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Total chemical synthesis of the site-selective azide-labeled 

[I66A]HIV-1 protease 
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‡ab

 Hao-Nan Chang,
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The first total chemical synthesis of the site-selective azide-labeled 

[I66A]HIV-1 protease is described by native chemical ligation. Chemical 

synthesis of azide-labeled proteins would provide useful protein tools for 

biochemical, biophysical or medical studies.  

Proteins modified with artificial probes are attractive therapeutics, 

diagnostic agents and imaging tools for biophysical and biomedine 

studies.
1
 Generally, to install such modifications, three main kinds 

of  reactive functional groups are involved.
2
 The first functional 

groups are the native reactive groups (amine, carboxyl, thiol, etc) 

exposed on protein surfaces.
3
 The heterogeneity and randomness 

of this method may influence the protein architecture and/or 

biological activity.
4
 The second reactive handles involve the 

recombinant fusion tags to the amino terminus (N-terminus) or 

carboxyl terminus (C-terminus) of the protein.
5
 The protein with 

fusion tags could then be covalently conjugated to support surface 

through enzyme such as sortase.
6
 However, for some proteins, the 

N- or C-terminus of the protein is wrapped inside the protein, which 

may cause low covalent efficiency.
2
 The third reactive handles for 

the site-selective protein modification are the unnatural orthogonal 

‘‘click’’ groups through orthogonal aminoacyl-tRNA synthetase–

tRNA pairs.
7
 The most popular ‘‘click’’ reaction is copper-catalysed 

Huisgen [2+3] azide-alkyne cycloaddition reported by Sharpless. The 

nearly 100% yield and a broad range of solvent tolerance have 

made the azide-alkyne click chemistry an excellent candidate for 

the site-specific labeling of proteins.
8
 Nonetheless, bioengineering 

technology often suffers from low yield and incomplete post-

translational modifications.
8c

  

    Total chemical synthesis, which enables introduction of unnatural 

amino acids with more flexibility and precision
9
, is an intriguing 

alternative approach to install azide/alkyne groups on proteins.
 

Moreover, chemical synthesis can produce proteins (e.g., post-

translationally modified proteins
9a-c

, mirror-image proteins
10a,b

, 

photon-activatable proteins
10c

) that are difficult to obtain using 

recombinant technology. Indeed, solid phase peptide synthesis 

(SPPS) permitted the synthesis of azide/alkyne labeled peptides for 

peptide immobilizing, polyethylene glycol (PEG)ylation, stapling or 
18

F-labeling etc.
11

 However, SPPS technology can only assemble 

polypeptide chains containing 40-60 amino acids.
9e,12

 To the best of 

our knowledge, there has been no report on chemical synthesis of 

azide/alkyne-labeled proteins through chemoselective ligation
13

 of 

multiple peptide segments. It is envisaged that chemical ligation will 

be an important method for large azide/alkyne-labeled proteins.  

Herein, we reported the first total chemical synthesis of site-

specifically azide-labeled HIV-1 protease.
14

 It was found that the 

azide and alkyne groups were not compatible with the free-radical-

based desulfurization reaction which has been widely applied in 

protein chemical synthesis.
15

 Combining the optimized peptide 

ligation and azide incorporation new method, the total synthesis of 

azide-labeled [I66A]HIV-1 protease was achieved. The enzymatic 

activity of the synthetic azide-labeled HIV-1 [I66A]protease was 

demonstrated by the autocleavage and substrate hydrolysis assay. 

Our initial synthetic design was to introduce azide group into 

HIV-1 protease. HIV-1 protease is a 21.4 kDa retroviral aspartyl 

protease consisting of two identical 99-residue monomers.
14

 

Inhibition of HIV-1 protease dramatically disrupts HIV replication 

and infection, which makes HIV-1 protease an extremely attractive 

drug target.
16,17

 To prepare the azide-labeled HIV-1 protease, the 

99-residue protease was divided into three peptide segments: 

PR[Pro
1
−Gly

27
]-NHNH2 1, PR[Cys

28
–Lys(N3)

41
–Lys

70
]-NHNH2 2 and 

PR[Cys
71

–Phe
99

]-NH2 3. The three peptide segments were obtained 

through 9-fluorenylmethyloxycarbonyl (Fmoc) SPPS.
12 

Ala
28

 and 

Ala
71

 were mutated to Cys, which could be converted back to Ala 

through a ligation-desulfurization strategy (Figure 1A).
15

 Fmoc-

Lys(N3)-OH (Figure 1C) was used to introduce the azide group at 

Lys
41

 which is far away from the active site and on the edge of the 

protease according to the HIV-1 protease X-ray crystal structure.
14 

The thiols of Cys
67

 and Cys
95

 were protected by acetamidomethyl 

(Acm) group to enable the selective desulfurization of Cys
28

 and 

Cys
71

 in the full-length polypeptide. The Acm groups of Cys
67

 and 

Cys
95

 could then be removed by AgOAc
18

 to afford the azide-labeled 

HIV-1 protease. The three peptide segments were assembled 

through N-to-C sequential native chemical ligations (NCL) of peptide
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Figure 1. The synthetic scheme for azide-labeled HIV-1 protease. A) 

Synthetic route. B) The amino acid sequence of 99-residue HIV-1 

protease monomer. C) The molecular structure of Fmoc-Lys(N3)-OH. 

D) The ESI-MS spectrum of purified Peptide 5. The spectrum gave 

an observed mass of 7928.3 Da (calcd 7929.2 Da, average isotopes). 

E) Analytic RP-HPLC chromatogram of purified 5. 

hydrazide.
12,19

 Peptide 1 (1 equiv., 2 mM) was converted to the 

thioester by in situ NaNO2 activation and thiolysis, and then reacted 

with peptide 2 (1.5 equiv.) to afford the desired product 4 in 48% 

isolated yield at pH 6.6-6.8 within 5 h (Supporting Information).  

However, the next ligation between peptide 4 and 3 failed to give  

satisfactory yield because of the poor stability of the peptide 

thioester which was in situ converted from peptide 4 and the 

favorable aggregation of peptide 3 in ligation buffer (Supporting 

Information).
17

 To increase the solubility of peptide 3, PR[Cys
71

–

Arg
115

]-NH2 7 was synthesized with a solubilizing Arginine (Arg)-tag 

at C-terminus. Besides, it was found that although the azide group 

could survive the Tris(2-carboxyethyl)phosphine (TCEP) during NCL 

with a low TCEP concentration and a quick operation (< 5min), it 

could be reduced into amino group under high concentration of 

TCEP (500 mM) conditions for desulfurization (Figure 1D). The 

results indicated that the azide group was not compatible with the 

free-radical-based desulfurization reaction.  

Another route to labeled HIV-1 protease was to incorporate the 

alkyne group. Fmoc-Pra-OH (Fmoc-Propargylglycine) was used to 

directly introduce the alkyne functional group at Lys
41

 during Fmoc 

SPPS (Figure 2C). By using the peptide assemble strategy described 

in Figure 2A, the peptide 1 (1 equiv.) was first reacted with 6 (1.5 

equiv.) to generate peptide 8 with 52% isolated yield (Supporting 

Information). Peptide 8 (1 equiv.) was then reacted with peptide 7 

(2 equiv.) to afford the product 9 in 43% isolated yield (Supporting 

Information). Remarkably, with six arginine residues at the 

monitored by analytical RP-HPLC trace. Unfortunately,  MALDI-TOF 

mass analysis of peptide 10 (Observed mass 13117.1 Da) showed an 

increase of 250.4 Da compared to the desired desulfurization 

product (Calcd mass 12866.7 Da, average isotopes). To confirm the 

modification site and the source of the modification, Fmoc-Pra-OH 

was treated at the free-radical-based desulfurization conditions.The 

product was characterized by 
1
H-NMR, 

31
P-NMR, and high-

resolution mass spectrometry. The results indicated that the 

vinylphosphonium salt was formed (Figure 2E, Supporting 

Information). Three different conditions were tested to prevent the 

modification. But those attempts failed (Supporting Information).  

 

Figure 2. The synthetic scheme for alkyne-labeled HIV-1 protease. A) Synthetic route. B) The amino acid sequence of HIV-1 protease 

precursor. C) The molecular structure of Fmoc-Pra-OH. D) The molecular structure of TCEP. E) The reaction between alkyne and TCEP.  

Page 2 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



ChemComm  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx Chem. Commun., 2015, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

 

Figure 3. Total chemical synthesis of azide-labeled [I66A]HIV-1 protease. A) The amino acid sequence of [I66A]HIV-1 protease precursor. B) 

Synthetic route for azide-labeled [I66A]HIV-1 protease. C) The substitution reaction between peptide 15 and compound 14. 0 and 60 min 

after the addition of 14. D) The RP-HPLC traces of ligation of peptide 16 and 13. E) Analytic RP-HPLC chromatogram (λ = 214 nm) of protein 

folding (after the overnight dialysis, crude folding solution). Inner: the ESI-MS spectrum of the objective protease 18. 

The above results showed that neither azide nor alkyne group 

was compatible with the desulfurization conditions. To overcome 

the problem, we optimized a new peptide ligation and azide/alkyne 

incorporation strategy. In the new method, the 115-residue 

[I66A]HIV-1 protease precursor was divided into three peptide 

segments, i.e., PR[Pro
1
−Gly

40
]-NHNH2 11, PR[Cys

41
−Ala

66
]-NHNH2 12 

and PR[Cys
67

–Arg
115

]-NH2 13. It was worth mentioning that Lys
41

 

was replaced by Cys to provide an active site for the peptide 

ligation and the following bioconjugation reaction with functional 

groups (Figure 3A and 3B). The sterically hindered Ile
66

 was mutated 

to Ala to increase the efficiency of peptide ligation. Note that the 

azide and alkyne would both be added to polypeptide through a 

highly efficient substitution reaction between the thiol group of 

cysteine and brominated derivatives.
21

  

To assemble the 115-residue azide-labeled HIV-1 protease 

precursor, we carried out an N-to-C sequential ligation of three 

peptide segments. First, peptide 11 (1 equiv.) was reacted with 12 

(2 equiv.) to afford the ligation product PR[Pro
1
−Ala

66
]-NHNH2 15 

within 5 h, with an isolated yield of 43% (Supporting Information). 

Subsequently, a synthetic azide-containing compound 14 (15 equiv., 

Supporting Information) was selectively installed to the Cys
41 

residue of purified peptide 15 (1 equiv.) at room temperature 

within 1 h (Figure 3C). The site-selective azide-labeled peptide 

PR[Pro
1
−Cys(N3)

41
−Ala

66
]-NHNH2 16 was obtained with 55% isolated 

yield. The final ligation between peptide 16 (1 equiv.) and 13 (2 

equiv.) proceeded smoothly to generate the desired [I66A]HIV-1 

protease precursor PR[Pro
1
−Cys(N3)

41
−Arg

115
]-NH2 17 within 6 h, 

with an isolated yield of 41% (Figure 3D). Using the optimized 

peptide ligation and azide incorporation strategy, the azide-labeled 

HIV-1 protease precursor was synthesized with high-efficiency.  

To fold the azide-labeled HIV-1 protease, we conducted the 

gradient dialysis experiment.
17

 After folding, the synthesized HIV-1 

protease precursor [I66A]PR[Pro
1
−Cys(N3)

41
−Arg

115
]-NH2 17 can 

automatically cleave the C-terminal 16 amino-acid residues and 

then become the mature active [I66A]HIV-1 protease, just as the 

HIV-1 protease did naturally (Supporting Information). After 12 h 

dialysis at 4 °C, ESI-MS analysis of the folding solution showed that 

reverse transcriptase sequence with six arginines was cleaved 

successfully between residues Phe
99

 and Pro
100

. 

PR[Pro
1
−Cys(N3)

41
−Phe

99
]-OH 18 with auto-cleavage activity was 

obtained (Figure 3B). The ESI-MS spectrum and HPLC trace of azide-

labeled [I66A]HIV-1 protease were shown in Figure 3E. 

 

Figure 4. A) Substrate peptide 19 hydrolysis by synthetic azide-

labeled HIV-1 protease. Abz = 2-aminobenzoyl, Nle = norleucine, 

Phe(p-NO2) = p-nitrophenylalanine. B) Hydrolysis process monitored 

by RP-HPLC after the incubation of 0.5 min, 30 min and 60 min.  
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To examine the enzymatic activity of the synthetic azide-labeled 

HIV-1 protease, the substrate hydrolysis assay was performed. A 

peptide substrate 19 of HIV-1 protease was synthesized (Figure 4).
22

 

Analytic RP-HPLC and ESI-MS were used to monitor the hydrolysis 

procedure of synthetic azide-labeled and commercial recombinant 

HIV-1 protease. As shown in Figure 4B, hydrolysis of substrate 19 

occurred immediately after the addition of the synthetic HIV-1 

protease 18. Peptide 19 was almost hydrolyzed within 30 min. 

According to the RP-HPLC analysis and mass spectrometry data, the 

azide-labeled HIV-1 protease showed good enzymatic hydrolysis 

activity of peptide 19. According to the enzymatic activity assay, 
synthetic azide-labeled and commercial recombinant HIV-1 

protease showed similar hydrolysis  acitvity (Supporting 

Information). The data indicated that the bioactive azide-labeled 

[I66A]HIV-1 protease was produced by the new synthetic strategy. 

In summary, our study indicated that the azide and alkyne 

functional groups were not compatible with the free-radical-based 

desulfurization reaction which often was employed in protein 

chemical synthesis. With the optimized peptide ligation and the 

site-selective azide/alkyne incorporation strategy, the first total 

chemical synthesis of azide-labeled [I66A]HIV-1 protease with 

enzymatic activity was achieved. We anticipate that the new 

method provides a reliable access to azide/alkyne-labeled proteins 

by total chemical synthesis. The chemical synthesis of azide/alkyne-

labeled proteins would provide useful protein molecules for protein 

stapling,
23

 the covalent immobilization
1
 (biosensors, microarrays), 

therapeutics
24

 (PEGylation), or diagnostic tools
25

 (
18

F-labeled 

protein probes). 

This work was supported by the National Natural Science 
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Laboratory for Molecular Sciences (BNLMS).  
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