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ABSTRACT 

    To answer how protein post-translational modifications (PTMs) affect protein function, conformation, 
stability, localization and interaction with binders remains important in the biological study. However, 
the related study has been dramatically hindered by the difficulty in obtaining homogenous proteins with 
site-specific PTMs of interest. Herein, we introduce a protein semi-synthesis strategy via salicylaldehyde 
ester-mediated chemical ligations (Ser/Thr ligation and Cys/Pen ligation). This methodology has enabled 
us to generate Lys (2/6/7/11) tetra-acetylated HMGB1 (high-mobility group box 1) protein, a 25 kDa 
proinflammatory protein, in high purity. Further studies revealed that the tetra-acetylation may represent 
a regulatory switch to control the HMGB1 signaling pathway by abolishing its interaction with lipopoly-
saccharide (LPS) and accelerating its degradation, consequently preventing cells from pyroptosis and le-
thality upon infectious injury.   

 

INTRODUCTION  

    Accessing proteins with desired natural or unnatural modifications is important yet challenging to cor-
relate structure to function in the investigation of protein post-translational modifications (PTMs).[1,2] Due 
to the non-template biogenesis of PTMs, biologically controlled methods cannot be used to produce ho-
mogeneous proteins bearing site-specific PTMs with precision and flexibility. Alternatively, advances in 
chemoselective peptide ligation chemistry enable peptide chemical synthesis to readily reach the protein 
domains comprising of 100-300 amino acid residues in general. [3-9] In brief, side chain unprotected short 
peptides (less than 50 amino acids) obtained from solid phase peptide synthesis (SPPS) are chemoselec-
tively merged specifically at C- and N-termini via multiple chemical ligations.  Along this line, the mod-
ified amino acids are used as the building blocks during SPPS with which to incorporate unnatural moie-
ties into the polypeptide sequences, followed by protein refolding to generate functional synthetic biolog-
ics.  

    To maximize the efficiency of chemical synthesis of the proteins bearing PTMs, the semi-synthetic 
approach facilitated by chemical ligation offers an expedient solution, in which the short synthetic peptide 
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containing modified residues is ligated with the long peptide fragment without PTMs obtained from re-
combinant expression.[10-19] With the help of established techniques in recombinant protein production, 
the size of proteins accessed through semi-synthesis continues to increase in a cost-effective manner.[11,12] 
Protein semi-synthesis lies in two manifolds: either C-terminal peptides or N-terminal peptides are bio-
logically expressed. As peptide ligation relies on the reacting counterparts at C- and N-termini (e.g., C-
terminal thioesters/N-terminal cysteine in native chemical ligation) for chemoselectivity, usage of natural 
amino acid as the reactive group would be advantageous for protein expression. For example, the protein 
with N-terminal cysteine for NCL can be readily obtained. In addition, a milestone advance has been 
made to generate recombinant proteins with C-terminal thioesters via the intein splicing system, termed 
expressed protein ligation (EPL).[12] However, the lowest abundance of cysteine among 20 natural amino 
acids limits the choice of ligation site, significantly impairing the applications of NCL in some cases. 
NCL-desulfurization method via Cys®Ala conversion can expand the potential ligation junction to highly 
abundant alanine, yet it is only applicable to non-cysteine containing proteins or require temporal protect-
ing group.[20-22] Furthermore, proteins with other thiolated unnatural amino acids at N-terminus cannot be 
generated recombinantly yet.[23-25] 

    Previously, we have reported that unprotected peptides with N-terminal Ser/Thr can chemoselectively 
react with another unprotected peptides with C-terminal salicylaldehyde esters to generate the N,O-ben-
zylidene acetal linked intermediate in a pyridine/acetic acid mixture, which upon acidolysis restores the 
natural Xaa-Ser/Thr peptide linkage at the ligation site, termed Ser/Thr ligation (STL).[26,27] In addition, 
the peptide salicylaldehyde esters can also react with peptides with N-terminal cysteine or penicillamine 
in both pyridine/acetic acid and aqueous buffers, termed Cys/Pen ligation (CPL), which is found to pro-
ceed independent of the steric hindrance at the C-terminal amino acid (e.g., Val, Ile. Thr and Pro).[28] STL 
and CPL have been widely used for synthesis of cyclic peptides and proteins.[29-42] As a further advance, 
STL/CPL-based protein semi-synthesis will be of great importance for large protein synthesis. The only 
example was reported by Kirshenbaum et al. in 2014, in which a peptoid derived salicylaldehyde ester 
was ligated with two proteins, RNase A (~11.5 kDa) and PTH (4 kDa) via STL.[43] Since these two pro-
teins are small and have a Ser at their N-terminus naturally, the development of a general  protocol for 
STL and CPL in large protein semi-synthesis is needed. Herein, we report our systematic studies on ex-
ploring the application of STL and CPL in protein semi-synthesis and generating HMGB1 proteins with 
tetra-acetylation at lysine side chains of the N-terminal region.  

 

RESULTS AND DISSCUSSION  

Exemplify STL and CPL in large protein semi-synthesis.  

As the Ser/Thr ligation uses N-terminal Ser or Thr to mediate the peptide ligation, the protein with N-
terminal Ser or Thr can be generated through proteolysis by several enzymes, as summarized in Figure 
S1. Furthermore, proteins with N-terminal Cys, used for CPL, can also by expressed in a similar manner 
(Figure 1A). Maltose-binding protein (MBP, ~40 kDa) was chosen for the model study. MBP proteins 
with N-terminal Ser, Thr, or Cys were obtained by Ulp1 digestion. A number of typical peptide salicylal-
dehyde esters of different length were prepared via solid phase peptide synthesis (Figure 1B). After ex-
tensive condition screening (Table S1), the optimal conditions for STL are identified as following: MBP 
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protein powder was dissolved in hexafluoro-2-propanol (HFIP) at 2 mM and mixed with equal volume of 
pyridine/acetic acid solution (1:6, v/v); 10 equivalents of peptide esters were added into the solution. 
Reaction was terminated by ether precipitation after 5 hrs. For CPL, MBP protein powder was dissolved 
in 6 M Guanidine in the phosphate buffer (pH 4) at 1 mM and 10 equivalents of peptide esters were added 
into the solution. Reaction was terminated by acetone precipitation after 12 hrs. The STL and CPL inter-
mediates were then subjected to acidolysis with TFA/H2O/EDT (90%/5%/5%, v/v/v) for 5-30 minutes 
and precipitated by ether again. The final products were analyzed either by LC/MS or SDS-PAGE (Figure 
1C, S2, S3, and S4). As shown in Figure 1C, MBP with N-terminal Thr always had the highest reactivity 
except for peptides with C-terminal Pro and Val salicylaldehyde (SAL) esters. MBP with N-terminal Cys 
could react with all the peptide SAL esters smoothly in >60% conversion independent of the C-terminal 
amino acid. MBP with N-terminal Ser showed the lowest ligation efficiency but still could finish the 
reaction in two peptide esters (P1 and P2) with >95 % conversion based on LC/MS. According to these 
results, we believed that under the optimized condition, the STL/CPL on large protein semi-synthesis and 
on short peptides synthesis share the same reaction features (Table S2). 
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Figure 1. STL/CPL mediated protein semi-synthesis and Purification strategies.A. Overview of STL/CPL mediated 
protein semi-synthesis. B. Peptide esters used for demonstrating the ligation. SAL: Salicylaldehyde. C. SDS-PAGE 
analysis of ligation products. Conversion were calculated according the peaks intensity after deconvolution and 
indicated below the bands. See also Figure S2, S3, and S4. c: control. D. UV traces of reaction mixtures of the 
indicated peptide esters reacting with Ser-MBP. The reactions with more than 50% conversion were chosen (Figure 
1C top). No shift was observed on the HPLC UV trace after ligation. Except for the product, other peaks mainly 
were the unconsumed peptide ester, the hydro-lysed peptide ester and the product of salicylaldehyde esters being 
displaced by HFIP. E. Disulfide linker-mediated purification strategy. Strep resin: streptavidin resin. F. The se-
quence of model peptide for disulfate linker-mediated purification strategy. G. Left: Mass spectrum of the final 
products; Right: SDS-PAGE analysis of the final product. H. His tag and TEV based purification strategy. TEVs: 
TEV recognition site. I. The sequence of model peptide for His tag and TEV based purification strategy. Note: this 
ligation can be fully converted after 3 h. In order to demonstrate our design, we stopped the reaction after 30 min. 
J. Mass spectrum of the final product; Right: SDS-PAGE analysis of the final product. See also Figure S5. 

 

    As there is a minimal effect on the polarity of the large protein after it is ligated with a short peptide, 
the final product often overlapped with the unconsumed expressed peptide part on reversed-phase HPLC, 
which made the purification difficult (Figure 1D). To facilitate protein purification, we introduced an 
extra tag, either His6 or biotin into the synthetic peptide fragment for subsequent purification. To this end, 
we used the traceless disulfide linker, which is applicable in cysteine-containing protein. The tag could 
be removed by TCEP treatment after purification (Figure 1E, F, and G). Alternatively, the enzymatically 
cleavable sequence was used, such as TEV recognition site (Figure 1H, I, and J). After purification, the 
tag could be removed by TEV digestion, leaving an extra Gly at the N-terminus of the protein. This strat-
egy turned out to be very effective to generate homogeneous synthetic proteins, as shown in Figure 1J. 

Semi-synthesis of HMGB1 with tetra-acetylation.  

    To further demonstrate the efficiency of our methodology, the high-mobility group box 1 (HMGB1) 
protein with important activity in inflammation process, was chosen as the synthetic target. HMGB1 as a 
mammalian nuclear protein can translocate to cytoplasm and outside of cells eventually during bacterial 
infection or sterile tissue injury.[43] Extracellular HMGB1 is one of damage-associated molecular pattern 
(DAMP) proteins that acts as a proinflammatory molecule, facilitating migration and activation of inflam-
matory cells through Toll-like receptor 4 (TLR4) and advanced glycation end products (RAGE).[45] It is 
worth mentioning that the relevance of extracellular HMGB1 as a biomarker or therapeutic target has 
been demonstrated in many diseases.[46,47] For instance, a deleterious systemic inflammatory response 
(endotoxemia and bacterial sepsis) can be evoked by the circulating bacteria, while it can be subsided by 
neutralizing extracellular HMGB1, subsequently preventing caspase-11-dependent pyroptosis and 
death.[48] 
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Figure 2. Tetra-acetylated HMGB1 (HMGB1-4acLys) and wild type HMGB1 (HMGB1) were chemical synthe-
sized. A. HMGB1 was acetylated after LPS stimulation. The modification sites were highlighted by red lines. Right: 
The N-terminus mediated functions. The ligation site was indicated by an arrowhead. B. Chemical synthesis routes 
of HMGB1. C. Mass spectra of the synthetic HMGB1 and HMGB1-4acLys. Note: Intein tag-based purification 
will install a DTT ester on the C-terminus of protein, see also Figure S6. D. SDS-PAGE analysis of synthetic 
HMGB1proteins. Recombinant full length HMGB1 (rHMGB1) was purified under native condition and was loaded 
as the control. E. Refolding of synthetic HMGB1 proteins. Up: The FPLC spectra showed the HMGB1 proteins 
were well folded as the monomer; Bottom: The circular dichroism (CD) spectra of HMGB1 proteins showed similar 
pattern. 

 

    Efficient secretion of HMGB1 requires hyper acetylation on its two nuclear localization sequences 
(NLS) which afterwards causes the accumulation in the cytoplasm. Previous studies have shown that in 
addition to the NLS sites, significant acetylation also was found at the unstructured N-terminal region 
(Lys2, 6, 7, and 11) when cells were exposed to lipopolysaccharide (LPS, one of pathogen-associated 
molecular patterns to stimulate HMGB1 release) (Figure 2A).[49] Interestingly, another study showed that 
extracellular HMGB1 could interact with LPS through its N-terminus (selectively interact with the poly-
saccharide (PS) moiety of LPS) and the linker between box A and box B (selectively interact with the 
lipid A moiety of LPS) of HMGB1, promoting LPS internalization through RAGE for cytosolic LPS 
receptor to trigger more serious inflammatory responses, for example, cell pyroptosis and lethality.[50,51] 
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That is, for HMGB1, the LPS-stimulated acetylation remarkably occurs at the binding site of LPS. How-
ever, whether the acetylation affects the HMGB1-LPS interaction remains largely unexplored.  

    To study the effect of the tetra-acetylation at Lys2, 6, 7, and 11, we set out to chemically synthesize 
HMGB1 with the tetra- acetylation. Of note, there is a Cys22 residue for performing NCL, however the 
ligation at Thr21 presents a difficult site.[11]  Also, the unnatural amino acid incorporation technique may 
produce the protein with acetylation at one single lysine residue by fully recombinant approach.[52] Here, 
we mainly focus on the protein semi-synthesis using Ser/Thr ligation strategy, which uses a short synthetic 
peptide fragment (12aa with a removable tag) (Figure 2B). The synthesis of HMGB1 was designed to 
disconnect at Met12-Ser13 via Ser ligation. To this end, HMGB1(13-214) was expressed via TEV-
mediated proteolysis, while the peptide (1-12) salicylaldehyde ester with His6-TEV cleavage site and Lys 
acetylation was chemically synthesized. The ligation proceeded smoothly with 35% conversion after 5 
hrs according to the deconvoluted peak intensity (the other 65% remain as starting material). After nickel 
resin purification, TEV cleavage, refolding, and FPLC purification, the full-length HMGB1 with lysine 
acetylation was obtained with 10% overall isolated yield (Figure 2C, and D) and well folded (Figure 2E). 

Tetra-acetylation inhibits HMGB1-lipopolysaccharide interaction.  

To investigate whether the acetylation regulates the HMGB1-polysaccharide interaction, we used the 
biotinylated polysaccharide of LPS to pull-down HMGB1 in vitro. As shown in Figure 3A, S7, the N-
terminus deleted HMGB1 lost the binding with the polysaccharide compared with the full length HMGB1. 
Importantly, tetra-acetylation also significantly impaired the HMGB1-polysaccharide interaction. More-
over, the intact biotinylated LPS pull-down experiment revealed that the interaction between N-terminus 
of HMGB1 and the polysaccharide is necessary for the formation of HMGB1-LPS complex, which can 
be regulated by the tetra-acetylation, suggesting the potentially vital effect of the tetra-acetylation on the 
LPS-mediated inflammatory response. 

 

Figure 3. Tetra-acetylation is involved in the LPS binding. A. Pull-down HMGB1 proteins using biotin-polysac-
charide (PS) or biotin-lipopolysaccharide (LPS). ∆HMGB1: HMGB1 (13-214, N-terminus deleted) was purified 
under native condition. B. Pull-down LPS using biotin-HMGB1 proteins. LPS was extracted from E. coli. BL21. 
See also Figure S7, S8. 

 

    To further validate the result, the full length HMGB1 with tetra-acetylation at its N-terminus and a 
biotin tag at its C-terminus was generated via combining STL and NCL (Figure S8). The compatibility of 
STL and NCL enabled us to chemically modify HMGB1 at two terminus without complicated proce-
dure.[10]  Pull-down experiment clearly showed that the acetylation indeed hindered the binding of LPS to 
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HMGB1, suggesting an important mechanism at the posttranslational level, which may effectively regu-
late the proinflammatory function of HMGB1 (Figure 3B).  

Tetra-acetylation accelerates the thrombin-mediated degradation.  

 

Figure 4. Tetra-acetylation is involved in thrombin-mediated degradation. A. HMGB1 digestion assay. Left: Bands 
were quantified to generate the digestion rate curve. Error bars indicate average ± SEs, n = 3.  Right: Representative 
SDS-PAGE analysis. B. Thrombin digestion assay on HMGB1(1-12) peptide. Left: UV traces of the digested 
HMGB1(1-12) mixture after treating with thrombin for 0.5 h. Right: UV traces of the digested HMGB1(1-12)-
4acLys mixture after treating with thrombin for 0.5 h. Bottom: The rate of the consumed material vs the starting 
material was calculated by integrating the UV peaks of HMGB1(1-12). Error bars indicate average ± SEs, n = 3. 
C. Overview of HMGB1’s structure. α1: the first α-helix; α2: the second α-helix; α3: the third α-helix. PDB: 2YRQ. 
D. Up: HMGB1 truncations in this study. Bottom: SDS-PAGE analysis of digested HMGB1 truncations at 0.5 h. 
E. Up: Mass Spectra of semi-synthetic HMGB1(1-78)-4acLys and HMGB1(1-78)-4acLys; Bottom: SDS-PAGE 
analysis of digested HMGB1(1-78), HMGB1(1-78)-4acLys, HMGB1(1-51), HMGB1(1-51)-4acLys at 0.5 h. 

 

In addition, a serine protease in vascular endothelium, thrombin, could recognize and cleave the N-
terminus, producing a less proinflammatory form of HMGB1.[53] To evaluate the effects of the tetra-acet-
ylation on the HMGB1 degradation, a thrombin digestion assay was performed. As shown in Figure 4A, 
the thrombin had comparable proteolysis activity on the expressed full length HMGB1 and the synthetic 
HMGB1-4Lys. Unexpectedly, the tetra-acetylation considerably enhanced thrombin-mediated cleavage 
of HMGB1.  
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According to a previous study, the aliphatic residues (e.g. Leu and Gly) at P4 was preferred by thrombin 
(Figure S9).[54-56] As the acetylation on  Lys6 (P4) could dramatically decrease the hydrophilicity of Lys 
through installing an acetyl group on their side chains, the acetylated HMGB1 will likely become a more 
optimal substrate for thrombin. To verify our hypothesis, the HMGB1(1-12) and HMGB1(1-12)-4acLys 
peptides were synthesized. Nevertheless, the HMGB1 digestion assay has shown that thrombin could 
cleave HMGB1(1-12) more effectively than HMGB1(1-12)-4acLys (Figure 4B). These conflict results 
promoted us to deduce that the conformational hindrance may be the key point to affect the enzyme ac-
tivity, even though the CD spectra did not show obvious difference between the wild type and the tetra-
acetylated HMGB1. In this case, the unacetylated N-terminus of HMGB1 interacts with other regions of 
HMGB1, while acetylation abolishes this interaction and releases the N-terminus for thrombin recognition 
and cleavage. Therefore, we generated several HMGB1 truncations recombinantly and performed the 
digestion assay (Figure 4C, and D). Although previous studies have proved that the acidic tail interacts 
with the box A,[57] our results did not show significant improvement of thrombin activity until truncating 
HMGB1 from the third α-helix (α3), which indicated that the N-terminus of HMGB1 interacts with the 
α3 tightly. In addition, we also synthesized the HMGB1(1-78) and HMGB1(1-51) with tetra-acetylation. 
Thrombin digestion assay clearly showed that like N-terminal peptides, the enzyme activity on 
HMGB1(1-51) is higher than the tetra-acetylated form (Figure 4E), proving that the acetylation indeed 
impairs the interaction between the N-terminus and the third α-helix, thereby may disrupting the entire 
Box A structure through this way. In summary, tetra-acetylation could liberate the N-terminus from the 
intramolecular interaction, and thrombin becomes to be more effective to cleave and inactivate the 
HMGB1, consequently may sequester the inflammatory response upon infectious injury.   

 

Figure 5. Proposed outcoming for tetra-acetylation of HMGB1. LPS, which is released from circulating bacteria, 
binds to TLR4, and stimulates JAK/STAT1 signaling pathway. Afterwards, HMGB1 is hyper acetylated including 
the tetra-acetylation at the N-terminus and secreted. However, the tetra-acetylated HMGB1 is unable to bind LPS, 
and degraded rapidly by thrombin. As a result, the tetra-acetylated HMGB1 fails to stimulate more severe inflam-
matory responses, and cells survive. 

 

CONCLUSION 
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    Notably, the main key to explore how the PTMs contribute to the multifarious cellular activities at a 
molecular level increasingly relies on our ability to access the homogenous proteins with site-specific 
PTMs of interest. Chemical synthesis offers a useful tool to generate proteins with customized modifica-
tions (e.g. PTMs). Thus, a variety of different proteins with complicated modifications (e.g. glycosylation) 
are becoming accessible.[58,59] Nonetheless, the advantage of chemical protein synthesis still remains un-
fulfilled since the relatively burdensome total synthesis is difficult to start at a biological laboratory. Al-
ternatively, chemical ligation enabled protein semi-synthesis, which combines the strengths of organic 
synthesis and recombinant DNA technology, is more feasible for biologists, as small synthetic peptide 
parts will be affordable or synthetically accessible by themselves.  

    In this study, we have delved into the application of STL and CPL in protein semi-synthesis. The suc-
cess of stitching different peptide salicylaldehyde esters with the N-terminus of MBP, a 40 kDa-protein, 
exemplified the operability of STL and CPL on large protein synthesis. Furthermore, two purification 
strategies were introduced for separating the ligated product from the unreacted or hydrolyzed starting 
materials without using HPLC purification. Finally, using this strategy, we generated the full-length tetra-
acetylated HMGB1 with high purity, which enabled us to illustrate that the N-terminal tetra-acetylation 
may represent a regulatory switch to control the HMGB1’s signal pathway and stability. We could con-
clude that the acetylation may subverts the proinflammatory function of HMGB1 by abolishing interac-
tion with LPS and accelerating the degradation, which consequently serves as a rescue mechanism from 
pyroptosis and lethality for cell upon infectious injury (Figure 5). In addition, the critical interaction be-
tween the HMGB1 N-terminus and polysaccharide (e.g. LPS and heparin) probably has underpinned the 
development of sugar-based inhibitors for HMGB1, which is the most popular strategy nowadays.[45] 
Thus, a detailed study on the N-terminus modification will largely benefit the development of HMGB1-
related drug. In addition, as this study mainly focused on the overall influence of tetra-acetylation on the 
function and stability of HMGB1, these acetylation sites may need to be further investigated individually.  

    In summary, STL/CPL-mediated protein semi-synthesis can serve as a good tool for facilitating the 
solution to the inaccessible protein (with PTMs), unveiling more information at a molecular level. 
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Chemical ligation mediated protein semi-synthesis has emerged as a powerful tool to produce synthetic 
proteins. Here, we have delved into the application of Ser/Thr ligation and Cys/Pen ligation for large 
protein semi-synthesis. Using this strategy, we have generated the full length tetra-acetylated HMGB1, 
which enabled us to illustrate that the acetylation may represent a regulatory switch to control the signal 
pathway and stability. 
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