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Chemical Synthesis and Biological Function

of Lipidated Proteins

Aimin Yang$, Lei Zhao$, and Yao-Wen Wu

Abstract Lipidated proteins play a key role in many essential biological processes

in eukaryotic cells, including signal transduction, membrane trafficking, immune

response and pathology. The investigation of the function of lipidated proteins

requires access to a reasonable amount of homogenous lipid-modified proteins with

defined structures and functional groups. Chemical approaches have provided

useful tools to perform such studies. In this review we summarize synthetic

methods of lipidated peptides and developments in the chemoselective ligation

for the production of lipidated proteins. We introduce the biology of lipidated

proteins and highlight the application of synthetic lipidated proteins to tackle

important biological questions.

Keywords Click ligation � Diels–Alder ligation � Expressed protein ligation � GPI
anchor � MIC ligation � Peptide synthesis � Protein lipidation � Rab � Ras � Rheb �
Sortase-mediated protein ligation

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

1.1 N-Myristoylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

1.2 Palmitoylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

1.3 Prenylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

1.4 GPI-Anchor Addition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

1.5 Other Types of Lipidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

2 Synthesis of Lipidated Peptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

2.1 Preparation of Lipidated Cysteine Building Blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

$Both authors contributed equally to this work.

A. Yang, L. Zhao, and Y.-W. Wu (*)

Chemical Genomics Centre of the Max Planck Society, Otto-Hahn-Str. 15, 44227 Dortmund,

Germany

e-mail: yaowen.wu@mpi-dortmund.mpg.de

mailto:yaowen.wu@mpi-dortmund.mpg.de


2.2 Solution-Phase Synthesis of Lipidated Peptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

2.3 Solid-Phase Approach for the Synthesis of Lipidated Peptides . . . . . . . . . . . . . . . . . . . . . 148

2.4 Synthesis of Lipidated Peptides by Combined Solution/Solid-Phase Approach . . . . 152

3 Synthesis of Lipidated Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

3.1 Assisted Solubilisation Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

3.2 Expressed Protein Ligation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

3.3 MIC Ligation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

3.4 Diels–Alder Ligation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

3.5 Click Ligation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

3.6 Sortase-Mediated Protein Ligation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

4 Chemical Biology of Lipidated Protein . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

4.1 Cell Biological Studies of S-Palmitoylation Cycle of Ras GTPases . . . . . . . . . . . . . . . . 166

4.2 Biophysical Studies of Lipidated Ras GTPases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

4.3 Structural Studies of Prenylated Rheb GTPases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

4.4 Thermodynamic Basis of Rab GTPases Membrane Targeting . . . . . . . . . . . . . . . . . . . . . . 172

4.5 Biological Function of GPI-Anchors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

4.6 Function of LC3-PE in Autophagosome Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

5 Conclusions and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

1 Introduction

A biological membranes system is typically formed by the combination of lipids

and proteins. In eukaryotic cells, the plasma membrane, also referred to as the cell

membrane, is a protective barrier which regulates what enters and leaves the cell.

The endomembrane system is composed of different kinds of membranes which

divide the cell into structural and functional compartments within a eukaryotic cell,

such as the endoplasmic reticulum, Golgi apparatus, mitochondria, endosome and

lysosome. Covalent modification of proteins with lipid anchors (protein lipidation)

facilitates association of the lipidated proteins with particular membranes in

eukaryotic cells. Protein lipidation is one of the most important protein post-

translational modifications (PTMs). Studying lipidated protein function in vitro or

in vivo is of vital importance in biological research.

A variety of lipids serve as lipid anchors attached to proteins, including fatty

acids, isoprenoids, glycosylphosphatidylinositol (GPI) and cholesterol. Protein

lipidation is not only essential for binding to membranes, but also for the protein–

protein interactions and the regulation of the signalling process [1]. Therefore, lipid

modification plays a critical role in the function and localization of proteins. So far,

recombinant production of lipidated proteins has not been very successful and is

particularly challenging in terms of homogeneity and output. In this review, we

discuss the chemical synthesis of various lipidated proteins. We show a few

examples of using synthetic lipidated proteins to elucidate their biological

functions.

The four major types of protein lipidation are N-myristoylation, palmitoylation,

prenylation and glycosylphosphatidylinositol-anchor (GPI-anchor) addition

(Table 1).
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1.1 N-Myristoylation

N-Myristoylation is an irreversible protein modification where a myristoyl group, a

14-carbon saturated fatty acid, is covalently attached via an amide bond to the

N-terminal glycine residue. This type of protein modification was firstly identified

as an “N-terminal blocking group” [2, 3]. In eukaryotic cells, N-myristoylation is

mediated by the enzyme N-myristoyltransferase (NMT) which transfers the acyl

group from myristoyl CoA to the N-terminal amine of proteins containing

N-terminal GXXXS/T sequences [4]. This modification majorly occurs

co-translationally and in some cases happens post-translationally. During

co-translational modification, the N-terminal glycine is modified following the

cleavage of N-terminal methionine residue by methionine aminopeptidases. Post-

translational myristoylation typically occurs after a caspase cleavage, resulting in

the exposure of an internal glycine residue. N-Myristoylation plays an essential role

in protein–protein interactions and membrane targeting of proteins, which are

involved in a wide range of signal transduction pathways. N-Myristoylation not

only occurs on eukaryotic proteins, including Src family tyrosine kinases, Abl

tyrosine kinase, cAMP-dependent protein kinase (PKA), α subunits of G proteins,

ADP-ribosylation factors (Arfs), and Ca2+ sensor proteins (Recoverin, Hippocalcin,

Neurocalcins, MARCKS), but also on bacterial and viral proteins, such as HIV-1

Gag [5].

N-Myristoylated proteins can switch between two distinct conformations, one

conformation where the myristoyl group is exposed and available to promote

membrane binding and the other conformation where the myristoyl moiety is

sequestered in a hydrophobic binding pocket and not available for membrane

binding. For instance, Arf, a member of the family of GTP-binding proteins of

the Ras superfamily, is N-myristoylated in cells [6]. Arf functions as regulators of

vesicular trafficking and actin remodelling. As the other members in the Ras

superfamily, the switch between the inactive GDP-bound form and the active

GTP-bound form of Arf GTPase is highly regulated by GTPase-activating proteins

(GAPs) which accelerate the intrinsic GTP hydrolysis of GTPases and by guanine

nucleotide exchange factors (GEFs) which facilitate exchange of GDP for GTP [7,

8]. In the GDP-bound Arf, the myristoylated N-terminal helix is in a shallow

hydrophobic groove formed by loop λ3. In the GTP-bound form, the extrusion of

loop λ3 from the GTPase core eliminates the binding site for the myristoylated

N-terminus, which becomes available for membrane binding [9, 10]. The

“myristoyl switch” can be used as a signal regulating cellular localization, mem-

brane association and protein–protein interactions.

Moreover, N-myristoylation also plays a critical role in bacterial and viral entry.

Although viruses and bacteria usually lack the enzyme NMT required for this

modification, their proteins are consequently processed by NMTs of the hosts

[11]. During the human immunodeficiency virus-1 (HIV-1) life cycle, an HIV

protein, Gag, specifically assembles at the lipid raft region of the host cell mem-

brane. The high concentration of Gags facilitates the viral particle budding. The
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N-myristoylation plus basic motif is thought to target Gag to the plasma membrane.

Without myristoylation, the host cells do not release any virus particles [12, 13].

1.2 Palmitoylation

Palmitoylation is the covalent attachment of preferred 16-carbon palmitic acid to a

cysteine side chain (S-palmitoylation) and less frequently to a serine/threonine side

chain of proteins (O-palmitoylation). Occasionally other long chain fatty acid

moieties, including stearoyl (C18), oleoyl (C18:1) and arachidonyl (C20:4) chains,

have also been found in acylated proteins. Acylation is therefore a more accurate

description of this type of fatty acid modification [14]. The acyl transfer from

palmitoyl CoA to the thiolate side chain of cysteine residues is an energy-neutral

reaction, which is catalysed by palmitoyl acyl transferases (PATs). So far there is

no consensus sequence in protein substrates which undergo S-palmitoylation.

S-Palmitoylated proteins include transmembrane receptors (e.g. TGFα, adrenergic
receptors, Rhodopsin), viral proteins (e.g. Influenza HA, HIV-1 gp160), Ras pro-

teins, Gα subunits, Src family tyrosine kinases (Src, Lck, Fyn, Hck, Lyn and Yes),

etc. The Gα subunits and Src family tyrosine kinases are both myristoylated and

palmitoylated, and they contain consensus sequence MGC at their N-termini

[15]. In contrast to N-myristoylation and prenylation, palmitoylation is usually

reversible because of the thioester or ester connection [16, 17]. The reverse

modification is catalysed by palmitoyl protein thioesterases (PPTs) [18,

19]. Because of the reversibility of palmitoyl modification, palmitoylation is a

dynamic post-translational modification to regulate the subcellular localization

and protein–protein interactions.

Cycles of palmitoylation and depalmitoylation regulate membrane binding of

palmitoylated proteins. For example, the spatial cycle of H/N-Ras between the

Golgi and the plasma membrane is dependent on the reversible S-palmitoylation at

the C-termini [18, 20]. H-Ras and N-Ras are prenylated and palmitoylated.

Farnesylation alone does not confer high membrane affinity. Farnesylated Ras

molecules are solubilized by PDEδ [21] and rapidly diffuse throughout the cell

until they become palmitoylated in the Golgi to acquire additional hydrophobicity

and thereby higher affinity to membranes. Palmitoylated Ras are transported on

vesicles via the secretory pathway, leading to an enrichment of Ras at the plasma

membrane. The palmitoylated Ras at the plasma membrane slowly redistributes to

all cellular membranes, where they are ubiquitously depalmitoylated by

thioesterases, such as acyl protein thioesterase 1 (APT1). Rapid diffusion of

depalmytoylated Ras molecules increases the probability of a Golgi encounter, in

which they are repalmitoylated and transported to the plasma membrane. Thus, the

acylation cycle maintains the spatial cycle for H- and N-Ras, which confers it with

unique signal propagation characteristics [18, 20].
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1.3 Prenylation

Prenylation is a posttranslational addition of C15 (farnesyl) or C20

(geranylgeranyl) isoprenyl groups via thioether linkages to the cysteine side chains

at the C-termini of the protein substrates. Prenylation is of increasing interest since

many prenylated proteins are involved in signal transduction pathways controlling

cell growth and differentiation, cytoskeletal rearrangement, and vesicular transport

[22]. Although a search of the human proteome revealed about 300 proteins which

are potentially prenylated, only a fraction of these have been reported. So far, three

protein prenyltransferases responsible for isoprenoid addition to proteins have been

identified (for reviews see [23–25]). They can be classified into two categories

according to their functions. One is the CaaX prenyltransferases: protein farnesyl-

transferase (FTase) and protein geranylgeranyltransferase type I (GGTase-I) rec-

ognize protein substrates containing a CaaX box (C is cysteine, a is usually an

aliphatic amino acid, and X can be one of a variety of amino acids) at their

C-termini. The other is Rab geranylgeranyltransferase (RabGGTase), also called

protein geranylgeranyltransferase type II (GGTase-II), which mediates the addition

of usually two geranylgeranyl groups to the C-terminal cysteines of Rab GTPases.

Substrates for FTase include Ras GTPases, which regulate signal transduction

involved in cellular growth; nuclear lamin A and B, which form structural lamina

on the inner nuclear membrane; the γ subunit of heterotrimeric G-protein

transducin, which functions in visual signal transduction in the retina; the large-

antigen component of the hepatitis δ virus; and yeast mating factors. Known targets

of GGTase-I include γ subunits of heterotrimeric G-proteins and many small

GTPases such as the Rho/Rac family. Prenylation of proteins enables them to

associate with endoplasmic reticulum, where they are further modified in subse-

quent post-prenylation reactions, including proteolytic removal of the last three

amino acids of the CaaX motif and subsequent carboxyl methylation [26].

RabGGTase has a very strict substrate preference and acts only on the members

of the Rab GTPase family, which play a central role in membrane trafficking in

eukaryotic cells [7, 8]. Unlike FTase and GGTase, RabGGTase does not recognize

a short C-terminal sequence but requires an additional factor called Rab escort

protein (REP) to recruit Rab protein. REP interacts with the unprenylated Rab

protein preferentially in its GDP-bound form and mediates its recognition by

RabGGTase. Since the specificity is already outsourced from the REP molecule,

RabGGTase has essentially no sequence preference for the context of the

prenylatable cysteines, and the C-terminal sequences occurring in Rab GTPases

include CC, CXC, CCX, CCXX, CCXXX and CXXX [27, 28]. The conjugated

prenyl group not only is a mediator of membrane association but also functions as a

molecular handle for specific protein–protein interactions, such as interaction with

GDP-dissociation inhibitor (GDI) which enables cycling the prenylated Rab pro-

teins between different membranes [29, 30].
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1.4 GPI-Anchor Addition

Glycosylphosphatidylinositol (GPI) anchors are found in many cell surface proteins

in eukaryotes, which tether them to the extracellular side of the plasma membrane.

The GPI anchor is attached to the C-terminus of a protein via a phosphoetha-

nolamine linkage. GPIs and GPI-anchored proteins are built up in the ER and

then the modified proteins transit to the cell surface. This posttranslational glyco-

lipid modification is mediated by the GPI transamidase (GPI-T) in the ER lumen.

The GPI anchor can be hydrolysed by phosphatidylinositol-specific phospholipase

C or D (PLC or PLD) which releases the protein moiety into the extracellular milieu

[31]. Almost all GPIs share a common core glycan structure, NH2(CH2)2OPO3H-

6Manα1! 2Manα1! 6Manα1! 4GlcNα1! 6myo-Ino1-phospholipid (Table 1).

The glycan core can be decorated with several side-chain modifications, and the

lipid moiety can vary between diacylglycerol, alkylacylglycerol, ceramide, etc.

[32]. The variety of the different compositions results in high structural diversity

among GPIs, which makes the studies complicated [33, 34]. There are diverse

GPI-anchored proteins displayed at the cell surface, ranging from receptors

(e.g. folate receptor, FcγRIII, CD14), cell surface antigens (e.g. Thy-1, CD anti-

gens, Campath, LFA-3) to enzymes (e.g. alkaline phosphatase, carbonic anhydrase,

dipeptidase). GPI-anchored proteins play vital roles in immune response, trans-

membrane signal transduction, cell contacts and migration, pathology of parasites,

and oncogenesis [35].

For example, the glycophospholipid facilitates the protein lateral diffusion on

the cell surface [36]. GPI-anchored proteins exhibit greater mobility than the

transmembrane proteins. Moreover, GPIs can serve as an immunomodulator,

which triggers the immune response by stimulating the ability of the immune

system to produce antibody or sensitized cells. Nature killer T (NKT) cells could

recognize GPIs, resulting in a rapid immune response to various parasitic pathogens

[37]. The investigation of the structure-function relationship of GPIs could facili-

tate elucidating the principle of high mobility and immunomodulation of

GPI-anchored proteins.

One of the famous examples of GPI-anchored proteins is prion protein (PrP),

whose misfolded form is an infectious agent (PrPSc). PrPC is a normal form of the

protein, which can be digested by proteinase K and can be released from the cell

surface by PLC which cleaves the GPI-anchor [38]. The mechanism of conversion

from PrPC to PrPSc is still unclear. GPI-anchor is implicated in the pathogenesis of

prion disease. In the transgenic mice model, the engineered PrP lacking the GPI

membrane anchor formed abnormal proteinase-resistant prion (PrPSc) amyloid

deposits in their brains and hearts when infected with the murine scrapie, while

infection of normal mice with a GPI-anchored PrP did not deposit amyloid with

PrPSc in the brain or the heart [39]. Molecular dynamics simulation suggests that,

unlike other lipid anchors, GPI-anchor is highly flexible and would maintain the

protein at a certain distance from the membrane surface, with little influence on its

structure or orientational freedom [40].
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1.5 Other Types of Lipidation

Besides four major types of lipidation, there are also many other types of lipidation,

such as addition of cholesterol and phosphatidylethanolamine. Although some of

them have been rarely identified so far, the importance in many biological processes

is well established. To date, the only example with C-terminal modification of a

cholesterol molecule in mammalian cells is the Hedgehog (Hh) family, which plays

a critical role in regulating cellular differentiation and proliferation. The pro-Hh

proteins (45 kDa) contain a C-terminal processing domain, which mediates the

formation of a thioester intermediate and the subsequent addition of a cholesterol

molecule in an intein-like process [41]. The resulting N-terminal 20-kDa fragment

is further S-palmitoylated at the N-terminal cysteine by the Hedgehog acyl trans-

ferase. This S-acyl moiety migrates to the N-terminal amino group after an S!N

acyl shift to form a stable amide bond [42]. Both lipidations are essential for the

function of the Hh proteins. The cholesterol modification may play a role in

regulating the Hh activity gradient to restrict the dilution and unregulated spread

of Hh at the cell surface [43].

Another example of rarely found lipidation is phosphatidylethanolaminylation

on the microtubule-associated protein light chain 3 (LC3, the mammalian homolog

of yeast Atg8) family proteins, which play a key role in the formation of

autophagosomes during the autophagy process. LC3 family proteins are the only

phosphatidylethanolaminylated proteins identified so far. LC3 proteins require a

phosphatidylethanolamine (PE) group attached to the C-terminal glycine for correct

membrane localization and function. In mammalian cells, production of lipidated

LC3 is controlled by two ubiquitin-like conjugation systems. Newly synthesized

LC3 is processed by a protease, Atg4, to expose a C-terminal glycine. The resulting

LC3 serves as a substrate for the addition of a PE molecule in a ubiquitin-like

conjugation reaction catalysed by E1-like Atg7, E2-like Atg3, and the E3-like

Atg12-Atg5:Atg16L complex (Atg16L complex). The Atg16L complex is gener-

ated by another ubiquitin-like conjugation system, in which Atg12 is conjugated to

the lysine side chain of Atg5 in sequential reactions catalyzed by Atg7 and Atg10.

There is no E3-like enzyme implicated in the Atg12-Atg5 conjugation. The Atg12-

Atg5 conjugate further forms a complex with a multimeric protein, Atg16L. The

Atg12-5 conjugate promotes LC3-PE formation, and Atg4 releases lipidated LC3

from the surface of closed autophagosomes [44, 45].

2 Synthesis of Lipidated Peptides

Preparation of lipidated proteins allows for in-depth study of protein function and

the biological process in which the protein is involved. However, it is difficult to

obtain lipidated proteins by using traditional biochemical approaches. Recent

advances in protein ligation methods profoundly facilitate production of lipidated
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proteins by chemical synthesis. These ligation methods, including expressed pro-

tein ligation (EPL), maleimidocaprolyl (MIC) ligation, Diels–Alder ligation, click

ligation and sortase-mediated protein ligation, allow for ligation of lipidated pep-

tides with expressed proteins [46]. Therefore, synthesis of lipidated peptides has

been considered an important aspect in the preparation of lipidated proteins.

In general, the lipidated peptide for ligation usually consists of three parts:

peptide, lipid moiety and N-terminal reactive group (natural Cys and triglycine,

and non-natural maleimide and alkyne moieties) (Scheme 1). The strategy for

synthesis of lipidated peptides depends upon the nature of the lipid group, peptide

sequence, and the reactive group for ligation. Many different synthetic approaches

have been reported, such as solution and/or solid-phase strategies, different protec-

tion strategies involving the tert-butoxycarbonyl (Boc) strategy and

9-fluorenylmethoxycarbonyl (Fmoc) strategy, and the methods for the incorpora-

tion of the lipid groups.

The solution phase approach is usually slow and laborious. Moreover, the

increasing insolubility of the growing peptide chain in the reaction medium causes

problems in both purification and the next coupling step. Solid-phase peptide

synthesis (SPPS) has now become a widely used approach for peptide synthesis

in the lab. The synthesis of lipidated C-terminal peptides of the Ras protein family

typically involves preparation of lipidated amino acid building blocks, which are

then incorporated into the elongating peptide chain, whereas the lipidated peptide

containing phosphatidylethanolamine (PE) is prepared by coupling the lipid group

to C-terminus of the peptide in solution. In this review, we briefly introduce the

solution phase approach and the synthesis of lipidated building blocks and give an

overview of the linker strategies for the SPPS of lipidated peptides. We focus on the

synthesis of lipidated peptide specifically used for the ligation with proteins. More

detailed information for the preparation of lipidated peptides has been reviewed by

Waldmann and co-workers [47–49].

Synthesis of lipidated peptides, especially lipidated Rab and Ras peptides, is

challenging because of several limitations (Scheme 2). First, prenyl groups, such as

farnesyl or geranylgeranyl, cannot be combined with strong acid-labile protecting

groups or linker systems because acids attack the double bonds and lead to

isomerization of prenyl groups. Therefore, high concentrations of acid during the

synthesis or for the release of the peptide from the solid support should be avoided.

Scheme 1 Overview of the

lipidated peptide for

ligation. In general, the

lipidated peptide for

ligation consists of three

parts: peptide, lipid group

and N-terminal reactive

group (natural Cys and

triglycine, and non-natural

maleimide and alkyne

moieties)
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Second, when a palmitoyl group is present, different conditions for the Fmoc

deprotection and the coupling of amino acids should be chosen to minimize a

nucleophilic attack on the thioester. Moreover, S!N acyl shift at the

N-terminally unprotected Cys should be considered. Third, it should be considered

that additional functional groups, which are often incorporated in the lipidated

peptides for ligation or biological studies, such as maleimide, fluorophore and

alkyne moieties, typically lead to additional restrictions for the synthetic strategy.

2.1 Preparation of Lipidated Cysteine Building Blocks

Incorporation of lipid groups can be performed in two ways. Either the lipidated

cysteine building blocks are coupled into the peptide chain, or the lipid is intro-

duced to the complete peptide backbone. The former approach is more suited for

the synthesis of lipidated Ras and Rab peptides because of its flexibility. The

prenylated cysteine building blocks (either with a farnesyl or a geranylgeranyl

group) can be prepared by alkylation of the free thiolate of cysteine with prenyl

chloride (Scheme 3a). The palmitoylated cysteine can be synthesized from Fmoc-

Cys(Trt)-OH after removal of the trityl group and coupling with palmitoyl chloride

(Scheme 3b) [50]. In the coupling of the Fmoc-Cys(Pal)-OH to the peptide in SPPS,

to minimize the S!N acyl shift of the palmitoyl group, a fast removal of the Fmoc

group is performed by 1,8-diazobicyclo[5.4.0]undec-7-ene (DBU), a

non-nucleophilic hindered base. The coupling is then carried out immediately

using preactivated amino acid and HATU as the coupling reagent [50].

Scheme 2 General

considerations for the

synthesis of lipidated

peptides of Ras family

proteins. PG protecting

group

Chemical Synthesis and Biological Function of Lipidated Proteins 147



2.2 Solution-Phase Synthesis of Lipidated Peptides

The introduction of acid-sensitive prenyl groups and base-sensitive palmitoyl

groups significantly limited the choice of orthogonal protecting groups for carboxy,

amino, thiol and hydroxyl groups, which can be removed selectively under mild

conditions. The synthesis of lipidated Ras peptides involves the combination of

acid-labile tert-butyl ester function as carboxy protecting group, the Pd0-sensitive

allyloxycarbonyl (Aloc) urethane function as amino-blocking group, mild acid-

labile trityl-type protecting groups for masking lysine side chains, the reduction-

labile tert-butyl disulfide function for protection of thiol groups and removal of Boc

group with TMSOTf/lutidine [51, 52]. Because of the undesired cyclization in the

linear elongation approach, prenylated peptides derived from Rab7 C-terminus

(12a, b) were synthesized by applying a convergent approach using geranylger-

anylated cysteine (2a) and ε-N-fluorescently labelled lysine (5) as building blocks

(Scheme 4) [53, 54].

2.3 Solid-Phase Approach for the Synthesis of Lipidated
Peptides

Solid-phase peptide synthesis (SPPS) is a fast and flexible approach and has been

frequently used for the synthesis of lipidated peptides. SPPS allows for preparation

of the desired peptides, including both natural and nonnatural modifications, with

high purity and good yields in a short time. The linker chosen for the solid-phase

synthesis of lipidated peptides is of utmost importance. High concentrations of acid

during the synthesis or for the release of the peptide from the solid support should

Scheme 3 Synthesis of lipidated cysteine building block
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be avoided so as to keep the prenyl group intact. In the case where a palmitoyl group

is present, different conditions for the Fmoc deprotection and the coupling of amino

acids should be used to minimize a nucleophilic attack to the thioester and an S!N

acyl shift. Finally, the linker should be able to afford the desired peptide as a

C-terminal methyl ester in case this functionality is present in the native sequence.

Not so many linkers meet all these requirements. Among them, the hydrazide

linker and the Ellman sulfonamide linker are stable under acid and basic conditions,

permitting the synthesis of the peptides and their orthogonal release from the solid

support [47]. The hydrazide linker can be cleaved by oxidation to an acyldiazene

followed by a nucleophilic attack by methanol or water to release the peptide with a

C-terminal methyl ester or carboxylic acid, respectively (Scheme 5a) [55]. Oxida-

tion can be performed with either Cu(AcO)2/O2 or NBS. Such cleavage conditions

are orthogonal to prenyl and palmitoyl groups and classical protecting groups (Boc,

Fmoc and Aloc). An example of using the hydrazide linker for the synthesis of

N-Ras C-terminal peptide 13 is depicted in Scheme 5b (solid line) [53]. The

hydrazide linker was also used to produce lipidated peptide by on-resin lipidation

Scheme 4 Synthesis of fluorescently labelled mono- and diprenylated Rab7 C-terminal

hexapeptides using solution-phase approach
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[56]. However, because free amines could attack the oxidized linker, deprotection

of amines has to be performed after linker cleavage, in order to reduce the formation

of undesired cyclic peptides [57].

The Ellman sulfonamide linker is stable under acid or basic conditions. It can be

selectively alkylated with haloacetonitriles, and then becomes susceptible to nucle-

ophilic attack, leading to release of the peptide from the solid support (Scheme 5a)

Scheme 5 Synthesis of N-Ras protein C-terminus for MIC ligation using hydrazide linker and

Ellman sulphonamide linker. (a) Cleavage of the hydrazide linker by oxidation and nucleophilic

attack and Ellman sulphonamide linker by activation and nucleophilic attack of a nucleophile. (b)

Synthesis of farnesylated and palmitoylated N-Ras C-terminus with maleimido group using

hydrazide linker and Ellman sulphonamide linker
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[58]. However, classical cleavage with a solution of methanol and DMAP leads to

significant racemerization of cysteine. An alternative approach was to release the

peptide from the solid support using H-Cys(Far)-OMe as a nucleophile with

microwave irradiation for 10 min. Peptide corresponding to N-Ras protein

C-terminus 13 was synthesized using Ellman sulfonamide linker strategy as

shown in Scheme 5b (dotted line) [59, 60].

Another linker successfully applied to the synthesis of lipidated peptides is the

trityl linker, which can be cleaved by treatment with low concentrations of acid (1%

TFA) without affecting the integrity of the prenyl group. The main disadvantage of

this linker is that the cleavage at the C-terminus generates free carboxylic acid. In

order to obtain the C-terminal methyl ester, the last second C-terminal amino acid

can be immobilized on the solid support via the side-chain. After incorporation of

the designated prenylated cysteine methyl ester 1, the peptide chain can be elon-

gated and subsequently released from the solid support with 1% TFA, which

simultaneously cleaves all acid-sensitive side-chain protecting groups without

affecting the farnesyl group. Synthesis of the farnesylated and carboxymethylated

C-terminal peptide of Rheb and K-Ras4B is shown as an example [61] (Scheme 6).

For the synthesis of Rheb peptide, Fmoc-Ser-OAll was loaded to the trityl resin

through the side-chain hydroxyl group of Ser to form 14. After selective removal of

the allyl ester and coupling of the S-farnesylated cysteine methylester, the peptide

chain 15 was elongated by Fmoc strategy with N-Fmoc-protected amino acids with

Scheme 6 Synthesis of the farnesylated and carboxymethylated C-terminal peptide of Rheb and

K-Ras4B using the Trt linker

Chemical Synthesis and Biological Function of Lipidated Proteins 151



acid-labile side-chain protecting groups. Finally, treatment of the resin with 1%

TFA and a scavenger released the desired peptide 16a. The lipidated C-terminal

peptide of K-Ras4B (16b) was synthesized by a similar strategy. In this case, Fmoc-

Lys-OAll was loaded to the trityl resin through the side-chain amine (17). The side

chain of other Fmoc-lysine building blocks was protected with the orthogonal

allyloxycarbonyl (Aloc) group which can be liberated with palladium(0) and piper-

idine. After cleavage from the solid support, the peptide 16b could be precipitated

readily in diethyl ether (Scheme 6) [61]. It should be noted that the deprotection

conditions of Aloc are incompatible with thioesters, such as palmitoylated cysteine,

and the maleimide group, because of the use of piperidine and triphenylphosphine

in the reaction.

2.4 Synthesis of Lipidated Peptides by Combined Solution/
Solid-Phase Approach

2.4.1 Synthesis of Phosphatidylethanolaminylated Peptide

Synthesis of phosphatidylethanolaminylated (PE) peptide is performed by

lipidation of peptide backbone in solution, which was synthesized using the trityl

linker strategy via SPPS. PE-conjugated C-terminal peptide of LC3 (20) was

synthesized on the chlorotrityl resin by means of the Fmoc strategy (Scheme 7)

[62]. After release from the resin, the protected peptide 19 was subsequently

activated by pentafluorphenyl trifluoracetate as an activated ester and was coupled

to 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) in solution to pro-

duce protected lipidated peptide. The desired lipidated peptide 20 can be obtained

after removing all acid sensitive protecting groups by a high concentration of TFA.

In another approach, the peptide 22 was preactivated with 1-(3-dimethylami-

nopropyl)-3-ethylcarbodiimide HCl (EDCl) and N-hydroxysuccinimide (NHS),

and was subsequently coupled to the DPPE in the presence of base N,N-diisopro-
pylethylamine (DIEA). Removal of the peptide protecting groups with TFA

afforded PE-conjugated peptide 23 [63]. In order to facilitate handling and

solubilisation of LC3-PE protein, Liu and co-workers introduced a photolabile

poly-Arg chain into the lipidated peptide [64]. To this end, the main peptide

chain was prepared on the chlorotrityl resin, followed by an elongation of poly-

Arg chain at the glutamine side chain, which is connected via a photosensitive

nitrobenzyl linker. The branched peptide was cleaved off the resin and condensed

with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE). The final

PE-peptide 21 was obtained after removal of the protecting groups.
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2.4.2 Synthesis of Sterol-Modified Peptide

C-terminally sterol-modified heptapeptides derived from the Hedgehog protein

were prepared by a combined solution and solid-phase approach with introduction

of different functional and reporter groups, i.e. sterols, a fluorescent label for

membrane binding assay, and a maleimidocaproyl (MIC) group for ligation to the

protein [65]. Dipeptide Fmoc-Ser-Gly-OAll was prepared in solution and loaded to

the trityl resin via the serine side chain. The C terminus of the immobilized

dipeptide was coupled with glycyl-sterol esters. The glycyl sterol esters were

prepared by esterification of tert-butyloxycarbonyl (Boc)-protected glycine with

the sterols using N,N-diisopropylcarbodiimide (DIC) and 4-(dimethylamino) pyri-

dine (DMAP) followed by selective removal of the Boc group. N-terminal peptide

chain elongation was achieved by means of SPPS to yield peptide 26 carrying an

Scheme 7 Synthesis of the PE conjugated peptides for EPL
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NBD group at a lysine side chain and a maleimide group at the N-terminus. The

peptides were cleaved from the resin under very mild conditions, resulting in

desired products 27 (cholesterol for 27a and androstenol for 27b) (Scheme 8) [65].

3 Synthesis of Lipidated Proteins

In general, there are two approaches which have been used to prepare lipidated

proteins: (1) the incorporation of the lipid by lipid transfer enzymes and (2) the

ligation of lipidated peptides with expressed proteins [66]. Recently, approaches

using protein prenyltransferases have been used to obtain prenylated Ras family

proteins. Protein prenyltransferases can tolerate diverse modifications of their lipid

substrates [67, 68]. Therefore, bioorthogonal groups or probes can be incorporated

into proteins containing a CaaX motif or Rab proteins via prenylation [69–72].

Scheme 8 Synthesis of sterol-modified heptapeptides for MIC ligation

154 A. Yang et al.



Such enzymatic approaches have limitations in the scope of manipulation of

protein structure, and therefore are not suited for the preparation of proteins with

different lipid moieties at multiple sites and/or with non-natural groups. Moreover,

not all lipid transfer enzymes are readily recombinantly available. Chemical protein

ligation methods have been developed in the past few years. These methods allow

for site-specific lipid modifications of a protein and production in large quantities

for cellular, biochemical and biophysical analyses (Table 2).

Each chemical ligation method, involving expressed protein ligation (EPL),

MIC ligation, Diels–Alder ligation, click ligation and sortase-mediated protein

ligation, has its own pros and cons. The choice of the approach depends on the

nature of the target protein and design of protein synthesis. The EPL method has

been applied to the synthesis of most lipidated proteins, affording the native peptide

bond. However, the EPL reaction is relatively slow and sometimes leads to a low

yield caused by hydrolysis of thioester. MIC ligation, Diels–Alder ligation and

click ligation proceed much faster with a high yield. However, a non-natural linker

is introduced in the protein-peptide conjugate, which could affect the function of

lipidated proteins. Sortase-mediated protein ligation emerges as a fast ligation

strategy with a good yield. We discuss some examples for the application of

these ligation methods to the lipidated protein synthesis.

3.1 Assisted Solubilisation Strategy

The poor solubility of lipidated peptides in aqueous solution makes the lipidated

protein ligation much more challenging. Moreover, lipidated proteins tend to

aggregate and precipitate in solution, which renders them difficult to handle.

Several assisted solubilisation techniques have been developed to overcome this

problem, including detergent strategy, polyethylene glycol (PEG) tag, ploy-Arg tag

and maltose binding protein (MBP) tag.

Detergent is the most popular strategy used for lipidated protein ligation.

Detergent not only facilitates solubilisation of lipidated peptide but also drives

the ligation reaction as a catalyst. In an early study on the synthesis of mono- and

diprenylated Rab7 proteins, a wide range of detergents have been screened

[54]. Although most detergents can solubilize the prenylated peptide, only 6 out

of 76 detergents are able to support the ligation efficiently, including cetyltrimethy-

lammoniumbromide (CTAB), lauryldimethylamine-N-oxide (LDAO), N-dodecyl-
N,N-(dimethylammonio)butyrate (DDMAB), sodiumdodecyl sulfate (SDS),

n-octyl-phosphocholine (FOS-Choline-8) and cyclohexyl-ethyl-β-D-maltoside

(Cymal-2). The ligation efficiency is also dependent on the concentration of the

detergent. A concentration above the critical micellar concentration (CMC) is

necessary to drive the ligation reaction (unpublished results). It is conceivable

that prenylated peptides which form higher order structures in aqueous solution

can be made accessible to the protein via formation of mixed detergent micelles.

However, it remains unclear why some detergents are dramatically more efficient
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than others. Among these detergents, CTAB appears to be the most robust mediator

of the ligation reaction and has been used to produce mono- and diprenylated Rab7

(Scheme 10a) [54].

Table 2 Chemical ligation methods for the synthesis of lipidated proteins

Ligation

methods Requirements Mechanism Product Examples

Expressed

protein

ligation

C-terminal

thioester

O

SR H2N
O

HS O

N
H

O

HS

protein peptide protein peptide
Native

peptide

bond

Rab7,

N-Ras,

Rheb,

K-Ras4B,

D-Ral,

YPT1,

LC3-PE,

lipidated

GFP

Lipidated

peptide with

an

N-terminal

cysteine

Maleimide

ligation

Protein with a

C-terminal

cysteine

protein peptideN

O

O
peptideN

O

O

SH
protein S Non-natural

bond

H-Ras,

N-Ras

Lipidated

peptide with

an

N-terminal

maleimide

Diels–

Alder

ligation

Protein with a

C-terminal

dienyl group

O

Oprotein peptideN

O

O

O

Oprotein

peptideN

O

O

Non-natural

bond

Rab7

Lipidated

peptide with

an

N-terminal

maleimide

Click

ligation

Protein with a

C-terminal

azide

N3protein peptide Nprotein

peptide

NNCu(I) Non-natural

bond

Rab1,

Rab7

Lipidated

peptide with

an

N-terminal

alkyne

moiety

Sortase-

mediated

protein

ligation

Protein with a

C-terminal

LPXTG motif

protein LPET
O

HN

O
XX

peptideGH2N

Sortase A
protein LPET

O

HN peptideG
Native

peptide

bond with

additional

amino acid

sequence

K-Ras4B,

lipidated

GFP, GPI

modified

GFP
Lipidated

peptide with

an

N-terminal
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Syntheses of farnesylated Rheb methyl ester by EPL and prenylated Rab1 and

Rab7 proteins by click ligation were carried out efficiently in the presence of CTAB

(Schemes 10b and 14b) [61, 73]. The native chemical ligation of PE-modified

peptides with protein thioesters was performed in the presence of

β-octylglucoside to afford GFP-PE (Scheme 10e) [63] and LC3-PE (Scheme 11)

[62]. β-Octylglucoside was also used for the EPL of GPI-anchored GFP

(Scheme 10f) [74]. Some other examples of application of detergent to the lipidated

protein ligation include 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS) for the EPL of geranylgeranylated Rab7 protein [75],

dodecylmaltoside (DDM) and dodecyl-phosphocholine (DPC) for the EPL of

lipidated rPrPPalm (Scheme 10d) [76], DDM and deoxycholate (DOC) for the

sortase-mediated protein ligation of lipidated GFP (Scheme 15b) [77]. Triton

X-114 is widely used in the synthesis of lipidated Ras proteins because it can

drive protein ligation as well as facilitate purification of ligation product

(Scheme 12b, c) [78]. Triton X-114 has a low cloud point of 22�C. The reaction

was carried out at 4�C, under which the reaction mixture is homogenous. A

temperature shift to 37�C after reaction leads to a phase separation of the detergent

phase from the aqueous phase. A further separation of the ligated from unligated

protein can be performed by extraction with 11% Triton X-114, whereby lipidated

proteins partition into surfactant droplets.

Because the presence of detergents could affect protein function, removal of

detergents after ligation is usually required. However, dialysis is not always suffi-

cient to eliminate detergents because of the strong interaction between the lipid

group and the detergent. Extensive washing with organic solvents leads to dena-

turation of the protein. Thereby, another refolding step is required [54]. Recently,

detergent-free strategies using traceless solubilisation tags have been developed.

PEG solubilisation tag has been used in the synthesis of lipidated murine prion

protein (PrP) with two palmitoyl modifications as the GPI anchor mimic. PEG tag

was introduced at the C terminus of the lipidated peptide, leading to a large increase

in solubility (Scheme 10d) [76, 79]. Using this strategy, ligation reactions could be

carried out in the absence of detergent and organic solvent with a fourfold increase

in the yield. The PEG can be removed by proteolytic cleavage with TEV protease.

Poly-Arg tag and MBP tag have been employed in the synthesis of LC3-PE

protein. Highly positive charged poly arginine chain makes the PE-peptide and

protein soluble in aqueous solution [64]. This strategy allowed for the synthesis of

lipidated proteins under detergent-free conditions without laborious screening of

the solvents and additives. The poly-Arg tag is connected to the peptide via a

photosensitive linker, which can be removed by UV irradiation (Scheme 11). In

parallel, an MBP tag strategy was developed for the synthesis of LC3-PE. The MBP

tag which is fused to the N-terminus of the LC3 protein thioester dramatically

enhances the ligation efficiency, probably owing to the nonspecific association of

the PE-peptide with the MBP tag. The EPL reaction was performed under folding

conditions. The resulting MBP-LC3-PE protein is soluble in the buffer without

detergents, making it facile to handle the lipidated LC3 protein. Before the analysis

of the lipidated LC3, the MBP tag was removed by TEV protease (Scheme 11) [62].
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3.2 Expressed Protein Ligation

In the early 1990s, Kent and coworkers introduced the breakthrough approach of

native chemical ligation (NCL), which is now a general method for chemical

protein synthesis [80, 81]. In NCL, the thiol group of an N-terminal cysteine residue

of an unprotected peptide 29 attacks the C-terminal thioester of another unprotected

peptide 28 in an aqueous buffer to form a thioester intermediate 30. The initial

chemoselective transthioesterification in NCL is essentially reversible, whereas the

subsequent S!N acyl shift is spontaneous and irreversible. Thus, the reaction is

driven to form a native amide bond specifically at the ligation site, even in the

presence of unprotected internal cysteine residues (Scheme 9a). A number of

refinements and extensions in ligation methodology and strategy have been devel-

oped (for a recent review see [46]).

The scope of application of NCL was significantly widened upon introduction of

the approach referred to as expressed protein ligation (EPL) from the Muir labora-

tory [82, 83]. With EPL, both fragments containing C-terminal thioester and

N-terminal cysteine, respectively, can be produced recombinantly (Scheme 9b).

EPL emerged as a result of the advances in self-cleavable affinity tags for recom-

binant protein purification using intein chemistry. Inteins are protein insertion

sequences flanked by host protein sequences (N- and C-exteins) and are eventually

removed by a posttranslational process termed protein splicing. By means of a

C-terminal Asp to Ala substitution on the intein to prevent the formation or

breakdown of the branched intermediate, the protein can be trapped in an equilib-

rium between the thioester and the amide form. The engineered intein can then be

cleaved by treatment with thiol reagents (such as 2-mercapoethanesulfonate,

MESNA) via an intermolecular transthioesterification reaction, generating a recom-

binant protein thioester 33 which is ready to undergo NCL with a synthetic peptide

Scheme 9 Mechanisms of (a) native chemical ligation and (b) expressed protein ligation
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34 containing N-terminal cysteine. Until now, the EPL has been widely applied to

produce proteins with post-translational modifications [84, 85].

The EPL approach requires a cysteine residue at the ligation site. Because

cysteine is the second least common of the 20 amino acids in proteins, many

proteins do not have a native cysteine residue. Even if the protein contains cysteine,

it may not be a suitable ligation site. A simple solution is that a mutation to cysteine

at the ligation site could be introduced in the ligated protein. Several issues

concerning the choice of the ligation site should be considered. First, introduction

of a mutation to Cys at the ligation site should minimally interfere with protein

activity and function. Second, the synthetic C-terminal peptide length should be

short to reduce the synthetic effort and the risk of protein folding. If a cysteine

mutation is not tolerated, it is possible to perform the ligation reactions with an

amino acid other than Cys or to convert Cys chemically to other amino acids or

analogues [46].

Prenylated Rab proteins have been produced using the EPL approach

(Scheme 10a) [29, 54, 75, 86, 87]. Rab proteins were expressed in Escherichia
coli with a C-terminal fusion to an engineered intein, followed by a purification tag,

chitin-binding domain (CBD). The Rab-intein-CBD fusion protein on the chitin

beads was treated with MESNA to release Rab-thioester protein 36, which is

amenable for native chemical ligation with mono- or diprenylated peptides. After

ligation, the protein either remained in solution or precipitated, depending on the

ligation conditions, such as detergent and salt concentration. Washing of the

ligation mixture with organic solvents led to extraction of the peptide and detergent

to the organic phase and precipitation of protein. The protein pellet was dissolved in

6 M guanidinium chloride and was then refolded by stepwise dilution into the

buffer containing CHAPS. The approach yielded correctly folded prenylated Rab

proteins 38.

Farnesylated Rheb (41) and K-Ras4B (44) methyl ester were obtained by EPL

(Scheme 10b, c) [61]. Because of the presence of CTAB in the ligation reaction of

Rheb, an extraction with organic solvent and subsequent refolding was required

(Scheme 10b). In contrast, the C-terminal polybasic amino acid sequence of

K-Ras4B mediates solubilisation of farnesylated peptide and protein. Thus, ligation

of the peptide 43 with K-Ras4B thioester 42 was carried out in buffer without any

detergent. Denaturation and refolding were not needed for the synthesis of

farnesylated K-Ras4B.

Many other examples of lipidated proteins generated via EPL include PrPPalm 47

[76, 79], GFP-PE 50 [63], GPI-anchored proteins 53 [74, 88] and GPI-anchored PrP

56 [89] (Scheme 10). Bertozzi and co-workers prepared a series of GPI-protein

analogues bearing different anchor structures to dissect the structure-function

relationship of GPI-proteins (see the discussion in Sect. 4.5). After ligation of

cysteine-bearing GPI analogues 52 with GFP-thioester 51, the resulting

GPI-anchored proteins 53 were extracted by 12% Triton X-114 at 37�C
(Scheme 10f) [74, 88]. Seeberger and co-workers reported a synthetic strategy for

the preparation of homogeneous GPI-anchored prion protein 56 by a similar

strategy (Scheme 10g) [89]. Access to the GPI anchor 55 relies on the incorporation
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of the cysteine residue into the GPI backbone before global deprotection and on the

judicious selection of protecting groups.

A highly effective catalyst for native chemical ligation, (4-carboxymethyl)

thiophenol (MPAA), was used in the EPL of LC3-PE protein (Scheme 11)

Scheme 10 Semisynthesis of lipidated proteins by using EPL: (a) geranylgeranylated Rab7, (b)

farnesylated Rheb, (c) farnesylated K-Ras4B, (d) rPrPPALM, (e) PE-modified GFP protein, (f)

GPI-modified GFP protein and (g) GPI-modified rPrP
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[90]. In the poly-Arg solubilisation strategy, the ligation of lipidated hexapeptide 62

with LC31–114-thioester 61 was performed under denaturing conditions. After

cleavage of the ploy-Arg tag by UV irradiation, the lipidated protein LC3-PE 60

was purified by HPLC and subsequently refolded by pulse dilution into refolding

buffer [64]. In the MBP solubilisation strategy, the reaction of lipidated

hexapeptide 58 with MBP-LC31–114-thioester 57 was performed under folding

conditions [62]. The MBP tag was removed by proteolytic cleavage with TEV

protease, followed by the amylose affinity chromatography.

3.3 MIC Ligation

The chemoselective Michael addition of sulfhydryl group to the maleimido group is

a well-known conjugation reaction under neutral pH, which has been commonly

used for the coupling of fluorophores to proteins with surface-exposed cysteine

residues. The reaction was used to conjugate a maleimidocaproyl (MIC) peptide to

a C-terminally truncated Ras protein bearing a C-terminal cysteine (Scheme 12).

Scheme 11 Semisynthesis of LC3-PE by EPL
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Chemical synthesis allows for the incorporation of various types of lipids together

with reporter groups required for biological studies, such as fluorophores, photo-

activatable groups, different kinds of lipid groups, and nonhydrolysable palmitoyl

thioester analogues. The modular nature of this approach also offers more oppor-

tunity for introducing additional non-natural building blocks. Although the site

selectivity of the reaction is limited when more than one cysteine is present,

structures of N-Ras and H-Ras suggest that the cysteine residues in the GTPase

domain are buried in the fold and therefore are not easily accessible. C-terminally

truncated N-Ras or H-Ras protein with a C-terminal cysteine introduced at position

181 was expressed in E. coli. The exposure of the C-terminal cysteine makes the

ligation reaction fast and selective. The ratio of peptide to protein has to be limited

and generally should not exceed 3:1 to prevent nonspecific reaction with internal

cysteine residues. The MIC ligation was performed in the presence of Triton

X-114 at 4�C. The ligated product was subject to extraction by 11% Triton

X-114 at 37�C. Scheme 12 shows the preparation of a collection of semisynthetic H,

Scheme 12 Synthesis of lipidated proteins using MIC ligation
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N-Ras proteins 63 with different modifications using the MIC ligation approach

[78, 86, 91–93].

To understand the function of sterol anchors, fluorescently labelled

heptapeptides 65a and 65b bearing sterol moieties were attached to the

N-RasG12V(1–181) 64, yielding the sterol-modified proteins 66a, b (Scheme 12c).

N-Ras was chosen as the protein moiety because this system offers the possibility to

evaluate the membrane binding of different membrane anchors in cells [65].

3.4 Diels–Alder Ligation

The Diels–Alder reaction is a highly selective and fast transformation and can

proceed in aqueous solution. Its compatibility with biomolecules has been explored

elegantly in the bioconjugation and/or immobilization of oligonucleotides and other

biomolecules. Wladmann and co-works reported the development of the Diels–

Alder cycloaddition as chemoselective ligation of peptides and proteins under mild

conditions [94, 95]. This approach was successfully implemented by employing the

Rab7 protein as a representative biologically relevant example. The peptide fea-

tures a Cys residue at its N-terminus and a 2,4-hexadienyl ester at its C-terminus

(Scheme 13). The Rab7-thioester 67was ligated with the dienyl peptide 68 via EPL.

To avoid undesired modification of the thiol group in the subsequent reaction with

the maleimide, the accessible cysteine side chains were protected as disulfides by

treatment with Ellmann’s reagent immediately after the ligation reaction. The

resulting protein dienyl ester 70was ligated with the lipidated peptide 71 containing

a maleimido group at the N-terminus to afford lipidated protein 72. This strategy is

suitable for the incorporation of BODIPY fluorophore which is unstable under the

conditions of EPL [94, 95].

3.5 Click Ligation

Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction, also referred to as the

“click reaction”, is widely employed in protein/peptide modifications [96]. The

click reaction was applied to the synthesis of geranylgeranylated Rab1 and Rab7

proteins [73]. There are several advantages to using click chemistry: first, the 1,2,3-

triazole formed has only a low steric demand and is also regarded as a peptide-bond

mimetic linker; second, the reaction proceeds quickly and selectively under neutral

pH conditions at room temperature. The incorporation of the azide-modified cys-

teine, CysN3, into the Rab protein by EPL is quantitative and efficient, in contrast to

the EPL of prenylated peptides. The alkyne-containing peptides 75 were then

coupled to the proteins with an azide 74 through the click reaction (Scheme 14).

The ligation is fast and quantitative, which makes the purification of the ligated

protein highly facile.
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3.6 Sortase-Mediated Protein Ligation

Sortase A (SrtA) is a transpeptidase from the Gram-positive bacterium Staphylo-
coccus aureus. It catalyses attachment of proteins with an LPXTG motif to the cell

wall. The motif is cleaved by SrtA at threonine residue, leading to formation of a

thioester intermediate at the active centre cysteine of SrtA. A nucleophilic attack by

the favoured α-amino group of the pentaglycine unit of peptidoglycan on the cell

wall results in formation of a new peptide bond (Scheme 15a) [97, 98]. The LPXTG

motif has been successfully transposed onto unstructured regions of other proteins

to generate new sortase substrates. Protein substrates require only a five amino acid

extension (LPETG), a modest insertion which is not expected to impede the

function of most proteins and should also have minimal impact on the expression

yield of these polypeptides (Scheme 15a). Recently, Ploegh and co-workers have

developed a strategy using sortase-mediated transpeptidation as a means to install

lipid modifications onto protein substrates in a site-specific fashion (Scheme 15b)

[77]. The ligation of lipid-modified triglycine 78 and model protein eGFP 77

was successfully performed in the buffer with 150 μM SrtA and 1% detergent

(β-octylglucoside, DDM or deoxycholate). The His tag present on both the sortase

and the C-terminus of eGFP substrate provided a convenient way for purification

of the transpeptidation product 79 by Ni-NTA chromatography. The attachment

Scheme 13 Combination of EPL and Diels–Alder cycloaddition for the synthesis of a

palmitoylated, and farnesylated Ras protein
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of a range of hydrophobic modifications to eGFP was achieved in excellent yields

(60–90%).

Another example of lipidated proteins successfully generated by sortase

transpeptidation is lipidated K-Ras4B (Scheme 15c) [99]. The farnesyl group was

attached to the cysteine of C-terminal K-Ras4B peptide via the sulfo-SMCC

heterobifunctional crosslinker. The lipopeptide 81 bearing an N-terminal glycine

was ligated to the K-Ras4B protein with an LPETG motif 80 in the presence of

70 μM SrtA and 1% (w/v) n-dodecylmaltoside (DDM).

Recently, Guo and co-workers reported sortase-mediated chemoenzymatic syn-

thesis of a GPI-anchored protein [100]. The GPI anchor 84 featuring the common

glycan core, a lipid and an additional double glycine unit was coupled to the model

protein GFP 83 by SrtA (Scheme 15d). This work has demonstrated that SrtA could

accept a complex GPI anchor, suggesting that SrtA-mediated protein ligation is a

versatile approach for protein synthesis.

Scheme 14 Semisynthesis of geranylgeranylated Rab proteins by click ligation
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4 Chemical Biology of Lipidated Protein

Protein crystallization, NMR, FTIR and AFM studies usually required large quan-

tities of homogeneous proteins. Chemical approaches as shown above allow for

production of reasonable amount of lipid modified proteins with well-defined

structures as well as incorporation of reporter groups into proteins. These strategies

have profoundly facilitated the structural, biophysical and cellular studies of the

function of lipidated proteins. Some examples are discussed in this section.

4.1 Cell Biological Studies of S-Palmitoylation Cycle of Ras
GTPases

Ras GTPases signalling is spatially organized by its specific intracellular localiza-

tion on membranes or microdomains. Three isoforms of Ras protein (H-, N- and

K-Ras) share a common C-terminal S-farnesylcysteine carboxymethyl ester, while

N- and H-Ras have one and two adjacent S-palmitoylcysteine residues, respec-

tively, and K-Ras has a polylysine cluster at the C-terminus. The three isoforms of

Scheme 15 Site-specific lipid attachment through sortase-mediated transpeptidation. (a) Mech-

anism of sortase-mediated ligation. (b) Semisynthesis of lipid modified GFP protein by sortase-

mediated ligation. (c) Semisynthesis of lipidated K-Ras4B protein. (d) Semisynthesis of GPI

modified GFP protein
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Ras protein take different intracellular trafficking modes because of different

lipidated patterns. To elucidate how the S-palmitoylation cycle regulates the local-

ization of N- or H-Ras, semi-synthetic lipidated N or H-Ras proteins with natural

and unnatural lipidated patterns are required (Scheme 12b, Fig. 1a). Hexadecyl

(HD) group is introduced as a non-cleavable palmitoyl (Pal) analogue, and a serine

substitution of cysteine provides a non-palmitoylatable form. D-Cysteine and

β-peptidomimetics are employed to study the specificity of palmitoylation

enzymes. Bastiaens and co-workers investigated the retrograde trafficking of Ras

from the PM to the Golgi apparatus in Madin–Darby canine kidney (MDCK) cells

using the fluorescence recovery after photobleaching (FRAP) technique

[18]. N-Ras(PalFar) and N-Ras(HDFar) were microinjected into the MDCK cells,

respectively. The measurements clearly showed that PalFar protein localized nor-

mally to PM and the Golgi and displayed a similar fluorescence recovery kinetics at

the Golgi to the wild type N-Ras. In contrast, HDFar protein localized

unspecifically to the entire membrane system and did not display restricted Golgi

or PM localization. Specific fluorescence recovery at the Golgi was not apparently

observed in FRAP experiments (Fig. 1b). These findings suggest that retrograde

PM-Golgi trafficking of H-Ras and N-Ras is mediated by de/repalmitoylation

activities acting on Ras in different subcellular localizations.

To elucidate the site and kinetics of Ras palmitoylation, CysFar, a substrate for

palmitoylation resembling the depalmitoylated N-Ras, was microinjected into the

cell. A rapid accumulation of CysFar at the Golgi with a t1/2 of 14 s was observed,

Fig. 1 (a) Semisynthetic N-Ras proteins with various C-terminal structures. (b) Cellular distri-

bution and FRAP measurements of Cy5-N-Ras-PalFar and Cy5-N-Ras-HDFar at the Golgi. GalT

is a Golgi marker
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followed by PM localization at later time points, suggesting that the palmitoylated

CysFar exits Golgi via the secretory pathway. In contrast, SerFar, a protein which

cannot be palmitoylated, nonspecifically distributed over endomembranes. FRAP

measurements showed that CysFar fluorescence recovery at the Golgi is 13-fold

slower than SerFar, suggesting a stable membrane association because of

palmitoylation. These results led to the conclusion that prenylated Ras is further

palmitoylated at the Golgi apparatus within seconds [20]. Depalmitoylation was

accessed by using PalFar, a substrate for depalmitoylation, and HDFar with a

non-cleavable palmitoyl analogue. PalFar rapidly accumulated on the Golgi shortly

after microinjection, whereas HDFar distributed all over the cell. PalFar is

depalmitoylated before reaching Golgi, which is derived from the similar recovery

kinetics of PalFar at the Golgi to CysFar. These experiments show that N-Ras is

depalmitoylated everywhere in the cell on a time scale of seconds. Furthermore, to

study the substrate specificity of the palmitoylation machinery, D-CysFar and

β-CysFar (Fig. 1a) proteins were evaluated. Both proteins are rapidly trapped on

the Golgi by palmitoylation with kinetics similar to CysFar. The results imply that

no consensus sequence is involved in cellular palmitoylation and that there is no

essential requirement for the de/repalmitoylation machinery to recognize any

structure on the substrate other than the target cysteine side chain [20]. These

studies reveal that the palmitoylation cycle plays a key role in Ras intracellular

localization and translocation, thereby controlling Ras activity in different organ-

elles (Scheme 16).

Scheme 16 Model for

de/repalmitoylation cycle of

H- and N-Ras in living cells
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4.2 Biophysical Studies of Lipidated Ras GTPases

The lipidation of Ras plays a vital role in regulating the protein localization and

function. The association with different membrane microenvironments, such as

lipid rafts, is believed to regulate Ras signalling further. Lipid rafts can serve as

“signalling platforms” involved in transducing extracellular stimuli into the cell. To

investigate how the farnesylated and palmitoylated Ras proteins localize to differ-

ent membrane microdomains, the fully lipidated Ras proteins are required. The

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) labelled and dual lipidated

[hexadecylated (HD) as a nonhydrolysable palmitoyl group analogue and

farnesylated (Far)] N-Ras protein was obtained by MIC ligation (Scheme 12b).

The heterogeneous lipid bilayer systems were generated by 1-palmitoyl-2-

oleoylphosphatidylcholine (POPC), bovine sphingomyelin (BSM) and cholesterol.

The liquid ordered (lo) domain, liquid disordered (ld) phase, and gel or solid ordered
(so) phase were controlled by different ratio of POPC/BSM/cholesterol mixture

[101]. Winter and co-workers elucidated the interaction between lipidated Ras

protein and membrane and investigated the distribution of Ras proteins in mem-

brane microenvironments using two-photon fluorescence microscopy on giant

unilamellar vesicles (GUVs) and tapping mode atomic force microscopy (AFM)

[102]. The result of time-dependent partitioning of lipidated N-Ras in the different

domains of GUVs indicates that the phase sequence of preferential binding of

N-Ras to mixed-domain lipid vesicles is ld> lo� so.
Moreover, a series of N-Ras proteins with different lipid patterns (N-Ras

Far/Far, N-Ras HD/Far, N-Ras HD/HD, N-Ras Far) and farnesylated K-Ras4B

were prepared (Schemes 10c and 12b). By using time-lapse tapping-mode AFM,

the partitioning of these N-Ras proteins to various membrane microenvironments

are able to be detected. The results showed that GDP-bound N-Ras proteins bearing

at least one farnesyl anchor (N-Ras Far/Far, N-Ras HD/Far, N-Ras Far) display

comparable membrane partitioning behaviour and show diffusion of the protein

into the lo/ld phase boundary region, suggesting that the bulky and rigid farnesyl

anchor is responsible for the clustering of N-Ras proteins in the interfacial regions

of membrane domains, thus leading to a decrease of the line energy (tension)

between domains (Fig. 2) [103]. In contrast to N-Ras, farnesylated K-Ras4B

induces formation of new protein-containing fluid domains within the bulk fluid

phase (ld) and is believed to recruit multivalent acidic lipids by an effective,

electrostatic lipid sorting mechanism. Furthermore, the GDP-GTP exchange and

thereby K-Ras4B activation leads to changes in G-domain orientation and a stron-

ger enrichment of activated K-Ras4B in the signalling platform [104].

The lipidated Ras proteins were further studied under some extreme environ-

mental conditions by monitoring the chemical or physical signal. For instance,

pressure modulation has been applied in combination with FTIR spectroscopy to

reveal equilibria between spectroscopically resolved conformations of the lipidated

N-Ras. The measurements showed that increased pressure shifts the conformational

equilibrium toward the more open and solvent exposed state 1, which is involved in
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more effective interaction with GEFs. Moreover, upon membrane interaction, high

pressure induces the otherwise lowly populated state 3, which is accompanied by

structural reorientations of the G domain at the lipid interface. These findings

suggest that the membrane is involved in modulating Ras conformations, thereby

regulating its effector and modulator interactions [105].

4.3 Structural Studies of Prenylated Rheb GTPases

Ras homologue enriched in brain (Rheb) protein is a key regulator of the mamma-

lian target of rapamycin complex 1 (mTORC1) signalling pathway, involved in

regulating cell growth, metabolism and proliferation. Similar to Ras protein, Rheb

is S-farnesylated and methylated at its C terminal cysteine. S-Farnesylated Rheb

(here referred to as F-Rheb) was generated by a combination of EPL and

lipopeptide synthesis (Scheme 10b) [61], facilitating preparation of F-Rheb:PDEδ
complex for crystallization. PDEδ was initially identified as a fourth subunit of

rod-specific cGMP phosphodiesterase, PDE6. Wittinghofer and co-workers showed

that PDEδ can bind and solubilize prenylated Ras, Rheb, Rho6 and Gαi1 [106]. The
structural studies of F-Rheb:PDEδ complex provide insights into the function of

PDEδ as a GDI-like solubilizing factor involved in the transport of farnesylated

small GTPases [107].

As shown in Fig. 3, PDEδ interacts with F-Rheb-GDP with a total buried surface

area of 2,142 Å2. Rheb C-terminal residues 177–181 contact PDEδ via main-chain

atoms with a buried surface area of 1,007 Å2 which involves a PDEδ flexible loop

(residues111–117). This flexible loop is invisible in the crystal structure of PDEδ in
complex with Arl2, suggesting it can adopt different conformations (Fig. 3a). The

Fig. 2 (a) AFM images of the time-dependent partitioning of GDP-bound N-Ras Far/Far, N-Ras

HD/Far, and N-Ras HD/HD into lipid bilayers consisting of DOPC/DPPC/Chol 1:2:1. (b) AFM

images of the time-dependent partitioning of GDP- and GTP-bound K-Ras4B into lipid bilayers

consisting of DOPC/DOPG/DPPC/DPPG/Chol 20:5:45:5:25. (c) Schematic model for N- and

K-Ras localization in heterogeneous model biomembranes with liquid-disordered (ld) and

liquid-ordered (lo) domains
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main-chain interactions together with the flexibility of this loop support the notion

of broad specificity of PDEδ. Several hydrophobic residues constitute the hydro-

phobic pocket for binding farnesyl moiety (Fig. 3b).

In contrast to RhoGDI, which features a “regulatory arm” by which it contacts

Rho switch regions (Fig. 3c), there is no interaction between PDEδ and the switch

regions of the Rheb. Moreover, the last three C-terminal residues of Rheb together

with the farnesyl group penetrate much more deeply into the hydrophobic pocket of

PDEδ, suggesting the interaction occurs mainly through the farnesylated

C-terminus (Fig. 3c). These findings explain the nucleotide-independent binding

of G proteins to PDEδ [106, 108]. PDEδ binds to Arl2 and Arl3 GTPases in a

GTP-dependent manner [106, 109, 110] (Fig. 3d). Upon binding to Arl2-GTP,

residues in the hydrophobic pocket, Met20, Ile129 and Phe94, are shifted toward

the inside, leading to a clash with the farnesyl group (Fig. 3e). The conformation of

PDEδ switches between the Arl2-bound closed conformation and the F-Rheb-

bound open conformation (Fig. 3f). The fluorescence polarization measurements

demonstrated that Arl2-GTP disrupts F-Rheb:PDEδ complex in a nucleotide-

dependent manner by forming a low-affinity, rapidly dissociating ternary complex.

Fluorescence lifetime imaging microscopy (FLIM) measurements also suggested

Fig. 3 Structure analysis of F-Rheb:PDEδ. (a) Ribbon representation of F-Rheb in cyan, with the
farnesyl group in blue, in complex with PDEδ in green (PDB code 3T5G). GDP bound to Rheb is

shown in ball-and-stick representation. (b) Residues forming the hydrophobic pocket of PDEδ are
shown in green. The farnesyl group is shown in blue (PDB code 3T5I). (c) Superimposition of

PDEδ in cyan on RhoGDI in green (PDB code 1DOA) with the RhoGDI regulatory arm marked by

red dashed circle, the PDEδ-bound farnesyl in blue and the RhoGDI-bound geranylgeranyl group
in gold. (d) Superimposition of F-Rheb:PDEδ as shown in a on the PDEδ:Arl2-GTP complex

(PDB code 1KSJ) with PDEδ in orange and Arl2 in gray. (e, f) The lipid binding pockets of F-

Rheb-bound PDEδ (open conformation) and Arl2-bound PGEδ (closed conformation)
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that Arl2 releases Rheb or N-Ras from PDEδ in cells. Therefore, Arl2 and Arl3

function as GDI-like displacement factors (GDFs), which allosterically regulate the

release of farnesylated G proteins from PDEδ.

4.4 Thermodynamic Basis of Rab GTPases Membrane
Targeting

Rab GTPases with more than 60 members in humans consist of the largest subgroup

of Ras superfamily. Rab GTPases regulate vesicular transport through a spatiotem-

porally controlled GTPase cycle and their distinct membrane localization in cells.

Cycling between the cytosol and membranes is an essential feature of the mode of

action of Rabs, made possible by reversible interaction with GDP dissociation

inhibitor (GDI), which can solubilize the geranylgeranylated Rab molecules in

the cytosol. Membrane-bound GDI displacement factors (GDFs) were proposed

to disrupt GDI:Rab complexes, leading to insertion of the prenylated Rab into the

membrane in the GDP form and release of GDI into the cytosol (Scheme 17b).

Since GDI is a generic regulator (only two isoforms in humans and one isoform in

yeast known to date) for prenylated Rab proteins and only one GDF (Pra1 in

humans and Yip3 in the yeast) with promiscuous activity on several different Rab

proteins has been identified so far, it has been a perplexing question as to how

individual Rabs are targeted to their cognitive membrane compartments

specifically.

Elucidation of the thermodynamic basis of Rab membrane targeting requires

analysis of interaction between prenylated Rab proteins (GDP/GTP-bound) and

REP/GDI. Such analysis is made possible by generation of fluorescent labelled

prenylated Rab proteins (Scheme 10a) [30, 54]. A series of Rab7-based protein

probes with one or two isoprenyl moieties and fluorophores on the lipid moiety or

the lysine side chain were prepared using the EPL technique. The semisynthetic

method enables precise installation of GDP/GTP into Rab proteins to generate the

“off” and “on” states, yielding for the first time homogeneous preparations of

functionalized prenylated proteins in a well-defined nucleotide bound state [87].

Thermodynamic and kinetic analysis of the interaction of prenylated Rab pro-

teins with regulatory factors provides insights into the mechanism of Rab mem-

brane targeting. For example, Rab7Δ6CK(NBD)SCSC(G)-OMe (Rab7NBD-G)

displays a four- to fivefold fluorescence enhancement upon binding to REP-1 or

GDI-1. This signal change was used to perform fluorescence titration experiments

to determine Kd values (Fig. 4a) [87]. These measurements indicated that replace-

ment of GDP with GTP analog GppNHp leads to a reduction of the affinity of

prenylated Rab proteins for their regulators REP-1 and GDI-1 by at least ca. three

orders of magnitude. In the case of GTPase interaction with effector proteins, the

affinity increases by several orders of magnitude on substitution of GDP by GTP.

These reciprocal relationships are essential features of the Rab cycle, in which
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nucleotide exchange coordinates membrane delivery, effector interactions and

retrieval of Rabs from membranes.

To study the relationship further between nucleotide exchange and Rab targeting

to membranes, a RabGEF from Legionella pneumophila (DrrA) was used in

investigating the effect of GEFs on the Rab:GDI complex. Kinetics of the complex

interaction was monitored by a fluorescence change of Rab1-NBD-farnesyl (Rab1-

NF) (Fig. 4b). DrrA-mediated exchange for GTP or GDP resulted in loss or

recovery, respectively, of the Rab binding to GDI. These measurements suggest

GEF activity is sufficient to disrupt Rab:GDI complex and could lead to membrane

insertion.

As shown in this study, after the Rab extraction (Scheme 17a), GEF-mediated

exchange of GDP for GTP dramatically reduces the affinity of Rabs to GDI and

leads to an essentially irreversible dissociation of GDI. GEF-mediated nucleotide

exchange plays a key role in providing the free energy to drive this process. The

results obtained with DrrA suggest that GEF activity is necessary and sufficient to

displace GDI (Scheme 17c), but the dissociation of the Rab:GDI complex is rate-

limiting in this process (Scheme 17d). Therefore, GTP/GDP exchange catalyzed by

a membrane-specific GEF is the thermodynamic determinant for the delivery to and

stabilization of Rab on a particular membrane or membrane domain.

4.5 Biological Function of GPI-Anchors

Although many types of GPI-anchored proteins have been identified, the biological

functions of the GPI anchor have yet to be elucidated at a molecular level.

However, the structure-function relationship of GPI-anchor is difficult to study

because of the heterogeneity and limited quantities of GPI-anchors from natural

sources. Chemical synthesis of a series of GPI-protein analogues profoundly facil-

itates understanding the contribution of glycan components to the behaviour of

GPI-proteins on the membrane. Bertozzi and co-workers generated fully modified

GPI-anchored green fluorescent protein (GFP), which mimics the three domains of

native GPI anchor (Fig. 5, Scheme 10f). The proteins were incorporated into

supported lipid bilayers or loaded on the cell surface, and were analysed using

fluorescence correlation spectroscopy (FCS) [74].

Native GPI-anchored proteins diffuse more rapidly in supported lipid bilayers

than transmembrane proteins, presumably because the lipid tail of the GPI anchor

does not extend completely through the lipid bilayer [111]. To investigate the

relationship of GPI-anchor structure to the mobility on the membrane, the glycan

core of GPI anchor was substituted with no (87), one (88) or two mannosyl units

(89). These GPI anchored protein analogues were incorporated into supported lipid

bilayers. The diffusion properties of GFP-2, GFP-3 and GFP-4 in supported lipid

bilayers were investigated by FCS. From these FCS measurements, the character-

istic correlation times (τD) and the diffusion coefficient (D), a physical measure of

protein mobility, were obtained. GFP-4, which contains two monosaccharides in
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Scheme 17 Models of modulation of Rab recycling and targeting of Rabs to membranes by the

state of bound nucleotide. (a) The minimal model of Rab extraction. (b) GDF allosterically

regulates GDI dissociation, followed by membrane attachment and GEF-mediated nucleotide

exchange. (c, d) In the other models for GEF-mediated insertion, either there is direct interaction

of GEF with the Rab:GDI complex, leading to (c) nucleotide exchange and Rab dissociation, or (d)

spontaneous dissociation is rendered effectively irreversible by GEF activity and membrane

attachment
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the GPI anchor, diffused more rapidly than GFP-2 or GFP-3, which contains no or

one monosaccharide residues, respectively (Fig. 6a, b). Moreover, the results also

indicated that a protein attached to a native GPI anchor 86, which contains four

monosaccharide moieties, may move even more rapidly through the lipid bilayer.

For further elucidation of biological function of GPI anchor, the behaviour of

those GPI anchor analogues together with the native GPI anchor was accessed in

living cells. Transiently expressed native GPI-anchored protein, decay-accelerating

factor (DAF) or the folate receptor (FR), GFP-2, GFP-3 or GFP-4 was tested on

HeLa cell surface. FCS analysis revealed a correlation between the structure of the

glycan core and lateral mobility in the cell membrane (Fig. 6c, d). GFP-2 displayed

Fig. 4 Quantitative analysis of interaction of Rab7NBD-G with REP-1 and GDI-1. (a) Kd values

of Rab7NBD-G interacting with REP-1 or GDI-1 in different nucleotide bound forms. (b) DrrA-

mediated displacement of GDI-1. 50 nM Rab1-NF:GDI-1 complex was supplemented with 10 nM

DrrA. Nucleotide exchange was triggered by adding 100 μMGTP. Fluorescence was recovered by

adding an excess of GDP (1 mM GDP)

Fig. 5 Structures of native GPI-anchor (86) and GPI-anchor analogues (87), (88), and (89). These

structures contain three domains of GDI-anchor: (1) a phosphoethanolamine linker (red), (2) the
common glycan core (black) and (3) a phospholipid tail (blue). R is a GPI anchor side chain, such

as galactose or phosphoethanolamine. The GPI-analogues were attached to GFP protein by EPL to

produce GFP-2 (87), GFP-3 (88), GFP-4 (89)
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significant lower diffusion kinetics than GFP-3, GFP-4 and the native GFP-GPIs.

GFP-3 and GFP-4 also appeared to diffuse more slowly than the native GPI

proteins. GFP-2 contains a highly flexible linker connecting to the lipid anchor.

The flexible linker might permit a great movement of the protein attached. Thus, the

protein may be allowed to engage in contacts with both lipid bilayer and other cell

surface proteins, leading to the decrease of the mobility on the cell surface. The

sugar units may rigidify the native GPI anchor so as to limit the interaction of the

attached protein with the membrane, resulting in the increase of the mobility.

Therefore, the GPI anchor is not only a membrane anchor, but also serves to prevent

transient interactions of the attached protein with the lipid bilayer, thus permitting

rapid diffusion in the membrane [74, 88].

4.6 Function of LC3-PE in Autophagosome Formation

Phosphatidylethanolaminylated LC3 family proteins (LC3-PE) are required for the

elongation of autophagosomal precursors. However, the function of LC3-PE in

promoting membrane tethering and hemifusion is controversial. Using in vitro

reconstitution of Atg8 (LC3 in yeast) ubiquitin-like system, conjugation of yeast

Atg8 to liposomes containing high concentrations (55%) of PE has been shown to

promote the tethering and hemifusion of liposomes. Crosslinking of LC3 to lipo-

somes through maleimide-coupling strategy induces membrane tethering and

fusion. However, recent studies using both the reconstitution system and the

Fig. 6 Measurements of mobility by FCS. (a, b) The mobilities of GFP-2, GFP-3 and GFP-4 in a

supported lipid bilayers. (c ,d) The mobilities of native GPI-anchored proteins GFP-GDI (DAF),

GFP-GDI (FR) and GPI analogues GFP-2, GFP-3 and GFP-4 on HeLa cell surface

176 A. Yang et al.



maleimide-coupling strategy suggested that Atg8-PE/LC3-PE is unable to drive

membrane fusion in the presence of physiological concentrations of PE (30%).

Therefore, it is of great importance to be able to produce lipidated LC3 protein to

study the role of LC3 in autophagosome formation. However, it is challenging to

generate lipidated LC3 protein by reconstituting the LC3-PE conjugation reaction

in vitro with purified protein components, because of the difficulties in recombinant

production of mammalian proteins involved in the LC3-PE conjugation system.

Wu’s lab and Liu’s lab prepared LC3-PE using a semisynthetic approach

(Scheme 11) [62, 64]. The semisynthetic LC3-PE allows for addressing the

perplexing question on the membrane fusing activity of LC3-PE. MBP-LC3-PE

was used in liposomal assays, since it is soluble in aqueous solution without

detergents (Fig. 7a). The ability of MBP-LC3-PE to promote liposome tethering

and fusion was determined by dynamic light scattering (DLS) and the lipid mixing

assay, respectively [62]. Addition of MBP-LC3-PE to liposomes containing various

concentrations of PE (30% and 55%) induced aggregate formation in a dose-

dependent manner. In contrast, after treatment with catalytic amounts of Atg4B

to cleavage PE, MBP-LC3-PE had no effect on liposome size distribution, in line

with the fact that lipidation of LC3 is essential for membrane association and

Fig. 7 Membrane tethering and fusion meditated by the semisynthetic MBP-LC3-PE protein

in vitro. (a) A schematic view of LC3-PE-mediated liposomal hemifusion. (b) LC3-PE induces

membrane tethering in a dose-dependent manner. (c) LC3-PE induces membrane fusion in a dose-

dependent manner
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function of LC3 (Fig. 7b). Membrane fusion activity was measured by the lipid

mixing assay, in which fluorescence energy transfer from NBD-labelled lipid to

rhodamine B (Rhod)-labelled lipid is reduced when a labelled liposome fuses with

an unlabelled liposome. A dose-dependent induction of membrane fusion by

MBP-LC3-PE was observed in the presence of 30% PE (Fig. 7c). These findings

clearly demonstrate that LC3-PE mediates membrane tethering and fusion at

physiological concentrations of PE.

5 Conclusions and Perspectives

Chemical approaches are invaluable means for the preparation of homogeneous

lipidated proteins on a scale which permits X-ray crystal structure determination

and many other biophysical studies. Moreover, chemical synthesis allows for

manipulation of the protein structure and incorporation of difference functional

groups into proteins. These strategies make it possible to investigate structure-

function relationships, protein–protein interactions, protein–membrane interac-

tions, intracellular localization and function of lipidated proteins in vitro and in

cells. A combination of chemistry and biology has allowed the study of biological

functions previously not possible through traditional biochemical approaches.

The toolbox of chemoselective methods for protein synthesis and modification

has substantially expanded in the past few years [46, 112–115]. Many of these

reactions proceed under physiological conditions, which are compatible with bio-

logical system. These methods allow for application of powerful synthetic chem-

istry to the modification of proteins. In particular, the recent development of

bioorthogonal and rapid ligation reactions make it possible to label protein in

cells and organisms [116]. In principle, many of these reactions are applicable to

the synthesis of lipidated proteins to improve the yield and reduce the reaction time.

In this sense, chemical ligation of lipidated proteins in cells would also be possible.

In addition to the development of new ligation methods, another important issue for

the synthesis of lipidated proteins is solubilization of lipidated peptides and pro-

teins. Detergents have been shown to be a useful strategy. In some cases, they serve

not only as a solubilizer but also as a catalysis for the ligation. However, detergents

are usually not easily removed, and the presence of detergents could affect protein

function. A high demand remains for assisted solubilisation techniques for the

synthesis of lipidated proteins in a detergent-free manner. It is conceivable that in

future many other lipidated proteins with diverse lipid modifications can be pre-

pared and become essential tools for elucidation of various biological processes.
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