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a b s t r a c t

Protein recognition using host-guest recognition approach is of great interest but has been limited

mainly to the protein N-terminal residues. Here, we site-specific incorporated two novel non-canonical

amino acids containing supramolecular guest motifs into protein via an expanded genetic code. Through

Staudinger reduction reactions, the encoded unnatural residues on protein becoming activated and can

be specifically recognized by cucurbit[7]uril (CB[7]) and cucurbit[8]uril (CB[8]). We demonstrated that

enzyme containing guest amino acid incorporated near the active site can be reversibly regulated by

CB[7] recognition, and CB[8] recognition induces protein dimerization. These amino acids will make use-

ful addition to the supramolecular toolbox for protein targeting using molecular recognition approaches.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Proteins are directly involved in a wide range of cellular ac-

tivities, and therefore play an important role in cellular processes.

The application of supramolecular chemistry to proteins allows re-

versible manipulation of their properties. Molecular recognition in-

teractions based on host-guest chemistry, which closely resem-

ble protein-protein interactions, have been used to modify, regu-

late and assemble proteins. It is known that insulin and CB[7] are

able to bind efficiently [1], which is mostly attributed to the pres-

ence of phenylalanine at the N-terminus of insulin. The positive

charge of the N-terminal amino group and the phenyl ring group of

phenylalanine causes insulin to have a positively charged aromatic

structure. CB[7] can bind positively charged aromatic molecules

up to micromolar levels [2]. CB[8] can form ternary complexes

with positively charged aromatic molecules. A number of studies

have been conducted based on this discovery on homodimeric and

heterodimeric proteins derived from cucurbituril [3–6]. However,

most of the research focus on proteins with phenylalanine at their

N-terminus, which complicates the promotion and application of

supramolecular chemistry targeting proteins. Consequently, it is

imperative to develop novel guest recognition motifs at the protein

level so that site-specific host-guest recognition can be achieved at

each site of protein [4,7–9].

Previous studies have searched for natural amino acid se-

quences with excellent host-guest recognition properties, such
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as the "phenylalanine-glycine-glycine" sequence and host-guest

recognition of cucurbituril host molecules [10,11]. However, host-

guest recognition based on this sequence is restricted to the N-

terminal region of the protein [12,13], so there are significant lim-

itations to its application to a broader range of situations. Thus,

the development of new technical research methods for studying

and exploring new protein sequences for host-guest recognition is

highly valuable and potentially applicable.

Genetic code expansion (GCE) involves the introduction of

aminoacyl tRNA synthetase that specifically charge non-canonical

amino acids to the corresponding orthogonal tRNA in living or-

ganisms, such as bacteria or cells [14]. The exogeneous orthogo-

nal tRNA recognizes the amber stop codon (UAG) on the mRNA

sequence allowing site-directed insertion of non-canonical amino

acids into recombinant protein. This facilitates the development of

introducing supramolecular chemistry into proteins using building

blocks containing guest moieties with high binding affinity to host

macrocycles. Previously, we have incorporated tBuF amino acid

into proteins site-specifically to reversibly regulate protein func-

tion [7]. However, due to the hydrophobic nature and lack of pos-

itive charge on tBuF residue, the binding affinity and specificity

between tBuF containing protein and CB[7] is moderate, thus lim-

iting its further applications. To improve the system, we hypoth-

esized that amino acid containing both phenyl ring and amine

group would be recognized better with CB[7] [15]. However, our

effort on the genetic incorporation of such amino acids were un-

successful, possibly due to the difficulties of genetic encoding
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Fig. 1. (A) Synthesis of N6-(((4-(azidomethyl)benzyl)oxy)carbonyl)-l-lysine (AmFK,

1). (B) Synthesis of N6-(((R)−2-azido-3-phenylpropoxy)carbonyl)-l-lysine (DAzFK,

2). (C) Reduction of AmFK, guest motif of AmFK: amino methyl)benzyl alcohol 3,

Reduction of DAzFK, guest motif of DAzFK: d-phenylalanine alcohol 4.

of positively charged side chains [16]. To overcome these prob-

lems, we have designed and synthesized two novel amino acids

N6-(((4-(azidomethyl)benzyl)oxy)carbonyl)-l-lysine (AmFK, Fig. 1A,

compound 1) and N6-(((R)−2-azido-3-phenylpropoxy)carbonyl)-l-

lysine (DAzFK, Fig. 1B, compound 2) with activatable guest mo-

tifs (Fig. 1C, compounds 3 and 4) [17,18], where the azido group

on the side chain could be reduced quantitatively with Staudinger

reduction with 2DPBA (2-(diphenylphosphino)benzoicacid) [19] to

restore the positively charged aromatic structure available for spe-

cific CB[7] recognition, the azide specific reduction reaction would

also add an additional level of control over the system. Their iden-

tities were confirmed by 1H NMR, 13C NMR and ESI-MS (Figs. S1-S6

in Supporting information).

Firstly, we designed and evaluated the host-guest recognition

abilities of the activatable guest moieties of the two non-canonical

amino acids (Fig. 1C, compounds 3 and 4). The affinities of CB[7]

binding to compound 3 (4-(amino methyl)benzyl alcohol, Fig. 1C)

and compound 4 (d-phenylalanine alcohol, Fig. 1C) were measured

by ITC and determined to be 3.84 μmol/L and 0.8 μmol/L, respec-

tively (Fig. S7 in Supporting information). The complex formation

Fig. 2. (A) X-ray crystal structure of the MmPylRS complex with pyrrolysyl-AMP.

The structure is from PDB entry 2ZIM. (B) Crystal structure of sfGFP (green) (PDB

ID: 2b3p). Sites selected for incorporation of non-canonical amino acids are indi-

cated in red. (C) AmFK incorporation with ASFRS. (D) DAzFK incorporation with

GAVRS. (E) Images of EGFP expressed in the presence of AmFK in mammalian cells.

(F) GFP expressed in the presence and absence of 1mmol/L AmFK with ASFRS.

is then detected by the MALDI-TOF-MS mass spectrometry signal

(Fig. S8 in Supporting information). The 1:1 binding mode for the

two compounds with CB[7] was further confirmed by measuring

the JOB plot with UV–vis spectroscopy (Fig. S9 in Supporting infor-

mation). After confirming that these two guest moieties could be

recognized by and bound to CB[7], we next replaced CB[7] with

CB[8] to determine whether it would enable the formation of a

ternary complex. ITC experiments on two guest compounds with

CB[8] demonstrated that CB[8] had a strong dimerization ability for

these guest moieties (Fig. S10 in Supporting information). The JOB

plot reveals that CB[8] and two guest moieties are encapsulated

at 1:2 stoichiometry (Fig. S11 in Supporting information), demon-

strating that dimers can be formed from this positively charged

aromatic structure and CB[8].

A large number of structurally diverse UAAs have been genet-

ically encoded in response to an amber codon introduced into

a gene of interest using engineered pyrrolysyl tRNA synthetase

(PylRS)/tRNACUA pairs from Methanosarcina species [20]. By utiliz-

ing PylRS/tRNACUA pairs and their evolved variants, UAAs have now

been incorporated site-specifically into bacteria [21], Saccharomyces

cerevisiae [14], mammalian cells [22] and living organisms [23].

Screening of a PylRS library designed based on the crystal structure

of M.maize PylRS pyrrolysyl-AMP (PDB code 2ZIM, Fig. 2A) iden-

tified two mutations, named ASFRS (ASFRS:L274A/C313S/Y349F)

and GAVRS (GAVRS:Y271G/L274A/C313V/Y349F) for the insertion

of these two non-canonical amino acids respectively. Next, sfGFP-
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Fig. 3. (A) Treatment of purified sfGFP-Y151AmFK with 2DPBA results in quanti-

tative reduction of the azide group. (B) ITC titration of CB7 into sfGFP-Y151AmFK-

After reduction, sfGFP-Y151AmFK-After reduction was at a 50 μmol/L concentration

in 10mmol/L phosphate buffer and CB[7] was at a 250 μmol/L concentration in

10mmol/L phosphate buffer. The analyses were run at 25 ◦C.

Y151TAG was selected as a model protein to test incorporation ef-

ficiency (Fig. 2B). BL21(DE3) cells containing the pET22B-T5-sfGFP-

Y151TAG and ASFRS or GAVRS were cultured in the presence or

absence of 1mmol/L ncAAs with the corresponding synthetases. As

shown in Figs. 2C and D, a 70 folds and 20 folds fluorescence in-

crease can observed in the presence of the AmFK and DAzFK, re-

spectively, suggesting an amber codon suppression of both ncAAs.

As shown in Fig. 2E, the full-length GFP can only be observed

in the presence of 1mmol/L AmFK. Additionally, the incorpora-

tion of the AmFK in mammalian cells was also evaluated by co-

transfection of pcmv-ASFRS with pcDNA3.1-mCherry-EGFP-39TAG

(Fig. 2F).

To verify the incorporation of ncAAs, the resulting protein mu-

tants were purified by Ni-NTA affinity chromatography, and the pu-

rified sfGFP can be obtained at yields up to 60mg/L of cell cul-

ture. The identity of these ncAAs on sfGFP were confirmed by

high-resolution mass spectrometry [quadrupole time-of-flight/MS

(QTOF/MS)]. The mass spectrometric traces showed that AmFK-

sfGFP and wild-type sfGFP gave an observed mass of 27751Da and

27597Da, respectively (Fig. S12 in Supporting information). The

mass difference of 154Da is consistent with the molecular differ-

ence between tyrosine and AmFK confirming the genetic incorpo-

ration of AmFK into sfGFP. On the other hand, the DAzFK-sfGFP

shows an observed mass of 27765Da, which is consistent with the

incorporation of DAzFK (Fig. S13 in Supporting information). Since

the DAzFK is synthetically more difficult than that of AmFK, AmFK

was preferred to use in the following experiments due to its higher

incorporation efficiency and lower synthetic expense.

Next, we determined if the AmFK sidechain can be activated

on the protein. Mutant AmFK-sfGFP was reduced with 2 equiv. of

2DPBA at room temperature. The quantitative reduction of AmFK

residue on sfGFP was determined by ESI-MS analysis. As shown

in Fig. 3A, the observed mass after reduction matches with the

calculated mass with mass difference of −26Da. We further con-

firm that the reduction not only works at the purified protein level

but also in cell lysate (Fig. S14 in Supporting information). Fur-

thermore, we conducted the same experiment with DAzFK-sfGFP

and obtained similar results (Fig. S13). These data suggested that

AmFK and DAzFK can be site-specifically introduced into protein

Fig. 4. Assay of enzymatic activity of the GST-Q207AmFK mutant (A) and

R108AmFK mutant (B) (pH 6.5, phosphate-buffered saline, 25 ◦C, [GST-

R108-AmFK]=3 μmol/L, [GST-Q207-AmFK]=3 μmol/L, [CB[7]]=1mmol/L,

[FGG]=1.2mmol/L, [GSH]=1mmol/L, [CDNB]=1mmol/L (CDNB=1–chloro-

2,4-dinitrobenzene).

via an expanded genetic code, and can be reduced quantitatively

on the resulting protein mutants to afford positively charged aro-

matic guest moieties available for further host molecular recogni-

tion.

Next, we evaluated the host-guest molecular recognition on

these sfGFP-151 mutants with CB[7]. Following the reduction of

the azide, microthermophoresis dynamometer was applied to de-

termine the binding affinity of CB[7] and sfGFP mutants. The Kd

values for the binding of CB[7] to sfGFP-Y151AmFK and sfGFP-

Y151DAzFK were determined to be 1.22 μmol/L and 0.72 μmol/L,

respectively (Fig. S15 and Table S1 in Supporting information),

whereas no binding was observed between wild sfGFP-WT and

CB[7]. These data were consistent with the binding data obtained

by ITC experiments (Fig. 3B, Fig. S16 in Supporting information),

suggesting that the observed binding is indeed a result of specific

molecular recognition between the host molecule CB[7] and the

reduced guest motifs encoded by AmFK and DAzFK.

Next we determine whether our host-guest molecular recogni-

tion system can reversible controlling enzyme activity, we applied

an assay using glutathione S-transferase (GST) as a model system

[7]. Two GST mutants, GST-Q108tBuF and GST-Q207AmFK, were re-

combinantly expressed and purified. The activities of the mutant

enzymes were measured in the presence of 1mmol/L CB[7]. A near

complete inhibition of the enzymatic activity for both mutants

were observed, and addition of only 1.2 equiv. of FGG (1.2mmol/L)

as a competitive guest could restore the activity of both enzymes

(Figs. 4A and B). It worth to mention that the inhibition result on

Q108 position using reduced AmFK is better than tBuF, a guest

amino acid used in our previous study [7]. These results suggested

that AmFK residue on protein is a reduction controlled, more effec-

tive guest recognition motif, which can achieve single-residue res-

olution supramolecular host-guest recognition and binding to effi-

ciently and reversibly regulate enzyme function.

Next, we investigated whether reduced AmFK residue can be

recoginized by CB[8] to induce protein dimerizaiton. Reduced

sfGFP-Y151AmFK were incubated with CB[8], and dimer forma-

tion was analyzed by analytical ultracentrifugation (AUC) [24]. As

shown in Fig. 5 and Fig. S17 (Supporting information), when host

macrocyclic molecules CB[8] were added, there was an increase in

sfGFP dimerization formation up to 14%. This results confirm that

the activatable guest motif can be recognized and bound by CB[8],

leading to the formation of protein dimers in a host dependent

manner.

Overall, we have genetically encoded two reduction-controlled

guest amino acids, AmFK and DAzFK, site-specifically in proteins

via an expanded genetic code. Supramolecular host-guest interac-

tions on the resulting protein mutants allowing a reversible control

of protein activity and protein assembly. The reduced residues have

high affinity and specificity towards both CB[7] and CB[8], there-
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Fig. 5. AUC assay of enzymatic activity of the sfGFP-AmFK protein dimerisation (pH

7.0, phosphate-buffered saline, 25 ◦C). (A) 1 μmol/L sfGFP-AmFK-AR; (B) 10 μmol/L

sfGFP-AmFK-AR and 10 μmol/L CB[8]. AR: after reduction.

fore expected to be valuable for the study of protein function and

regulation.
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