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Fig. 1 Two types of macrocyclic libraries on bacteriophage T7 for finding 
Hsp90 binders. The starting peptide library on phage was the very same; X 
represents randomized amino acid. (A) Previous work: a selected crown-like 
binder possesses a weak affinity for Hsp90NTD.14 (B) This work: a cryptand-
like binder possessed a high affinity.
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We designed and synthesized a medium-firm drug-candidate  
library of cryptand-like structures possessing randomized peptide 
linker on bacteriophage T7. From the macrocyclic library with 109 
diversity, we obtained a binder toward a cancer-related protein 
(Hsp90) with an antibody-like strong affinity (KD = 62 nM) and the 
binding was driven by the enthalpy. The selected supramolecule 
inhibited Hsp90 activity by site-specific binding outside of the 
well-known ATP-binding pocket on the N-terminal domain (NTD).

Macrocycles, such as cyclophanes,1, 2 calixarenes,3-6 
porphyrinoids,7, 8 cyclodextrines,9, 10 cucurbiturils,11, 12 and so 
many other types15 including their hybrids,16-18 have been 
utilized to recognize specific molecules especially in 
supramolecular host-guest chemistry19, 20 field. Recently, their 
applications are broadened to the fields of polymer/materials 
chemistry,10, 20, 21 nanotechnology,22 bio-oriented chemistry,5, 

10, 17, 23 optic sensors,24 and more. Among them, specific 
recognition of biopolymers, such as peptides or proteins, by 
the supramolecular ligands6, 25-27 as potential targeted-drugs 
are attracting attentions, and yet in a premature stage.27, 28 

Meanwhile, we postulate that the limited utilization of 
such macrocyclic supramolecular ligands for the biomolecule 
recognition arises from lack of structural diversities. For 
example, synthesizable library size of azacrown ether 
derivatives is usually up to 101 order.29, 30 To expand the 
diversity, we have previously demonstrated the first example 

to construct a library of azacrown-ether-like structures with 
vast diversity of 109 on T7 phage via the gp10 based-
thioetherification (10BASEd-T31), and successfully found a 
specific binder toward a cancer-related protein (i.e., Heat 
shock protein 90 N-terminal domain; Hsp90NTD).14 
Nevertheless, one of the major drawbacks of the library is that 
strong binders as antibody substitutes can never be obtained. 
Judging from circular dichroism (CD) spectroscopy and 
isothermal titration calorimetry (ITC) measurement, whole 
structure of the obtained binder seems too flexible and 
unfavourable entropy loss happens upon the Hsp90 binding. 
The artificial binder should have possessed more rigidity32 or 
more enthalpy compensation over the entropy penalty,33 like 
natural antibodies or cyclic peptides do.  

To increase the affinity with retaining the balance, here we 
generated a medium-firm 34, 35 drug-candidate library of 

cryptand36, 37-like structures  instead of the library of crown-
like structures as shown in Fig. 1, and successfully selected a 
Hsp90NTD binder with an antibody-like38 strong affinity. The 
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advantages of using the cryptand library over the crown one 
are: 1) more constrained cryptand scaffold would minimize 
conformational entropy loss upon the binding.39 2) favourable 
enthalpy contribution would be expected by increasing the 
numbers of hydrogen-bond acceptors (i.e., ether oxygen 
atoms on the macrocycle), when their geometries are 
optimized32 to fit to the basic protein (i.e., Hsp90NTD 
possessing many hydrogen-bond donors). To design a core 
structure of the artificial macrocycle, we estimated the 
flexibility of several core candidates from long-time molecular 
dynamics (MD) simulations (Fig. 2).40, 41 Two out of the three 
candidates of cryptand-precursors possessed well-balanced 
flexibility (i.e., cr2 and cr4 in Fig. 2C), and the average 
distances between nitrogen-nitrogen atoms of these cryptand-
precursors were similar to these of the corresponding crown-
precursors (Fig. 2D). In addition to the flexibility and geometric 
homogeneity balance, cr2 has been known to recognize side-
chain of the basic amino acids (i.e., lysine and arginine).25, 42 
These points indicate that cr2 precursor is the most 
appropriate to the Hsp90 binder.

In advance to perform the library construction, we 
confirmed the expected cyclization using a T7 phage displaying 

a model peptide (-GSRVS-C-GGRDRPG-C-LSV); we conjugated 
both amino ends of 1,10-diaza-18-crown-6 ether and 
designated two cysteines (Cys) on the peptide. After the 
cyclization against the model phage, total proteins were 
subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) followed by coomassie brilliant 
blue (CBB) staining. The model-peptide-fused T7 capsid protein 
(i.e., gp10) was excised from the gel, and then digested with 
trypsin. The resulting peptide fragments were analysed by 
liquid chromatography-tandem mass spectrometry (LC-
MS/MS).14 The m/z values of a parent ion from MS and those 
of the cyclized peptide from MS/MS indicate that Cys in the 
model phage-displayed peptide were position-specifically 
conjugated with the diazacrown derivative to form the 
macrocyclic cryptand structure (Fig. S1, †ESI). 

Next, we constructed the library of cryptand-like structures 
and performed a selection against Hsp90NTD. From a phage-
displayed peptide library (-SGGG-X3-C-X7-C-X3; where X 
represents any amino acids),31, 43 the library of cryptand-like 
structures was constructed in the same way via the 10BASEd-T 
(Fig. 1B). Seven rounds of biopanning were performed against 
biotinlylated-Hsp90NTD fused with glutathione-S-transferase 
(GST), and enrichment of Hsp90NTD binders was assessed by 
enzyme-linked immunosorbent assay (ELISA) as shown in Fig. 
3B. After the biopanning, the selected cryptand on T7 phage 
polyclone showed the strongest binding to Hsp90NTD, 
whereas ones lacking the cryptand structure did not (Fig. S2A, 
†ESI). Among 9 monoclones of randomly chosen T7 phage 
from the polyclone, 6 clones had the same peptide sequence, 
QWV-C-LNPWLSI-C-RA (Cys were cyclized with the diazacrown 
derivative) (Fig. S2B, †ESI). The sequence was different from 

Fig. 2 Computer designing of a core structure possessing well-balanced 
flexibility. (A) (a) to (e) are core candidates (i.e., precursors; cr1, cr2, cr3, cr4, 
and cr5, respectively) for synthesizing cryptand/crown-like macrocyclic libraries. 
(B) A schematic view of the dihedral angles to evaluate the fluctuation of the 
candidate compounds. (C) Averaged tunnelling ratio of the dihedral angle for the 
candidate compounds. (D) Probability density function of the distance between 
nitrogen-nitrogen atoms (N-N) in the core candidates. Yellow, pink, cyan, 
magenta, and green indicate cr1, cr2, cr3, cr4, and cr5, respectively. (E) 
Probability density function of the distance between N-N in the selected 
cryptand-like Hsp90NTD binder (blue) or crown-like binder14 (red).

Fig. 3 (A) Structure of the selected cryptand-like binder. The azacrown 
moiety and N-terminal lariat (i.e., QW) was essential for Hsp90NTD-
specific strong binding. (B) Cryptand-binding domain on Hsp90 was 
identified by enzyme-linked immunosorbent assay (ELISA). N-terminal 
(NTD), middle (MD), and C-terminal (CTD) domains of Hsp90 fused 
with glutathione-S-transferase (GST) were independently assayed 
against the selected cryptand on phage. Bovine serum albumin (BSA; 
target-unrelated protein) was served as a negative control. (C) 
Isothermal titration calorimetry (ITC) profiles of titrations of the selected 
cryptand against GST-Hsp90NTD. N: number of binding sites, KD: 
dissociation constant, ΔH: enthalpy change, ΔS: entropy change, T: 
temperature (i.e., 298 K), ΔG: free energy change. (D) Identification of 
the cryptand binding site on Hsp90NTD by mass spectrometry (MS). A 
crosslinked cryptand-Hsp90NTD was digested with trypsin, and the 
conjugated fragment (i.e., Hsp90 + cryptand; green line) was analysed 
by MALDI−TOF MS. A mock crosslinking was also performed in the 
absence of cryptand (i.e., Hsp90; blue line). The new fragment was 
observed only when both GST-Hsp90NTD and the selected cryptand 
were present.
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what is discovered from the library of crown-like structures,14 
although the starting phage-displayed peptide library is the 
very same (Fig. 1A). This suggests that the different 
oligoethylene glycol moieties may affect the geometries of the 
whole macrocycle structures constructed from the starting 
library, to generate independent libraries.

To determine an affinity of the Hsp90NTD-binding cryptand, 
we chemically synthesized the selected peptide sequence 
followed by cyclization with the azacrown derivative. ITC 
measurement was performed to obtain the dissociation 
constant (KD) as well as thermodynamic parameters (Fig. 3C). 
The selected cryptand possessed a high affinity toward GST-
Hsp90NTD with the KD value of 62 ± 10 nM, whereas the 
selected peptide lacking the cryptand structure did not (Fig. S6, 
†ESI). This indicates that both structures of the azacrown 
moiety and the rest of the peptide are essential for the Hsp90-
specific strong binding. Also, an expected larger negative 
enthalpy change (ΔH = -16.9 ± 0.3 kcal/mol), compared to our 
previous crown-like binder (-13.7 ± 1.6 kcal/mol),14 was 
observed, suggesting that numbers of hydrogen bonds and van 

der Waals interactions may contribute to the favourable 
binding between the selected cryptand and Hsp90NTD. To 
investigate the secondary structure of the macrocycle, we 
measured circular dichroism (CD) spectra before and after the 
cyclization of the selected peptide (Fig. S3, †ESI). They were 
almost superimposable each other, and indicated that the 
selected peptide possessed a -turn structure regardless of the 
azacrown moiety. Taken into account of the rigidity of the -
turn, we tentatively think that a slight unfavourable entropy 
change (-TΔS = +7.0 kcal/mol) could arise from the enthalpy 
penalty associated with desolvation of polar groups (i.e., 
entropy-enthalpy compensation),32 rather than from the 
conformational entropy loss deduced from our previous 
crown-like binder14 possessing more flexible core structure. In 
the MD simulations, it was shown the fluctuation in the 
cryptand-like binder was less than that in the crown-like 
binder (Fig. 2E). Moreover, the interaction between Trp2 (W2) 
and Arg13 (R13) was frequently found during a long-time MD 
simulation of the cryptand-like binder (Fig. S12D). Importance 

of W2 at the N-terminal lariat for the strong binding was also 
indicated experimentally; a Q1W2-deleted cryptand at the 
same molar concentration showed less intense saturation 
transfer difference (STD) signals44 in proton nuclear magnetic 
resonance (1H NMR) spectroscopy (Fig. S4B, †ESI), and 
increased about 103 order of the dissociation constant in ITC 
measurement (Fig. S6, †ESI). To sum up, appropriate 
electrostatic / hydrophobic effects arose from whole regions 
(i.e., azacrown and peptide moieties) of the cryptand to afford 
a strong supramolecular interaction toward Hsp90NTD.

Using the selected cryptand, we performed more detailed 
structural analysis including binding-site determination on 
Hsp90NTD. A fluorescence polarization (FP) competition assay 
using fluorescein-5-isothiocyanate labelled geldanamycin (GA-
FITC), which binds to the ATP-binding pocket on Hsp90NTD, 
indicated that the selected cryptand did not compete with GA-
FITC (Fig. S5, †ESI). This means that the cryptand bound 
outside of the ATP-binding pocket unlike most of the reported 
Hsp90NTD inhibitors.45, 46 To determine the binding site, the 
cryptand on Hsp90NTD was covalently conjugated with a 
bifunctional crosslinker (succinimidyl-ester diazirine; SDA). 
After the hetero-crosslinking, it was digested with trypsin and 
the crosslinked fragment was analysed by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(MALDI−TOF MS; Fig. 3D). From the m/z value of a newly 
appeared fragment, the binding site was deduced to be the -
sheets region in Hsp90NTD, which was consistent with the FP 
competition assay above. Also, the binding site was 
determined by a long-time MD simulation between the 
selected cryptand and Hsp90NTD,47 followed by a docking 
simulation by AutoDock Vina.48 As shown in Fig. 4, a most 
reasonable structure was obtained, which was again consistent 
with all of the experimental results. The -sheets region of 
Hsp90NTD, in which the cryptand bound, would possibly be a 
novel drug targeting site, because Hsp90 chaperone machinery 
was inhibited upon the binding (Fig. S7).49

Conclusions
In conclusion, we demonstrated the first example to design 

and construct a library of unclosed-cryptand36 with two lariat 
arms using T7-phage display system, and successfully selected 
a strong Hsp90NTD-specific binder. It is emphasized that such 
discovery of a functional supramolecular ligand was attained 
by an ensemble of MD-simulation-assisted rational design of 
the artificial macrocyclic moiety and genetically-encoded 
random peptide structure. 

Since there are sophisticated alternative library-
construction systems for obtaining macrocyclic targeted 
drugs50, 51 with strong affinities,52-55 we think that using such 
artificial moiety just for the target recognition is not the final 
achievement. More advanced artificial functionalization on the 
moiety, such as the addition of catalytic activity (e.g., 
proteolytic actions by complexation with metals56, 57), 
fluorescent chemosensor,58 optochemical property,59 or cell 
permeability,60-62 would be one of the future directions of the 
bio-oriented supramolecules possessing expanded diversities. 

Fig. 4 Docking model of cryptand and Hsp90NTD deduced from both 
experimental and computational results. Yellow and purple indicate -
sheets and -helices.13 The cryptand-like binder, which is indicated by red 
colour, bound to the -sheets region.
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