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Abstract 

Membrane proteins must be inserted into a membrane and folded into their correct structure in 

order to function correctly. This insertion occurs during translation and synthesis by the ribosome 

for most α-helical membrane proteins. Precisely how this co-translational insertion and folding 

occurs, and the role played by the surrounding lipids, is still not understood. Most of the work on the 

influence of the lipid environment on folding and insertion has focussed on denatured, fully 

translated proteins, and thus does not replicate folding during unidirectional elongation of nascent 

chains that occurs in the cell. This review aims to highlight recent advances in elucidating lipid 

composition and bilayer properties optimal for insertion and folding of nascent chains in the 

membrane, and in the assembly of oligomeric proteins.  
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Introduction 

Membrane proteins comprise over a third of proteins in the cell, and yet remain poorly understood. 

Transmembrane (TM) α-helical proteins reside within a lipid bilayer, and thus depend upon the 

surrounding lipids in order to fold and function correctly.  α-helical proteins are typically inserted 

into the lipid membrane co-translationally via an insertase, such as the E. coli translocon SecYEG [1, 

2] or via YidC [3]. To date, the majority of work on the effect of lipids on TM protein folding and 

function has used fully translated protein [4-13], and thus cannot be generalised to the insertion of 

nascent chains as they emerge from the ribosome (Fig. 1). The aim of this paper is to discuss the 

effects of lipid properties on nascent chain folding in the absence of cellular insertases. In particular, 

this paper will focus on larger and oligomeric proteins in planar bilayer mimetics. 

Why study nascent chain folding? 

The majority of work on membrane protein folding uses relatively well-behaved proteins that have 

been purified following cellular overexpression and partially unfolded in a denaturant. A significant 

amount of structure remains in this unfolded state [9, 11, 14-20]. While still providing valuable 

information, particularly for example with regard to thermodynamics, it is unclear precisely how this 

in vitro reversible folding relates to co-translational folding in the cell, in which insertion and folding 

occur during polypeptide synthesis (Fig. 1)[21-23]. 

Studies of nascent chain insertion and folding often use membrane extracts, such as E. coli inner 

membrane vesicles [24-27], and microsomes (often extracted from dog pancreas) [28-31]. These 

extracts are useful as they include all the integral membrane apparatus required to aid insertion of 

proteins into the bilayer. Much work has focussed on the insertion of model fusion proteins and 

truncated or stalled polypeptides [32-36]. These studies are valuable, as they provide tractable 

experimental systems that aid understanding of insertion of key protein segments and indicate how 

translocon assisted insertion may occur. They do not however aid understanding of how global 

membrane properties such as lateral pressure, headgroup charge and lipid phase govern insertion 

and folding. 

Nascent chain folding in vivo 

In vivo, membrane proteins are inserted into the bilayer via SecYEG/Sec61, or via YidC-like insertases 

[37-39]. The majority of α-helical membrane proteins insert into the membrane co-translationally 

[21-23]. Those that insert co-translationally via the Sec pathway first interact with the Signal 

Recognition Particle (SRP) upon emergence from the ribosome, and are chaperoned to the 

membrane for insertion via interaction with the SRP receptor, FtsY [40-45]. In the standard model 
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for translocon guided insertion, the nascent chain emerges from the ribosome directly into the 

translocon channel, and the TM helices partition into the membrane via a lateral gate in the 

translocon. A recently proposed alternative model [38] (Fig. 2) suggests that the translocon acts as a 

chaperone for polar loops to traverse the membrane, and the TM helices do not enter the 

translocon channel. Instead, TM helices first partition with the interfacial headgroup region of the 

lipid bilayer, before inserting across the bilayer by sliding down the translocon lateral gate. In this 

model the TM helices are in constant contact with the lipid bilayer, and use the highly favourable 

association with the hydrophobic interior of the membrane as a driving force for insertion [38]. Thus, 

the study of membrane protein insertion in the absence of translocon is informative, as not only 

could the initial interaction with the lipid bilayer be an important step during insertion, but if folding 

is thermodynamically driven then the partitioning free energies are independent of an insertase and 

the pathway taken.  

YidC-like insertases include YidC of E. coli, Oxa1 of mitochondria and Alb3/Alb4 of chloroplast 

thylakoids [46]. The mechanisms of insertion via these YidC-like insertases are less well understood. 

To date there are only a small number of substrates known to be dependent on the E. coli YidC, 

including the homopentameric channel MscL [37, 46-48]. Substrates for YidC are thought to be small 

proteins with one or two membrane spanning regions [37]. YidC is thought to have a role in 

assembly of large membrane complexes, as YidC downregulation affects the assembly of a number 

of respiratory complexes, such as the F1F0 ATP synthase [37, 46]. It is unclear whether this is because 

the complexes contain a YidC substrate which can no longer insert into the membrane, or because 

YidC has a direct role in membrane complex assembly. 

Lipids modulate folding and insertion of membrane proteins 

Membrane proteins reside in a lipid bilayer and are therefore constantly influenced by their lipid 

environment. The lipid composition in native membranes is remarkably different between different 

organisms, and even between organelles [49-52]. The E.coli inner membrane for example contains 

mainly unsaturated lipid chains with a high percentage of PE headgroups along with PG and 

cardiolipin [49, 52]. In contrast the plasma membrane of mammalian cells contains PC, PI, and 

cholesterol [50, 51], and is thicker than the E.coli inner membrane as it contains sphingolipids with 

long, saturated chains (C16-C32 chains, [50]). Given how varied native membranes are, replicating 

the complex native membrane for in vitro experiments is incredibly challenging. 

The surrounding lipids can influence membrane proteins in a number of ways - their folding [6, 8, 10, 

11], their insertion into the bilayer [4, 5, 7, 13, 16], their function [10, 53-57], their topology [58-67], 

and their oligomerisation [68-70]. α-helical membrane proteins are almost always inserted into the 
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bilayer co-translationally [21-23]; the lipid environment is therefore likely to be highly influential on 

the folding and insertion on the nascent chain as it emerges from the ribosome and translocon.  

Lipids can influence membrane proteins directly via specific interactions with the headgroup region, 

or indirectly via the lateral pressure profile and the lipid phase. Lipid headgroups can be charged 

(e.g. PG, PS), or zwitterionic (e.g. PC, PE), and some (e.g. PC, PE) can hydrogen bond with other lipid 

headgroups, the aqueous phase or with membrane proteins [71-73]. Lipid chains which are 

saturated (e.g. DMPC, DPPC) have low lateral chain pressure, while introducing unsaturation to the 

lipid chains produces a more fluid bilayer and increases lateral chain pressure (e.g. DOPC) [49].  A 

further increase in lateral chain pressure can be produced by addition of the non-bilayer forming 

lipid PE. The small headgroups of PE cause negative curvature towards the aqueous phase, resulting 

in the lipid chains becoming constrained in the bilayer when mixed with a bilayer forming lipid such 

as PC [74]. The bilayer forming negatively charged lipid PG also has a slightly higher tendency to 

curve towards the aqueous phase than PC, particularly when there is a high concentration of 

divalent cations in the aqueous phase (as is the case during cell-free reactions) [10, 75]. While a high 

lateral chain pressure has been shown to hinder insertion [4, 5, 12, 13], there is a compensating 

decrease in headgroup pressure, which may aid association of TM helices with the bilayer headgroup 

region [4-6] (Fig. 3). Lipid phase is also an important property of lipid bilayers; lipids at gel phase 

likely hinder insertion (e.g. DMPC below 25 °C).  

Lipids and cell-free expression of membrane proteins 

The membrane mimetic supplied during the cell-free synthesis of membrane proteins has a 

significant effect on the yield of folded and functional protein produced, and has been the subject of 

multiple reviews [76-79]. It has been suggested that membrane proteins can fold correctly in a range 

of detergents or amphipols, and that the final folded state is independent of the folding route taken 

[80]. While this is true in some cases, the majority of membrane proteins do have specific 

membrane mimetic requirements to be folded and stable. Almost all previous work on the 

production of membrane proteins by cell-free expression therefore includes some degree of 

optimisation of the lipid and/or detergent environment [81-89]. This optimisation is often performed 

with the aim of producing as much functional protein as possible to do structural and 

characterisation studies on the final folded protein. Not many studies have systematically studied 

how different lipids and lipid properties affect the co-translational nascent chain folding process 

itself. Cell-free expression in the presence of either inner membrane vesicles [24-27] or microsomes 

[28-31] is common, and while able to mimic native membrane compositions does not offer insight 

into which lipid properties specifically influence folding and insertion. Studies which aim to look at 
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specific lipid properties have used defined mixtures of synthetic lipids to enable control over bilayer 

composition. Synthetic mixtures often include PC, which is not native to E.coli but readily forms well-

characterised, unilamellar fluid bilayers to which other lipid types are added. 

A hindrance in studying the effect of lipid properties on TM insertion is the tendency for liposomes 

to precipitate in cell-free reactions [76, 79] due to the high concentration of divalent cations present 

in many cell-free extracts. Many membrane proteins are therefore produced cell-free with PC lipids 

only, often extracted from soy bean, which are less prone to precipitation. Recent work has avoided 

this issue by using nanodiscs rather than liposomes to investigate lipid effects. Nanodiscs are 

composed of a small planar phospholipid bilayer surrounded by Membrane Scaffold Protein (MSP), 

and are around 10 nm in diameter. Care should be taken when comparing the results between 

nanodiscs and liposomes however, as the lipids in each have different global properties. Nanodiscs 

have altered phase behaviour compared to liposomes [90-92]. For example, DMPC has a significantly 

broader gel to liquid crystalline phase transition temperature in nanodiscs (between 20 - 40 °C) than 

DMPC in liposomes [90].  

Optimising the surrounding lipids promotes nascent chain folding 

While there are very few studies on the effect of the lipids on nascent chain folding, a trend is 

beginning to emerge in which headgroup charge and chain unsaturation favour insertion and 

folding. Work on the E. coli rhomboid protease GlpG found that increasing the headgroup charge 

and lateral chain pressure via addition of DOPG and DOPE promoted spontaneous insertion, with the 

highest amount of insertion observed in 50:50 DOPE:DOPG and E. coli polar extract, and the lowest 

amount of insertion observed in DMPC [16]. The lipids in this study were supplied as liposomes to 

the PURExpress cell-free expression system, which has fewer problems with liposome precipitation 

than cell free extracts [16]. Work on the β1-adrenergic receptor (β1-AR) produced by an E. coli cell 

lysate (S30 extract) in the presence of nanodiscs has concluded that insertion of active protein into 

nanodiscs increases when unsaturation is introduced to the lipid chains, with nanodiscs composed of 

DOPC an improvement on those formed from DMPC. β1-AR also preferred charged headgroups, with 

both PG and PS favoured over PC headgroups. There was a further preference for trans lipid tails 

(DEPG) over cis lipid tails (DOPG). This study also found that most of the lipids tested produced 

around the same amount of inserted protein, but did not all result in active receptor [93], 

demonstrating the importance of testing proteins for function once they are inserted into a bilayer. 

Cell wall synthesis enzyme MraY from E. coli (EC-MraY) was found to prefer nanodiscs composed of 

DMPG to DMPC, and when a mixture of these two lipids was used, a minimum of 50 % DMPG was 
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required for insertion and activity. In contrast, MraY from B subtilis (BS-MraY) did not have a 

preference for a particular headgroup, despite being a homologous protein [94]. 

While there is an apparent trend emerging for a preference for charged headgroups and lateral 

chain pressure (Table 1), it is not universal. The E. coli disulphide bond reducing protein DsbB has 

been found to insert best into liposomes composed of 100 % DMPC, with a reduced insertion yield in 

the other lipids tested [16]. It could be expected that proteins from the same organism would have a 

preference for similar lipids, but this is clearly not the case. Studies from chemically denatured 

membrane proteins have indicated that the different lipid dependences of proteins may reflect 

contrasting folding mechanisms and rate-limiting steps. Differing aspects of membrane proteins, 

including folding rate, yield, topology and stability have dissimilar dependences on lipid headgroup 

charge and lateral pressure. 

Making oligomeric membrane proteins using cell-free expression 

Many membrane proteins function as a part of multi-subunit complexes in vivo, either as homo- or 

hetero-oligomers. However, it is difficult to express oligomeric proteins in vitro, as the individual 

subunits need to be either co-expressed and assembled prior to purification, or expressed and 

purified separately and then assembled. The route taken depends on whether assembly and folding 

are cooperative or independent [95, 96], and on how stable the individual subunits are. The use of 

cell-free expression can aid studies of oligomeric proteins, as it may be easier for individual subunits 

to interact in the cell-free reaction. In vivo, YidC-like insertases are thought to have a role in the 

assembly of large membrane complexes [37, 47, 48].  

There are a small number of studies which have produced oligomeric proteins cell-free, and even 

fewer which have studied the optimum lipid composition for correct assembly. SecYEG has been 

synthesised cell-free in PUREfrex with soy-PC liposomes. In this study, the DNA template of each was 

titrated to find the DNA concentration required to express a 1:1:1 ratio of SecY, E and G. The 

resulting complexes were analysed by blue native PAGE, and were also assayed for translocation and 

insertion activity [97]. It was also found that a complex cannot be formed when SecE was omitted 

from the cell-free reaction, suggesting that SecY and E need to interact with each other before SecG. 

The oligomeric states of EmrE, KcsA, proteorhodopsin, MraY and the voltage-sensing domain of the 

human proton channel (hHv1-VSD) when inserted into DMPC or DMPG nanodiscs has been studied 

by LILBID-MS (laser-induced liquid bead ion desorption mass spectrometry) [69, 70]. LILBID-MS is a 

recently developed technique which can resolve the oligomeric state of intact complexes in 

nanodiscs when made by cell-free expression. It was found that there was a degree of cooperativity 
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in the assembly of each oligomer. Proteorhodopsin in particular was found to contain primarily 

oligomers when a large excess of empty nanodiscs was present, and KcsA contained exclusively 

tetramers when the KcsA:nanodisc ratio was 2.5:1, indicating cooperativity in tetramer assembly 

[69].  

LILBID-MS can provide valuable insight into how the lipid composition provided during cell-free 

synthesis can affect the oligomerisation of different membrane proteins. It was found that the 

oligomeric state of BS-MraY is the same in nanodiscs of either DMPC or DMPG, but EC-MraY is 

dimeric in DMPG and monomeric in DMPC [69], correlating with the functional data discussed above 

[94]. A 1:1 ratio of DMPC:DMPG contained 72 % dimers [69]. 

Cell-free expression of the homopentameric channel MscL 

There are few oligomeric proteins which are as well-studied as the homopentameric 

mechanosensitive channel MscL.  MscL is well characterised in terms of which lipids promote 

channel opening and function [13, 98], and has been shown by numerous groups to insert 

independently of the Sec translocon [47, 99, 100]. MscL is thought to be a substrate for YidC, but 

there is some uncertainty over whether YidC is required for insertion of the monomer [99] or 

assembly of the pentamer [47], or neither [100]. It has been found that the insertion of the MscL 

monomer decreased upon SRP depletion [47], indicating that the SRP is required for co-translational 

insertion of MscL. The majority of studies on the insertion pathway of MscL have been done in 

insertase-deficient cell lines. This in vivo work on MscL and the fact that it is a homopentamer makes 

it a good candidate to study oligomerisation via cell-free methods in vitro. 

MscL has been synthesised cell-free in E. coli lysates in the presence of detergents [101, 102], non-

detergent surfactants [103] and in soy-PC liposomes, in which patch clamping measurements 

indicated that the spontaneously inserted MscL was functional [100]. There are also studies on 

which lipids aid insertion of MscL into the bilayer when produced by cell-free expression. MscL has 

been expressed with commercial and in-house E. coli lysates in various lipid compositions [79, 100]. 

This work concluded that the fusion protein MscL-GFP preferred the unsaturated chains of DOPC to 

the saturated chains of DMPC and DPPC. The insertion yield of MscL (without GFP) produced cell 

free by an E. coli cell lysate in the presence of liposomes increased through addition of negatively 

charged DOPG. Addition of DOPE, which increases chain unsaturation and lateral chain pressure, 

increased the yield of inserted protein from around 20 % in DOPC to around 50 % in 1:1 DOPC:DOPE 

(Fig. 3). The highest insertion yield was observed in 100 % DOPG, where almost 80 % of the 

synthesised MscL inserts into the liposomes, showing a strong preference for negatively charged 
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headgroups. DOPG also has a slightly higher lateral chain pressure than DOPC due to its negative 

headgroup charge [10, 75]. 

As MscL functions as a homopentamer, the presence of MscL pentamer can be taken as an 

indication of correct assembly. MscL pentamers can be observed in 100% DOPG, but not monomers, 

demonstrating that the high amount of insertion observed in DOPG can be attributed to formation 

of pentamer (Fig 3). Oligomerisation in synthetic bilayers in vitro however may not necessarily 

represent oligomerisation in vivo, as a less crowded bilayer may enable insertion and pentamer 

formation in the absence of an insertase. 

Conclusions 

By the handful of studies conducted so far, it seems to be the case that insertion in the absence of a 

translocon is most efficient when association with the lipid headgroups is favourable (Table 1). This 

highly favourable headgroup association compensates for the high lateral pressures in the lipid chain 

region. This preference for a favourable lipid headgroup association for efficient insertion is 

supported by the recent model proposed for translocon assisted insertion ([38], Fig. 2), in which 

individual TM helices partition with the lipid headgroups before inserting across the bilayer. While it 

seems counterintuitive that a high lateral chain pressure aids insertion, it may be that the rate-

limiting step is association with the headgroups, which is compensated for by adding lipids with high 

chain pressure and low lateral pressure in the headgroup region [7, 8, 104]. 

Different lipid preferences have been found for proteins from the same organism (e.g. GlpG and 

DsbB), and for homologues from different organisms (e.g. MraY from E. coli and B. subtilis). This is 

because the folding rate, yield, topology and stability of different membrane proteins have dissimilar 

dependences on lipid headgroup charge and lateral pressure [4-8, 10, 105], and are therefore 

influenced by lipid properties differently. Significantly more information is needed before we can 

truly understand how lipid properties will affect the folding and insertion of different nascent 

membrane proteins. There are other considerations which must be taken into account when 

optimising a bilayer for insertion. For example, addition of non-native PC lipids when studying E.coli 

proteins is often useful, as PC is highly amenable for in vitro use due to its fluid, unilamellar bilayer 

properties. Many membrane proteins are also dependent on specific lipids for function [10, 53-56], 

and these may not be the optimum lipids required for insertion and correct folding. An appropriate 

balance therefore needs to be made between lipids optimum for function, insertion and correct 

folding, and also for ease of use in vitro. The promising developments of both LILBID-MS [69, 70] and 

time-resolved surface-enhanced infrared spectroscopy [16, 106] in combination with nanodiscs of 
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defined lipid composition represent a significant step forward in aiding studies of nascent chain 

folding, oligomerisation and the influence of the surrounding lipids. 
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PC, phosphocholine; PE, phosphoethanolamine; PG, phosphoglycerol; PI, phosphoinositol; PS, 

phosphoserine; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0 PC); DMPG, 1,2-

dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (14:0 PG); DPPC, 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (16:0 PC); DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 (Δ9-Cis) PC); DOPE, 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (18:1 (Δ9-Cis) PE); DOPG, 1,2-dioleoyl-sn-glycero-3-

phospho-(1'-rac-glycerol) (18:1 (Δ9-Cis) PG); DOPS, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (18:1 
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Figure legends 

Fig. 1 In vitro folding vs. nascent chain folding 

Folding is often measured in vitro as shown in (A), where fully translated purified protein in 

detergent is reversibly unfolded in a denaturant. This unfolded state contains a high amount of 

residual helical structure. However folding in the cell occurs as the nascent chain is translated and 

inserted into the bilayer, shown in (B), where helices can interact with each other and with the 

membrane before translation is complete (ribosome not shown) 

Fig. 2 Alternative models of insertion via SecYEG 

(A) In the standard model of TM helix insertion, the TM helices emerge from the ribosome-SRP 

complex and enter the translocon channel. The hydrophobic TM helices partition into the membrane 

via the lateral gate of SecYEG. (B) In the alternative model proposed in [38], the TM helices associate 

with the headgroup interfacial region of the bilayer before inserting across the bilayer by sliding 

down the lateral gate in SecYEG. The helices therefore avoid being in contact with the hydrophilic 

interior of SecYEG. This hydrophilic interior provides a route for the periplasmic loops to cross the 

membrane. Larger periplasmic domains would also traverse the membrane in this way. A similar 

mechanism has been proposed for insertion via YidC-like insertases [37, 107]. 

Fig. 3 Lipid bilayers affect insertion of TM helices 

(A) Bilayers with saturated chains, such as those in DMPC, have a fluid bilayer with low lateral 

pressure in the chain region, and high pressure in the headgroup region. Unsaturation in the lipid 

chains (DOPC) increases the lateral chain pressure, as does adding a non-bilayer forming lipid such as 

DOPE. (B) Bilayers with high lateral chain pressure have a corresponding low headgroup pressure, 

aiding TM helix association with the headgroup region. High lateral chain pressure does not prevent 

TM insertion across a bilayer, but can hinder it. A TM helix can insert more easily across a bilayer 

with low lateral chain pressure [104]. (C) MscL insertion approximately doubles when either PG or PE 

headgroups are added at a 1:1 ratio to PC. Insertion into liposomes composed of 100 % DOPG is 4 

times higher than liposomes of 100 % DOPC, demonstrating a strong preference for charged 

headgroups. MscL was made using an S30 cell lysate following the procedures described in [108], 

and analysed and quantified by [35S]Met incorporation as described in [16] Error bars are the SEM 

from 8 repeats. (D) MscL was made by cell-free expression using an S30 cell lysate in the presence of 

100 % DOPG liposomes and analysed by DDM-PAGE, in which MscL pentamers remain intact [13]. 
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Cell-free insertion into DOPG liposomes produces oligomeric MscL, and no detectable monomer (~ 

15 kDa). 
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Protein 
 

Mimetic Effect Ref 

BS-MraY 10 TM 

Dimeric enzyme for cell 
wall synthesis 

Nanodiscs No preference for DMPC or DMPG [69, 94] 

DsbB 4 TM 

Disulphide bond reducing 
enzyme 

Liposomes Prefers low lateral chain pressure and 
neutral headgroups – DMPC 

[16] 

EC-MraY 10 TM 

Dimeric enzyme for cell 
wall synthesis 

Nanodiscs Prefers DMPG to DMPC, needs 50 % 
PG to function and form dimers 

[69, 94] 

β1-AR 7 TM 

GPCR 

Nanodiscs Prefers high lateral chain pressure 
and negative charge – PG or PS with 
unsaturated trans chains 

[93] 

GlpG 6 TM 

Rhomboid protease 

Liposomes Prefers high lateral chain pressure 
and negative charge – DOPG and 
DOPE 

[16] 

MscL 2 TM 

Pentameric 
mechanosensitive channel 

Liposomes Prefers high lateral chain pressure 
and negative charge – DOPG and 
DOPE 

[79] 

 

Table 1- Summary of optimum lipids for insertion and folding 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

References 

1. Gold VA, Duong F, Collinson I. Structure and function of the bacterial Sec translocon. 
Molecular membrane biology. 2007;24(5-6):387-94. 

2. Van den Berg B, Clemons WM, Jr., Collinson I, Modis Y, Hartmann E, Harrison SC, et al. X-ray 
structure of a protein-conducting channel. Nature. 2004;427(6969):36-44. 

3. Kumazaki K, Chiba S, Takemoto M, Furukawa A, Nishiyama K-i, Sugano Y, et al. Structural 
basis of Sec-independent membrane protein insertion by YidC. Nature. 2014;509(7501):516-
20. 

4. Meijberg W, Booth PJ. The activation energy for insertion of transmembrane alpha-helices is 
dependent on membrane composition. Journal of molecular biology. 2002;319(3):839-53. 

5. Allen SJ, Curran AR, Templer RH, Meijberg W, Booth PJ. Controlling the folding efficiency of 
an integral membrane protein. Journal of molecular biology. 2004;342(4):1293-304. 

6. Allen SJ, Curran AR, Templer RH, Meijberg W, Booth PJ. Folding kinetics of an alpha helical 
membrane protein in phospholipid bilayer vesicles. Journal of molecular biology. 
2004;342(4):1279-91. 

7. Lorch M, Booth PJ. Insertion kinetics of a denatured alpha helical membrane protein into 
phospholipid bilayer vesicles. Journal of molecular biology. 2004;344(4):1109-21. 

8. Seddon AM, Lorch M, Ces O, Templer RH, Macrae F, Booth PJ. Phosphatidylglycerol lipids 
enhance folding of an alpha helical membrane protein. Journal of molecular biology. 
2008;380(3):548-56. 

9. Findlay HE, Rutherford NG, Henderson PJ, Booth PJ. Unfolding free energy of a two-domain 
transmembrane sugar transport protein. Proceedings of the National Academy of Sciences 
of the United States of America. 2010;107(43):18451-6. 

10. Findlay HE, Booth PJ. The folding, stability and function of lactose permease differ in their 
dependence on bilayer lipid composition. Scientific reports. 2017;7(1):13056. 

11. Sanders MR, Findlay HE, Booth PJ. Lipid bilayer composition modulates the unfolding free 
energy of a knotted alpha-helical membrane protein. Proceedings of the National Academy 
of Sciences of the United States of America. 2018;115(8):E1799-E808. 

12. van den Brink-van der Laan E, Antoinette Killian J, de Kruijff B. Nonbilayer lipids affect 
peripheral and integral membrane proteins via changes in the lateral pressure profile. 
Biochimica et Biophysica Acta (BBA) - Biomembranes. 2004;1666(1–2):275-88. 

13. Miller DM, Findlay HE, Ces O, Templer RH, Booth PJ. Light-activated control of protein 
channel assembly mediated by membrane mechanics. Nanotechnology. 
2016;27(49):494004. 

14. Curnow P, Booth PJ. Combined kinetic and thermodynamic analysis of alpha-helical 
membrane protein unfolding. Proceedings of the National Academy of Sciences of the 
United States of America. 2007;104(48):18970-5. 

15. Harris NJ, Findlay HE, Simms J, Liu X, Booth PJ. Relative domain folding and stability of a 
membrane transport protein. Journal of molecular biology. 2014;426(8):1812-25. 

16. Harris NJ, Reading E, Ataka K, Grzegorzewski L, Charalambous K, Liu X, et al. Structure 
formation during translocon-unassisted co-translational membrane protein folding. Scientific 
reports. 2017;7(1):8021. 

17. Harris NJ, Findlay HE, Sanders MR, Kedzierski M, Dos Santos A, Booth PJ. Comparative 
stability of Major Facilitator Superfamily transport proteins. European biophysics journal : 
EBJ. 2017;46(7):655-63. 

18. Otzen DE. Folding of DsbB in mixed micelles: a kinetic analysis of the stability of a bacterial 
membrane protein. Journal of molecular biology. 2003;330(4):641-9. 

19. Paslawski W, Lillelund OK, Kristensen JV, Schafer NP, Baker RP, Urban S, et al. Cooperative 
folding of a polytopic alpha-helical membrane protein involves a compact N-terminal 



14 
 

nucleus and nonnative loops. Proceedings of the National Academy of Sciences of the United 
States of America. 2015;112(26):7978-83. 

20. Lau FW, Bowie JU. A method for assessing the stability of a membrane protein. 
Biochemistry. 1997;36(19):5884-92. 

21. Long AR, O'Brien CC, Alder NN. The cell-free integration of a polytopic mitochondrial 
membrane protein into liposomes occurs cotranslationally and in a lipid-dependent manner. 
PloS one. 2012;7(9):e46332. 

22. Cymer F, von Heijne G. Cotranslational folding of membrane proteins probed by arrest-
peptide-mediated force measurements. Proceedings of the National Academy of Sciences of 
the United States of America. 2013;110(36):14640-5. 

23. Rapoport TA. Protein translocation across the eukaryotic endoplasmic reticulum and 
bacterial plasma membranes. Nature. 2007;450(7170):663-9. 

24. Kuruma Y, Nishiyama K, Shimizu Y, Muller M, Ueda T. Development of a minimal cell-free 
translation system for the synthesis of presecretory and integral membrane proteins. 
Biotechnology progress. 2005;21(4):1243-51. 

25. Wuu JJ, Swartz JR. High yield cell-free production of integral membrane proteins without 
refolding or detergents. Biochimica et Biophysica Acta (BBA) - Biomembranes. 
2008;1778(5):1237-50. 

26. Nishiyama K, Maeda M, Abe M, Kanamori T, Shimamoto K, Kusumoto S, et al. A novel 
complete reconstitution system for membrane integration of the simplest membrane 
protein. Biochemical and biophysical research communications. 2010;394(3):733-6. 

27. Kuruma Y, Suzuki T, Ono S, Yoshida M, Ueda T. Functional analysis of membranous Fo-a 
subunit of F1Fo-ATP synthase by in vitro protein synthesis. The Biochemical journal. 
2012;442(3):631-8. 

28. Fenz SF, Sachse R, Schmidt T, Kubick S. Cell-free synthesis of membrane proteins: tailored 
cell models out of microsomes. Biochimica et biophysica acta. 2014;1838(5):1382-8. 

29. Quast RB, Kortt O, Henkel J, Dondapati SK, Wustenhagen DA, Stech M, et al. Automated 
production of functional membrane proteins using eukaryotic cell-free translation systems. 
Journal of biotechnology. 2015;203:45-53. 

30. Quast RB, Sonnabend A, Stech M, Wustenhagen DA, Kubick S. High-yield cell-free synthesis 
of human EGFR by IRES-mediated protein translation in a continuous exchange cell-free 
reaction format. Scientific reports. 2016;6:30399. 

31. Lyford LK, Rosenberg RL. Cell-free expression and functional reconstitution of homo-
oligomeric alpha7 nicotinic acetylcholine receptors into planar lipid bilayers. The Journal of 
biological chemistry. 1999;274(36):25675-81. 

32. Hessa T, Kim H, Bihlmaier K, Lundin C, Boekel J, Andersson H, et al. Recognition of 
transmembrane helices by the endoplasmic reticulum translocon. Nature. 
2005;433(7024):377-81. 

33. Hessa T, Meindl-Beinker NM, Bernsel A, Kim H, Sato Y, Lerch-Bader M, et al. Molecular code 
for transmembrane-helix recognition by the Sec61 translocon. Nature. 
2007;450(7172):1026-30. 

34. Ismail N, Hedman R, Schiller N, von Heijne G. A biphasic pulling force acts on transmembrane 
helices during translocon-mediated membrane integration. Nat Struct Mol Biol. 
2012;19(10):1018-22. 

35. Ulmschneider MB, Ulmschneider JP, Schiller N, Wallace BA, von Heijne G, White SH. 
Spontaneous transmembrane helix insertion thermodynamically mimics translocon-guided 
insertion. Nat Commun. 2014;5:4863. 

36. Jaud S, Fernandez-Vidal M, Nilsson I, Meindl-Beinker NM, Hubner NC, Tobias DJ, et al. 
Insertion of short transmembrane helices by the Sec61 translocon. Proceedings of the 
National Academy of Sciences of the United States of America. 2009;106(28):11588-93. 



15 
 

37. Kuhn A, Kiefer D. Membrane protein insertase YidC in bacteria and archaea. Molecular 
microbiology. 2017;103(4):590-4. 

38. Cymer F, von Heijne G, White SH. Mechanisms of Integral Membrane Protein Insertion and 
Folding. Journal of Molecular Biology. 2015;427(5):999-1022. 

39. Wang P, Dalbey RE. Inserting membrane proteins: the YidC/Oxa1/Alb3 machinery in 
bacteria, mitochondria, and chloroplasts. Biochimica et biophysica acta. 2011;1808(3):866-
75. 

40. Koch HG, Hengelage T, Neumann-Haefelin C, MacFarlane J, Hoffschulte HK, Schimz KL, et al. 
In vitro studies with purified components reveal signal recognition particle (SRP) and 
SecA/SecB as constituents of two independent protein-targeting pathways of Escherichia 
coli. Molecular biology of the cell. 1999;10(7):2163-73. 

41. Keenan RJ, Freymann DM, Stroud RM, Walter P. The signal recognition particle. Annual 
review of biochemistry. 2001;70:755-75. 

42. Saraogi I, Akopian D, Shan SO. A tale of two GTPases in cotranslational protein targeting. 
Protein science : a publication of the Protein Society. 2011;20(11):1790-5. 

43. Akopian D, Shen K, Zhang X, Shan SO. Signal recognition particle: an essential protein-
targeting machine. Annual review of biochemistry. 2013;82:693-721. 

44. Flanagan JJ, Chen JC, Miao Y, Shao Y, Lin J, Bock PE, et al. Signal recognition particle binds to 
ribosome-bound signal sequences with fluorescence-detected subnanomolar affinity that 
does not diminish as the nascent chain lengthens. The Journal of biological chemistry. 
2003;278(20):18628-37. 

45. Ataide SF, Schmitz N, Shen K, Ke A, Shan SO, Doudna JA, et al. The crystal structure of the 
signal recognition particle in complex with its receptor. Science. 2011;331(6019):881-6. 

46. Dalbey RE, Kuhn A, Zhu L, Kiefer D. The membrane insertase YidC. Biochimica et biophysica 
acta. 2014;1843(8):1489-96. 

47. Pop OI, Soprova Z, Koningstein G, Scheffers DJ, van Ulsen P, Wickstrom D, et al. YidC is 
required for the assembly of the MscL homopentameric pore. The FEBS journal. 
2009;276(17):4891-9. 

48. de Sousa Borges A, de Keyzer J, Driessen AJ, Scheffers DJ. The Escherichia coli membrane 
protein insertase YidC assists in the biogenesis of penicillin binding proteins. Journal of 
bacteriology. 2015;197(8):1444-50. 

49. Findlay HE, Booth PJ. The biological significance of lipid-protein interactions. Journal of 
physics Condensed matter : an Institute of Physics journal. 2006;18(28):S1281-91. 

50. van Meer G, de Kroon AI. Lipid map of the mammalian cell. Journal of cell science. 
2011;124(Pt 1):5-8. 

51. van der Rest ME, Kamminga AH, Nakano A, Anraku Y, Poolman B, Konings WN. The plasma 
membrane of Saccharomyces cerevisiae: structure, function, and biogenesis. Microbiological 
reviews. 1995;59(2):304-22. 

52. Morein S, Andersson A, Rilfors L, Lindblom G. Wild-type Escherichia coli cells regulate the 
membrane lipid composition in a "window" between gel and non-lamellar structures. The 
Journal of biological chemistry. 1996;271(12):6801-9. 

53. Klein N, Hellmann N, Schneider D. Anionic Lipids Modulate the Activity of the 
Aquaglyceroporin GlpF. Biophysical journal. 2015;109(4):722-31. 

54. Lee AG. How lipids affect the activities of integral membrane proteins. Biochimica et 
biophysica acta. 2004;1666(1-2):62-87. 

55. Gold VA, Robson A, Bao H, Romantsov T, Duong F, Collinson I. The action of cardiolipin on 
the bacterial translocon. Proceedings of the National Academy of Sciences of the United 
States of America. 2010;107(22):10044-9. 

56. Valiyaveetil FI, Zhou Y, MacKinnon R. Lipids in the structure, folding, and function of the KcsA 
K+ channel. Biochemistry. 2002;41(35):10771-7. 



16 
 

57. Lee AG. How lipids and proteins interact in a membrane: a molecular approach. Molecular 
bioSystems. 2005;1(3):203-12. 

58. Bogdanov M, Dowhan W, Vitrac H. Lipids and topological rules governing membrane protein 
assembly. Biochimica et biophysica acta. 2014;1843(8):1475-88. 

59. Zhang W, Campbell HA, King SC, Dowhan W. Phospholipids as determinants of membrane 
protein topology. Phosphatidylethanolamine is required for the proper topological 
organization of the gamma-aminobutyric acid permease (GabP) of Escherichia coli. The 
Journal of biological chemistry. 2005;280(28):26032-8. 

60. Xie J, Bogdanov M, Heacock P, Dowhan W. Phosphatidylethanolamine and 
monoglucosyldiacylglycerol are interchangeable in supporting topogenesis and function of 
the polytopic membrane protein lactose permease. The Journal of biological chemistry. 
2006;281(28):19172-8. 

61. Bogdanov M, Heacock P, Guan Z, Dowhan W. Plasticity of lipid-protein interactions in the 
function and topogenesis of the membrane protein lactose permease from Escherichia coli. 
Proceedings of the National Academy of Sciences of the United States of America. 
2010;107(34):15057-62. 

62. Wang X, Bogdanov M, Dowhan W. Topology of polytopic membrane protein subdomains is 
dictated by membrane phospholipid composition. The EMBO journal. 2002;21(21):5673-81. 

63. Bogdanov M, Heacock PN, Dowhan W. A polytopic membrane protein displays a reversible 
topology dependent on membrane lipid composition. The EMBO journal. 2002;21(9):2107-
16. 

64. Bogdanov M, Xie J, Heacock P, Dowhan W. To flip or not to flip: lipid-protein charge 
interactions are a determinant of final membrane protein topology. The Journal of cell 
biology. 2008;182(5):925-35. 

65. Vitrac H, MacLean DM, Jayaraman V, Bogdanov M, Dowhan W. Dynamic membrane protein 
topological switching upon changes in phospholipid environment. Proceedings of the 
National Academy of Sciences of the United States of America. 2015;112(45):13874-9. 

66. Vitrac H, Bogdanov M, Dowhan W. In vitro reconstitution of lipid-dependent dual topology 
and postassembly topological switching of a membrane protein. Proceedings of the National 
Academy of Sciences of the United States of America. 2013;110(23):9338-43. 

67. Zhang W, Bogdanov M, Pi J, Pittard AJ, Dowhan W. Reversible topological organization 
within a polytopic membrane protein is governed by a change in membrane phospholipid 
composition. The Journal of biological chemistry. 2003;278(50):50128-35. 

68. Gupta K, Donlan JAC, Hopper JTS, Uzdavinys P, Landreh M, Struwe WB, et al. The role of 
interfacial lipids in stabilizing membrane protein oligomers. Nature. 2017;541(7637):421-4. 

69. Henrich E, Peetz O, Hein C, Laguerre A, Hoffmann B, Hoffmann J, et al. Analyzing native 
membrane protein assembly in nanodiscs by combined non-covalent mass spectrometry and 
synthetic biology. eLife. 2017;6:e20954. 

70. Peetz O, Henrich E, Laguerre A, Lohr F, Hein C, Dotsch V, et al. Insights into Cotranslational 
Membrane Protein Insertion by Combined LILBID-Mass Spectrometry and NMR 
Spectroscopy. Analytical chemistry. 2017;89(22):12314-8. 

71. Boggs JM. Lipid intermolecular hydrogen bonding: influence on structural organization and 
membrane function. Biochimica et biophysica acta. 1987;906(3):353-404. 

72. Pink DA, McNeil S, Quinn B, Zuckermann MJ. A model of hydrogen bond formation in 
phosphatidylethanolamine bilayers. Biochimica et biophysica acta. 1998;1368(2):289-305. 

73. PasenkiewiczGierula M, Takaoka Y, Miyagawa H, Kitamura K, Kusumi A. Hydrogen bonding of 
water to phosphatidylcholine in the membrane as studied by a molecular dynamics 
simulation: Location, geometry, and lipid-lipid bridging via hydrogen-bonded water. J Phys 
Chem A. 1997;101(20):3677-91. 



17 
 

74. Ding W, Palaiokostas M, Wang W, Orsi M. Effects of Lipid Composition on Bilayer 
Membranes Quantified by All-Atom Molecular Dynamics. The journal of physical chemistry 
B. 2015;119(49):15263-74. 

75. Alley SH, Ces O, Barahona M, Templer RH. X-ray diffraction measurement of the monolayer 
spontaneous curvature of dioleoylphosphatidylglycerol. Chem Phys Lipids. 2008;154(1):64-7. 

76. Kuruma Y, Ueda T. The PURE system for the cell-free synthesis of membrane proteins. Nat 
Protocols. 2015;10(9):1328-44. 

77. Henrich E, Hein C, Dotsch V, Bernhard F. Membrane protein production in Escherichia coli 
cell-free lysates. FEBS letters. 2015. 

78. Junge F, Haberstock S, Roos C, Stefer S, Proverbio D, Dotsch V, et al. Advances in cell-free 
protein synthesis for the functional and structural analysis of membrane proteins. New 
biotechnology. 2011;28(3):262-71. 

79. Roos C, Kai L, Proverbio D, Ghoshdastider U, Filipek S, Dotsch V, et al. Co-translational 
association of cell-free expressed membrane proteins with supplied lipid bilayers. Molecular 
membrane biology. 2013;30(1):75-89. 

80. Popot JL, Engelman DM. Membranes Do Not Tell Proteins How To Fold. Biochemistry. 
2016;55(1):5-18. 

81. Henrich E, Dotsch V, Bernhard F. Screening for lipid requirements of membrane proteins by 
combining cell-free expression with nanodiscs. Methods in enzymology. 2015;556:351-69. 

82. Roos C, Kai L, Haberstock S, Proverbio D, Ghoshdastider U, Ma Y, et al. High-level cell-free 
production of membrane proteins with nanodiscs. Methods in molecular biology. 
2014;1118:109-30. 

83. Lyukmanova EN, Shenkarev ZO, Khabibullina NF, Kopeina GS, Shulepko MA, Paramonov AS, 
et al. Lipid-protein nanodiscs for cell-free production of integral membrane proteins in a 
soluble and folded state: comparison with detergent micelles, bicelles and liposomes. 
Biochimica et biophysica acta. 2012;1818(3):349-58. 

84. Shinoda T, Shinya N, Ito K, Ishizuka-Katsura Y, Ohsawa N, Terada T, et al. Cell-free methods 
to produce structurally intact mammalian membrane proteins. Scientific reports. 
2016;6:30442. 

85. Muller-Lucks A, Bock S, Wu B, Beitz E. Fluorescent in situ folding control for rapid 
optimization of cell-free membrane protein synthesis. PloS one. 2012;7(7):e42186. 

86. Ma Y, Munch D, Schneider T, Sahl HG, Bouhss A, Ghoshdastider U, et al. Preparative scale 
cell-free production and quality optimization of MraY homologues in different expression 
modes. The Journal of biological chemistry. 2011;286(45):38844-53. 

87. Kaiser L, Graveland-Bikker J, Steuerwald D, Vanberghem M, Herlihy K, Zhang S. Efficient cell-
free production of olfactory receptors: detergent optimization, structure, and ligand binding 
analyses. Proceedings of the National Academy of Sciences of the United States of America. 
2008;105(41):15726-31. 

88. Etzkorn M, Raschle T, Hagn F, Gelev V, Rice AJ, Walz T, et al. Cell-free expressed 
bacteriorhodopsin in different soluble membrane mimetics: biophysical properties and NMR 
accessibility. Structure. 2013;21(3):394-401. 

89. Shimono K, Goto M, Kikukawa T, Miyauchi S, Shirouzu M, Kamo N, et al. Production of 
functional bacteriorhodopsin by an Escherichia coli cell-free protein synthesis system 
supplemented with steroid detergent and lipid. Protein science : a publication of the Protein 
Society. 2009;18(10):2160-71. 

90. Shaw AW, McLean MA, Sligar SG. Phospholipid phase transitions in homogeneous 
nanometer scale bilayer discs. FEBS letters. 2004;556(1-3):260-4. 

91. Denisov IG, Sligar SG. Nanodiscs in Membrane Biochemistry and Biophysics. Chemical 
reviews. 2017;117(6):4669-713. 



18 
 

92. Mörs K, Roos C, Scholz F, Wachtveitl J, Dötsch V, Bernhard F, et al. Modified lipid and protein 
dynamics in nanodiscs. Biochimica et Biophysica Acta (BBA) - Biomembranes. 
2013;1828(4):1222-9. 

93. Rues RB, Dotsch V, Bernhard F. Co-translational formation and pharmacological 
characterization of beta1-adrenergic receptor/nanodisc complexes with different lipid 
environments. Biochimica et biophysica acta. 2016;1858(6):1306-16. 

94. Henrich E, Ma Y, Engels I, Munch D, Otten C, Schneider T, et al. Lipid Requirements for the 
Enzymatic Activity of MraY Translocases and in Vitro Reconstitution of the Lipid II Synthesis 
Pathway. The Journal of biological chemistry. 2016;291(5):2535-46. 

95. Di Bartolo ND, Hvorup RN, Locher KP, Booth PJ. In vitro folding and assembly of the 
Escherichia coli ATP-binding cassette transporter, BtuCD. The Journal of biological chemistry. 
2011;286(21):18807-15. 

96. Ye C, Wang Z, Lu W, Wei Y. Unfolding study of a trimeric membrane protein AcrB. Protein 
science : a publication of the Protein Society. 2014;23(7):897-905. 

97. Matsubayashi H, Kuruma Y, Ueda T. In vitro synthesis of the E. coli Sec translocon from DNA. 
Angewandte Chemie. 2014;53(29):7535-8. 

98. Moe P, Blount P. Assessment of potential stimuli for mechano-dependent gating of MscL: 
effects of pressure, tension, and lipid headgroups. Biochemistry. 2005;44(36):12239-44. 

99. Facey SJ, Neugebauer SA, Krauss S, Kuhn A. The mechanosensitive channel protein MscL is 
targeted by the SRP to the novel YidC membrane insertion pathway of Escherichia coli. 
Journal of molecular biology. 2007;365(4):995-1004. 

100. Berrier C, Guilvout I, Bayan N, Park KH, Mesneau A, Chami M, et al. Coupled cell-free 
synthesis and lipid vesicle insertion of a functional oligomeric channel MscL MscL does not 
need the insertase YidC for insertion in vitro. Biochimica et biophysica acta. 
2011;1808(1):41-6. 

101. Berrier C, Park KH, Abes S, Bibonne A, Betton JM, Ghazi A. Cell-free synthesis of a functional 
ion channel in the absence of a membrane and in the presence of detergent. Biochemistry. 
2004;43(39):12585-91. 

102. Abdine A, Verhoeven MA, Park KH, Ghazi A, Guittet E, Berrier C, et al. Structural study of the 
membrane protein MscL using cell-free expression and solid-state NMR. Journal of magnetic 
resonance. 2010;204(1):155-9. 

103. Park KH, Berrier C, Lebaupain F, Pucci B, Popot JL, Ghazi A, et al. Fluorinated and 
hemifluorinated surfactants as alternatives to detergents for membrane protein cell-free 
synthesis. The Biochemical journal. 2007;403(1):183-7. 

104. Booth PJ. Sane in the membrane: designing systems to modulate membrane proteins. 
Current opinion in structural biology. 2005;15(4):435-40. 

105. Charalambous K, Miller D, Curnow P, Booth PJ. Lipid bilayer composition influences small 
multidrug transporters. BMC biochemistry. 2008;9:31. 

106. Baumann A, Kerruth S, Fitter J, Buldt G, Heberle J, Schlesinger R, et al. In-Situ Observation of 
Membrane Protein Folding during Cell-Free Expression. PloS one. 2016;11(3):e0151051. 

107. Kumazaki K, Kishimoto T, Furukawa A, Mori H, Tanaka Y, Dohmae N, et al. Crystal structure 
of Escherichia coli YidC, a membrane protein chaperone and insertase. Scientific reports. 
2014;4:7299. 

108. Schulze RJ, Komar J, Botte M, Allen WJ, Whitehouse S, Gold VA, et al. Membrane protein 
insertion and proton-motive-force-dependent secretion through the bacterial holo-
translocon SecYEG-SecDF-YajC-YidC. Proceedings of the National Academy of Sciences of the 
United States of America. 2014;111(13):4844-9. 

 








	Article File
	Figure 1
	Figure 2
	Figure 3

