Chapter 5

Encapsulation and a-Helical Folding of 9-Residue Peptide within a

Hydrophobic Dimeric Capsule of a Bowl-shaped Host

Abstract

A dimeric capsule of coordination bowl could encapsulate nine-residue peptide (Trp-Ala-
Glu-Ala-Ala-Ala-Glu-Ala-Trp) within the large hydrophobic cavity in water, and stabilized a-
helical conformation of bound peptide. NMR titration experiment revealed that monomeric
bowl sequentially recognized two Trp residues at the both terminals of the peptide through
bowl:peptide = 1:1 to 2:1 complex. However, the 1:1 and the 2:1 species existed in
equilibrium even in the presence of excess bowl. It was found that formation of the 2:1
complex, two bowls covered the whole of the peptide, was facilitated in the presence of
NaNO, due to increase of hydrophobic interaction between Trp residues and cavity of bowl.
Furthermore, we discussed a-helical conformation within the dimeric capsule from detailed

NOESY analysis.
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5.1 Introduction

Peptide engineering has been realizing the artificial construction of molecules and materials
with sophisticated functions by utilizing the latent nature of peptides to be spontaneously
folded into their secondary structures." This research field is rapidly developing through the
understanding of the mechanism and design principle of peptide folding, which is still a major
interest in peptide chemistry. Extensive studies have been made on the formation of peptide
secondary structures from de novo designed oligopeptides.>” Unlike those incorporated in a
protein scaffold, however, short peptide fragments cannot form stable secondary structures.*
Hence the folding of secondary structures of peptides has been often achieved by cross-
linking of side-chains via covalent bonding and metal-coordination.>*

Another approach for the stabilization of secondary structures is peptide encapsulation
within a hydrophobic cavity. This strategy is reminiscent of nature’s system since the
secondary structures are sustained only by weak interactions in the cavity. However,
oligopeptide encapsulation by synthetic hosts is a difficult task because most of host
molecules, such as cyclodextrins and calixarenes, have relatively small cavity that can bind
only one small organic molecule. In previous examples of peptide recognition, two binding
sites had to be covalently linked.” For example, Breslow and co-workers prepared
cyclodextrin dimers and demonstrated the stabilization of a-helix coformation of a peptide
containing unnatural amino acids as recognition sites.”

The most efficient way to provide cavities large enough to bind peptides is the construction
of large hosts by molecular self-assembly. Cages, bowls, and capsules with extraordinarily
large cavities have been prepared by self-assembly through hydrogen or coordination bonds.®
Atwood and Rebek reported the assembly of a nanocapsule from six molecule of
resorcin[4]arenes via 60 hydrogen bonds, though the recognition of large molecules by the
nanocapsule has been not achieved.” Recently, Rebek and co-workers demonstrated the
helical folding of linear alkanes by encapsulation within a cylindrical capsule that assembled
from two cavitands.'® We'' and others'> have been showing the remarkable potential of
metal-directed self-assembly for the construction of discrete host compounds with large
cavities. Among them, Pd"- or Pt"-linked roughly spherical M¢L, type cage binds variety of
large neutral organic guests in a surprisingly efficiently fashion."”

Metal-linked M¢L, bowl (1) also shows unique host properties.”* It dimerizes into a
hydrophobic capsule to bind up to four large guests in the capsule. For example,
encapsulation of four molecules of m-terphenyl or cis-stilbene have been confirmed by X-ray

crystallographic analysis and NMR."*  In expectation of binding peptides within the dimeric
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capsule, we recently examined the recognition of nine-residue peptide with the bowl 1 as
described in chapter 4. Although the dimeric capsule was not formed, the bowl 1 induced o.-
helical conformation of the peptide in an aqueous solution in the presence of CHCl; (1v/v%)
to give a I:1 complex. In this complex, hydrophobic face in the a-helix was deeply
accommodated in the cavity of 1. CHCI; seems to be co-enclathrated with the peptide. In
the absence of CHCI,, the conformation of the peptide was ambiguous and hardly analyzed.
To encapsulate the peptide within the dimeric capsule of 1, we have examined a salt effect
because the host-guest hydrophobic interaction is expected to increase with increasing ion
strength of the solution. Accordingly, we describe here the encapsulation of nine-residue
peptide 2 within the large hydrophobic cavity of Pt"-bowl 1 dimer in NaNO, aqueous solution.
Detailed NMR study shows that (1) the dimerization of bowl 1 is induced by complexation
with two Trp residues at the both ends of 2, (2) the formation of the dimeric structure occurs
stepwise via 1:1 complex, and (3) the peptide accommodated in the dimeric capsule adopts o.-

helical conformation.

Ac Trp1 Ala2 Glu3 Alad Ala5 Ala6 Glu7 Ala8 Trp9 NH,
2

5.2 Results and Discussion

5.2.1 Site-selective recognition of 9-residue peptide

The association of the 9-residue peptide (2) with Pt"-bowl 1 ,discussed in previous chapter,
was studied by NMR titration without chloroform. The sequential assignment of 2 in 1 was
carried out by TOCSY and NOESY measurements. Upon the addition of 1 into the aqueous

solution of 2, the colorless solution turned yellow indicating the charge-transfer interaction
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between the electron-rich Trp residues and the electron deficient bowl. It was found that the
binding of the two Trp residues (Trpl and Trp9) with the bowl was not simultaneous but

“sequential. Firstly, Trp9 at the C-terminal was bound to give a 1:1 complex and, secondly,
the complexation of Trpl at N-terminal follows to give a 2:1 complex.

The '"H NMR titration showed that, at 1:2 = 1:1, Hp signal of Ala8 was significantly up-
field shifted compared with other Ala residues (Figure 1). Upon further addition of 1, the
up-field shift of this signal was saturated at 1:2 = ca 2:1, while those of other Ala HP signals
were not saturated. The signal of Ala2 near the N-terminal was much less shifted up-field.
This suggests that C-terminal of 2 was preferentially recognized to give a 1:1 complex as an
intermediate. Association constant for the 1:1 complexation was estimated to be roughly
10*~10° M from NMR titration. This site-selectivity was supported by two control
experiments. The association of 1 with Trp9-Ala9 mutated peptide, Ac-Trp-Ala-Glu-Ala-
Ala-Ala-Glu-Ala-Ala-NH, (3), and Trp1-Alal mutated peptide, Ac-Ala-Ala-Glu-Ala-Ala-Ala-
Glu-Ala-Trp-NH, (4) was examined. UV-vis titrations showed that peptide 4 was
recognized five times stronger than 3 (Table 1), consistent with the C-terminal selective
recognition of 2. We also prepared Glu7-Lys7 mutated peptide. The complexation at the
C-terminal should be disturbed since the positive charge of Lys7 repulses the cationic bowl 1.
As a result, affinities at both terminals were comparable, as indicated by simultaneous up-
field shifting of Ala2 and Ala8 (Figure 2).

5.2.2 Encapsulation of 2 within a dimeric capsule of 1
As mentioned above, 2:1 complexation was observed in the presence of excess 1. The Hf

signals of not only Ala8 but also Ala2 were up-field shifted in the presence of 5 equiv of 1
(Figure 1d), suggesting that both terminals were bound within the cavity of 1. To confirm
the formation of 2:1 species, we estimated the molecular size of complexes from DOSY
measurements. From DOSY, the diffusion coefficient of control peptide 4 in the presence of
4 equiv of bowl 1 was 1.26 x 10" m?™. This value should reflect the 1:1 complex because
peptide 4 has only one Trp residue and can form only 1:1 complex with 1. The diffusion
coefficient of peptide 2 in the presence of 4 equiv of bowl 1 (1.06 x 10'° m’s™") was smaller
than that of 4 (Figure 3). This result indicated the formation of a complex larger than the 1:1
complex. Namely, 2:1 species is suggested.

The Job's plot by UV-vis measurements indicated that the 1:1 and the 2:1 species existed
in equilibrium even in the presence of excess 1."”> The plot exhibited a peak at approximately
0.6 (Supporting Information), being smaller than 0.66 for ideal 2:1 complexation (Figure 4).

Assuming that the maximum up-field shift of Ala2 is comparable to that of Ala8, we
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estimated the ratio of the 1:1 and 2:1 complexes to be about 40:60 from Ad,,,/Ad,.s ratio at
[1] = 10 mM and [2] = 2 mM (Figure 1d).

Bowl

Ac-Trp1-Ala2-Glu3-Ala4-Ala5-Alaé-Glu7-Ala8-Trp9-NH, Ac-Trp1-Ala2-Glu3-Alad-Ala5-Ala6-Glu7-Ala8-Trp9-NH,
2 2
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Figure 1. 'H NMR spectra (500 MHz, D,0, 27 °C) of 2 ([2] = 2 mM) in 100 mM phosphate
buffer (pH 6.8) and 1 (a) [1] = 0 mM, (b) 2 mM, (c) 4 mM, (d) 10 mM.

Table 1. Association constants of 1 with control peptides in water

Peptides K, (M)
Ac-Trp-Ala-Glu-Ala-Ala-Ala-Glu-Ala-Ala-NH, (3) 1.6 (x0.2) x 10*
Ac-Ala-Ala-Glu-Ala-Ala-Ala-Glu-Ala-Trp-NH, (4) 8.6 (x1.2)x10*

[a] Measured by UV-vis titration at 20 “C in 10 mM phosphate buffer (pH 6.8).
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Figure 2. 'H NMR titration of Ac-Trp-Ala-Glu-Ala-Ala-Ala-Lys-Ala-Trp-NH, with Pd(IT)-
bowl 1'.  Sequential assignment of final condition (4.5 equiv of 1') was carried out by the
same method in the case of peptide 2 and Pt(II)-bowl 1.

The Job's plot by UV-vis measurements indicated that the 1:1 and the 2:1 species existed
in equilibrium even in the presence of excess 1." The plot exhibited a peak at approximately
0.6 (Supporting Information), being smaller than 0.66 for ideal 2:1 complexation (Figure 4).
Assuming that the maximum up-field shift of Ala2 is comparable to that of Ala8, we
estimated the ratio of the 1:1 and 2:1 complexes to be about 40:60 from Ad,,,,/Ad,,.s ratio at
(1] = 10 mM and [2] =2 mM (Figure 1d).

5.2.3 Stabilization of the 2:1 complex by addition of NaNO,

To stabilize the 2:1 complex formation, we studied a salt effect since the host-guest
hydrophobic interaction is expected to increase with increasing ion strength.'®  The addition
of NaNO; induced further up-field shift of Ala2 signal of 2 (Figure 5), suggesting that
formation of the 2:1 complex became dominant. Under the conditions of Figure 3¢ ([1] = 10
mM [2] = 2.5 mM. [NaNO,] = 400 mM), the ratio of the 1:1 and the 2:1 complexes was
estimated to be about 20:80.
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Figure 3. DOSY spectra (500 MHz, D,0, 27 °C) of 4 equiv of 1 in 100 mM phosphate
buffer (pH 6.8) and (a) peptide 2 (|2] = 1.9 mM), (b) peptide 4 ([4] = 1.8 mM).
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Figure 4. Job's plot. Concentration of complex was estimated from CT absorption around

350-500 nm that is specific to the complex.
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Figure 5. 'H NMR spectra (500 MHz, H,0/D,0 = 9/1, 27 °C) of 1 (|1] = 10 mM) and 2 (|2]
= 2.5 mM) in 100 mM phosphate buffer (pH 6.8) in the presence of NaNO; (a) 0 mM, (b) 200
mM, (c) 400 mM.

5.2.4 Stabilization of a-helical structure of 2 within the dimeric capsule of 1

In the absence of NaNO;, the conformation of peptide 2 was hardly analyzed because of
rapid equilibration on the NMR timescale between two different conformers in the 1:1 and 2:1
complexes and also for relatively loose host-guest interaction. Upon the addition of NaNO,
(400 mM), the 2:1 complex was dominant and the conformation of the peptide was fixed.
Thus, the secondary structure of peptide 2 in the 2:1 complex was analyzed by NOESY
experiments. Circular dichroism (CD) spectrometry, generally used for the characterization
of peptide secondary structures, was not useful because of fatal interference of CD of 2 by
strong absorption of 1 around 200-250 nm.

In the NOESY spectrum, we observed sequential NOEs dyy(i,i+1) and several medium
range NOEs: for example, d(i,i+3), d(i,i+3), and d,(i,i+4). The observation of these
NOEs is characteristic to typical a-helix conformation (Figure 6).”7 Only a few
unreasonable NOEs for the a-helical conformation were observed because of the co-existence
of some minor conformers. Since CD measurement showed the unordered structure of free
peptide 2 in water, the a-helical conformation of 2 was obviously induced by the

encapsulation of 2 within the dimeric capsule of 1.
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Figure 6. (a) Selected NOESY spectrum (600 MHz, H,0/D,0 = 9/1, 27 °C) of 1 ([1] = 10
mM) and 2 (|2] = 2.5 mM) in 100 mM phosphate buffer (pH 6.8) at the presence of 400 mM
NaNO;. (b) NOE correlations for the bound peptide 2 in the same condition.



5.2.5 Proposed structure of helical peptide 2 and the dimeric capsule of 1

To estimate the geometry of 2 in the 2:1 complex, chemical shifts of the residues were
compared with those of free 2. All signals of 2 exhibited negative Ad values from -0.6 to -
2.3 ppm (Figure 7). This observation indicates that the whole of 2 is covered by the dimeric
capsule of 1. Hp protons near terminal Trp residues were much more up-field shifted than
others, indicating the tight and deep accommodation of the residues near both terminals
within bowl 1. For example, Ad of the HP of Ala2 (-1.20 ppm) and Ala8 (-1.38 ppm) was
larger than that of Ala4 (-0.62 ppm), Ala5 (-0.83 ppm) and Ala6 (-0.87 ppm). The up-filed
shift of the middle residues also indicates the folding of the peptide into a compact form.
Based on these observations, we proposed the encapsulation of peptide 2 in a-helical

conformation within the hydrophobic cavity of the dimeric capsule as shown in Figure 8.
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Figure 7. Up-field chemical shifts for 2 (|2] = 2.5 mM) with 1 ([1] = 10 mM) in 100 mM
phosphate buffer (pH 6.8) at the presence of 400 mM NaNO,. These value of each residues

was compared with chemical shifts of extended chain.

5.2.6 _Dynamic host-guest assembly controlled by media

Dynamic feature of the bowl-peptide complexation deserves attention. In the aqueous
solution of 2 (2.5 mM) and 1 (7.5-10 mM), the peptide conformation and the complexation
ratio are ambiguous. Addition of NaNO; induced the dominant formation of the 2:1
complex in which peptide 2 in a-helical conformation is encapsulated in the dimeric capsule
of 1, as described above. On the other hand, we have previously reported the dominant
formation of a 1:1 complex in the presense of CHCl;, where peptide 2 in o-helical
conformation is co-enclathrated with CHCI; in the monomeric bowl. There have appeared
many examples of dynamic molecular assembly in which guests induce host frameworks.'®
In contrast, the present host-guest system varies the assembly manner depending on media
conditions (CHCl;/H,O vs NaNO,/H,0). Such a dynamic host assembly responsive to

media provides a prototype for a new type of external stimuli-responsive molecular assembly.
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Figure 8. The proposed structure of 2 and dimeric capsule of 1. Dimeric capsule of 1 and

peptide 2 are represented by space-filling and cylindrical models, respectively.

1viV%
142 CHClj
in water ¢

1:1 complex

5.3 Conclusion

In conclusion, we demonstrated that 9-residue peptide 2 was encapsulated within the large
hydrophobic cavity of dimeric capsule assembled from two coordination Pt" bowl complex 1.

The driving forces of the formation of the dimeric capsule are hydrophobic and charge-
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transfer interaction between 1 and Trp residues at both terminals of 2. Furthermore, we
observed the stabilization of the a-helical conformation of 2 within the large hydrophobic
cavity of the dimeric capsule from NOESY experiments. Most interestingly, the approach in
this work for the stabilization of secondary structure mimics biological systems. Thus, other
secondary structures, such as [3-strand, B-hairpin, and turn structures, can be stabilized within
hydrophobic pocket of various coordination structures synthesized by our group."!
Moreover, when we design larger cavity enough to accommodate a whole or part of protein
molecules, this strategy is expected to be applicable to not only the stabilization of ephemeral

tertiary structure but also studies for the pathway of protein folding.

5.4 Experimental Section

Materials, peptide synthesis, procedure of UV titration, NMR measurements, Job's plot and
structural calculation by CNS were described in General Experimental Section. Synthesis of

the bowl-shaped host was described in Chapter 4.
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Chapter 6

Folding of Ala-Ala-Ala Tripeptide into a Minimal Helix via

Hydrophobic Encapsulation

Abstract

A tripeptide Ac-Ala-Ala-Ala-NH, folded into minimal helix, namely B-turn structure in
water through hydrophobic binding within a self-assembled porphyrin cage. The turn
conformation of the bound peptide was fully assigned from NOESY measurements, and
strongly supported by molecular dynamics simulations. From single mutation experiments
and molecular modeling, CH-x interactions between methyl groups of Ala residues and
porphyrin ligands seem to be important in stabilization of the turn conformation.
Furthermore, we observed the highly site-selective encapsulation of heptapeptide, Ac-Gly-

Gly-Ala-Ala-Ala-Gly-Gly-NH,, possessing Ala-Ala-Ala turn region at middle position.
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6.1 Introduction

While helical conformation is one of the most important secondary structures of peptides, this
fundamental motif is, like other peptide secondary structures, very unstable if a peptide exists
as a short fragment.' A minimal 3,,-helix can be, in principle, constituted by four amino acid
residues via hydrogen bonding between CO(i) and NH(i+3). In general, however, at least 15
amino acid residues are required to form a stable helical conformation in water unless the

234 Here, we observe that even a three-

helix is fixed by covalent or coordination bonds.
residue peptide fragment, Ac-Ala-Ala-Ala-NH,, can be folded into a minimal 3,,-helix (which
is also categorized as -turn’) through encapsulation by a porphyrin-assembled synthetic host.
Despite the presence of only one intramolecular hydrogen bond, the minimal helix is shown

to be very stable because of efficient host-guest interaction.

6.2 Results and Discussion

6.2.1 Strategy for the stabilization of short turn structure
For the efficient accommodation of a short peptide fragment, we employed prism-like

porphyrin cage 1° that provides a large hydrophobic binding pocket. This cage can be
prepared by the self-assembly of tetrakis(3-pyridyl) substituted porphyrin and (en)Pd(NO,),.
The target tripeptide, Ac-Ala-Ala-Ala-NH, (2), contains only Ala that is the simplest -

substituted amino acid residue with propensity for a-helical conformation.’

6.2.2 'H NMR studies of complexation of 1 and 2

The complex 12 was easily prepared by mixing the aqueous solutions of the both

components ([1] = [2] = 2 mM) at room temperature for a few minutes. Encapsulation of 2
within the cavity of 1 was confirmed by 'H NMR analysis. Proton signals of complexed 2
were fully assigned from TOCSY and NOESY experiments. All the signals of 2 were
considerably shifted up-field. In particular, the HB protons of Alal, Ala2, and Ala3 were
observed around —5.0 ppm (Figure 1). This result suggested that all residues of peptide 2
were deeply encapsulated by the cavity of 1. The association constant was estimated to be 1

x 10° M by '"H NMR competition experiment.®
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6.2.2 'H NMR studies of complexation of 1 and 2

The complex 122 were easily prepared by mixing of both aqueous solutions ([1] = [2] = 2

mM) at room temperature for a few minutes. Encapsulation of 2 within the cavity of 1 was
confirmed by '"H NMR analysis. Proton signals of complexed 2 were assigned from TOCSY
and NOESY experiments. Interestingly, all signals of 2 were highly up-field shifted, in
particular, HB of Alal, Ala2 and Ala3 were observed around -5.0 ppm (Figure 2). This
result suggested that all residues of peptide 2 were perfectly encapsulated by the capsule-like

cavity of 1.
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Figure 1. 'H NMR spectrum of complex 12 in D,0O (500 MHz, 2 mM, 27 °C, TMS as

external standard).
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6.2.3 Conformation analysis of 2 within 1

The turn conformation of 2 was elucidated from an NOESY experiment. NOE cross-
peaks in NOESY were clearly observed between N-terminal acetyl group and Ala3 protons
(HN and HB), indicating the proximity of the N- and C-terminal of 2 (Figure 2). The turn
structure of 2 was also supported by *Jyucu.coupling constants.  All *Jyyc, values were
below 6 Hz, being characteristic of helical rather than random-coil conformation.’
Furthermore, the turn structure was strongly suggested to be a minimal 3,,-helix conformatioﬁ
by molecular dynamics (MD) simulation with CNS program' that run under restraints of
NOE distances (11 intra-residue, 7 sequential, 5 medium-range) and 3 backbone ¢ angles
from *Jyucu. values. Among randomly generated 50 initial structures, 48 of them were
converged, with low backbone pairwise RMSD (0.09 A), into almost identical lowest-energy
structures that clearly showed the turn conformation (Figure 3). The MD calculation also
suggested a hydrogen bond between N-terminal acetyl group and NH of Ala3. This turn

structure is a minimal 3,,-helix and also categorized as B-turn conformation."'

srrprererree

-5 ppm

Figure 2. Selected NOESY spectrum (500 MHz, H,0/D,0 = 9/1, 27 °C) of 1 ([1] = 2 mM)
and 2 ([2] =2 mM). Inter-residue NOEs are denoted as alphabet in spectrum and as arrows

in chemical structure of 2.
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Figure 3. Superposition of the 48 lowest energy structures by CNS'® for bound peptide 2.

6.2.4 _Validity of the turn structure of 2 by molecular modeling
We confirmed that the MD minimized structure fits the cavity of 1. The crystal structure

of 1° and the MD optimized structure of 2 were combined so that 2 was fully accommodated
in the cavity of 1. When the combined structure was refined,” the conformation of 2
remained almost unchanged, suggesting that host 1 provides an ideal cavity for recognizing
the most stable conformation of 2 (Figure 4). For comparison, tripeptide 2 in an extended
conformation was also refined in the cavity of 1, but efficient host-guest interactions were

hardly observed.

Figure 4. Refined structure of the complex 12'* from crystal structure of 1 and MD

minimized structure of 2.
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6.2.5 Sequence-selective recognition of aliphatic tri-peptide by the porphyrin capsule 1

In the refined 12 structure, the methyl groups of Ala residues and the porphyrin ligands
showed efficient CH-x contact, which presumably induces the folding of 2 into the minimal
helix conformation. In particular, the CH-rt contact of Ala2 seems the most important
because the association constant of 1 with a singly Gly-mutated tripeptide, Ac-Ala-Gly-Ala-
NH, (3), was considerably reduced (9 x 10> M™) (Table 1). Other Gly-mutated tripeptides,
Ac-Gly-Ala-Ala-NH, (4) and Ac-Ala-Ala-Gly-NH, (5), did not show significant decrease in
association constants (8 x 10’ and 1 x 10° M~ for 4 and 5, respectively). Binding was no
longer observed for Ac-Gly-Gly-Gly-NH, (6) because of the absence of the CH-m contact.
Tripeptides, Ac-Val-Val-Val-NH, (7) and Ac-Leu-Leu-Leu-NH, (8), were also not bound at all
because they are too bulky to be fit in the cavity of 1.

Table 1. Association constants of 1 with aliphatic tri-peptides in water

Peptides K, (M™)
Ac-Ala-Ala-Ala-NH, (2)® 1x10°
Ac-Ala-Gly-Ala-NH, (3)™ 9x 10°
Ac-Gly-Ala-Ala-NH, (4)™ 8x10°
Ac-Ala-Ala-Gly-NH, (5)™ 1x 10°
Ac-Gly-Gly-Gly-NH, (6) no binding
Ac-Val-Val-Val-NH, (7) no binding
Ac-Leu-Leu-Leu-NH, (8) no binding

[a] Measured by NMR competition experiment with Ac-Trp-Trp-Ala-NH,. [b] Measured by
NMR competition experiment with 2.

6.2.6 __ Selective recognition of Ala-Ala-Ala sequence within the porphyrin capsule 1

Particularly interesting is that, through host-guest interaction with 1, a stable turn structure
seem to be generated from a longer oligopeptide involving Ala-Ala-Ala sequence in the
middle. When a heptapeptide, Ac-Gly-Gly-Ala-Ala-Ala-Gly-Gly-NH, (9), was treated with
an equiv molar of 1 in water, significant upfield shifts of proton signals were observed only at
the Ala-Ala-Ala region (Ad = 5.6, 6.3, and 6.6 ppm for the methyl groups of Ala3, Ala4, and
Ala5, respectively). The adjacent Gly2 and Gly6 were also shifted upfield (Ad = 6 and 4
ppm for the methylene groups of Gly2 and Gly6, respectively), while terminal Ac-Glyl and
Gly7-NH, protons were hardly shielded (Figure 5). Even in longer peptide, Ala-Ala-Ala

sequence was selectively accommodated in the cavity.
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1 Ac-Gly-Gly-Ala-Ala-Ala-Gly-Gly-NH,
9

HDO 1

I I I 1 T T T T T I T T I
100 90 80 70 60 50 40 30 20 10 O -1.0 -20 -3.0 -40 -50ppm

Figure 5. 'H NMR spectrum of complex 1¢9 in D,0 (500 MHz, 2 mM, 27 °C).

6.3 Conclusion

In conclusion, self-assembled porphyrin cage 1 showed remarkable ability to bind and fold
Ala-Ala-Ala sequence into a minimal helix or B-turn. The result demonstrated that peptide
recognition within a large cavity of self-assembled cages is a powerful method to produce the

secondary structures of peptides even if the peptide fragment is considerably short.

6.4 Experimental Section

Peptide synthesis, procedure of UV titration, NMR measurements, competition experiment
and structural calculations by CNS were described in General Experimental Section. The

porphyrin cage 1 was prepared following procedure as reported earlier.®

Structure refinement by MacroModel 8.0

The coordinate of 1 from X-ray structure® was fixed, and only peptide structure, whose
initial coordinate was calculated structure by CNS, was refined in 1 by using the OPLS-AA
force field in MacroModel 8.0 (Schrédinger, Inc.).
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Physical data of 1+2

'H NMR (500 MHz, D,0, 27 °C, TMS as external standard): 8 9.59 (br, 16H, 1), 8 9.00-8.38
(br, 16H, 1), & 8.30-7.80 (br, 32H, 1), & 3.23 (br,24H, 1), 8 -1.80(q, /= 7.3 Hz, 1H, 2), -
2.81(q,/=7.3Hz, 1H, 2), 0 -2.96 (q,J = 7.3 Hz, 3H, 2), 6 -479(q,J=7.3 Hz, 1H, 2), & -
4.96 (d,J =7.3 Hz, 3H, 2), 6-5.06(d,J="7.3 Hz, 3H, 2),8-5.09(d, J=7.3 Hz, 3H, 2).

®C NMR (125 MHz, D,0, 27 °C, TMS as external standard): 8 180-160 (CO x4, 2), &
151.9-149.9 (CH, 1), 6 147.2-145.3 (CH, 1), d 141.8-141.2 (Cq, 1), 8 133.1-130.9 (CH, 1), §
126.4-124.4 (CH, 1),  115.0-113.5 (Cq, 1),  47.1 (CH,, 1), 8 45.4 (CH, 2), 5 45.3 (CH, 2),
45.0 (CH, 2), 8 15.8 (CH,, 2), 8 10.8 (CH,, 2), & 10.7 (CH,, 2), & 10.2 (CH,, 2).

IR (KBr, cm™): 1653.2, 1522.6, 1475.5, 1384.5, 1191.8, 1056.0, 1036.0, 994.5, 796.6, 698.0.
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Chapter 7

Toward Dynamic Peptide Receptors: Control of Dynamic Aspect of

Guest Molecules within Tubular Receptor

Abstract

Rod-like guests accommodated in self-assembled coordination nanotubes are shown to stay

in the tubes without flipping along its length at room temperature, but rapidly exchange

intermolecularly at high temperature.
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7.1 Introduction

We considered that ideal peptide recognitions are not only the stabilization of static peptide
conformation, but also a control of peptide dynamics. For the controlling of such dynamics,
guest molecule needs to be accommodated in much restricted cavities. For example, guest
molecule in tubular cavity is allowed only one-dimensional motion. Therefore, fundamental
study of guest dynamics in such a tubular cavities is expected to be useful to the rational
design of novel artificial peptide receptors which can regulate the peptide dynamics.

Oligo(3,5-pyridine) ligands 1 have been shown to self-assemble into coordination
nanotubes 2 in the presence of rod-like guests.' The previous paper has described that the
rod-like guests take an important role to template the assembly of the tubes and to stabilize
the tubular structures. Studies on the dynamic behavior of the guest molecules that are
accommodated in the tubes are particularly interesting due to the novel functions of tubular
molecules: e.g. shape-selective transportation,” site-specific chemical transformation’ and
molecular level data storage.* Here we discuss the dynamic aspects of the host-guest
complexation within the self-assembled coordination nanotubes.”> NMR studies show that
guests stay in the tubes without flipping along the length at room temperature, but rapidly

exchange intermolecularly at high temperature.
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7.2 Result and Discussion

7.2.1 VT-NMR studies of guest dynamics in tubular complex

To address the guest motion in the tube, unsymmetrical biphenyl derivative 3a was used as
a template. Thus, (en)Pd(NO;),, ligand 1a and Na**3a were combined at a ratio of 10:4:1 in
D,0. After 1 h at 70 °C, NMR revealed the self-assembly of tube 2a*3a. Guest signals
were upfield shifted and observed at 8 5.2-5.5 indicating the efficient accommodation of 3a
in nanotube 2a.

A significant observation by NMR is the dissymmetrization of the host framework at
ambient temperature: e.g. Hd # Hd' and He # He' as shown in Figure 1la. Upon heating,
these couples coalesced at 47 °C (Figure 1b and c).* These results evidence the following
guest behaviors: (i) the guest molecule is trapped in the tube and unable to flip at room
temperature on the NMR timescale, dissymmetrizing the host framework. (ii) the guest spins
around its long axis because all four units of 1a in the tube are found equivalent in the NMR
spectrum. (iii) at high temperature, the guest got an opportunity to be released from the tube,

symmetrizing the host environment.
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Figure. 1 Variable-temperature 'H NMR spectra of 2a3a recorded in D,O at (a) 27 °C,
(b) 47 °C and (c) 60 °C (500 MHz, TMS as an external standard).
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7.2.2 Effect of the excess guest molecules for the bound guest dynamics

The coalescence temperature 7¢ (47 °C) markedly changed upon the addition of excess
amount of the guest. For example, when small amount (0.1 equiv.) of the guest was added to
the 1:1 host-guest complex, 7c was dramatically dropped to 33 °C as revealed by VT NMR
measurement. Further addition of the guest (up to 2.0 equiv.) caused gradual decrease in 7t:
at [H]:|G] = 1:1.2 and 1:1.5, Tc was 29 and 14 °C, respectively. At [H]:[G] = 1:2, the
dissymmetrization of the ligand framework was not observed even at 5 °C.

The significant change in 7c at [G]/[H| = 1 strongly suggests two possible pathways for
guest release. When [GJ/[H] < 1, guest molecules must self-dissociate via an empty
intermediate (Sy1-like pathway, Figure 2a). In case of |G|/[H] > 1, guest can be replaced by
the second guest via S, 2-like pathway (Figure 2b). Obviously, the latter process requires
lower energy and, therefore, Tt is significantly dropped at [G|/[H] > 1. Since the Sy2-like
displacement is accelerated with the increase of the guest concentration, Tc is gradually

dropped upon the addition of further amount of the guest.

@)

Figure. 2 Illustration for the mechanism of guest exchange at (a) [H]:|G] = 1:1 and (b)
[H]:IG] = 1:2.
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7.2.3 Host-guest stability depending on the tube length and nature of the guest molecules
Tc also depends on the tube length: when shorter tube 2b was complexed with 3a (1

equiv.), the host was symmetrized at 7c = 29 °C. Thus, the shorter tube can trap the guest
less tightly.

The preferential binding of anionic guest 3a over a neutral guest, 4-methylbiphenyl (3b),
was shown by a guest exchange experiment. Thus, 2a*3b complex was prepared by treating
(en)Pd(NO,), with ligand 1a in the presence of 3b (D,0, 20 h, 70 °C). Again, the
dissymmetrization of the host framework was observed showing that this guest was also
trapped in the tube at room temperature. Upon the addition of 3a (1.0 equiv.) to this solution,
however, guest 3b was immediately replaced by 3a. This result suggested that, in addition to
the aromatic interactions, efficient electrostatic interaction between the tube and the template
was also particularly important for the host-guest complexation.' The weaker host-guest
interaction in 2a*3b complex agreed well with its lower 7c value (29 °C) than that of 2a*3a by
18 °C.

7.3 Conclusion

In conclusion, we revealed the one-dimensional motion of rod-like guest molecule in
coordination tube complex 2. The dynamic aspect of the guest molecule can be evaluated
from VT-NMR measurements. The one-dimensional motion of guest can be also controlled
by addition of excess guest molecules. This study is expected to be applicable to the rational

design of novel artificial peptide receptors which can regulate the peptide dynamics.
7.4 Experimental Section

Materials and NMR measurements were described in General Experimental Section.
Preparation of 2a*3a

(en)Pd(NO,), (0.10 mmol) and 1a (0.04 mmol) were combined in D,0 (2.0 mL) and stirred

for 5 h at 70 °C. To this solution, an aqueous solution (0.1 mL) of Na**3a (0.01 mmol) was

added and the mixture was stirred at 70 °C for 1 h.
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Chapter 8

Toward Dynamic Peptide Receptors: Dynamic Assembly of

Dodecapyridine Ligand into End-Capped and 3.0 nm Tubes

Abstract

Mono end-capped coordination tube that assembles from dodecapyridine ligand and six Pd"
ions is sufficiently stable but is converted into a doubly composed open tube through
crystallization. The open tube once formed does not come back to the capped tube. These
results indicate that, despite the labile nature of Pd"-pyridine coordination bonds, both

structures are not in a rapid equilibrium and are kinetically trapped during self-assembly.

Crystallization
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o

N
- ANN
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8.1 Introduction

We considered that one of the ideal peptide receptor is a dynamically self-assembled host
molecules. Generally, these structures convert to other structures by external stimuli.
Namely, if structure of peptide receptor can be regulated by external stimuli, we will control
the peptide selectivity, peptide conformation in host, and catch/release of peptide, that is
applicable to the drug delivery system, through structural transformation of receptors.

Dynamic assembly deals with two or more self-assemblies which are on a relatively flat
potential energy surface and are interconverted to each other via resorting or reorganization of
component species.'> When dynamic structures have a cavity suitable for recognizing a
guest, the predominant assembly of one particular host structure is induced by adding an
appropriate guest. Such a guest-induced assembly of a specific host framework is often seen
in biological events and has been actively studied both in hydrogen-bond and coordination
assembly systems.” Here we report a unique dynamic assembly where, under a set of
identical thermodynamic conditions, the same guest induces the formation of two different
assemblies depending on whether the assembly process experiences crystallization or not.

The dynamic assembly discussed here stems from (en)Pd" coordination block (1) and
ligand 2 that has four tripyridine podands on a benzenetetracarboxylate scaffold.* On
analogy to the guest-induced assembly of coordination nanotubes from oligo(3,5-pyridine)
ligands and Pd units,’ ligand 2 is expected to give mono end-capped coordination tube 3 upon
complexation with 1 in the presence of an appropriate guest [Eq. (1a)].* This tube is
designed to discriminate the both ends of symmetrical rod-like molecules. namely, one end
accommodated at the bottom of the tube should show different properties from another end.
We have found that, in addition to expected structure 3, the complexation of 1 and 2 also
gives rise to doubly composed open tube 4 in which ligand 2 adopts an extended
conformation [Eq. (1b)]. This open tube is observed only at higher concentrations as a
minor component, but isolated in a pure form through slow crystallization. Interestingly,
once isolated 4 is not converted into 3 at lower concentrations, indicating that both structures
are kinetically trapped at local minima of the potential surface. Accordingly, we discuss here
the self-assembly and the host-guest behavior of end-capped tube 3 and open tube 4 as well as

the importance of kinetic effects in their self-assembly processes.
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Scheme 1. Self-assemblies of mono end-capped tube 3 and doubly composed open tube 4.

For clarity, guest molecules are omitted.

8.2 Result and Discussion

8.2.1 Quantitative self-assembly of end-capped tube 3

The quantitative assembly of 2 into end-capped tube 3 was, in fact, accomplished by the
template effect of rod-like guests such as 4,4’-ditolyl (5). Without the template, the
complexation of ligand 2 with (en)Pd(NO;), (1) in D,O resulted in a complex mixture (Figure
la). The addition of 5 to the solution, however, induced the assembly of a single product
within 3 h at 70 °C (Figure 1b). In the tube structure, the side arms of 2 are equivalent
whereas the methylene protons on each side arm are diastereotopic and thus observed as an
AB quartet. In addition to satisfactory NMR, the formation of complex 3 was strongly
supported by CSI-MS (coldspray-ionization mass spectrometry).”®

'H NMR observation featured some structural aspects of the inclusion complex. As
expected, the two methyl groups of guest 5 accommodated in 3 were clearly discriminated
being observed at 8 -0.25 and 1.83 in NMR (Figure 1b). The significant upfield shift of one
methyl (Ad ca. -2.6 ppm from ordinary chemical shift) suggests that this methyl is located on
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the benzene scaffold and surrounded by four side pyridine C rings. Below 60 °C, these two
methyls were not coalesced indicating that the guest is strongly bound in the deep cavity of 5
and the flipping of the guest along its long axis is suppressed.” Aromatic protons of 5 were
also upfield shifted being observed at d 4.47-4.86.

Figure 1. The 'H NMR observation of the guest-templated formation of 5¢3 (500 MHz,

D,0, 25 °C, TMS as an external standard). a) An oligomeric mixture obtained from 2 (1.7
pmol) and (en)Pd(NO;), (10.2 pmol) in D,0 (0.8 mL). b) 53 complex assembled upon the
addition of § (1.7 ymol).

Asymmetric guest such as sodium biphenylcarboxylate (Na‘e6) was -efficiently
accommodated in a uni-directional fashion. Namely, only one isomer was formed in which
the hydrophobic biphenyl group was deeply included in the tube and the hydrophilic
carboxylate group was exposed outside as indicated by 'H NMR (Figure 2a). Interestingly,
disodium biphenyldicarboxylate (2Na**7), which was bound in an open tube in our previous
study,” was not included in 3 showing that the end-capped site of 3 provides an efficient

hydrophobic pocket that cannot bind the hydrophilic portion of the guest.
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Figure 2. The 'H NMR showing the conversion of 63 into (6),*4 (500 MHz, D,0, 25 °C,
TMS as an external standard). a) [2], = 2.1 mM, b) [2], = 8.5 mM, c) complex (6),°4

isolated as crystals.

8.2.2 Self-assembly of open tube 4 at high concentration

The self-assembly of inclusion complex 6°3 was concomitant with the formation of a
minor component at high concentrations ([2], > 8 mM, Figure 2b). Fortunately, this minor
product was isolated as single crystals by slow evaporation (> two weeks) of the solution.
The X-ray crystallographic analysis showed that this product is a doubly composed open tube
4 consisting of two molecules of ligand 2 which are held together by twelve (en)Pd units
(Figure 3). Open tube 4 accommodates two molecules of 6, each of which is oriented so that
its carboxylate group is exposed outside. An important feature is that the 16-component
self-assembly (two ligands, twelve metals, and two guests) gives 3.0 nm molecular tube
which is one of the longest among those structurally defined by crystallography. The
biphenyl moiety is surrounded by hydrophobic framework through efficient & — x and CH- nt
interactions. The elemental analysis was consistent with a formula of
(Na'6),°4¢(NO;),,#45H,0.
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Figure 3. Crystal structure of (6),°4  For clarity, H atoms, water molecules, and NO; ions

are omitted.

8.2.3 Structural transformation from end-capped tube to open tube via crystallization

The stability of once isolated (6),*4 complex deserves special attention. When the
crystals of (6),°4 were dissolved in D,0O at room temperature, we observed (6),*4 complex in a
pure form (Figure 2c¢) although 63 complex was the major product before isolation. More
surprisingly, (6),*4 complex remained unchanged in solution even after one month. These
results clearly show that 63 and (6),°4 complexes are not in equilibrium despite the labile
nature of Pd"-pyridine coordination bonds. Only at high concentrations for crystallization
6°3 is slowly converted into (6),°4 complex.

It is noteworthy that, under a set of identical thermodynamic conditions, we obtained two
different assemblies 63 and (6),°4 depending on whether the assembly process includes
crystallization or not. We thus suggest the followings: (i) 6¢3 and (6),°4 complexes, being
sustained by 12 and 24 Pd"-pyridine coordination bonds, respectively, are not thermodynamic
but kinetically trapped structures. (ii) 6*3 complex is kinetically formed and trapped via

intramolecular complexation although more stable (6),°4 complex also exists on a potential
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energy surface. (iii) the interconversion of 63 into (6),°4 is substantially ignored at low
concentrations, but slowly promoted at high concentrations, and much more facilitated by

removing (6),°4 complex by crystallization.

8.3 Conclusion

In conclusion, we observed dynamic self-assembly of two tubular structure, end-capped
tube 3 and 3.0 nm open tube 4 from same ligand 2 and metal ion 1. At low concentration,
only end-capped tube 3 was formed. On the other hand, at higher concentration, two tubes
were self-assembled as mixture. Crystallization accelerated the structural transformation
from 3 to 3.0 nm open tube 4. We considered that end-capped tube 3 is kinetically trapped
structure, and open tube 4 is thermodynamically stable structure. This dynamic self-
assembly is expected to be applied to the dynamic peptide receptor, because we can prepare

various shaped receptors by the solution condition.

8.4 Experimental Section

Materials and NMR measurements were described in General Experimental Section.

Synthesis of Tetrakis(5-bromopyridin-3-ylmethyl) 1,2,4,5-benzenetetracarboxylate (10)

To a mixture of 5-bromo-3-hydroxymethylpyridine'® (4.84 g, 25.7 mmol), pyromellitic acid
(1.06 g, 4.16 mmol), and triphenylphosphine (10.90 g, 41.6 mmol) in dry THF (500 mL)
cooled to 0 °C with an ice bath was added dropwise a solution of diethyl azodicarboxylate
(62.4 mmol, 0.21 M in THF) over 1 hour. The reaction was allowed to warm to room
temperature and a white precipitate gradually appeared. After stirred for 40 h under argon, the
precipitate was collected by filtration to give 10 as colorless crystal (2.63 g, 68%). The
residue solution was evaporated, and dissolved in CHCl,; and methanol. To this solution was
added hexane to give white precipitate. This precipitate was collected, and washed with
acetone to give 10 (total yield 82%). m.p. 195-199 °C. 'H NMR (500 MHz, CDCl,, 25
°C): 6 = 8.68 (s, 4H), 8.56 (s, 4H), 8.07 (s, 4H), 7.87 (s, 4H) , 5.29 (s, 8H). "“C NMR (125
MHz, CDCl,:CD,0D = 10:1, 25 °C): § = 165.6 (Cq), 151.4 (CH), 148.0 (CH), 139.7 (CH),
134.6 (Cq), 132.9 (Cq), 130.4 (CH), 121.4 (Cq), 65.1 (CH,). IR (KBr): 3070, 3053, 1736,
1719, 1256, 1137, 1101 cm™.  elemental analysis: calcd for 10. C;,H,,Br,N,Oq (%): C, 43.71.
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H, 2.37. N, 6.00. found: C, 43.79. H, 2.50. N, 5.70.

Synthesis of Tetrakis(5,3’:5’,3”-terpyridin-3-ylmethyl) 1,2,4,5-benzenetetracarboxylate (2)

Under argon, a mixture of 10 (0.40 g, 0.43 mmol), 3-tributylstannyl-5,3’-bipyridine (1.53 g,
3.44 mmol, see ref. [5a] of the text), Pd(PPhs), (0.400 g, 0.034 mmol) in dry toluene (150 mL)
was refluxed for 2 d under argon. The mixture was filtered and the residue was purified by
column chromatography (aluminium oxide, CHCl,/methanol 40/1) to give 2 as colorless
crystal (0.069 g, 13%). m.p. 242-246 °C. 'H NMR (500 MHz, CDCL,:CD,0OD = 10:1, 25
°C): 6 =8.87(dd, J = 2.4, 0.9 Hz, 4H), 8.86 (m, 12H), 8.67 (d, J = 1.8 Hz, 4H), 8.65 (dd, J =
4.8, 1.5 Hz, 4H), 8.20 (m, 4H), 8.19 (s, 2H), 8.09 (t, J = 2.0 Hz, 4H), 8.05 (dt, J = 8.5, 2.0 Hz,
4H), 7.52 (dd, J = 8.5, 4.8 Hz, 4H), 5.43 (s, 8H). "C NMR (125 MHz, CDCl,:CD,0OD =
10:1, 25 °C): 6 = 165.0 (Cq), 148.9 (CH), 148.8 (CH), 147.6 (CH), 147.4 (CH), 147.2 (CH),
147.0 (CH), 135.0 (CH), 135.0 (CH), 133.9 (Cq), 133.7 (Cq), 133.2 (CH), 133.0 (Cq), 132.9
(Cq), 132.8 (Cq), 131.1 (Cq), 129.7 (CH), 124.0 (CH), 64.9 (CH,). IR (KBr): 3038, 1730,
1719, 1395, 1244, 1128, 1098, 715 cm’. HRMS (El): caled for C,,H5N,,05 [M+H']:
1235.3953. found: 1235.3938.

Self-assembly and physical data of 53

1 (10.2 wmol) and 2 (1.7 wmol) were combined in D,O (0.8 ml) and stirred for 2 h at 70 °C.
To this solution, powder of 5 (1.7 umol) was added and the mixture was stirred at 70 °C for 3
h to give 53 in a quantitative yield. 'H NMR (500 MHz, D,0, 25 °C, TMS): 8 = 10.29 (s,
4H. PyH), 9.92 (s, 4H. PyH), 9.57 (s, 4H. PyH), 9.45 (s, 4H. PyH), 9.37 (s, 4H. PyH), 9.35 (s,
4H. PyH), 9.06 (d, J = 6.0 Hz, 4H. PyH), 9.03 (s, 4H. PyH), 8.41 (s, 2H. ArH), 8.16 (d, J =
6.0 Hz, 4H. PyH), 7.61 (t, J = 6.0 Hz, 4H. PyH), 591 (d, J = 11.4 Hz, 4H. CH,), 531 (d, J =
11.4 Hz, 4H. CH,), 4.86 (d, J = 7.4 Hz, 2H. 5-ArH), 4.83 (d, J = 7.4 Hz, 2H. 5 - ArH), 4.50 (d,
J = 7.4 Hz, 2H. 5-ArH), 447 (d, J = 7.4 Hz, 2H. 5 ArH), 3.01-2.79 (m, 24H.
NH,CH,CH,NH,), 1.83 (s, 3H. 5-CH,), -0.25 (s, 3H. 5-CH,). "C NMR (125 MHz, D,0,
25 °C, TMS): é = 165.8 (CO), 153.4 (CH), 152.4 (CH), 149.5 (CH), 149.3 (CH), 149.0 (CH),
148.7 (CH), 138.3 (CH), 138.1 (Cq), 137.0 (CH), 135.2 (Cq), 135.1 (Cq), 134.2 (Cq), 133.8
(Cq), 133.6 (Cq), 133.5 (Cq), 133.0 (CH), 132.0 (Cq), 131.4 (Cq), 131.3 (Cq), 130.3 (CH),
128.8 (5:CH), 127.5 (CH), 126.6 (5:CH), 123.6 (§:CH), 122.7 (5§:-CH), 64.2 (CH,), 47.3
(CH,), 47.1 (CH,), 47.0 (CH,), 20.2 (5-CH,), 18.0 (5:CH,). CSI-MS of 3 m/z: 931.0
[M—=(NO,),1**, 682.2 [M—(NO,),]*" (CSI-MS was measured for accommodating naphthalene as

a guest.).
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Physical data of 6°3

'H NMR (500 MHz, D,0, 25 °C, TMS): é = 10.16 (s, 4H. PyH), 9.80 (s, 4H. PyH), 9.63 (s,
4H. PyH), 9.47 (s, 4H. PyH), 9.40 (s, 4H. PyH), 9.27 (s, 4H. PyH), 9.03 (d, J = 5.1 Hz, 4H.
PyH), 8.90 (s, 4H. PyH), 8.53 (s, 2H. ArH), 8.18 (br s, 4H. PyH), 7.69 (br s, 4H. PyH), 5.92 (d,
J=11.4Hz, 4H. CH,), 5.30 (d, J = 11.4 Hz, 4H. CH,), 5.21 (br s, 2H. 6 - ArH), 4.94 (br s, 2H.
6-ArH), 4.51 (brs, 2H. 6-ArH), 4.48 (br s, 2H. 6-ArH), 429 (br s, 1H. 6°ArH), 3.03-2.79
(m, 24H. NH,CH,CH,NH,). "C NMR (125 MHz, D,0, 25 °C, TMS): é = 165.7 (CO), 153.5
(CH), 153.1 (CH), 149.9 (CH), 149.3 (CH), 149.2 (CH), 149.1 (CH), 138.4 (CH), 137.0 (CH),
135.1 (Cq), 133.8 (Cq), 133.7 (Cq), 132.8 (CH), 131.9 (Cq), 131.6 (Cq), 131.1 (Cq), 130.2
(CH), 128.5 (6-CH), 127.6 (CH), 126.4 (6-CH), 123.6 (6-CH), 122.8 (6 CH), 64.3 (CH,),
47.3 (CH,), 47.1 (CH,), 47.0 (CH,) (Guest signals were not clearly observed due to low S/N
ratio.). CSI-MS of 63 m/z: 1494.6 [M—(NO,),]**, 975.7 [M=(NO,),|**.

Physical data of 64

m.p. 242 °C dec.. 'H NMR (500 MHz, D,0, 25 °C, TMS): é = 10.15 (s, 8H. PyH), 9.89 (s,
8H. PyH), 9.81 (s, 8H. PyH), 9.60 (s, 8H. PyH), 9.46 (s, 8H. PyH), 9.11 (d, J = 5.4 Hz, 8H.
PyH), 9.06 (s, 8H. PyH), 8.68 (s, 8H. PyH), 8.33 (d, /= 7.5 Hz, 8H. PyH), 8.11 (s, 4H. PyH),
7.79 (t, J =7.5 Hz, 8H. PyH), 6.24 (m, 2H. 6 ArH), 5.90 (d, J = 13.2 Hz, 8H. CH,), 5.75 (d, J
= 13.2 Hz, 8H. CH,), 5.71 (d, J = 6.3 Hz, 4H. 6 ArH), 5.40 (m, 4H. 6 ArH), 4.98 (m, 4H. 6-
ArH), 3.01-2.79 (m, 48H. NH,CH,CH,NH,) (Some guest signals were unclear due to signal
overlap.). IR (KBr) 3459, 3212, 3089, 1735, 1352, 1127, 1098, 1059 cm’. elemental
analysis: calcd for (6),°4. (C,,,H,06N,,055Pd},) - (C;3HNaO,),45H,0 (%): C, 32.99. H, 4.25.
N, 13.99. found: C, 32.65. H, 3.91. N, 14.37.

Crystal data of (6),*4

(6),°4 (C,,H,eN,,0,,0Pd,,, Mw = 7048.08): crystal dimensions 0.40 x 0.20 x 0.20 mm’,
triclinic, P1, a = 16.494(4), b = 16.610(4), ¢ = 31.977(8) A, a = 78.438(5), B=86.281(5),y=
70.333(4)°, V = 8082(3) A%, Z = 1, p s = 1.438 mg m*, F(000) = 3482, radiation, A(Moy,) =
0.71073 A, T = 113(2) K, reflections collected/unique 51758/35688 (R,,, = 0.0585). The
structure was solved by direct methods (SHELXL-97) and refined by full-matrix least-squares
methods on F”? with 1658 parameters. R, = 0.1255 (I > 20(])), wR, = 0.3444, GOF = 1.149,
max/min. residual density 3.141/-3.798 ¢ A3 Several water, nitrate molecules, and ethylene
diamine ligands are disordered. Guest molecules sit on two positions (1:1 ratio) in the cavity
of a host molecule. The thermal temperature factors of some disordered groups were

constrained. The bond lengths of severely disordered molecules were chemically restrained.
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Crystallographic data (excluding structure factors) for the structure reported in this paper were

deposited with the Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-204999.
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Conclusion

I demonstrated the peptide recognition by using the self-assembled coordination cages. In
chapter 1, 1 advocated that the self-assembled cages are ideal peptide receptors for the
sequence-selective recognition and the control of peptide secondary structures via recognition.
Because, the cages possess large, hydrophobic cavities enough to fully accommodate
oligopeptides in water. Indeed, the coordination cages exhibited the sequence-selective
recognition of a tripeptide as in chapter 2. The cages fully accommodate a tripeptide, such
as Trp-Trp-Ala in a highly selective fashion in water. Multiple interaction, such as CH-x and
n-7 interactions between cages and peptides was important for this selectivity. In chapter 3,
porphyrin cage showed very strong affinity with a tripeptide, Tyr-Tyr-Ala even in water. The
association constants were comparable with those of biological recognition system such as
antibody-antigen. In chapter 4, 1 demonstrated that a-helical conformation of a 9-residue
peptide was stabilized by encapsulation within bowl-shaped cavity. This peptide was bound
in the cavity through hydrophobic binding in water. The full encapsulation of the 9-residue
peptide within the dimeric capsule of bowl-shaped cavity was described in chapter 5. In this
case, the peptide also folded into a-helical conformation in the capsule. In chapter 6, the
stabilization of a minimal helix, namely a B-turn structure in water was described. A
tripeptide Ala-Ala-Ala was fully accommodated within the cavity of porphyrin cage and
folded into P-turn structure. In chapter 7 and 8, 1 demonstrated the design of dynamic
peptide receptors by using the self-assembled system via coordination.

From those results of peptide recognition in this thesis, I consider that the self-assembled
cages are one of the ideal peptide receptors, which can comparable with biological
recognition systems. Finally, I expect that the these self-assembled cages will regulate
various vital functions, such as protein-protein interaction, through selective and strong

recognition of peptide sequence on the protein surfaces.
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General Experimental Section

Materials

Organic solvents and reagents were purchased from TCI Co., Ltd., WAKO Pure Chemical
Industries Ltd., and Aldrich chemical.,, Ltd. Deuterated solvents were acquired from
Cambridge Isotope Laboratories, Inc. Fmoc amino acids and some reagents for the peptide

synthesis were purchased from Watanabe chemical industries Ltd.

Peptide synthesis

Peptides were synthesized by an automated peptide synthesizer (ABI 433A, Applied
Biosystems) using the standard Fmoc-based FastMoc coupling chemistry (0.1 mmol scale).
Peptides were cleaved from the resin with TFA (10 mL) containing 5% (v/v) water and 5%
(v/v) 1,2-ethanedithiol as a scavenger at room temperature for 3 h. Free peptides were
washed from the resin subsequently with TFA (3 mL) and dichloromethane (5 mL). After
evaporation, a large amount of Et,0 was added to the residue and the precipitate was collected
by filtration. Crude peptides were purified by reversed-phase HPLC on an Inertsil Peptides
C18 (GL Sciences Inc.) semi-preparative column (20 mm x 250 mm) using 10 mM
ammonium hydrogencarbonate solution with 0.05% TFA (pH 6.0) and acetonitrile gradient, or
aqueous 0.1% TFA and acetonitrile gradient. Then white powder of peptides was obtained
by lyophilization. Characterization of peptides was carried out by 'H NMR and MALDI-
TOF mass (Voyager-DE STR, Applied Biosystems).

UV titration

A peptide was dissolved in water under sonication and the solution was filtered by a disk-
filter to remove trace amount of insoluble impurities. The concentration of peptide was
determined by the absorption of Trp or Tyr residues.' A 3.0 mL of peptide solution was
placed in a 1 cm quartz cell. The concentrated aqueous solution of self-assembled host was
added in portions via microsyringe to the cell. Absorption spectra were recorded on a
SHIMADZU UV-3150 spectrometer. All titrations were carried out at room temperature
under appropriate buffers. The association constant was calculated by a nonlinear curve-

fitting procedure.

Job's plot

Equimolar solutions of host and peptide were mixed in various ratios. Absorption spectra
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were measured and charge-transfer band at 430 nm or 480 nm were analyzed by the Job's

method.>?

NMR spectroscopy

NMR spectra were recorded on Bruker Avance 600 spectrometer or Bruker DRX 500
spectrometer. TOCSY and NOESY were measured in phase-sensitive mode. Mixing time
of TOCSY was 80 ms and NOESY was 250 ms or 300 ms. For water signal suppression, a
WATERGATE solvent suppression scheme was applied to most NMR experiments.* DOSY
spectra were recorded on a Bruker DRX 500 spectrometer at 300 K with a z axis gradient

amplifier. All spectra were processed using XWINNMR (Bruker).

Structural calculation by CNS

Conformation of bound peptides were calculated with the program CNS 1.1.> Distance
restraints were estimated from the cross-peak intensities in NOESY. Pseudo-atom
corrections were used for methyl and methylene protons, according to the protocol of CNS.
Backbone dihedral angle restraints were inferred from >Jy,cy, coupling constants. For
*Juncue < 6 Hz, ¢ was restrained to —65 + 25°.  No restraints were included for residues with
6 < ¢ < 8.5 Hz because of the problem of multiple solutions to Karplus equation over this
range. Structures were displayed using MacroModel (Schrodinger, Inc.). Analysis of
RMSD to mean coordinates was performed with the program MOLMOL.*

NMR competition experiment for the estimation of binding constants
In NMR competition experiment, if binding constant between guestl and host is known,

binding constant between guest2 and host can be estimated by this equation,
(1 - x) ([guest,]o - x)

x {[guest, ], - (1 - x)}

K, =

where K,, or K, are binding constant between host and guest] or guest2 respectively, [guest, ],
or [guest,], are initial concentration of guestl or guest2 respectively, and x is concentration of
[hosteguestl].  The x can be calculated by integration ratio of hosteguestl and hosteguest2
in '"H NMR, when these host-guest equilibriums are slow enough in NMR time scale. It is
also necessary that concentration of free host species is almost zero for the estimation of x by

integration ratio.
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