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Abstract

Reconstituting functional transmembrane (TM) proteins into model membranes is challenging due 

to the difficulty of expressing hydrophobic TM domains, which often require stabilizing detergents 

that can perturb protein structure and function. Recent model systems solve this problem by 

linking the soluble domains of membrane proteins to lipids, using non-covalent conjugation. 

Herein, we test an alternative solution involving the in vitro assembly of TM proteins from 

synthetic TM domains and expressed soluble domains using chemoselective peptide ligation. 

We developed an intein-mediated ligation strategy to semi-synthesize single-pass TM proteins 

in synthetic giant unilamellar vesicle (GUV) membranes by covalently attaching soluble protein 

domains to a synthetic TM polypeptide, avoiding the requirement for detergent. We show that 

the extracellular domain of programmed cell death protein 1, a mammalian immune checkpoint 

receptor, retains its ligand-binding function at a membrane interface after ligation to a synthetic 

TM peptide in GUVs, facilitating the study of receptor-ligand interactions.

Graphical Abstract

INTRODUCTION

Transmembrane (TM) proteins comprise ~23% of the human proteome and conduct 

essential cellular functions such as solute transport, cell-to-cell communication, signaling, 
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and lipid synthesis.1,2 As such, TM proteins have high therapeutic relevance, and 

are targeted by ~60% of currently available pharmaceuticals.3 Reconstituting TM 

proteins into model membranes (e.g. unilamellar vesicles, supported lipid bilayers, and 

nanodiscs) enables functional and structural studies of these proteins in controlled lipid 

environments.4–7 Expressing and purifying TM proteins is often challenging due to their 

hydrophobicity, leading to aggregation.8,9 Protein reconstitution into model membranes such 

as giant unilamellar vesicles (GUVs) relies on expressing and purifying full-length TM 

proteins in the presence of stabilizing detergents, which can perturb protein function and 

structure.7,10–16 Furthermore, TM domains pose a problem for protein overexpression and 

purification due to their toxicity in cell membranes at high concentrations and insolubility 

in aqueous environments.17,18 Solutions involve chemically lipidating proteins or expressing 

truncated soluble domains of TM proteins, followed by conjugation to synthetic lipids 

in model membranes to circumvent expressing the hydrophobic TM region.19–25 While 

eliminating the TM domain helps faciliate hydrophobic protein expression, this strategy is 

not ideal, as TM domains in integral membrane proteins are highly conserved and play a 

variety of roles such as lipid environment sensing, controlling lateral diffusion, participating 

in dimerization, and facilitating transport and signaling across the bilayer.26–36 Thus, there is 

a need to improve the synthesis and reconstitution of TM proteins, ideally without the use of 

detergents.

To address this problem, we developed a simplified synthesis method for bitopic (single-

pass) TM proteins, which represent about half the TM proteins in the human genome,37,38 

involving the in situ assembly of a TM protein in vesicles. To circumvent TM-related 

reconstitution/expression problems, we chemically synthesized a TM domain, embedding 

the TM domains during self-assembly of model lipid membranes, and used peptide bond 

forming reactions to ligate the soluble domains to the membrane-anchored TM domain 

(Figure S1A).39 We adapted a split intein-mediated expressed protein ligation strategy 

to build a semisynthetic TM protein into GUVs,40–43 which, unlike other protein semi-

synthesis strategies, such as native chemical ligation, does not require additional chemical 

modifications after protein and peptide production.43–46

We used our method in GUVs to ligate the extracellular domain of fully glycosylated 

mammalian programmed cell death protein 1 (PD-1), a bitopic TM receptor on T-cells, to a 

synthestic TM. PD-1 is activated by its ligand PD-L1, suppressing T-cell activation,47,48 

and defining an “immune checkpoint” which is subverted in certain cancers to evade 

immune survailance. While immune checkpoint inhibitor antibodies have been developed 

as cancer immunotherapies, little is known about the biophysical mechanisms that govern 

checkpoint protein interactions.48 Minimal T-cell models have been developed using PD-1 

extracellular domains non-covalently conjugated to lipids in GUVs,49 however, the lack 

of the TM domain and absense of covalent anchoring in the phospholipid membrane 

cannot recapitulate biological PD-1 activity (Figure S1B).50 As a reconstitution system 

for modeling T-cell extracellular interactions, we have used split intein-mediated ligation to 

covalently link PD-1 to a TM peptide in GUVs (Figure S1B) and show that PD-1 retains its 

surveillance activity in a commonly used GUV-based functional assay.
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RESULTS AND DISCUSSION

Expression and synthesis of split intein constructs

For protein ligation we chose the engineered CfaGEP split intein system, derived from 

the ultrafast CfaWT, for its improved extein tolerance, enabling versatility in protein 

semisynthesis.40 CfaGEP is reportedly robust for semisynthesis, contains a small C intein 

(38 amino acids) ideal for peptide synthesis, and results in minimal amino acid scarring 

(incorporation of non-native amino acids) between exteins.40 To ask whether CfaGEP 

split intein ligation could be used for building TM proteins in an artificial membrane, 

we designed a proof-of-concept semisynthetic pair capable of ligating in phospholipid 

membranes (Figure 1A). Green fluorescent protein (GFP) was chosen as the protein extein 

for downstream imaging experiments. GFP fused to CfaN with a C-terminal polyhistidine 

tag (GFP-CfaN-His6) was expressed in E. coli and purified by Ni-NTA column (Figure 

2B, Figure S3). The well-characterized, single-pass TM peptide, WALP, provides a model 

synthetic TM peptide extein.51,52 WALPs classically contain leucine and alanine (LA) 

repeats flanked by two tryptophans (WW) on each terminus. A CfaC-WALP peptide was 

produced via solid phase peptide synthesis (SPPS) on a peptide synthesizer (CEM Liberty 

Blue; Figure 1B). A fluorescent derivative of CfaC-WALP containing a lysine side chain 

conjugated to carboxyfluorescein (CfaC-WALP-CF) was also synthesized. After purification 

of the TM peptides on a reverse phase C-18 column, liquid chromatography electrospray 

ionization time of flight mass spectrometry (LC-ESI-TOFMS) confirmed their purity and 

mass (Supplementary spectra 1 & 2).

We verified the reconstitution of TM peptide into phospholipid bilayers using confocal 

fluorescence microscopy, confirming localization of CfaC-WALP-CF to hydrated DOPC 

vesicles (Figure 2A). Cryo-transmission electron microscopy (cryo-TEM) showed that the 

vesicles were intact after peptide incorporation and remained intact after the split intein 

ligation (Figure S4). Circular dichroism (CD) spectra verified that the peptide folds into 

a secondary alpha-helix structure once reconstituted into unilamellar vesicles (Figure 2B, 

Figure S5).51–54 These results show that the synthetic CfaC-WALPs are reconstituting into 

DOPC bilayers as alpha helical TM peptides.

Split intein-mediated ligation in phospholipid vesicle membranes

We carried out the split intein-mediated GFP-WALP ligation in multilamellar large vesicles 

(MLVs) formed by hydrating a lipid-peptide film in splicing buffer (150 mM sodium 

phosphates, 100 mM NaCl, 5 mM EDTA, 1 mM TCEP, pH 7.2). Mimicking previously 

established conditions for CfaGEP splicing, we reacted soluble GFP-CfaN-His6 to liposome-

reconstituted CfaC-WALP (1:4) in splicing buffer.40 After 1 and 24 h, LC-ESI-TOFMS 

analysis confirmed the presence and expected mass of the predicted GFP-WALP product, 

F, which contains an eight amino acid linker (GGCFNGGG) between the GFP and 

WALP (Figure 3A & B, Supplementary spectra 3 and 4). SDS-PAGE corroborated these 

results, where even at 0 min, there is a rapid conversion of all reacting GFP-CfaN-His6, 

E, into an intermediate, H (Figure 3C). LC-ESI-TOFMS suggests that H is a covalently-

linked, branched intermediate of the intein ligation (GFP-CfaC-WALP). The irregular m/z 

distribution in the mass spectrum of peak B indicates unknown molecules which most 
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likely correspond to protein and synthetic peptide breakdown (Supplementary spectra 

3). All observed masses are within the acceptable error (0.01%) of ESI-MS.55 Branched-

chain polypeptides have faster than expected migration times compared to their linear 

counterparts.56–58 Although H has a higher calculated and validated molecular weight than 

F, its covalently-linked, branched structure leads to a faster migration in SDS-PAGE. The 

gel bands of H and F show the conversion of H to F over time.

To reconstitute CfaC-WALP into GUVs in splice buffer under more physiologically relevant 

conditions, we adapted previously established detergent-free electroformation procedures, 

using “high salt” (~300 mOsm), thereby eliminating buffer exchange and chemical workup 

after synthesis (Table S1).59–65 Ligation of GFP-CfaN-His6 to TM peptide in GUVs 

was tracked using confocal fluorescence microscopy and observing fluorescence signal 

at the lipid membrane (Figure 3D and Figure S6). The GFP construct alone does not 

nonspecifically bind to vesicles (Figure 3D). Taken together, the LC-ESI-TOFMS, SDS-

PAGE, and confocal fluorescence microscopy data indicate that the semisynthetic split 

intein-mediated ligation of protein and TM peptide takes place on liposomes.

Semisynthesis of PD-1-WALP in GUV membranes

Wondering whether we could reconstitute PD-1 into GUVs via a TM domain using our 

semisynthesis method, we expressed and purified a fully glycosylated extracellular domain 

of PD-1 fused to an N-terminal SNAP-tag, used for fluorescent labeling, and C-terminal 

CfaN, in mammalian (hamster) HEK293F cells. The recombinant protein was labeled with 

Janelia Fluor 646 (JF) for fluorescence microscopy experiments and purified using standard 

procedures (Figure S7). Glycosylation of PD-1 resulted in smeared starting material and 

product bands which are difficult to interpret by SDS-PAGE (Figure 4A, Figure 4B, Figure 

S7, Figure S8) but revealed an intermediate, K, similar to that observed in GFP-WALP 

semisynthesis. The yield of GUVs liberated from the elctroformation chambers is low, 

which limits analysis of multiple GUVs in the same image. However, multiple fluorescence 

microscopy images of GUVs are shown to validate the reproducibility of the procedure 

(Figure 4C, Figure S8, Figure S9, Figure S10).

PD-1 retains its function after split intein-mediated ligation in GUV membranes

To test whether the extracellular domain of PD-1 retains its PD-L1 binding function after 

split intein-mediated semi-synthesis, we used total internal reflection fluorescence (TIRF) 

microscopy to visualize trans PD-1:PD-L1 interaction at a membrane interface between a 

PD-1 GUV and a PD-L1-attached planar lipid bilayer. To produce PD-1 GUVs, we reacted 

JF-PD-1-CfaN with electroformed GUVs containing semi-sythetic CfaC-WALP-CF in splice 

buffer. To construct a ligand (PD-L1) presenting membrane, we attached polyhistidine-

tagged PD-L1 to a supported lipid bilayer (SLB) doped with 5% NTA-DGS lipids.19 Upon 

incubating the semi-sythetic PD-1 GUVs with PD-L1 SLBs, we visualized PD-1 distribution 

at the GUV-SLB contact area by TIRF fluorescence microscopy (Figure 4D). The PD-1 

ectodomain and TM peptide fluorescent signals were co-enriched at the SLB-GUV interface, 

as previously observed for the PL-1:PD-L1 interaction,49 consistent with ligation and the 

ability of the semisythetic PD-1 to engage PD-L1 in trans (Figure 4E). As a control, a PD-1 

antibody blockade, pembrolizumab, was used to inhibit the binding of PD-1 to PD-L1 and 
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the sunken GUV was unable to bind but remained in close proximity to the SLB, indicated 

by the bright field image of the bottom of the GUV and the minor PD-1 fluorescent signal 

(Figure 4E, Figure S11). Thus, semisynthetic PD-1 retains its binding function after ligation 

to TM peptides within GUV membranes.

Most bitopic TM proteins, such as PD-1, have soluble extracellular and intracellular 

domains connected by a membrane-spanning, hydrophobic TM domain. Here, we have 

constructed a single-pass TM protein from the soluble extracellular domain of PD-1 and a 

synthetic WALP TM domain, using our split intein-mediated ligation method in the presence 

of artificial phospholipid membranes, including GUVs, without the need of detergents. 

As there is no additional chemical work-up after protein and peptide purification, this 

method is more accessible than other conjugation techniques, requiring few chemical tools 

and therefore allowing the facile creation of minimal cell models with bitopic membrane 

proteins.45,46

For applications in synthetic biology and therapeutic development, the faithful recapitulation 

of structure and function after protein reconstitution is essential. Having been successfully 

targeted for cancer immunotherapy in a fraction of patients, the PD-1/PD-L1 axis is an 

urgent focus for translational research.48 The extracellular domain of PD-1 has previously 

been non-covalently conjugated to lipids within artificial membranes in an effort to 

reconstitute the protein at the phospholipid membrane and bind PD-L1.19 We showed that 

the fully-glycosylated, mammalian cell-expressed extracellular domain of PD-1 could be 

covalently ligated to a TM peptide and the semisynthetic TM protein retained the trans-

PD-1:PD-L1 interaction at the GUV-SLB interface after ligation.

In previous studies using intein-mediated ligation within living cell membranes, cellularly 

expressed TM domains were coupled with an exogenously added expressed or synthetic 

soluble protein usually containing additional tags to colocalize the split inteins or facilitate 

correct protein folding.66,67 Although useful for labeling a living cell surface, these methods 

do not enable the reconstitution of isolated TM proteins for biophysical studies. Encouraged 

by previous strategies conjugating proteins to tagged membrane lipids, we set out to ligate 

proteins to a peptide anchor in artificial vesicles.19–25 This strategy bypasses the necessity 

of using cellular machinery to build and insert TM domains into an artificial vesicle or 

a crowded living cell membrane before reconstitution.66,68,69 In our work, the inherent 

challenge of building proteoliposomal models with GUVs has been overcome by using 

synthetic TM domains. By covalently linking a glycosylated mammalian protein to a TM 

domain anchored in the phospholipid membrane while retaining its extracellular binding 

functions, we have created a reconstitution system for cell biologists to model extracellular 

interactions.

Given the versatility of the CfaGEP and other split intein ligations, it should be possible to 

expand the range of semisynthetic protein products.40 While this initial study focused on 

ligating only the extracellular domain of a bitopic membrane protein, we plan to leverage 

the orthogonality of split inteins to semisynthesize full-length, single-pass TM proteins 

by incorporating an additional intein-mediated ligation site on the C-terminus of the TM 

peptide that will ligate to an expressed intracellular domain.70 We envision that this method 
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will improve biochemical, biophysical, and pharmacological research on TM proteins as it 

will expedite the production of reconstituted proteins anchored by synthetic or native TM 

domains in GUVs.

METHODS

Methods are provided in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The authors thank the UCSD Mass Spectrometry Facility and UCSD Cryo-EM facility for data collection and 
training. We additionally thank A. Tezcan (University of California, San Diego) CD training and use. The authors 
thank G. Riddihough for editorial assistance and to J. R. Winnikoff for critical reading of the manuscript and 
essential contributions to the fabrication of the electroformation chambers.

Funding Sources

This work was supported by US National Science Foundation grant EF-1935372.

References

(1). Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu A, Sivertsson Å, 
Kampf C, Sjöstedt E, Asplund A, et al. (2015) Tissue-based map of the human proteome. Science 
347.

(2). Cournia Z, Allen TW, Andricioaei I, Antonny B, Baum D, Brannigan G, Buchete N-V, Deckman 
JT, Delemotte L, del Val C, et al. (2015) Membrane Protein Structure, Function and Dynamics: A 
Perspective from Experiments and Theory. J. Membr. Biol 248, 611–640. [PubMed: 26063070] 

(3). Overington JP, Al-Lazikani B, and Hopkins AL (2006) How many drug targets are there? Nat. 
Rev. Drug Discov 5, 993–996. [PubMed: 17139284] 

(4). Skrzypek R, Iqbal S, and Callaghan R (2018) Methods of reconstitution to investigate membrane 
protein function. Methods 147, 126–141. [PubMed: 29454861] 

(5). Shen H-H, Lithgow T, and Martin LL (2013) Reconstitution of Membrane Proteins into Model 
Membranes: Seeking Better Ways to Retain Protein Activities. Int. J. Mol. Sci 14, 1589–1607. 
[PubMed: 23344058] 

(6). Ritchie TK, Grinkova YV, Bayburt TH, Denisov IG, Zolnerciks JK, Atkins WM, and Sligar SG 
(2009) Chapter 11 - Reconstitution of membrane proteins in phospholipid bilayer nanodiscs. 
Methods Enzymol. 464, 211–231. [PubMed: 19903557] 

(7). Rigaud J-L, and Lévy D (2003) Reconstitution of Membrane Proteins into Liposomes, in Methods 
in Enzymology, pp 65–86. Academic Press.

(8). Schlegel S, Hjelm A, Baumgarten T, Vikström D, and de Gier J-W (2014) Bacterial-based 
membrane protein production. Biochim. Biophys. Acta BBA - Mol. Cell Res 1843, 1739–1749.

(9). Geertsma ER, Groeneveld M, Slotboom D-J, and Poolman B (2008) Quality control of 
overexpressed membrane proteins. Proc. Natl. Acad. Sci 105, 5722–5727. [PubMed: 18391190] 

(10). Lagny TJ, and Bassereau P (2015) Bioinspired membrane-based systems for a physical approach 
of cell organization and dynamics: usefulness and limitations. Interface Focus 5, 20150038. 
[PubMed: 26464792] 

(11). Reeves JP, and Dowben RM (1969) Formation and properties of thin-walled phospholipid 
vesicles. J. Cell. Physiol 73, 49–60. [PubMed: 5765779] 

Podolsky et al. Page 6

ACS Chem Biol. Author manuscript; available in PMC 2023 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(12). Dezi M, Cicco AD, Bassereau P, and Lévy D (2013) Detergent-mediated incorporation of 
transmembrane proteins in giant unilamellar vesicles with controlled physiological contents. 
Proc. Natl. Acad. Sci 110, 7276–7281. [PubMed: 23589883] 

(13). Smirnova IA, Ädelroth P, and Brzezinski P (2018) Extraction and liposome reconstitution of 
membrane proteins with their native lipids without the use of detergents. Sci. Rep 8, 14950. 
[PubMed: 30297885] 

(14). K G, B H, O S, Y D, U M, I P, and Jp S (2019, May 17) One-Pot Assembly of Complex Giant 
Unilamellar Vesicle-Based Synthetic Cells. ACS Synth. Biol ACS Synth Biol.

(15). Chipot C, Dehez F, Schnell JR, Zitzmann N, Pebay-Peyroula E, Catoire LJ, Miroux B, Kunji 
ERS, Veglia G, Cross TA, et al. (2018) Perturbations of Native Membrane Protein Structure 
in Alkyl Phosphocholine Detergents: A Critical Assessment of NMR and Biophysical Studies. 
Chem. Rev 118, 3559–3607. [PubMed: 29488756] 

(16). Seddon AM, Curnow P, and Booth PJ (2004) Membrane proteins, lipids and detergents: not just a 
soap opera. Biochim. Biophys. Acta BBA - Biomembr 1666, 105–117.

(17). Asoh S, Nishimaki K, Nanbu-Wakao R, and Ohta S (1998) A Trace Amount of the Human 
Pro-apoptotic Factor Bax Induces Bacterial Death Accompanied by Damage of DNA. J. Biol. 
Chem 273, 11384–11391. [PubMed: 9556634] 

(18). Miroux B, and Walker JE (1996) Over-production of Proteins inEscherichia coli: Mutant Hosts 
that Allow Synthesis of some Membrane Proteins and Globular Proteins at High Levels. J. Mol. 
Biol 260, 289–298. [PubMed: 8757792] 

(19). Carbone CB, Kern N, Fernandes RA, Hui E, Su X, Garcia KC, and Vale RD (2017) In vitro 
reconstitution of T cell receptor-mediated segregation of the CD45 phosphatase. Proc. Natl. 
Acad. Sci 114, E9338–E9345. [PubMed: 29042512] 

(20). Shao S, Geng J, Ah Yi H, Gogia S, Neelamegham S, Jacobs A, and Lovell JF (2015) 
Functionalization of cobalt porphyrin-phospholipid bilayers with his-tagged ligands and antigens. 
Nat. Chem 7, 438–446. [PubMed: 25901823] 

(21). Watson DS, Platt VM, Cao L, Venditto VJ, and Szoka FC (2011) Antibody Response to 
Polyhistidine-Tagged Peptide and Protein Antigens Attached to Liposomes via Lipid-Linked 
Nitrilotriacetic Acid in Mice. Clin. Vaccine Immunol 18, 289–297. [PubMed: 21159923] 

(22). Takahara M, and Kamiya N (2020) Synthetic Strategies for Artificial Lipidation of Functional 
Proteins. Chem. – Eur. J 26, 4645–4655. [PubMed: 31793677] 

(23). Rudd AK, Valls Cuevas JM, and Devaraj NK (2015) SNAP-Tag-Reactive Lipid Anchors Enable 
Targeted and Spatiotemporally Controlled Localization of Proteins to Phospholipid Membranes. 
J. Am. Chem. Soc 137, 4884–4887. [PubMed: 25830488] 

(24). Hackl S, Schmid A, and Becker CFW (2017) Semisynthesis of Membrane-Attached Proteins 
Using Split Inteins, in Split Inteins: Methods and Protocols (Mootz HD, Ed.), pp 93–109. 
Springer, New York, NY.

(25). Chu NK, Olschewski D, Seidel R, Winklhofer KF, Tatzelt J, Engelhard M, and Becker CFW 
(2010) Protein immobilization on liposomes and lipid-coated nanoparticles by protein trans-
splicing. J. Pept. Sci 16, 582–588. [PubMed: 20862726] 

(26). Cosson P, Perrin J, and Bonifacino JS (2013) Anchors aweigh: protein localization and transport 
mediated by transmembrane domains. Trends Cell Biol. 23, 511–517. [PubMed: 23806646] 

(27). Li E, Wimley WC, and Hristova K (2012) Transmembrane Helix Dimerization: Beyond the 
Search for Sequence Motifs. Biochim. Biophys. Acta 1818, 183–193. [PubMed: 21910966] 

(28). Matthews EE, Zoonens M, and Engelman DM (2006) Dynamic Helix Interactions in 
Transmembrane Signaling. Cell 127, 447–450. [PubMed: 17081964] 

(29). Nyholm TKM, Özdirekcan S, and Killian JA (2007) How Protein Transmembrane Segments 
Sense the Lipid Environment. Biochemistry 46, 1457–1465. [PubMed: 17279611] 

(30). Singh S, and Mittal A (2016) Transmembrane Domain Lengths Serve as Signatures of 
Organismal Complexity and Viral Transport Mechanisms. Sci. Rep 6, 22352. [PubMed: 
26925972] 

(31). Bhate MP, Lemmin T, Kuenze G, Mensa B, Ganguly S, Peters JM, Schmidt N, Pelton JG, 
Gross CA, Meiler J, et al. (2018) Structure and Function of the Transmembrane Domain of 

Podolsky et al. Page 7

ACS Chem Biol. Author manuscript; available in PMC 2023 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NsaS, an Antibiotic Sensing Histidine Kinase in Staphylococcus aureus. J. Am. Chem. Soc 140, 
7471–7485. [PubMed: 29771498] 

(32). Gravel KA, McGinnes LW, Reitter J, and Morrison TG (2011) The Transmembrane Domain 
Sequence Affects the Structure and Function of the Newcastle Disease Virus Fusion Protein. J. 
Virol 85, 3486–3497. [PubMed: 21270151] 

(33). Nye JA, and Groves JT (2008) Kinetic Control of Histidine-Tagged Protein Surface Density on 
Supported Lipid Bilayers. Langmuir 24, 4145–4149. [PubMed: 18303929] 

(34). Ci Y, Yang Y, Xu C, and Shi L (2018) Vesicular stomatitis virus G protein transmembrane region 
is crucial for the hemi-fusion to full fusion transition. Sci. Rep 8, 10669. [PubMed: 30006542] 

(35). Ramadurai S, Holt A, Krasnikov V, van den Bogaart G, Killian JA, and Poolman B (2009) Lateral 
Diffusion of Membrane Proteins. J. Am. Chem. Soc 131, 12650–12656. [PubMed: 19673517] 

(36). Ramadurai S, Holt A, Schäfer LV, Krasnikov VV, Rijkers DTS, Marrink SJ, Killian JA, and 
Poolman B (2010) Influence of Hydrophobic Mismatch and Amino Acid Composition on the 
Lateral Diffusion of Transmembrane Peptides. Biophys. J 99, 1447–1454. [PubMed: 20816056] 

(37). Hubert P, Sawma P, Duneau J-P, Khao J, Hénin J, Bagnard D, and Sturgis J (2010) Single-
spanning transmembrane domains in cell growth and cell-cell interactions: More than meets the 
eye? Cell Adhes. Migr 4, 313–324.

(38). Lomize AL, Lomize MA, Krolicki SR, and Pogozheva ID (2017) Membranome: a database for 
proteome-wide analysis of single-pass membrane proteins. Nucleic Acids Res. 45, D250–D255. 
[PubMed: 27510400] 

(39). Thompson RE, and Muir TW (2020) Chemoenzymatic Semisynthesis of Proteins. Chem. Rev 
120, 3051–3126. [PubMed: 31774265] 

(40). Stevens AJ, Sekar G, Shah NH, Mostafavi AZ, Cowburn D, and Muir TW (2017) A promiscuous 
split intein with expanded protein engineering applications. Proc. Natl. Acad. Sci 114, 8538–
8543. [PubMed: 28739907] 

(41). Muir TW (2003) Semisynthesis of Proteins by Expressed Protein Ligation. Annu. Rev. Biochem 
72, 249–289. [PubMed: 12626339] 

(42). Severinov K, and Muir TW (1998) Expressed Protein Ligation, a Novel Method for Studying 
Protein-Protein Interactions in Transcription *. J. Biol. Chem 273, 16205–16209. [PubMed: 
9632677] 

(43). Valiyaveetil FI, MacKinnon R, and Muir TW (2002) Semisynthesis and Folding of the Potassium 
Channel KcsA. J. Am. Chem. Soc 124, 9113–9120. [PubMed: 12149015] 

(44). Debelouchina GT, and Muir TW (2017) A molecular engineering toolbox for the structural 
biologist. Q. Rev. Biophys 50.

(45). Dawson PE, Muir TW, Clark-Lewis I, and Kent SB (1994) Synthesis of proteins by native 
chemical ligation. Science 266, 776–779. [PubMed: 7973629] 

(46). Hunter CL, and Kochendoerfer GG (2004) Native Chemical Ligation of Hydrophobic Peptides in 
Lipid Bilayer Systems. Bioconjug. Chem 15, 437–440. [PubMed: 15149169] 

(47). Keir ME, Butte MJ, Freeman GJ, and Sharpe AH (2008) PD-1 and its ligands in tolerance and 
immunity. Annu. Rev. Immunol 26, 677–704. [PubMed: 18173375] 

(48). Hui E (2019) Immune checkpoint inhibitors. J. Cell Biol 218, 740–741. [PubMed: 30760493] 

(49). Hui E (2019) Understanding T cell signaling using membrane reconstitution. Immunol. Rev 291, 
44–56. [PubMed: 31402497] 

(50). Arasanz H, Gato-Cañas M, Zuazo M, Ibañez-Vea M, Breckpot K, Kochan G, and Escors D 
(2017) PD1 signal transduction pathways in T cells. Oncotarget 8, 51936–51945. [PubMed: 
28881701] 

(51). Weiss TM, van der Wei PCA, Killian JA, Koeppe RE, and Huang HW (2003) Hydrophobic 
Mismatch between Helices and Lipid Bilayers. Biophys. J 84, 379–385. [PubMed: 12524291] 

(52). de Planque MRR, Goormaghtigh E, Greathouse DV, Koeppe RE, Kruijtzer JAW, Liskamp RMJ, 
de Kruijff B, and Killian JA (2001) Sensitivity of Single Membrane-Spanning α-Helical Peptides 
to Hydrophobic Mismatch with a Lipid Bilayer: Effects on Backbone Structure, Orientation, and 
Extent of Membrane Incorporation †. Biochemistry 40, 5000–5010. [PubMed: 11305916] 

Podolsky et al. Page 8

ACS Chem Biol. Author manuscript; available in PMC 2023 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(53). Beychok S (1966) Circular Dichroism of Biological Macromolecules. Science 154, 1288–1299. 
[PubMed: 5332570] 

(54). Greenfield NJ (2006) Using circular dichroism spectra to estimate protein secondary structure. 
Nat. Protoc 1, 2876–2890. [PubMed: 17406547] 

(55). Whitelegge JP, Gundersen CB, and Faull KF (1998) Electrospray-ionization mass spectrometry 
of intact intrinsic membrane proteins. Protein Sci. 1, 1423–1430.

(56). Steck TL (1972) Cross-linking the major proteins of the isolated erythrocyte membrane. J. Mol. 
Biol 66, 295–305. [PubMed: 5038456] 

(57). Yamakawa H (1971) Modern Theory of Polymer Solutions. Harper & Row.

(58). Griffith IP (1972) The effect of cross-links on the mobility of proteins in dodecyl sulphate–
polyacrylamide gels. Biochem. J 126, 553–560. [PubMed: 5075266] 

(59). Stein H, Spindler S, Bonakdar N, Wang C, and Sandoghdar V (2017) Production of Isolated 
Giant Unilamellar Vesicles under High Salt Concentrations. Front. Physiol 8, 63. [PubMed: 
28243205] 

(60). Lefrançois P, Goudeau B, and Arbault S (2018) Electroformation of phospholipid giant 
unilamellar vesicles in physiological phosphate buffer. Integr. Biol 10, 429–434.

(61). Méléard P, Bagatolli LA, and Pott T (2009) Chapter 9 - Giant Unilamellar Vesicle 
Electroformation: From Lipid Mixtures to Native Membranes Under Physiological Conditions, in 
Methods in Enzymology, pp 161–176. Academic Press.

(62). Montes L-R, Alonso A, Goñi FM, and Bagatolli LA (2007) Giant Unilamellar Vesicles 
Electroformed from Native Membranes and Organic Lipid Mixtures under Physiological 
Conditions. Biophys. J 93, 3548–3554. [PubMed: 17704162] 

(63). Girard P, Pécréaux J, Lenoir G, Falson P, Rigaud J-L, and Bassereau P (2004) A New Method 
for the Reconstitution of Membrane Proteins into Giant Unilamellar Vesicles. Biophys. J 87, 
419–429. [PubMed: 15240476] 

(64). Aimon S, Manzi J, Schmidt D, Larrosa JAP, Bassereau P, and Toombes GES (2011) Functional 
Reconstitution of a Voltage-Gated Potassium Channel in Giant Unilamellar Vesicles. PLOS ONE 
6, e25529. [PubMed: 21998666] 

(65). Witkowska A, Jablonski L, and Jahn R (2018) A convenient protocol for generating giant 
unilamellar vesicles containing SNARE proteins using electroformation. Sci. Rep 8, 9422. 
[PubMed: 29930377] 

(66). Bhagawati M, Terhorst TME, Füsser F, Hoffmann S, Pasch T, Pietrokovski S, and Mootz 
HD (2019) A mesophilic cysteine-less split intein for protein trans -splicing applications under 
oxidizing conditions. Proc. Natl. Acad. Sci 116, 22164–22172. [PubMed: 31611397] 

(67). Dhar T, and Mootz HD (2011) Modification of transmembrane and GPI-anchored proteins on 
living cells by efficient protein trans-splicing using the Npu DnaE intein. Chem. Commun 47, 
3063.

(68). Volkmann G, and Liu X-Q (2009) Protein C-Terminal Labeling and Biotinylation Using 
Synthetic Peptide and Split-Intein. PLOS ONE 4, e8381. [PubMed: 20027230] 

(69). Kuruma Y, and Ueda T (2015) The PURE system for the cell-free synthesis of membrane 
proteins. Nat. Protoc 10, 1328–1344. [PubMed: 26270393] 

(70). Pinto F, Thornton EL, and Wang B (2020) An expanded library of orthogonal split inteins enables 
modular multi-peptide assemblies. Nat. Commun 11, 1529. [PubMed: 32251274] 

Podolsky et al. Page 9

ACS Chem Biol. Author manuscript; available in PMC 2023 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Semisynthetic split intein-mediated ligation. (A) GFP (green), fused to the CfaN split intein 

domain (blue) is expressed in E. coli, while the WALP (black) fused to the CfaC split 

intein domain (yellow) is fabricated via SPPS. CfaC-WALP is reconstituted into GUVs 

in randomly distributed orientations within the membrane. Upon addition of the soluble 

GFP-CfaN construct to peptide-loaded GUVs, the split intein-mediated ligation produces 

GFP-WALP embedded GUVs. (B) Amino acid sequences of CfaN (blue) and CfaC (yellow) 

inteins and their respective protein and peptide fusions. Dashed lines represent glycine 

linkers. Green asterisk denotes the position of the CF conjugated to the peptide.
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Figure 2. 
Transmembrane peptide reconstitution. (A) Brightfield and fluorescence (488 nm excitation) 

microscopy images of a hydrated DOPC vesicle containing CfaC-WALP-CF. Scale bar 10 

μm. (B) CD spectra of 20 μM CfaC-WALP before (black) and after (green) reconstitution 

into small unilamellar vesicles. CF = carboxyfluorescein.
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Figure 3. 
Semisynthetic split intein-mediated ligation to form a transmembrane protein in GUV 

membranes. (A) Chromatogram of an LC-ESI-TOFMS run of the reaction between GFP-

CfaN-His6, E, and CfaC-WALP, G, in vesicles. Each peak corresponds to a reactant, 

intermediate, or product that is listed in (B) with their corresponding calculated molecular 

weight (MW) and experimental ESI MW. (C) SDS-PAGE gel of the reaction in (A). Lanes 

2-4 are the reaction between E and G, lanes 5-7 is E only, and lanes 8-10 are G only. 

The GFP-WALP product, F, is highlighted in yellow boxes throughout the figure. H is 

the branched intermediate. (D) Confocal fluorescence micrographs show that GFP (488 nm 

excitation) does not bind to GUVs alone (upper row), but does bind to GUVs containing 

CfaC-WALP after 24 h (lower row). Scale bar, 5 μm.
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Figure 4. 
Building a functional semisynthetic transmembrane protein in GUVs. (A) A cartoon 

representation depicts the CF-labeled (green asterisks) TM peptide (black) fused to the 

extracellular domain of PD-1-JF (magenta). (B) SDS-PAGE gel of the reaction between 

JF-PD-1-CfaN, I, and CfaC-WALP-CF, M (lanes 2-4). The JF-PD-1-WALP-CF product, 

J, is highlighted in a yellow box. K is an intermediate and L is the CfaN split intein. 

(C) Brightfield and fluorescent micrographs of the semisynthetic JF-PD-1-WALP-CF TM 

product in a GUV. CF fluorescence does not bleed into the JF channel, as indicated by 

CfaC-WALP-CF controls (Figure S9). CF= 488 nm excitation. JF 646 = 638 nm excitation. 

(D) Cartoon schematic of the PD-1 activity experiment where a GUV (green) contacts a 

SLB leading to the enrichment of PD-1 at the GUV-SLB interface due to trans-PD-1:PD-L1 

interaction. (E) TIRF brightfield and fluorescence micrographs of the GUV-SLB interface 

showing enrichment of CF and JF signals at the interface. In the presence of PD-1 blockade 

(bottom row), there is no enrichment of either signal although a GUV remains at the SLB 

surface. Because the GUV is unbound to the SLB surface, the GUV is not clearly seen on 

this focal plane. A mid-GUV cross section better depicts this unbound GUV (Figure S11). 

The merged images in (B) and (E) reveal the colocalization of CF and JF to the GUVs, 

indicating the presence of the product, JF-PD-1-WALP-CF, at the phospholipid membrane. 

CF = carboxyfluorescein. JF = Janelia Fluor 646. Scale bars, 10 μm.
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