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Abstract 

The review gives a large overview of the strategies used for protein synthesis by chemoselective 

peptide segment ligation on a solid support. It discusses also important aspects that remain to be 

explored to further develop the technology such as the role of the solid support on reactant diffusion 

rates, on ligation kinetics as well as on the folding and functionality of the proteins attached to the 

solid support. 

 

Introduction 

The solid phase peptide synthesis (SPPS [1]) technique introduced by Merrifield in 1963 greatly 

facilitated the production of long peptides and even small functional proteins [2]. The power of SPPS 

stems from several technical advantages among which the forcing of chemical reactions with excess 

reagents, the simplification of intermediate purification steps and the automation are the most 

prominent. Since its introduction, the rise in power of SPPS has been continuously sustained by 

developments in peptide bond coupling chemistries [3], in protecting group strategies [4] and in the 

understanding of how the solid support behaves in organic solvents and influences the rate of organic 

reactions. The conception of novel solid supports has substantially contributed to elevate SPPS to its 

current level of efficiency. Stimulated by the need to access polypeptides of increasing length and 

complexity, the principle of SPPS has been extended to the coupling of protected peptide segments on 

the solid phase [5,6]. 

The advent of native chemical ligation (NCL[7]) set the stage for a novel strategy for long peptide and 

protein production in water without the limitations inherent to the handling of protected peptide 

segments [8-10]. Nevertheless, the production of large proteins often requires the sequential assembly 

of several peptide segments and logically leads to the accumulation of chemical and isolation steps 

that are detrimental to the yield. Protein chemists have sought to overcome these limitations by 

adapting NCL solution protocols to water-compatible solid supports, after having realized that several 

assets of SPPS might also apply to the concatenation of unprotected peptide segments on solid phase 

and facilitate the production of large proteins. The solid support can facilitate the handling of poorly 

water-soluble peptide intermediates, an advantage that might be exploited at best during the 

synthesis of hydrophobic proteins such as membrane proteins [11]. The solid phase sequential ligation 

of peptide segments can also benefit from the simplification of intermediate purification steps to 

simple washing steps (Figure 1). By avoiding HPLC isolation steps better yields are obtained compared 

to solution chemistry [12,13]. In contrast, forcing of the coupling steps by applying a large excess of 

the incoming reagent as is done during standard SPPS cannot be applied to solid phase protein 

synthesis, primarily due to the cost of the incoming peptide segments. Furthermore, simple analytical 

methods for monitoring solid phase ligations remain to be developed. 

The first part of this review discusses the main approaches that have been published in the field, which 

apart from the pioneering work of Kent’s lab in the late 1990s [14], were disclosed in recent years 

[13,15-20]. The majority of the studies used water-compatible solid supports as illustrated in Figure 1 

[13,16,17], but protein synthesis on cellulose membranes [18] or plastic microtiter plates has also been 

explored [19,20]. These studies shed light on the major challenges that protein chemists are faced with 

in assembling a protein on a solid support, among which the attachment of the first segment to the 

solid support and the stepwise elongation of the polypeptide chain have concentrated many synthetic 

efforts. They also reveal important aspects that remain to be explored and developed. In particular, 

the second part of this review will highlight the importance of having more information regarding the 

impact of the solid support on reactant diffusion rates and ligation kinetics. Likewise, the folding of 
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proteins inside the beads or on plastic and their potential interaction with the solid support have been 

poorly investigated and remain to be addressed.  

 

 

Figure 1. The different chemical steps enabling the solid phase synthesis of proteins by sequential 

ligation of unprotected peptide segments, i.e. the attachment of the first segment, the elongation of 

the polypeptide, eventual post-ligation treatments (desulfurization [19,21,22], glycosylation [23]…) 

and the cleavage of the product from the solid support, involve an exchange of matter between the 

liquid aqueous phase and the interior of the polymer beads. The polypeptide can be folded in solution 

after the cleavage step or folded on the solid support for subsequent assays [15,19,20]. 

 

The direction of synthesis 

Among the few chemoselective peptide ligation methods discovered so far [10], only NCL has been 

adapted to solid phase protein synthesis. While SPPS is primarily performed in the C-to-N direction to 

benefit from the resistance of urethane-protected amino acids to racemization during activation, the 

solid phase elongation of the polypeptide by NCL can be done in either N-to-C (Figure 2) or C-to-N 

directions (Figure 3). This is because both elongation strategies utilize C-terminal peptide thioesters, 

i.e. solid supported peptide thioesters from N-to-C and soluble peptide thioesters from C-to-N, which 

a priori behave similarly during NCL toward epimerization or other side-reactions such as hydrolysis. 
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Clearly, N-to-C and C-to-N elongation strategies have distinct strengths and limitations (summarized in 

Figure 2c and Figure 3d) so that the choice of one direction of synthesis over the other can depend 

heavily on specific needs.  

When the elongation step is followed by the folding of the target protein on the solid support because 

on-bead [15] or microtiter plate [19,20] biochemical assays are planned, the direction of synthesis, 

which dictates the site by which the protein is tethered to the solid support, can potentially have 

important implications. Indeed, recent studies showed that the conformation and orientation adopted 

by different peptides and proteins tethered to abiotic surfaces critically depend on the site of 

attachment, i.e. N or C terminus [24,25]. The chemistry used for the immobilization has also been 

shown to be an important factor, as the linker and exposed chemical groups influence the 

hydrophobicity/hydrophilicity of the solid support and its interaction with the peptide or proteins 

attached to it. Therefore, evaluating the importance of protein orientation on biochemical 

functionality might be useful prior to running the synthesis of a solid supported protein library for 

screening purposes.  

 

Solid phase protein synthesis in the N-to-C direction 

The elongation process in the N-to-C direction relies on the use of bifunctional peptides equipped with 

an N-terminal Cys residue and a C-terminal latent thioester (green peptide in Figure 2a). The elongation 

cycle involves the activation of the latent thioester of the supported growing peptide chain into an 

active thioester (Step 1, Figure 2a) followed by NCL with the next peptide segment (Step 2, Figure 2a). 

So far, N-to-C protein solid phase synthesis has been performed using thiocarboxylates [14] or a bis(2-

sulfanylethyl)amido (SEA [26-28]) group as latent thioesters. Thiocarboxylates are poor acyl donors but 

can be activated into alkyl thioesters by selective alkylation at pH 4.6 [14]. Alternatively, the SEA group 

in the form of the cyclic 7-membered ring disulphide is unreactive as long as strong reducing agents 

such as tris(2-carboxyethyl)phosphine (TCEP) are absent from the reaction mixture.[26-28] Conversion 

into an alkyl thioester can be achieved by exchange with a thiol in the presence of TCEP at pH 4.0 

[29,30]. 

To start the elongation in the N-to-C direction, the N-terminal segment must first be attached 

chemoselectively to the solid support using conditions compatible with the latent thioester group 

present on it (Figure 2b). This has been achieved using ketoxime [14,16] or copper-catalyzed or strain-

promoted Huygens alkyne-azide cycloaddition reactions (CuAAC and SPAAC respectively) [12,31]. In 

each case, the carbon-nitrogen bond to be cleaved is remote from the attachment point and separated 

from it by a trigger, which determines the conditions enabling the target peptide to be released from 

the solid support. Pioneering work from Kent’s lab utilized oxime ligation and a base-labile 

sulfonylethyloxycarbonyl trigger in combination with thioacetates as latent thioesters for N-to-C 

protein synthesis [14]. More recent work used the acetoacetyl (AcA) group for ketoxime ligation to the 

solid support [16]. At the end of the elongation, the transoximation of the oxime linkage with 

hydroxylamine enabled the release of the target polypeptide in solution, making AcA a convenient 

moiety for chemoselective attachment and cleavage processes. 

A general challenge in the setup of N-to-C strategies is the design of linkers and triggers that enable 

the release of the target polypeptide under mild conditions. Compared to the assembly in the C-to-N 

direction, the N-to-C assembly strategy provides the advantage of being self-purifying at each 

elongation cycle (Figure 2a,c). Indeed, any truncated and/or acetylated peptide segment that 

contaminates the incoming peptide segment produced by conventional SPPS cannot be incorporated 

in the growing peptide chain because such impurities lack the critical free cysteine residue for NCL. A 
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specific advantage of the SEA latent thioester is its ease of introduction and high stability in solution 

that precludes any unwanted hydrolysis prior to its activation. Such a property could prove particularly 

important in the context of a future automation of solid phase protein synthesis, since in this case the 

pre-solubilized latent peptide thioester segment can be stored for hours or days at neutral pH before 

being ligated to the solid support. 

 

 

Figure 2. Solid phase protein synthesis in the N-to-C direction. a) Elongation cycle. b) Linker strategies. 

c) Strengths and limitations. The proteins synthesized are indicated together with their Protein 

Chemical Synthesis database (PCS-db, http://pcs-db.fr) identification number in parentheses [32]. The 

PCS-db IDs enable to quickly retrieve the information on how the proteins were produced (type of 
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junction formed, chemistry used, post-ligation treatments such as desulfurization, etc…) for each cited 

work. 

 

Solid phase protein in the C-to-N direction 

The elongation process in the C-to-N direction relies on the use of bifunctional peptides equipped with 
a protected N-terminal Cys residue and a C-terminal thioester group (peptide in green in Figure 3a). 
The elongation cycle involves NCL with the next peptide segment (Step 1, Figure 3a) followed by the 
removal of the Cys protecting group (Step 2, Figure 3a). Solid phase protein synthesis in the C-to-N 
direction benefits from the research done over the past few decades to facilitate the access to peptide 
thioesters and to design new protecting groups for Cys [10,14,15,33]. Very recently, the field has seen 
the development of mild conditions for removing well-established Cys protecting groups that required 
classically harsch conditions [34]. Although not tested yet for solid phase protein synthesis, such 
protocols hold promise for simplifying solid supported C-to-N assembly strategies. 

In the C-to-N direction the growing peptide chain is attached to the solid support through its C-
terminus. Logically, C-to-N solid phase protein synthesis has ingeniously exploited various linkers that 
were primarily invented for SPPS. Four of the five C-terminal attachment strategies shown in Figure 3b 
integrate popular linkers, i.e. Rink, 4-hydroxymethylbenzamide (HMBA), Wang or safety-catch amide 
(SCAL) linkers. All these advantages explain the fact that C-to-N solid phase protein synthesis methods 
are popular and more diversified than N-to-C ones. One of the rare examples of C-to-N protein 
synthesis on microtiter plates has been reported recently by Zitterbart and Seitz [19,20]. The authors 
exploited the chemoselectivity of hydrazone ligation to attach the first segment to aldehyde-
functionalized microtiter plates. A subsequent NCL step yielded the target SH3 polypeptides that were 
desulfurized, folded in situ and used to investigate SH3 domains with a special focus on their 
phosphoregulation. 
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Figure 3. Solid phase protein synthesis in the C-to-N direction. a) Elongation cycle. b) Linker strategies. 

c) Protein synthesis on microtiter plates. d) Strengths and limitations. See also the legend to Figure 2 

for PCS-IDs indicated in parentheses. 
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The solid support 

The majority of the studies dealing with solid phase protein chemical synthesis used bead-based solid 

supports, which share the feature of having a high polyethyleneglycol (PEG) content (~70% for PEGA, 

100% for ChemMatrix). Although they were not specifically designed and optimized for this 

application (ChemMatrix [16], PEGA [17,22]), they have the advantage of swelling well in aqueous 

media including 6 M guanidine hydrochloride, which is a popular medium for NCL. For example, 

ChemMatrix has a swelling volume of ~10 mL/g in water. Therefore, PEG should be considered as a 

co-solvent with a concentration in swollen beads as high as 10% w/v at the beginning of the synthesis. 

This logically raises the question of the potential impact of PEG chains during protein synthesis and 

subsequent biochemical assays.  

Addition of PEG to water increases solvent viscosity [35] and thus decreases the diffusion rate of 

solutes [36]. Diffusion in polymer gels is further limited by cross-linking and interactions between the 

polymer matrix and solutes. Although these aspects were extensively discussed in the past for solid 

supported reactions in organic solvents and especially amino acid coupling in the context of SPPS [37], 

little or no data are available for the diffusion of peptides in PEG-based polymer gels. Solid supported 

organic reactions frequently utilize large excesses of reagents to promote the diffusion of the reactants 

into the beads and force the reactions. This is typically the case for amino acid couplings during 

standard SPPS. Even in these favourable conditions, the diffusion of reagents into the beads was found 

to be rate-limiting in some cases [38]. Contrary to SPPS, solid phase NCLs are conducted using nearly 

stoichiometric amounts of the peptide segments, which diffuse less rapidly than amino acids due to 

their size [39,40]. Therefore, solid phase NCLs are potentially more susceptible to diffusion phenomena 

compared to classical amide couplings. Moreover, each time a peptide segment is ligated, the beads 

experience a significant increase in polypeptide content, which likely modifies the physicochemical 

properties of the solid phase as peptide elongation progresses (Figure 4a). All the above mentioned 

factors collectively contribute to make the diffusive behavior of reactants within the solid support 

challenging to model using the classical approaches to diffusion. It is therefore evident that a better 

knowledge of peptide diffusion constants inside PEG-based beads combined with the NCL rate 

constants would be helpful to predict the influence of various parameters such as the bead size, the 

nature of the formed junction, the catalyst type and concentration on ligation efficiency. 

Besides the use of cross-linked polymer networks, a few works described the production of protein 

arrays on surfaces using NCL [18-20]. A potential advantage of such approaches is that they are less 

impacted by diffusion phenomena. However, they are best suited for analytical purposes due to the 

small scale of synthesis. For example, protein surface densities achieved by Zitterbart et al. using plastic 

96-well microtiter plates corresponded to 0.15 nmoles per well, while solid phase protein synthesis is 

classically run at the micromolar scale. Therefore, cross-linked polymer beads and flat surfaces can be 

considered as complementary regarding their synthetic scope and applications. 

Although of high interest, the performance of on-bead biochemical assays using synthetic solid 

supported proteins is in its infancy. Mastering folding of the polypeptide directly on the solid support 

used for its synthesis requires anticipation of the influence of the solid support on protein folding, 

stability, accessibility and functionality. Here again, many questions remain to be addressed, such as 

how proteins behave inside PEG-based beads. The study of the diffusion of proteins in PEG-water 

solutions [41] or of protein-protein association rates in such solvent systems has stimulated many 

experimental and theoretical studies [36]. Small changes in water activity caused by additives can have 

large effects on protein stability as recently discussed by Miyawaki [42]. Although PEGs do not alter 

water activity to a significant extent in the concentration range discussed here ( 10% w/v) [35,43], 

they were found to increase protein thermal stability [44]. 
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While PEGs are often employed for minimizing protein adsorption on surfaces, their capacity to 

establish weak interactions with proteins is well established [45,46]. For example, the interaction of 

egg-white lysozyme with PEG was studied in the late 1990’s by NMR spectroscopy (Figure 4b) [46]. 

Many X-ray crystal structures in the Protein Data Bank (pdb) show PEG-protein complexes formed 

during crystallization experiments [47-49]. Some are bound to the protein substrate binding site as 

shown in Figure 4c for the SH3 domain of myosin IB from Entamoeba histolytica bound to PEG8000 

[47]. How such interactions can affect the accessibility of binding interfaces inside beads is largely 

unexplored. 

 

 

Figure 4. a) Evolution of the mass fraction of the growing peptide chain as a function of the number of 

ligation steps. b) Lysozyme binds to PEG. Magnitude of NMR chemical shift displacement upon 

lysozyme-PEG interaction: Arg61, Trp62 and Arg 73 (red) > Lys96 and Asp101 (orange) > Trp63 (yellow). 

The figure was prepared using Pymol and pdb entry 3ltz [50]. c) Binding of the SH3 domain of myosin 

IB from Entamoeba histolytica to PEG8000. The figure was prepared using Pymol and pdb entry 5xg9 

[47]. 
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Conclusion and future perspectives 

The potential of solid phase protein synthesis is already evident by looking at recent statistics [32]. 

Although there is no doubt that protein synthesis using NCL in solution dominates the field (1604 

ligations in solution vs 61 on the solid phase), the mean size of the proteins assembled on the solid 

phase (136 Aas) largely surpasses that of the proteins prepared in solution (92 Aas). It is also interesting 

to note that the mean number of ligation steps performed in solution (1.7) is significantly lower than 

the mean number of ligation steps reported for solid phase approaches (3.6). Nevertheless, the field 

is awaiting further developments and investigations to hoist solid phase protein synthesis to the level 

of performance of solution synthesis, which recently enabled the production of membrane proteins or 

proteins of exceptional size (> 400 AA) [51,52]. Among these are primarily concerned the invention of 

simple means for quantifying ligation rates and yields on the solid phase and developing solid supports 

specifically designed for protein synthesis. The field is also awaiting the adaptation of recently 

developed ligation chemistries to the solid phase [53-55]. In this context, we can predict that efforts 

for making the solid phase synthesis of proteins on the solid phase a more popular and efficient 

approach will continue in the future. 
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