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C O N S P E C T U S

Expressed protein ligation (EPL) is a semisynthetic technique in which a recombinant protein thioester, generated by thi-
olysis of an intein fusion protein, is reacted with a synthetic or recombinant peptide with an N-terminal cysteine to pro-

duce a native peptide bond. This method has been used extensively for the incorporation of biophysical probes, unnatural
amino acids, and post-translational modifications in proteins. In the 10 years since this technique was developed, the appli-
cations of EPL to studying protein structure and function have grown ever more sophisticated.

In this Account, we review the use of EPL in selected systems in which substantial mechanistic insights have recently been
gained through the use of the semisynthetic protein derivatives. EPL has been used in many studies to unravel the com-
plexity of signaling networks and subcellular trafficking. Herein, we highlight this application to two different systems. First,
we describe how phosphorylated or otherwise modified proteins in the TGF-� signaling network were prepared and how
they were applied to understanding the complexities of this pathway, from receptor activation to nuclear import. Second,
Rab-GTPases are multiply modified with lipid derivatives, and EPL-based techniques were used to incorporate these mod-
ifications, allowing for the elucidation of the biophysical basis of membrane association and dissociation.

We also review the use of EPL to understand the biology of two other systems, the potassium channel KcsA and histones. EPL
was used to incorporate D-alanine and an amide-to-ester backbone modification in the selectivity filter of the KcsA potassium chan-
nel, providing insight into the mechanism of selectivity in ion conduction. In the case of histones, which are among the most heavily
post-translationally modified proteins, the modifications play a key role in the regulation of gene transcription and chromatin struc-
ture. We describe how native chemical ligation and EPL were used to generate acetylated, phosphorylated, methylated, and ubiq-
uitylated histones and how these modified histones were used to interrogate chromatin biology.

Collectively, these studies demonstrate the utility of EPL in protein science. These techniques and concepts are applicable to
many other systems, and ongoing advances promise to extend this semisynthetic technique to increasingly complex biological
problems.
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This Account describes the application of expressed protein

ligation (EPL) to the study of protein structure and function in

selected systems. EPL is a semisynthetic technique in which a

recombinantly expressed protein thioester is fused to any pep-

tide containing an N-terminal cysteine. Because the C-termi-

nal peptide may be prepared by synthetic methods, this allows

for the incorporation of a variety of protein modifications or

probes. In the decade since this technique was introduced, it

has been applied to a range of targets, allowing for the site-

specific incorporation of biophysical probes; attachment to sur-

faces, polymers, or nanoparticles; the introduction of post-

translational modifications (PTMs) or unnatural amino acids;

and the generation of proteins that are toxic or difficult to

express by other means. Herein, we will provide a brief review

of the development and methodological considerations of EPL

(because this subject has been reviewed extensively

elsewhere1,2) and describe, in detail, the application to

selected systems in which the use of this technique has led to

greater understanding of protein structure and function.

The development of recombinant DNA technology and

techniques for the heterologous overexpression of polypep-

tides has allowed for the routine preparation of many pro-

teins. However, these techniques are limited to the 20

naturally occurring amino acids. In many cases, it is desirable

to obtain proteins with PTMs, unnatural amino acids, or bio-

physical probes. Thus, a variety of techniques have been

developed for the preparation of proteins with unnatural

amino acids, by amino acid replacement in auxotrophic

expression strains or by re-engineering the cell’s own biosyn-

thetic machinery.3,4 Additionally, a host of bioconjugation

approaches can be used to attach biophysical probes or other

modifications, and in many cases, these reactions can be

applied site-specifically.5 Finally, by the careful choice of

expression systems, or the use of suitable modifying enzymes,

a wide variety of post-translationally modified proteins can be

isolated. However, all of these techniques can suffer from

problems of low yield, heterogeneity in the isolated products,

or limitations in the complexity and number of modifications

incorporated.

In principle, a chemical approach could allow for the gen-

eration of a limitless array of modified proteins. The develop-

ment, optimization, and automation of solid phase peptide

synthesis (SPPS) allows for the routine synthesis of peptides up

to 50 amino acids in length, the size of small protein

domains.6 Additionally, PTMs such as phosphates, lipids, and

sugars can readily be incorporated into synthetic peptides. The

fundamental limitation in the length of synthetic peptides can

be overcome by the use of chemoselective ligation reactions,

in which two or more fully unprotected peptides are linked

together.

In 1994, the group of Kent extended the pioneering work

of Wieland et al. on the reaction of amino acid thioesters with

cysteine7 with the development of native chemical ligation

(NCL).8 In NCL, an unprotected peptide with an N-terminal cys-

teine can react with a second peptide with a C-terminal

thioester to form a peptide bond (Figure 1a). The simplicity

and robustness of this approach has resulted in its widespread

application.9 In particular, we stress that the key feature of

NCL, which helped to guide its development, was the need to

avoid any protecting groups on either fragment. In general,

this critical feature defines a peptide ligation reaction. We

anticipate that continued technical advances will extend this

approach to ever-larger and more complex molecules. Nev-

ertheless, the current restriction of SPPS to peptides of 50-60

amino acids in length, combined with the difficulty in perform-

ing multiple sequential ligation steps, at present limits this

technique to the synthesis of small to moderately sized

proteins.

The fusion of the NCL technique with recombinant protein

production was realized via two different approaches. First, a

synthetic peptide thioester can be reacted by NCL with a

recombinant protein with an N-terminal cysteine;10 each frag-

ment can be prepared via several different approaches.2,10

Second, the fusion of a recombinant protein thioester with a

synthetic N-terminal cysteine peptide was accomplished by re-

engineering the process of protein splicing. In protein splic-

ing, a protein segment termed an intein is excised out of two

flanking sequences, named exteins, in a process analogous to

the splicing of RNA introns (Figure 1b).11 This fascinating auto-

catalytic process has been exploited for many different pur-

poses by our group and others. However, one of the simplest

uses of protein splicing has proven to be the most versatile:

by mutating the intein to prevent the formation or breakdown

of the branched intermediate, the protein can be trapped in

equilibrium between the thioester and amide form. The

mutated intein can then be cleaved by treatment with thiols,

generating a recombinant protein thioester. The ligation of the

recombinant protein thioester with a synthetic N-terminal cys-

teine peptide was first reported in 1998 (Figure 1c)12-14 and

has been termed expressed protein ligation (EPL) or, less fre-

quently, intein-mediated protein ligation.

The scope of EPL was initially explored in a series of stud-

ies in which various synthetic modifications were incorporated

into recombinant proteins.1,2 Since this subject was last

reviewed comprehensively, EPL has been used for a variety of
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novel purposes, including the incorporation of orthogonal

reactive groups for the purpose of evaluating novel protein

conjugation reactions;15,16 surface,17 polymer,18 biopoly-

mer,19 and nanoparticle conjugation;20 the generation of pro-

tein oligomers;21 the incorporation of positron emitting

isotopes;22 and the development of complex probes for fol-

lowing and manipulating protein structure in live cells.23,24 In

this Account, we will describe areas of research, primarily from

our own group, in which EPL has been utilized beyond sim-

ple proof of principle studies to provide insights into the struc-

ture and function of complex protein systems.

Structural, Biochemical, and Biophysical
Analysis of TGF-� Signaling
TGF-� family ligands are secreted polypeptides that regulate

a variety of biological responses in growth and development,

and dysregulation of TGF-� signaling is implicated in patho-

physiogical conditions such as cancer. In the standard model

of TGF-� signaling (Figure 2a), ligand binding induces the for-

mation of a tetrameric receptor signaling complex consisting

of two T�R-I and two T�R-II receptors.25 The T�R-II receptor

then phosphorylates T�R-I on a segment termed the GS-re-

gion, which activates the kinase activity on the T�R-I recep-

tor, leading to autophosphorylation and also recruitment and

phosphorylation of R-SMADs. The phosphorylated R-SMADs

can then homotrimerize or heterotrimerize with co-SMADs and

translocate to the nucleus and activate or repress gene tran-

scription. In order to assess the role of the regulatory GS seg-

ment in T�R-I activation, a homogeneously tetraphos-

phorylated derivative of the receptor cytoplasmic domain was

prepared by ligation of a tetra-phosphopeptide thioester with

a recombinantly expressed C-terminal peptide.26,27 The phos-

phorylated kinase had 40-fold increased kinase activity

toward its substrate, SMAD2, compared with the unphospho-

rylated kinase. The phosphorylation activity was directed to

the C-terminal tail of SMAD2, and the phosphorylated kinase

could no longer be inhibited by FBKP12, a negative regula-

tor of the pathway.28 Furthermore, the phosphorylated pro-

tein bound to a positively charged basic patch on SMAD2.

Thus, phosphorylation of the GS segment of T�R-I leads to a

conformational switch from a state that favors binding to the

inhibitor FKBP12 to a state favoring the binding and phospho-

rylation of its substrate, SMAD2.

FIGURE 1. (a) Mechanism of NCL. In NCL, transthioesterification by the N-terminal cysteine is followed by an S f N acyl shift, generating a
native peptide bond. (b) Mechanism of protein splicing. In protein splicing, a N f S or O acyl shift at the N-terminal residue of the intein is
followed by trans(thio)-esterification to the residue C-terminal to the intein, generating a branched intermediate. The C-terminal asparagine of
the intein then cleaves the C-terminal intein-extein bond, generating a succinimide product, and the fused exteins undergo an (S,O) f N
acyl shift to create a native peptide bond. (c) Mechanism of EPL. In EPL, a thiol is used to generate a thioester from a mutated intein. The
thioester can then react by NCL with an N-terminal cysteine peptide. R ) alkyl, phenyl, benzyl, CH2CH2SO3Na; X ) O, S.
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Since the C-terminal tail of SMAD2 is the substrate of T�R-I,

subsequent studies examined the role of phosphorylation in

regulating the oligimerization, structure, and function of this

transcription factor. A SMAD2 derivative, phosphorylated at

serines 465 and 467, was prepared by EPL.29 A crystal struc-

ture of the corresponding homotrimer revealed that the C-ter-

minal phosphorylated region had extensive hydrogen bonding

with the loop strand pocket of a neighboring SMAD2 within

the so-called MH2 domain. Interestingly, the same region of

the MH2 domain that mediates binding to the neighboring

phosphorylated SMAD2 tail also mediates binding to the

phosphorylated receptor, revealing the mechanism by which

the phosphorylated SMAD2 switches from receptor binding to

trimerization. A similar approach was applied to SMAD3,

allowing the structural basis for heterotrimeric SMAD signal-

ing to be elucidated.30 The contribution of the phosphoryla-

tion of the individual C-terminal serines of SMAD2 to

trimerization and activation was also studied using EPL.31 It

was shown that while serine 465 phosphorylation was suffi-

cient to drive homotrimerization, two phosphates were

required to stabilize the trimer when challenged with SARA, a

factor that retains SMADs at the membrane. Furthermore,

serine 465 phosphorylation activated the rate of phosphory-

lation of serine 467. Interestingly, this study represented the

first use of a semisynthetic enzyme (T�R-I) on a semisynthetic

substrate (SMAD2), both prepared by ligation techniques.

Thus, bis-phosphorylation of the C-terminus of R-SMADs such

as SMAD2 or SMAD3 induces stable trimerization of the

protein.

Since SMAD trimerization is believed to drive nuclear local-

ization and hence transcriptional activity, we developed

approaches to control the oligomerization and function of

SMADs based on photocaging. In one strategy, the C-termi-

nal phosphates were caged using 2-nitrophenylethyl protect-

ing groups, which could be removed using UV light.32 An

alternate approach was also developed, in which the C-termi-

nus of the protein was blocked with a photocleavable linker,

which was fused to a dabcyl quenching group (Figure 2b).

Since the C-terminal carboxylate is also essential for intersub-

unit association, the photolinker blocks trimerization. Methion-

FIGURE 2. (a) TGF-� signaling and (b) simultaneous activation of SMAD2 trimerization and fluorescence using light. The protein consists of
the MH1 and MH2 domains of SMAD2, with a modified C-terminus that is doubly phosphorylated (P), with fluorescein and a dabcyl
quencher linked together via a photocleavable linker (PL). Treatment with UV light results in cleavage of the photolinker, relieving the
quenching of the fluorescein and allowing trimerization and thus activation of the protein. PDB IDs: SMAD2 monomer 1dev; SMAD2 trimer
1khx; MH1 domain 1mhd.
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ine 466 of the protein was also replaced with a

fluorescein-lysine derivative. Thus, the fluorescein remained

quenched by the dabcyl group until the photolinker was

cleaved by UV light, simultaneously activating protein activ-

ity (i.e., trimerization) and fluorescence.23 An extension of this

strategy demonstrated that both the phosphorylated and non-

phosphorylated SMAD2 derivatives, labeled with two differ-

ent fluorophores, could simultaneously be activated and

imaged when microinjected into cells.33 Collectively, these

data support a model in which R-SMADs such as SMAD2 are

retained in the cytoplasm by interaction with proteins such as

SARA. Upon ligand binding and tetramerization of the recep-

tor complex, T�R-I becomes multiply phosphorylated on the

GS segment, leading to recruitment and phosphorylation of

R-SMADs. Upon double phosphorylation of the R-SMAD on the

two C-terminal serine residues, it can be released from SARA,

homo- or heterotrimerize with co-SMADs, and subsequently

translocate to the nucleus.

Structural Analysis of Rab GTPases
Rab GTPases are members of the class of monomeric GTPases

that play critical roles in various membrane trafficking events

inside cells. Like other G-proteins, Rabs are activated by bind-

ing to GTP, inactivated by hydrolysis of GTP to GDP and Pi,

and anchored to membranes by post-translational modifica-

tion with lipids at their C-termini.34 Lipid modifications are par-

ticularly challenging to incorporate into proteins due to

problems of solubility and stability of the resulting conjugates

in aqueous media. Native Rab7 has two geranylgeranyl

groups at its C-terminus, and this GTPase has been extensively

studied using proteins produced by EPL. The development of

effective ligation conditions and synthetic approaches to these

lipid-modified proteins is a noteworthy achievement.35,36

The large-scale preparation of these lipidated proteins

allowed for the crystal structure of the singly geranylgerany-

lated Rab/Ypt protein family member Ypt1 to be solved in

complex with Rab GDP dissociation inhibitor (RabGDI, Figure

3a).37 GDIs extract the lipid-modified GDP-Rabs from mem-

branes and facilitate their movement to acceptor membranes,

thereby regulating the subcellular localization of their GDP

bound forms. This structure revealed that the geranylgeranyl

group of Ypt1 was buried deep within a channel in RabGDI,

explaining the molecular basis of membrane extraction (Fig-

ure 3a). Furthermore, the structural basis of the inhibition of

GDP release by RabGDI was revealed, because several resi-

dues of RabGDI make close contacts with the region of Ypt1

that binds to the phosphates of GDP. However, this study did

not suggest where the second geranylgeranyl moiety of Ypt1

would bind to RabGDI, and thus the structure of doubly gera-

nylgeranylated Ytp1 was subsequently solved in complex with

RabGDI (Figure 3b).38 The structure revealed that one of the

geranylgeranyl groups was buried in RabGDI, as in the mono-

lipidated form, while the other was solvent exposed, lying

along the protein surface. Importantly, the conclusions drawn

from structural data were confirmed with biochemical assays,

using a soluble, fluorescent, farnesylated mimic of Rab7,

termed Rab7-NBD-farnesyl (Figure 3c).39 By competitive titra-

FIGURE 3. (a) Schematic of monoprenylated Ypt1 and crystal
structure of monoprenylated Ypt1 (blue) in complex with RabGDI
(green). The geranylgeranyl group is indicated in yellow. (b)
Schematic of doubly prenylated Ypt1 and crystal structure of
doubly prenylated Ypt1 (blue) in complex with RabGDI (green). The
geranylgeranyl groups are indicated in yellow. (c) Schematic of
Rab7-NBD-farnesyl.
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tion of the Rab7-NBD-farnesyl with natively prenylated Rab

variants, it was discovered that GDI binds both mono- and

diprenylated forms equally well (Kd ) 1-5 nM), while it has

poor affinity for unprenylated Rab molecules. These experi-

ments provide the structural and biochemical basis for GDI’s

role in membrane extraction of GDP bound geranylgerany-

lated Rabs.

Analysis of Potassium Channel Structure
and Function
Potassium channels are integral membrane proteins, which

permit the rapid and selective conduction of potassium ions

across biological membranes. The crystal structure of the

potassium channel KcsA, from Streptomyces lividans, revealed

that the selectivity filter of the homotetrameric assembly was

composed of a narrow, 12 Å channel lined with backbone car-

bonyl oxygen atoms (Figure 4).40 Since ion selectivity is pre-

dominantly mediated by these carbonyl groups rather than

amino acid side chains, standard site-directed mutagenesis

cannot easily be used to systematically and directly perturb

and study this aspect of channel function. In an attempt to fur-

ther understand, the mechanisms underlying potassium chan-

nel function, we developed an EPL-based protocol to generate

folded tetrameric potassium channels.41,42 Since the entirety

of the selectivity filter is contained within the synthetic por-

tion of the channel, this method allows for the introduction of

various unnatural amino acids into this segment.

In low potassium concentrations, the selectivity filter of

KcsA collapses to a nonconductive or closed conformation.43

The transition from this closed state to the conductive confor-

mation occurs in response to high [K+] but not high [Na+].44

However, it was unclear whether this structural adaptation was

the sole basis of selectivity. By locking the filter in the con-

ductive state, we thought it might be possible to address this

important question. Inspection of the crystal structures

revealed that Gly77 was in a left-handed helical conforma-

tion and that introduction of an additional steric bulk at this

position might disfavor this closed conformation. Since the

left-handed helical conformation is favored for D-amino acids

and glycine but not L-amino acids, a KcsA analog with Gly77

replaced by D-alanine was prepared.45 Crystallographic anal-

ysis indicated that in the presence of high [K+], the D-alanine

had no effect on the structure of the filter, which was antici-

pated. More importantly and consistent with the design, the fil-

ter of the D-alanine containing channel remained in the

conductive conformation even in low [K+], which is in stark

contrast to wild-type channels.46 Remarkably, this analog was

able to conduct Na+ in the absence of K+. However, the chan-

nel was still completely selective for K+ in the presence of

Na+, which was unexpected. Thus, the ability to of the chan-

nel to adapt its structure in the presence of potassium or

sodium ions is an important component of ion selectivity, as

is the ability of multiple potassium ions to compete with

sodium ions for binding in the conductive filter.

Structural data indicate that there are four contiguous K+

binding sites in the selectivity filter with each ion coordinated

by eight oxygen atoms (mostly from main-chain carbonyls) in

a square antiprismatic arrangement (Figure 4). However, only

two potassium ions on average occupy the selectivity filter at

any given time. Two discrete binding configurations, when

sites 1 and 3 are occupied and when sites 2 and 4 are occu-

pied, are believed to underlie ion conduction. Maximal ion

conduction is predicted to occur when these two configura-

tions are energetically similar. This model predicts that a per-

turbation at a site should be felt at its coupled site (e.g., sites

1 and 3) and increasing or decreasing the energy of potas-

sium ion coordination at any site should reduce potassium

current. To test this idea, a KcsA analog with an ester bond in

place of the amide between Tyr78 and Gly79 was prepared.47

This subtle replacement is nearly isosteric but was expected to

result in the reduction in the electronegativity of the carbo-

nyl oxygen by about one-half. Since the carbonyl of Tyr78

contributes to site 1 of the selectivity filter, this mutation

would be expected to perturb ion binding in this part of the

channel and thus coupled ion conduction. The crystal struc-

ture of this modified channel was solved under a variety of

FIGURE 4. Structure of the selectivity filter of the potassium channel KcsA, with semisynthetic variants discussed in the text indicated (PDB
ID 1K4C). For clarity, only two opposite monomers of the tetramer are shown.
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conditions. The isosteric ester substitution had no effect on the

structure of the backbone of the selectivity filter but as antic-

ipated did result in a significant reduction of ion density at site

1. Importantly, K+ current through this channel was reduced

in a manner fully consistent with the conduction model. Thus,

even slight perturbations in ion occupancy at site 1 result in

the alteration of current to suboptimal levels. It is likely that

further substitutions within the selectivity filter or in other posi-

tions in KcsA will allow for greater understanding of the basis

of ion selectivity and conduction in this channel.

Semisynthetic Histones As Tools for
Understanding Chromatin Biology
Eukaryotic DNA is organized into chromatin in the nucleus of

cells. The fundamental unit of chromatin is the nucleosome,

a protein-DNA particle composed of 147 base pairs of DNA

wrapped around an octameric protein complex composed of

two copies each of the four core histones, H3, H4, H2A, and

H2B. The core histones have flexible N-terminal tails, which

are heavily post-translationally modified. These modifications

regulate both the structure and function of chromatin in tran-

scription, replication, repair, and condensation. Both the posi-

tion and chemical identity of the PTMs control its specific

function, and many enzymes have been identified that are

responsible for installing and removing modifications.48 In

order to assess the biochemical function of specific histone

modifications, ideally one would want to use chemically

defined nucleosomes harboring the modified histones of inter-

est. However, as is the case with many PTMs, these are diffi-

cult to obtain by standard methods.

Peptide chemistry has long been used to study the bio-

chemical effects of PTMs on histone tail peptides.49 Recently,

several groups have used ligation protocols to prepare homo-

geneously modified, full-length histones. In a pioneering

study, Shogren-Knaak et al. prepared an H3 variant with a

phosphoserine at position 10 and incorporated it into nucleo-

somal arrays.50 The histone acetyltransferase Gcn5 had

increased activity upon the modified nucleosomes, while the

Gcn5-containing SAGA complex did not. The first result was

consistent with peptide substrate studies, while the latter was

not, demonstrating the advantage of studying the role of his-

tone-modifying enzymes on intact substrates. By a similar

method, a site specifically Lys16-acetylated H4 derivative was

prepared. The authors incorporated this derivative in nucleo-

somal arrays and analyzed the resulting complexes by ultra-

centrifugation and in a nucleosome sliding assay.51 The

acetylated nucleosomes had a reduced propensity to form

30-nm-like fibers, a higher order chromatin structure. Further-

more, the modified nucleosomes moved more slowly com-

pared with unmodified nucleosomes in the sliding assay when

treated with the chromatin remodeling complex, ACF. These

data indicate that acetylation of H4 at position 16 promotes

the formation of a decondensed chromatin structure, which

may favor transcription. He et al. extended the semisynthetic

histone approach by adding a desulfurization reaction to the

synthetic procedure, thereby converting the cysteine to an ala-

nine, allowing for a traceless ligation.52 Using this approach,

the authors generated acetylated and methylated H3 and

acetylated H4 and demonstrated that they were substrates for

histone-modifying enzymes.

In our own laboratory, a semisynthetic approach for gen-

erating ubiquitylated histones was developed based on the

peptide ubiquitylation approach of Chatterjee et al.53 This

traceless peptide ubiquitylation approach makes use of a pho-

tocleavable ligation auxiliary, which is coupled to the side

chain of a lysine residue. The ligation auxiliary can thus act as

an N-terminal cysteine surrogate to react in an EPL reaction

with a recombinant ubiquitin thioester. The ligation auxiliary

could be removed with UV light, generating a natively ubiq-

uitylated peptide. A similar approach was used to prepare

sumoylated peptides. Recently, we extended this approach to

full-length H2B by using a two-step EPL procedure (Figure 5).54

FIGURE 5. Synthetic strategy to generate ubiquitylated H2B.
Ubiquitylated H2B peptide was prepared by ligation to a
photocleavable auxiliary containing peptide. After simultaneous
removal of the ligation auxiliary and deprotection of the N-terminal
cysteine using UV light, the ubiquitylated peptide was reacted with
the H2B(1-116) thioester. Finally, C117 was desulfurized with
Raney nickel to produce intact ubiquitylated H2B.
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The ubiquitylated H2B was incorporated into nucleosomes,

and it was demonstrated that this PTM activates the nucleo-

some for methylation on H3 Lys79 by the methyltransferase,

Dot1. This work represents the first direct biochemical evi-

dence of crosstalk between PTMs on different histones. It is

likely that EPL and NCL approaches will continue to be used

to interrogate the role of histone modifications in chromatin

biology. For example, differentially modified histones could be

incorporated into single nucleosomes to study cross-talk

between modifications, and other modifications such as

sumoylation, ADP ribosylation, or deimination could readily be

studied using this approach.

Outlook and the Future of EPL
The studies reviewed herein hopefully provide a clear descrip-

tion of how EPL can be used to unravel the function of spe-

cific PTMs and how it can be used for detailed biophysical and

structural studies of proteins. The fundamental strength of the

technique is that it allows for the preparation of homogeneous

semisynthetic proteins on a scale sufficient for most routine

studies of protein structure and function. In principle, nearly

any modification, or combination of modifications can be

included due to the mild nature of the reaction conditions, as

long as the final product is itself stable. Furthermore, careful

optimization of the ligation conditions allows for the prepara-

tion of challenging targets, such as the potassium channel

KcsA or lipidated Rab molecules (see above). Thus, EPL is a

versatile technique for protein engineering and semisynthesis.

Several technical limitations in the application of EPL still

remain. First, the modifications that are incorporated must be

within 50 amino acids from the termini of the protein, or else

multiple ligation steps are required. While this is possible, it

increases the complexity of the synthesis substantially.54,55

The second principal limitation is the requirement for a cys-

teine at the ligation junction. Progress has been made in this

area by using auxiliaries or desulfurization reactions, allow-

ing for ligation at phenylalanine, alanine, and glycine.56-59 It

is likely that with the development of additional ligation junc-

tions, virtually any protein will be amenable to EPL modifica-

tion. The final limitation is the difficulty of performing this

reaction in vivo, in contrast to some other labeling technolo-

gies.60 While EPL is unlikely to be re-engineered to proceed

in vivo, due to side reactions of the thioester or N-terminal cys-

teine with endogenous metabolites, related intein-based tech-

nologies such as protein trans-splicing61 are promising

approaches for generating the types of complex modifications

described in this Account in living systems.

EPL shows promise for extension into several novel areas.

First, we predict that EPL will be increasingly used in the area

of nanotechnology. EPL is a versatile technique for attaching

proteins site-specifically to nanoparticles and surfaces.17,20 In

the next several years, it is likely that this technique will be

used to generate more sophisticated organic/inorganic hybrids

for various applications. A second area in which EPL will prove

increasingly useful is in the generation of protein therapeu-

tics. NCL has already been used to produce complex protein

therapeutics.62 EPL provides an important advantage over this

approach, namely, that the cost of the generation of recom-

binant protein fragments is often lower than synthetic pep-

tides. Third, we believe that this approach will be used for the

study of increasingly complex PTMs, for example, GPI

anchors,63,64 or proteins with multiple modifications. Finally,

EPL will continue to be applied to increasingly complex prob-

lems in the structural, biochemical, and biophysical analysis of

proteins.
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