
Site-Selective Modification of Proteins Using Cucurbit[7]uril 
as Supramolecular Protection for N-terminal Aromatic 

Amino Acids

Journal: Organic & Biomolecular Chemistry

Manuscript ID OB-COM-05-2020-001004

Article Type: Communication

Date Submitted by the 
Author: 15-May-2020

Complete List of Authors: Smith, Anton; Stanford University, Materials Science & Engineering
Maikawa, Caitlin; Stanford University, Department of Bioengineering
Roth, Gillie; Stanford University, Department of Bioengineering
Appel, Eric; Stanford University, Materials Science & Engineering

 

Organic & Biomolecular Chemistry



ARTICLE

Please do not adjust margins

Please do not adjust margins

a.Department of Materials Science & Engineering, Stanford University, Stanford CA 
94305, USA

b.Department of Chemistry, Aarhus University, 8000 Denmark.
c. Department of Bioengineering, Stanford University, Stanford CA 94305, USA.
Supplementary information is available…
DOI: 10.1039/x0xx00000x

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Site-Selective Modification of Proteins Using Cucurbit[7]uril as 
Supramolecular Protection for N-terminal Aromatic Amino Acids
Anton A. A. Smith,a,b Caitlin L. Maikawa,c Gillie A. Rothc and Eric A. Appel a,c

Cucurbit[7,8]urils are known to form inclusion complexes with aromatic amino acids, hosting the hydrohobic side chains 
within the cavity and adjacent cations within the portal of the macrocyclic host. Here we show that cucurbit[7]uril binding 
with N-terminal phenylalanine significantly reduces the nucleophilicity of the amine, likely due to an increase in stability of 
the ammonium ion, rendering it unreactive at neutral pH. Using insulin as a model protein, we show that this 
supramolecular protection strategy can drive selectivity of N-terminal amine conjugation away from the preferred B chain 
N-terminal phenylalanine towards the A chain N-terminal glycine. Cucurbit[7]uril can therefore be used as a 
supramolecular protecting group for site-selective protein modification.  

Introduction
Polymer conjugation of proteins and peptides has resulted in 
several PEGylated therapeutic proteins widely used clinically. 
PEGylation is typically used to enhance protein/peptide 
stability and/or modify drug pharmacokinetics in a favourable 
manner. Generally, the conjugation sites on proteins/peptides 
consist of nucleophilic amines and thiols that can be modified 
with PEG polymers using activated esters or EDC coupling 
strategies. 1, 2 Amines on proteins/peptides can be located 
either on the N-terminus of a protein/peptide chain or on the 
side-chains of lysine residues. Yet, many proteins/peptides 
contain multiple amines, posing a challenge for site specific 
conjugations. Current approaches to specific modification of 
proteins/peptides depend on modulation of the pH of the 
reaction medium as a measure of control by altering the 
protonation state (therefore rendering non-nucleophilic) of 
the various amine residues. The pKa values for the 
corresponding acid of many N-terminal amines are typically 
8.5 or below, while the pKa values for lysine side chains are in 
the vicinity of 10.5. Accordingly, couplings favouring N-
terminal amines can be carried out at a pH where the lysine 
amines are mostly protonated, rendering them less 
nucleophilic. 3 Conversely, raising the pH of the reaction 
medium to the pKa of the corresponding acid of lysine ε-
amines increases their relative nuclephilicity.4 

Insulin presents an interesting challenge for site specific 
conjugation as it has three amines: (i) an N-terminal glycine on 
the A chain, (ii) an N-terminal phenylalanine on the B chain, 

and (iii) a lysine in the B29 position on the B chain. Site specific 
conjugation has been performed on the B29 lysine by raising 
the pH.5 Consequently, lower pH values should render both N-
termini amenable to conjugation; however, the B1 
phenylalanine of insulin is reported to exhibit preferential 
reactivity over the A1 glycine for conjugation.6 This natural 
selectivity (hypothesized to arise from sterics) has been 
exploited to install functionality at this position; however, it 

Figure 1. CB[7] binds to the N-terminal phenylalanine of the insulin B chain. This 
complexation event increases the pKa of the ammonium ion, resulting in more 
extensive protonation at pH 7.4 and reducing the nucleophilicity of the 
corresponding amine. This “supramolecular protection” of the B1 Phe enables 
selective modification of the N-terminal glycine of the insulin A chain.
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has also been used to install Fmoc as a protecting group on the 
B1 N-terminus to enable selective functionalization of the A1 
N-terminus, though with an overall yield of only 10% after 
Fmoc removal.6 We hypothesized that inclusion complexes 
between molecular host molecules and N-terminal aromatic 
amino acids could be exploited as a strategy for 
supramolecular protection of these amines complimenting 
traditional protection group chemistries. 

Cucurbit[7]uril (CB[7]) demonstrates extreme binding 
affinities with numerous guests7-27 and the formation of guest-
host complexes with amine-functional guests has been shown 
to increase the pKa of protic ammonium salts upon binding in 
water. 28-32 These behaviours extend to aromatic moieties, 
especially when the aromatic residue is adjacent to a positive 
charge such as in N-terminal aromatic amino acids. 33-37 These 
properties have been exploited for numerous applications, 
such as sequestering drugs from serum,22 enabling selective 
protein modification through click chemistry,38 selective 
sequestering of organic cations through pH modulation,39 
sequestering proteins with N-terminal aromatic amino 
acids,37,35,40 enhancing the solubility of hydrophobic drugs,41,42 
and enabling supramolecular PEGylation of proteins. 43, 44 
Consequently, we hypothesized that CB[7] complexation could 
be used to block reactivity of N-terminal aromatic amino acids, 
thus driving selective modification of other amines on the 
protein. Here we use insulin as a model protein and report the 
use of CB[7] as an effective non-covalent protection group for 
the B1 N-terminal phenylalanine (Figure 1), thus enabling 
selective modification of the A1 N-terminal glycine in a one-
pot reaction step. This work demonstrates the use of CB[7] as 
a supramolecular protection group for N-terminal aromatic 
amino acids as another tool for site selective modification of 
proteins and peptides. 

Results and discussion
In this work we sought to modify insulin with a short 
poly(ethylene glycol) (PEG) chain as PEGylation is often used in 
development of new chemical entities as drug candidates. 
Insulin was allowed to react with m-dPEG8-NHS ester, with or 
without CB[7] present, at pH 7.4 in PBS buffer. With 2.2 
equivalents of the NHS ester in the absence of CB[7], LC-MS 
analysis of the resulting modified protein shows a 
heterogeneous mixture of mono-, di-, and tri-m-dPEG 
functionalized insulin, as well as unmodified insulin. When 5 
equivalents of CB[7] are present in the reaction medium, a 
reduction of multi-functionalized species, and an increase in 
mono-functionalized insulin, is observed, suggesting one 
predominately reactive site (Figure S1). 

The endoprotease Glu-C was used to determine sites of 
modification on the insulin, whereby insulin digested with Glu-
C yielded 4 distinct fragments expected from cleaving on the 
C-terminal of glutamate (Figure S2, Table 1). Modifications of 
the three amine sites could be observed in fragments I, II, and 
III across the different experimental conditions. While all 
modified fragments were observed, the presence of CB[7] was 
found to reduce the ionic count for the modified B1 containing 

fragment. The extent of modification of each fragment was 
evaluated using fragment IV as an internal standard, whereby 
ion count intensities could be normalized by the intensity of 
fragment IV as it exists at a fixed ratio to the other fragments 
(Figure 3A, Figure S6, and Figure S7). The sum of the intensity 
ratio of modified and unmodified fragments I and III was 
approximately equal to the intensity ratio of the corresponding 
fragments in non-modified insulin (Figure S3), providing 
support that this analysis is sufficiently quantitative to make 
comparisons between reaction conditions, despite differences 
in ionization. 

Modification of insulin in the presence of CB[7] revealed a 
decrease of native fragment I counts, and an increase in the 
prevalence of the corresponding modified fragment. Yet, both 
native and modified fragment II decreased with CB[7] present, 
(Figure S3). We attribute these observations to the 
complexation of CB[7] to fragment II, which likely affects 
ionization of native fragment II. Native fragment III decreased 
with CB[7] present, and the count for modified fragment III 
increased correspondingly. This trend is the same observed for 
fragment I. Together these observations suggest a redirection 
of reactivity of the amine groups on insulin in the presence of 
CB[7] as the complexation of CB[7] to the B1 Phe on fragment 
II significantly hinders the B1 terminal amine from reacting as a 
nucleophile. The experiment was repeated with 50 equivalents 
of m-dPEG8-NHS to test if the supramolecular protection effect 
of CB[7] binding to the B1 Phe could be overcome. It was 
observed that all three amines react with the NHS ester in the 
absence of CB[7], with each modified fragment being detected 
(Table 1). When 2.7 equivalents of CB[7] was added, the 

Native Modified
calc. found calc. Found

I 417.2344 417.2336 811.4547 811.4532

II 2972.3348 2972.3301 3365.5444 3365.5455

III 1116.5837 1116.5820 1511.8113 1511.8084

IV 1377.5814 1377.5803

Figure 2. (A) Insulin with Glu-C endoprotease cleaving sites marked. (B) Fragments 
with possible modifications (bolded amino acids) if treated with m-dPEG8-NHS 
ester prior to digestion.
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Table 1. M/Z of insulin fragments from Glu-c digestion. m/z from fragment II is 
calculated from its +2H+ ion. Fragments I, III and IV m/z are from their +1H+ ion.
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Figure 3:(A) Relative modification of each fragment of insulin with m-dPEG8-NHS (2.2 eq) calculated from the intensity ratio of modified fragments I, II, and III to fragment IV, 
relative to their respective native fragments ratio to fragment IV, with (+) and without (-) CB[7] present in the reaction. The addition of CB[7] results in the near elimination of 
modification of fragment II as well as increased modification of fragment I, suggesting blockage of the nucleophilicity of the B1 amine by CB[7] complexation. (B) Approximate 
chain modification with m-dPEG8-NHS 1.5 eq, with various equivalents of CB[7] added. A close to complete selectivity to the A chain is observed with 1.5 eq of CB[7]. 

modification of fragment II was greatly reduced (Figure S4). In 
contrast, fragment I was completely modified with 50 
equivalents of m-dPEG NHS ester, whether CB[7] was present 
or not. These results corroborate those discussed above, 
whereby CB[7] complexation to the B1 Phe was found to 
effectively block modification of the amine on the N-terminal 
B1 Phe. 

To validate that CB[7] complexation is capable of blocking 
the reactivity of the B1 amine, we incubated insulin with 1.5 
equivalents of m-dPEG8-NHS ester and various concentrations 
of CB[7], followed by reduction of the insulin disulphide bonds 
with DTT. While exclusive functionalization of the B1 Phe was 
observed in the absence of CB[7], the addition of 1.5 
equivalents of CB[7] to insulin was sufficient to severely 
reduce the modification of the B1 Phe and shift reactivity to 
the A1 Gly (Figure 3B Figure S5). This experiment revealed 
almost complete selective to A1 functionalization at 1.5 eq 
CB[7] and 1.5 eq m-dPEG8-NHS, likely stemming from reduced 
excess of m-dPEG8-NHS that would react at B27 or B1 when A1 
become less abundant as the reaction proceeds. These results 
corroborate literature reports suggesting that B1 preferentially 
reacts before A1, and show that this trend can be reversed 
through the use of CB[7] as a supramolecular protection group 
on the B1 Phe. Moreover, due to reversible nature of the 
protection group, the mixed ACN:water solvent for the LC-MS 

was sufficient to separate the CB[7] from modified and intact 
insulin, Figure S8.

Altogether, this work shows that CB[7] can be used as a 
supramolecular protection group to effectively lower the 
nucleophilicity of N-terminal aromatic amino acids at pH 7.4. 
The observations reported here with insulin, whereby the 
preferred modification site on insulin can be switched from the 
B1 Phe to the A1 Gly, can likely be attributed to a combination 
of an increase in pKa of the corresponding acid of the N-
terminal B1 Phe and added steric bulk due to complexation 
with CB[7]. As such, CB[7] can be used as a non-covalent 
protection group in aqueous conditions, with applications in 
site-specific modification of proteins.
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Supramolecular protection of N-terminal aromatic amino acids through complexation 
with Cucurbit[7]uril can enable site-selective protein modification of unfavored motifs.  
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