cell-based approaches, cell-free
systems offer a convenient method in tackling many diffi-
culties such as aggregation, resistance to detergents, and
mismatches in lipid composition.26,27 A major advantage
of a cell-free system is the ready inclusion of additives
(detergents, lipids, salts, ligands, etc.) to the reaction mix-
ture to assess how they influence protein production and
stability.28 In contrast to cell-based systems, with the cell-
free systems, MPs can be directly inserted into the
mimetic of choice without any intervening extraction
steps, which are usually harsh, inefficient, and may lead
to aggregates and loss of structure and activity.

In this study, we set out to investigate whether high-
throughput screening of a large set of eukaryotic MP tar-
gets using a cell-free system could be a promising avenue
for MP expression. We report the cell-free expression of
35 out of 61 eukaryotic MP targets in lipidic mimetics.
Overall, cell-free synthesis led to more targets being pro-
duced than an E. coli-based expression system. We also
report the cell-free production and biophysical analysis of
mitochondrial pyruvate carrier complexes.

2 | RESULTS

2.1 | Workflow for cell-free screening

Starting from genes codon-optimized for bacterial expres-
sion and inserted into a T7 promoter plasmid, our cell-
free screening workflow includes three steps as illustrated
in Figure 1. The first step is to prepare cell-free reaction
mixtures containing one of three types of lipidic
mimetics: detergents, liposomes, or nanodiscs. The sec-
ond step is to assemble the reaction mixtures (RMs) and
place them in microdialysis cartridges (Pierce™ 96-well
Microdialysis Plate; see also Section 4), which are
inserted into 96-well deep-well blocks containing a feed-
ing mix (FM) of amino acids, NTPs, energy molecules,
and buffer. After overnight reaction, the third step is to
detect expressed (or solubilized) targets. For detergent
and liposome reactions, both total synthesized protein
(T) and solubilized protein (S) are assayed by immuno-
blot analysis (anti-His tag). This is achieved by a centrifu-
gation step that cleared the total reaction mixtures from
insoluble proteins. The soluble fraction of the produced
proteins is then found in the supernatant.

For nanodisc reactions, only solubilized protein
(S) was analyzed. This solubilized fraction had to be fur-
ther purified by Ni2+-affinity. Without this step, we were
not able to analyze the immunoblot assays as lanes
looked grossly overloaded and distinct bands were diffi-
cult to assess.

With all components ready, the entire cell-free
screening workflow may be completed in 2–3 days.

2.2 | Membrane protein targets

To get a better understanding of whether cell-free sys-
tems (CF) can be used for screening membrane proteins
with different lipidic mimetics, we compiled a set of MP
targets. Initially, we identified 61 targets from the Uni-
Prot database (www.uniprot.org) for which no structures
had been reported to the Protein Data Bank. The list
includes 42 targets from the mouse-ear cress Arabidopsis
thaliana, two from the poplar tree Populus trichocarpa,
six from green algae Chlamydomonas reinhardtii, and
11 from H. sapiens (Table S1). The DNA sequence for all
these targets was codon-optimized for expression in
E. coli, synthesized, and cloned into a pET23 derivative
containing a C-terminal deca-histidine tag. These expres-
sion plasmids were then used in cell-free mini-scale reac-
tions using E. coli. S30 extract and in-house purified T7
RNA polymerase.29 Figure 1 shows the workflow of our
high-throughput screening for these eukaryotic MP
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FIGURE 1 Workflow for high-throughput cell-free screening of eukaryotic membrane proteins. For detailed experimental procedures,

see Section 4. S30X, E. coli S30 extract; T7 RP, T7 RNA polymerase; A.A., amino acids; NTPs, nucleotide triphosphates
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targets. Immunoblot assay results are reported in
Tables S1 and S2.

2.3 | Cell-free screening in detergents
Brij-35 and DDM

Dodecylmaltoside (DDM) is a widely used detergent for
membrane protein extraction and purification. It is rela-
tively mild and has good tolerance in CF (Refs. 28,30,31
and references therein). From our CF screening, we
found that 15 targets were expressed and soluble to vari-
ous degrees in DDM as assessed by immunoblotting (see
Tables S1 and S2). This translates to an expression rate of
about �25%, which is in the range of what we have found
to be the rate when expressing prokaryotic membrane
protein targets in E. coli hosts (Refs. 32,33 and data not
shown). For the combined plant and plant-like targets
(Arabidopsis thaliana, Populus trichocarpa, and
Chlamydomonas reinhardtii), the rate came out to 26%.

Although DDM is widely used, we asked whether other
detergents could perform as well or even better for cell-free
screening. It is known that many detergents are too harsh
for cell-free experiments, such as phosphocholine, n-octyl-
β-D-glucopyranoside (β-OG), 3-cholamidopropyl dim-
ethylammonio 1-propanesulfonate (CHAPS), but that
polyoxyethylene alkyl-ether (or Brij), although mild for
extraction, seems very well suited for cell-free use (Refs.
28,34–36 and references therein). We thus used Brij-35
in our cell-free screening and found that 29 targets
(48%) were expressed, including 24 of the 50 plant
targets (48%), a significant improvement over DDM
(Tables S1 and S2). We noticed that several targets were
synthesized both in the presence of DDM or Brij-35.
Interestingly, they were not soluble in DDM, whereas
they were solubilized with Brij-35 (Figure 2a–d and data
not shown). Only two targets (Bax Inhibitor 1 from pop-
lar tree and A. thaliana fatty acid export 3) were

produced and soluble in DDM but not with Brij-35
(Figure 2d,e, Table S1). We did not detect any targets
that were synthesized but not soluble in the presence of
Brij-35.

The phenomenon of enhanced solubilization by Brij-
35 was especially evident with the three mitochondrial
pyruvate carriers (MPCs) from A. thaliana (Figures 2b
and 3a). When the solubilized fractions were further
purified by Ni2+-affinity chromatography, only trace
amounts of purified MPC1 and 2 could be detected with
DDM, most likely due to a concentration effect of the
purification and over-exposure of the immunoblot
(Figure 3b). Interestingly, we were able to detect higher
molecular weight bands for MPC1 and 2 in Brij-35 indica-
tive of oligomerization, which is consistent with demon-
strations that MPCs do oligomerize37–39 and with the
preservation of tertiary structure during Brij-35
solubilization.

FIGURE 2 Cell-free expression in detergents Brij-35 and DDM. Anti-His immunoblot of total cell-free reactions (T) and soluble

fractions (S) of selected targets expressed in the presence of Brij-35 and DDM. (a) Fatty acid desaturase 4-like 2 (34 kDa). (b) Mitochondrial

pyruvate carrier 1 (15 kDa). (c) Transmembrane protein 126A (24 kDa). (d) β-Carotene-3-hydroxylase 2 (36 kDa). (e) Fatty acid export

3 (40 kDa). Each lane contains 10% of total or soluble fractions. Relevant protein bands are indicated by a red star (*). Molecular weights

include His tag. The band in the DDM soluble fraction of panel a is a background band

FIGURE 3 Cell-free expression of mitochondrial pyruvate

carriers (MPCs) in detergents Brij-35 and DDM. Anti-His

immunoblot of total cell-free reactions (T) and soluble fractions

(S) (a), and of Nickel-affinity purified proteins (b) of the A. thaliana

MPC1, 2, and 3. The solid arrow in panel B indicates monomers

and the dashed arrows oligomers. For total or soluble fractions, 10%

was loaded on gel. For Ni-purified, the amount was 25% of purified

protein
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2.4 | Comparison between cell-free and
E. coli-based expression

When the same set of targets was used for expression in
E. coli BL21(DE3)-pLysS cells using a 1-ml mini-scale
expression system,33 we found that 18 and 14 targets
expressed when cells were extracted with DDM and
Brij-3, respectively (Tables S1 and S2). As mentioned
above, the rates of expression, 30 and 23%, are what we
have observed for expression of bacterial targets in our
mini-scale platform. In the cell-based system, DDM per-
formed somewhat better than Brij-35, the reverse of what
was observed in the cell-free system. This is expected as
DDM is considered a stronger detergent and thus better
at extracting proteins from membranes. Although the
rates for DDM in the cell-free versus the cell-based sys-
tem were comparable (25% vs. 30%, Table S2), the num-
ber of targets expressed in the cell-based expression using
Brij-35 was only half of that with Brij-35 in the cell-free
system (48% vs. 23%, Table S2). For the plant targets, the
rate of expression with DDM was about the same in both
cell-free and cell-based systems (21% and 24%, respec-
tively, Table S2); however, the rate with Brij-35 was sig-
nificantly higher for cell-free than for cell-based (39%
vs. 18%, Table S2). A major contributor to this drop was
the Chlamydomonas targets as none of them were
expressed in E. coli.

Overall, three targets were detected in the cell-based
system that was not detected in the cell-free method,
whereas 20 total targets could be detected in the cell-free
system but not in E. coli cells, albeit that most of them
were with Brij-35 and in the low to medium range of
expression (Table S1).

2.5 | Cell-free screening in liposomes

Liposomes are lipid-based mimetics forming a cell-like
compartment that mimics native membrane bilayers.40,41

We thus investigated how liposomes may be utilized in
our cell-free based screening of membrane proteins. We
first used phosphatidyl-choline (PC), a widely used lipid
in liposomes,28,42 in combination with phosphatidyl-
ethanolamine (PE; ratio of 95:5 of PC:PE). Surprisingly,
only two targets (a lipid phosphate phosphatase and a
molybdate transporter, both from A. thaliana) were solu-
ble (Tables S1 and S2). Other targets were synthesized
but were not soluble (Figure 4, “PC–PE” panels).
Although PC and PE constitute the majority of phospho-
lipids in Arabidopsis tissues such as seeds, roots, leaves,
and extra-chloroplastid organelles,43 in chloroplasts there
is no PE present and the two major phospholipids are PC
and phosphatidyl-glycerol (PG, ratio of PC:PG of 56:44;
see Ref. 43). As about half of our targets are predicted to
localize in chloroplasts (Table S1), we explored whether
liposomes composed of PC and PG would perform better
than PC–PE liposomes. As expected, we could identify a
total of nine targets (15%) soluble in PC–PG liposomes
including the two previously detected with PC–PE lipo-
somes (Tables S1 and S2). Of those seven new targets, five
are localized in chloroplasts, one is a human mitochon-
drial protein, and one was a Chlamydomonas sugar
nucleotide transporter for which the subcellular localiza-
tion remains unclear. Notably, these seven targets were
also produced in the presence of PC–PE liposomes but
could not be solubilized. Two examples are shown in
Figure 4a,b for mitochondrial fission process protein
1 and fatty acid export 3. As with PC–PE some targets
were synthesized in the presence PC–PG but were not
soluble (Figure 4c,d).

2.6 | Cell-free screening in MSP
nanodiscs

Nanodiscs are also lipid-based mimetics that can be used
in cell-free systems (Refs. 28,44 and references therein).
Nanodiscs circumscribe a patch of phospholipid bilayer

FIGURE 4 Cell-free expression in liposomes. Anti-His immunoblot of total cell-free reactions (T) and soluble fractions (S) of selected

targets expressed in the presence of PC–PE and PC–PG liposomes. (a) Mitochondrial fission process protein 1 (20 kDa). (b) Fatty acid export

3 (40 kDa). (c) Mitochondrial pyruvate carrier 1 (15 kDa). (d) Transmembrane protein 126A (24 kDa). Each lane contains 10% of total or

soluble fractions. Relevant protein bands are indicated by a red star (*). Molecular weights include His tag
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by a membrane scaffold protein (MSP). For our cell-free
screening, we first used the MSP1E3D1 nanodiscs45–47

(�12–13 nm in diameter) prefilled with DMPC
(1,2-dimyristoyl-sn-glycero-3-phosphocholine). We puri-
fied the reaction mixtures by Ni2+-affinity chromatogra-
phy, and we were able to identify five targets by
immunoblots (8% expression rate; Tables S1 and S2).

As with the liposomes, we wanted to test the perfor-
mance with a phospho-glycerol. We, therefore, repeated the
experiment but using nanodiscs prefilled with DMPG
(1,2-dimyristoyl-sn-glycero-3-phospho-glycerol). Using
DMPG nanodiscs, we were able to detect a total of 10 targets
(16% expression rate). These included almost all targets that
can be expressed in DMPC nanodiscs (Figure 5, Tables S1
and S2). It thus appears that DMPG is a more suitable lipid
to form nanodiscs for use with cell-free systems.

2.7 | Cell-free production of functional
mitochondrial pyruvate carrier complexes

In our cell-free screening, we found that MPCs oli-
gomerize (Figure 3). In fact, it is suggested that the func-
tional carrier is a heterodimer of either MPC1/2 or

MPC1/3.38,39 To assess whether we could produce MPC
complexes using our cell-free set-up, we performed reac-
tions that contained two plasmids, each encoding an
MPC with either a His-tag or Strep-tag at its C-terminus.
After reactions were completed, proteins were purified by
Ni2+-affinity resins followed by immunoblotting using
antibodies against Strep-tag. As shown in Figure 6, we
can detect three associated complexes (MPC1/2, MPC1/3,
and MPC2/3). The assembly of these complexes was not
due to nonspecific binding of Strep-tagged proteins to the
Ni2+-NTA resin (Figure 6, Lanes d and e). We were also
able to detect the binding events of His-tagged MPC1 to
Strep-tagged MPC2 or MPC3 using microscale thermo-
phoresis (MST)48 (Figure S1).

With the cell-free produced MPC complexes, we
asked whether substrate pyruvate might enhance the
complex formation. Indeed, the addition of sodium pyru-
vate increased expression of MPC1 and MPC3 signifi-
cantly, but to a lesser extent for MPC2 (Figure 7 and data
not shown). The optimal concentration of sodium pyru-
vate is about 100 μM for MPC1 and 250 μM for MPC3.
This phenomenon is specific to sodium pyruvate as the
lithium salt of pyruvate and sodium succinate had little
to no effect (Figure 7).

FIGURE 5 Cell-free expression in MSP nanodiscs. Anti-His immunoblot of Nickel-purified cell-free reactions of selected targets

expressed in nanodiscs filled with DMPG or DMPC. (a) C. reinhardtii Bax Inhibitor 1 (30 kDa). (b) Lipid phosphate phosphatase γ (28 kDa).
(c) Phosphate/phosphoenolpyruvate translocator PPT2 (46 kDa). (d) Mitochondrial fission process protein 1 (20 kDa). About one-quarter of

the purified protein was loaded on gel. Relevant protein bands are indicated by a red star (*). Molecular weights include His tag

FIGURE 6 Coexpression of mitochondrial pyruvate carrier complexes in Brij-35. Anti-Strep immunoblot of reaction mixture (lanes a–c)
and of Ni2+-purified proteins (lanes d–i) of cell-free reactions containing the following plasmid combinations: (a) MPC1-His. (b) MPC2-His/

MPC3-Strep. (c) MPC3-His/MPC2-Strep. (d) MPC2-Strep. (e) MPC3-Strep. (f) MPC1-His/MPC2-Strep. (g) MPC1-His/MPC3-Strep.

(h) MPC2-His/MPC3-Strep. (i) MPC3-His/MPC2-Strep. For lanes a–c, 10% of soluble fraction was assessed. For lanes d–i, 25% of purified

protein was tested
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We next used MST to evaluate whether the cell-free
produced MPCs could bind pyruvate. We used MPC1,
MPC3, or MPC1/3 for titration with a series concentra-
tions of sodium pyruvate, and we observed MST
responses indicating binding events with the MPC1/3
complex exhibiting a significantly lower Kd than MPC1
or MPC3 alone (Figure 8). Therefore, our cell-free pro-
duced MPCs are capable of substrate binding.

3 | DISCUSSION

In this work, we present a cell-free based screening
workflow for expression of eukaryotic membrane pro-
teins, which remains a bottleneck for structure–function
characterizations. Our workflow features a parallel
screening of six lipid mimetics using microdialysis
devices and a 96-well plate, thus providing a high-
throughput system for screening many eukaryotic mem-
brane protein targets within 48–72 hr. To make use of E.
coli extracts for eukaryotic membrane protein production,
we optimized codons for all genes.

In our screening for 61 MPs, we have used six lipidic
mimetics, which we found to be a good combination to
cover various conditions of detergents, lipids, and
nanodiscs. Not surprisingly, we found that detergents
performed better than liposomes or nanodiscs. In our
hands, Brij-35 was significantly better than DDM in the
cell-free system. It has been shown that essentially only
very mild surfactants such as Brij or digitonin work best
(see Ref. 28 and references therein). In fact, when we
used GDN, a synthetic derivative of digitonin,49 on a
select subset targets we found it to perform well, but no
better than Brij-35 (data not shown).

DDM performed comparably with Brij-35 in the cell-
based system; however, in the cell-free system, the rate of
expression with DDM was only about half of that with
Brij-35. Overall, the two detergents covered 31 of the
61 targets in the cell-free setup (51%), but only 18 (30%)
in the cell-based system, a rate that corresponds to what
we routinely see for prokaryotic MP expression in our
laboratory.32,33 It should be noted that in the cell-based
expression the detergents are used to extract the proteins
from the membranes whereas in the cell-free methods

FIGURE 7 Cell-free production of MPCs in presence of various ligands. Anti-His immunoblot of soluble fraction of His-tagged MPC1 or

MPC3. Cell-free reactions were performed in the presence of Brij-35 (0.2% final) and indicated concentrations of ligands. Ligands were added

in both reaction and feeding mixture. Pyr, pyruvate; Suc, succinate. 10% of the soluble fraction was assessed

FIGURE 8 Microscale thermophoresis (MST) analysis of interactions between MPCs and pyruvate. Unlabeled MPC1-His (500 nM, a),

MPC3-Strep (250 nM, b), or labeled His-tagged MPC1 (50 nM) and unlabeled MPC3-Strep (100 nM, c) was titrated with the indicated

concentration of sodium pyruvate. MST was performed on Nanotemper Monolith NT.LabelFree at medium MST power and 20% excitation

power (a and b) or on a Monolith NT.115 at medium MST power and 60% excitation power (c). Output for a and c was normalized

fluorescence (1,000 units = relative fluorescence before MST power) and photobleaching rate for B (0/00% s�1 decline from �3 s to 0 s).

Calculated Kds were �6 mM (a), �3 mM (b), and �3 μM (c)
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that is not the case. Not surprisingly then a mild deter-
gent such as Brij-35 does not perform as well when used
to extract proteins but is superior in the cell-free method.

Although adding liposomes and nanodiscs to the cell-
free reactions did not increase the expression coverage by
significant amounts (from 31 to 35), we envision that
these lipidic mimetics are still worthwhile: first, combina-
tions of different lipids might result in expression
(or solubility) of targets previously not detected. This was
shown with the liposomes where substituting PG for PE
increased the solubility of targets significantly. Second,
liposomes and nanodiscs more closely represent a natural
environment for membrane proteins than detergents.
Lipids play a vital role in the folding process, topological
organization, and modulation of functionality of mem-
brane proteins.50,51 This becomes particularly important
when studying biophysical and functional characteriza-
tions of MPs.27 Our own data with pyruvate binding to
the mitochondrial pyruvate carriers (MPCs) shows that
although the MPCs produced with Brij-35 did show bind-
ing of pyruvate, the Kds were relatively high, especially
for the single MPC proteins, and the binding affinity can
probably be improved by synthesizing the MPCs in a lipid
bilayer.

It is important to note that the screening platform
described here can be expanded easily to include addi-
tional lipidic mimetics, be they detergents such as addi-
tional members of the Brij family or other
maltosides,52–54 liposomes with different lipid composi-
tions or blended with diblock polymers,55–57 lipid-
detergent mixtures (i.e., bicelles,27,58,59), improved
nanodiscs derivatives60 or other amphipathic copolymers
such as amphipols.61 It should also be noted that only
non-ionic amphipols (NAPols or Nvoy) appear to work in
cell-free systems and that ionic amphipols, such as
A8-35, and SMAs are inhibitory.61–63 Our own limited
data however suggest that even NAPols might be inhibi-
tory in cell-free reactions (data not shown).

Therefore, it becomes imperative to screen a wide
range of lipidic mimetics for any particular membrane
protein to find a suitable environment, for both structural
and functional analysis, for the target. For instance,
23 targets could not be at all expressed and solubilized in
any of our cell-free or cell-based assays (Table S1). These
so-called “recalcitrant” targets are a major impediment in
the membrane protein field and more innovative ways
need to be developed for them (Section 1). However, it is
also likely that some of these targets could be expressed
in our cell-free setup with mimetics that have not been
tested as described above. For example, Blesneac et al.34

found that the production of soluble rat uncoupling pro-
tein UCP1 could be improved significantly in the pres-
ence of fluorinated surfactants and cardiolipin.

Another approach is to add additives to improve
expression and/or stabilize the target in a conducive envi-
ronment as was shown with pyruvate and the mitochon-
drial pyruvate carriers. For instance, Kai et al.64 tested
more than 20 chemical “chaperones” that can potentially
stabilize membrane proteins. Those included sugars,
modified amino acids, alcohols, and PEGs of different
sizes.

Incidentally, none of the 23 recalcitrant targets can
actually be synthesized in the total reaction mixtures
(Figure 1 and Section 4). It is worthwhile noting that the
average and median molecular weights of this subset of
targets are higher than for the total set (p < .01) and sig-
nificantly higher than any of the expressed ones
(p < .001; see Table S3). It is thus possible that expression
of these targets is just a matter of an improved transcrip-
tional/translational system and that could be achieved by
optimizing several parameters including reaction temper-
ature, potassium, and magnesium concentration, as well
as modifying regulatory elements to improve RNA tran-
scription and protein synthesis.64–68

Many membrane proteins are stabilized and func-
tion as oligomers. Cell-free expression is applicable to
the formation of homooligomers; however, attention is
needed to screen and optimization of MP production for
heterodimers. With our MPC complexes as an example,
we found the highest yield when MPC1/2 or MPC1/3
were co-expressed. Incidentally, binding of pyruvate as
measured using MST was highest for the MPC1/3 com-
plex as compared to MPC1 or MPC3 alone (Figure 8).
This is not surprising as it has been shown that the func-
tional MPC is most likely a heterodimer.37,38,69

Although we were not able to find any Kds for MPCs in
the literature, the Kd we measured for the A. thaliana
MPC1/3 complex (� 3 μM) seems to be lower than
Michaelis constants (KM) for rat or mouse liver MPC
activity,70 but higher than IC50s found for some MPC
inhibitors.71

In addition, substrate sodium pyruvate seems to fur-
ther enhance the MPC production in a concentration-
dependent manner (Figure 7). Therefore, cell-free sys-
tems offer a convenient way to titrate the formation of
hetero-complexes that are challenging, if not impossible,
to produce in cell-based systems. With the further tuning
of the ratio of added MPC1/2 and MPC1/3 plasmids, one
can even tune the ratio of hetero-complex components.

To the best of our knowledge, this is the first instance
of screening such a large number of eukaryotic mem-
brane proteins using a cell-free system and three types of
lipidic mimetics. Shinoda et al. tested 19 human mem-
brane proteins using mostly liposomes and bicelles27 and
Isaksson et al. tested 24 mostly human membrane pro-
teins although 18 of those were aquaporins and UCPs.35
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Other high throughput systems used soluble
(i.e., cytoplasmic) targets or very few membrane proteins
among them or used exclusively prokaryotic membrane
proteins.42,72,73 Our results highlight the highly efficient
use of cell-free systems for screening and production of
eukaryotic membrane proteins.

4 | MATERIALS AND METHODS

4.1 | Reagents

Amino acids, nucleotides, pyruvate kinase (PK),
phospho(enol) pyruvate (PEP), acetyl phosphate (AcP), and
folinic acid were all from Sigma-Aldrich (St. Louis, MO).
RiboLock RNase inhibitor was from Thermofisher. E. coli
tRNA and complete protease inhibitor cocktail tablets were
from Roche. n-Dodecyl-β-D-maltopyranoside (DDM), GDN,
NAPol, were from Anatrace and Brij-35 from Millipore
(Burlington, MA). L-α-Phosphatidylcholine (PC) and L-
α-phosphatidylethanolamine (PE) were from Sigma-Aldrich,
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-glycerol
(POPG), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), and 1,2-dimyristoyl-sn-glycero-3-phospho-
glycerol (DMPG) were from Avanti Polar Lipids
(Alabaster, AL).

The mouse anti-HIS antibody was from Takara Bio
(Kusatsu, Japan). The mouse anti-STREP antibody was
from IBA Lifesciences (Göttingen, Germany). Goat anti-
mouse IgG-Peroxidase antibody was from Sigma-
Aldrich. SDS protein gels were from BioRad (Hercules,
CA; Criterion 4–20% Tris-Cl). Blocking reagent
(SuperBlock T20), PBS-Tween, and chemiluminescence
reagent (SuperSignal™ West Femto Maximum Sensitiv-
ity Substrate) were from Thermofisher (Waltham, MA).

Isopropyl-beta-D-thiogalactoside (IPTG), 4-(2-
Aminoethyl)-benzenesulfonylfluoride hydrochloride
(AEBSF), Tris (2-Carboxyethyl) phosphine (TCEP), and
Nickel chelating resin were from Gold Biotechnology
(St. Louis, MO).

4.2 | E. coli strains and DNAs

The E. coli A19 strain [Hfr, rna-19, gdhA2, his-95, relA1,
spoT1, metB1] was from the E. coli Genetic Stock Center
at Yale University (cgsc.biology.yale.edu). The expression
strain BL21(DE3)-pLysS [F� ompT, hsdSB(rB

�, mB
�), gal,

dcm, (DE3), pLysS-(CamR)], and the plasmid pAR1219
were from Sigma (St. Louis, MO). All target DNAs were
codon-optimized, synthesized, and cloned into a pET23
derivative containing a C-terminal TEV cleavage site
followed by a deca-histidine tag.

4.3 | S30 E. coli extract and T7 RNA
polymerase preparation

For S30 extract preparation, the A19 strain was grown in
Terrific Broth (TB) to an OD600 of 3–4. Cells were col-
lected by centrifugation and washed three times in S30
buffer A (10 mM Tris-Acetate, pH 8.2, 14 mM Mg[OAc]2,
60 mM KCl, and 6 mM β-Mercaptoethanol). Cells were
then thoroughly resuspended with a volume,
corresponding 1.1 � the pellet, of S30 buffer B (buffer A
plus 1 mM DTT and 1 mM AEBSF) and broken up with
a micro-fluidizer. The resulting extract was clarified by
centrifugation (30,000�g, 30 min), adjusted with NaCl to
400 mM, incubated at 42�C for 45 min and then dialyzed
against S30 buffer C (10 mM Tris-Acetate, pH 8.2,
14 mM Mg(OAc)2, 60 mM K(OAc), and 0.5 mM DDT).
The dialyzed lysate was then cleared again by centrifuga-
tion, aliquoted, and stored at �80�C.

For T7 RNA polymerase production, pAR1219 plas-
mid was transformed in BL21 Star (Novagen). Cells were
grown in LB to an OD600 of about 0.7–0.8, collected by
centrifugation, resuspended in Resuspension Buffer A
(30 mM Tris-Cl, pH = 8, 50 mM NaCl, 10 mM EDTA,
10 mM β-mercaptoethanol, 1 mM AEBSF, and 5% glyc-
erol), broken up by sonication and debris was removed
by centrifugation (20,000�g, 30 min). Genomic DNA was
removed by adding streptomycin sulfate to the clarified
lysate stepwise to a final concentration of 2% and the
resulting precipitate was spun down by centrifugation
(20,000�g, 30 min). The lysate was then purified over an
anion exchange column (HiPrepQ FF 16 10, GE) using a
NaCl gradient from 50–500 mM in Resuspension Buffer
A. Fractions containing the T7 RNA polymerase protein
(as judged by protein gel electrophoresis) were pooled
and dialyzed against a buffer containing 10 mM K2HPO4,
pH = 8, 100 mM NaCl, 0.5 mM EDTA, 1 mM DTT, and
5% glycerol. The dialyzed lysate was adjusted to a final
glycerol concentration of 10% and concentrated to about
4 mg/ml. Finally, glycerol concentration was adjusted to
50% and the preparation was aliquoted and stored
at �20�C.

4.4 | Cell-free reactions

Cell-free miniscale reactions were in a total volume of
110 μl and were performed in Pierce 96-well micro-
dialysis devices (10 kDa cut-off; Thermofisher). The reac-
tion mixture (RM) consisted of 35% of S30 extract,
0.015 mg/ml of DNA, 0.3 U/μl RiboLock, 5–6 μl of T7
RNA polymerase, 0.5 mg/ml tRNA and 0.1 mg/ml of PK
in a feeding mixture (FM) containing amino acids at
1 mM each, PEP and AcP at 20 mM each, GTP, CTP, and
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UTP (0.8 mM each), ATP (1.2 mM), DTT (2 mM), folinic
acid (0.1 mg/ml), complete protease inhibitor cocktail
(0.05 tablet/ml), 100 mM HEPES-KOH pH = 8, 20 mM
EDTA, 11 mM Mg(OAc)2, 150 mM K(OAc), 2% PEG
8000, and 0.05% NaN3. The microdialysis devices were
placed in 96-well deep-block plates containing ≈1.9 ml of
0.4� of FM. For detergent screening, DDM and Brij-35
were included in both RM and FM at 0.2% (w/v) final.
GDN and NAPol were at final concentrations of 9.3 and
3 mg/ml, respectively, in both RM and FM. PC–PE
(95%:5%, w/w) and PC–POPG (56%:44%, w/w) liposomes
were added to RM only at a final concentration of
2.7 mg/ml. Nanodiscs (MSP1E3) with DMPC or DMPG
were added to RM only at a final concentration of 10 μM.
Reactions were performed at 34�C overnight in a SHEL
LAB shaking incubator (Sheldon Manufacturing, Corne-
lius, OR) at 700 rpm.

4.5 | Purification of cell-free reactions

Reactions were transferred to 1.5 ml Eppendorf tubes and
10 μl was removed for assessing total protein synthesis
(T). For the soluble fractions (S), tubes were spun at
20,000�g at 4�C for 30 min and 10 μl were removed from
the supernatant. For Ni2+-affinity purification, soluble
fractions were placed into a 96-well filter plate deep-well
block (Thomson Instrument Company, Oceanside, CA)
and 35 μl of a 50% Ni-Sepharose slurry was added. The
mixtures were then diluted with PBS to about 500 μl and
shaken for 1–2 hr at 4�C. Ni2+-sepharose beads were
washed twice and proteins were eluted in a total of 40 μl
as described previously.33

4.6 | Immunoblotting assay

For detergent and liposome experiments, equal amounts
of T and S fractions (5–10 μl) were separated on Criterion
gels. For nanodisc experiments, 10 μl of Ni2+-affinity-
purified fraction was used. Gels were run in Tris-Glycine-
SDS buffer in a Dodeca Cell chamber (BioRad) following
manufacturer's manual. Proteins were transferred to
PVDF membranes using an iBlot 2 transferring machine
(Thermofisher). Membranes were blocked for 1 hr in
blocking buffer and then incubated overnight with the
primary antibody diluted in blocking buffer (1:5,000 for
the anti-His and 1:1,000 for the anti-STREP). Membranes
were then washed three times in PBS-Tween, incubated
for 1 hr with a 1:70,000 dilution of anti-mouse IgG-
Peroxidase antibody, and then washed again three times.
Finally, membranes were incubated for 1 min in
enhanced chemiluminescence (ECL) reagent and imaged

using a ChemiDoc imaging system (BioRad). Only immu-
noblot bands in the range (±20%) of the expected molec-
ular weight were considered. Bands had to be clearly
above background to be included as expressed. For each
lipidic mimetic, the strongest bands were assigned three
stars (***; see also Table S1). All other bands were catego-
rized as either medium or weak and given either two (**)
or one (*) star, respectively.

4.7 | BL21-pLysS mini-scale expression

Expression and purification of targets in BL21-pLysS
were performed essentially as described previously.33 In
short, 30 μl of an overnight saturated culture was added
to 1 ml of 2xTY (plus carbenicillin and chloramphenicol)
in a 96-well deep-well block, and cells were grown for
75 min at 37�C at which point IPTG was added to a final
concentration of 0.4 mM and cells were grown for an
additional 4 hr at 37�C. Cells were recovered by centrifu-
gation and pellets were resuspended in 0.5 ml of
Resuspension buffer (50 mM HEPES, pH 7.8, 300 mM
NaCl, 20 mM imidazole, pH 7.8, 1 mM MgCl2, 1.2 mg/ml
AEBSF, and 0.5 mM TCEP). After two rounds of sonica-
tion, DDM or Brij-35 was added to a final 2% and extrac-
tion was done in the cold for at least 1 hr on a shaking
platform. Lysate was then centrifuged at 4,500�g and
10 μl of soluble supernatant was removed and assayed by
immunoblotting as described above.

4.8 | Microscale thermophoresis

MST was performed on Nanotemper Technologies' Mono-
lith NT.115 for labeled targets and Monolith NT.LabelFree
for unlabeled targets following the manual from the
manufacturer (Nanotemper Technologies, München,
Germany). For labeled His-tagged targets, protein (100 nM
final) was incubated with 50 nM of RED-tris-NTA label
for 30 min at RT before binding assays. Binding assays for
both NT.115 and NT.LabelFree were performed by mixing
an equal volume of labeled or unlabeled protein and 1:1
serially diluted ligand in assay buffer (40 mM HEPES,
pH 7.8, 200 mM NaCl, 0.2% Brij-35). Samples were then
loaded into capillaries (Nanotemper Technologies) and
measured using the manufacturer's recommended settings.
Results were monitored by using MO. Control software
and Kds were determined with MO. Affinity (Nanotemper
Technologies).
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