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Ribosomal Synthesis of Cyclic Peptides with a Fluorogenic Oxidative

Coupling Reaction

Yusuke Yamagishi,” Hiroshi Ashigai,® Yuki Goto," Hiroshi Murakami,*" and Hiroaki Suga * 9

Cyclic peptides often have better physiological properties than
linear peptides due to their increased structural rigidity and
peptidase resistance."™ Despite the fact that translation pro-
vides an attractive platform for the synthesis of cyclic peptides,
those expressed by the translation apparatus have cysteine-
cysteine (Cys—Cys) disulfide bridges, and this limits their use.
However, because substitution of the disulfide bond with a
nonreducible bond is expected to give better physiological sta-
bility, it has been of interest to develop novel methodologies
for generating such nonstandard cyclic peptides expressed by
translation. For instance, a non-natural amide linkage was
introduced between the N-terminal a-amino and the lysine &-
amino groups by the treatment of peptides with a crosslinking
reagent that had been activated by N-hydroxysuccinimide.**!
Likewise, the sulfhydryl groups of two Cys residues existing in
peptides were crosslinked with a,0’-dibromo-m-xylene to gen-
erate a unique cyclic peptide In contrast to these ap-
proaches, we have devised unique methods that use nonpro-
teinogenic amino acids with sidechains that selectively form
linkages to the cognate pair.”* Here, we extend such method-
ology to incorporate a pair of nonproteinogenic amino acids
containing benzylamine and 5-hydroxyindole functionalities
into designated sites assigned by reprogrammed codons.
Under oxidative conditions, these groups instantly react with
each other and form a fluorescent heterocyclic moiety. Thus,
this method enables the conversion of a nonfluorescent linear
peptide to a fluorescent cyclic peptide.

5-Hydroxytryptamine (serotonin) is known to react rapidly
and under mild conditions with benzylamine (2a) in the pres-
ence of potassium ferricyanide, K;Fe(CN),, to yield a benzoxa-
zole derivative (14, Figures S1 and S5 in the Supporting Infor-
mation).'®'? It is noteworthy that the resulting adduct is fluo-
rescent with an excitation maximum at 345 nm and an emis-
sion maximum at 460 nm. We have envisioned that this oxida-
tive reaction would allow us to develop a new class of
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orthogonal pairs for the intermolecular and intramolecular re-
actions of polypeptides involving 5-hydroxytryptophan (W°",
1) and three benzylamine derivatives (2a-c, Scheme 1A). As a
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Scheme 1. A) Fluorogenic oxidative coupling reactions between 5-hydroxy-
tryptophan 1 (W°") and benzylamine derivatives 2. Reaction between 1 and
2 is achieved by treatment with K;FeCN4 in aqueous media to form the fluo-
rophore structure. B) Schematic presentation of the site-specific modification
of peptides bearing W°" by intermolecular reaction with benzylamine deriv-
atives (2a or 2b). Blue symbol and red triangle represent 5-hydroxyindole
and benzylamine groups, respectively. C) Schematic presentation of the cyc-
lization of peptides by the intramolecular reaction between 1 and 2c (F°=).

preliminary study, W was incorporated into a model peptide
at a specific site, and the resulting peptide could be site-selec-
tively modified with a benzylamine (2a) or its biotin-bearing
derivative (2b) (Scheme 1B). Upon successful demonstration of
the above intermolecular coupling reaction, we attempted cyc-
lization of peptides between the benzylamine attached to the
a-amino group of phenylalanine (F°%, 2¢) and W in the nas-
cent chain to give fluorescent cyclic peptides (Scheme 1C). In
both cases, incorporation of the above nonproteinogenic
amino acids into peptides was achieved by genetic code re-
programming by using the flexizyme system,"*'” and a modi-
fied peptide-translation by using the recombinant elements
(PURE) system.>"” The former system consists of flexible tRNA
acylation ribozymes, and the latter system is a reconstituted
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cell-free translation system in which isoleucine (lle) A)
d/ thionine (Met) were withdrawn, referred ! 2 g it
and/or me ' G RTRSPYNLG-@D KsFe(CN)s
to as wPURE system. m"
To reassign W to AUC (one of the vacant lle O NH, R 5 min
codons), WO'-tRNAZYE' prepared by the flexizyme O
was added to a wPURE system lacking lle. An mRNA 4 HO
template expressing a dodecamer model peptide B) D) 5
containing the lle codon at position 11 (3, Figure S5) 8 (F::,I_,t;dd 122:’22 bt 30 @
o =
was subjected to translation. The expressed peptide i”J o %‘
w
was desalted by using a conventional C,g-resin filter, e 2 F20 G
and the isolated peptide was analyzed by using a C) ' ' ' ' R ‘f,
5 Calcd. 1618.78 Q
MALDI-TOF mass spectrometer. The observed molec- Found 1618.83 & F10 g
ular mass (ms) was consistent with the expected ms M g o
of peptide 3 containing W°"11 (Figure S5B). The ex- N 1, - - . 2 0 §
pression level of 3 was approximately 51% relative 1600 1610 1620 /1630 1640 1650 400 509/ 600 700
m/z A/nm

to that of the wild-type peptide containing lle11
expressed in the ordinary PURE system (Figures S3
and S4); this value translated to approximately
0.46 pmol uL~" of 3 compared with 0.91 pmolpL™" of
the wild-type as determined by the quantification
method reported elsewhere.['®

For the conjugation, the translation solution con-
taining crude peptide 3 was treated with the benzyl-
amine derivatives 2a or 2b in the presence of
K;Fe(CN)s at room temperature for 5 min (Figure
S5A) and then desalted. MALDI-TOF analysis revealed that 3
was modified by the respective reagents to yield 3a and 3b
without undesirable side-reactions (Figure S5C and S5D). To
further confirm the formation of the conjugation through a
heterocyclic structure, we next examined the fluorescent prop-
erties of peptides 3, 3a, and 3b (Figure S5E). The unmodified
peptide 3 showed nearly the same emission profile as a blank
sample; this indicates that it does not exhibit any fluorescent
properties under such conditions (Figure S5E, 3). In contrast,
both modified peptides 3a and 3b exhibited similar fluores-
cent profiles with an excitation maximum at 345 nm and an
emission maximum at 460 nm (Figure S5E, 3a and 3b). The
above fluorescent profiles were nearly identical to that of fluo-
rophore 14 (Figures S1and S5E), which is derived from 5-hy-
droxyindole and 2a; this implies that the same fluorophore
was generated. Because the molecular absorption coefficient
and fluorescent quantum yield were not available in the litera-
ture, we determined these parameters for 14 under similar
conditions to which the peptides were monitored. These
values were determined to be 1.54x10*cm™'m™' and 0.54 at
pH 8.0 in 250 mm borate buffer. The above data encouraged
us to perform the same chemistry in intramolecular fashion
and apply it to the directed cyclization of peptides.

We synthesized a phenylalanine derivative bearing a benzyl-
amine group on the a-amino group (Scheme 1A, 2¢) and
charged it onto tRNA™® by means of flexizyme8'%2% A
wPURE system lacking Met and lle was prepared, to which
tRNA™ME and WO"-tRNALTE! were added in order to initiate the
translation with F*@ instead of N-formylmethionine (fMet); this
was followed by elongation with the corresponding amino
acid sequence including W°"11 (Figure 1A, 4). Oxidation of do-
decamer 4 in the presence of K;Fe(CN)g resulted in a decrease
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Figure 1. A) Intramolecular cyclization of peptide 4 through an oxidative coupling reac-
tion. B) MALDI-TOF spectra of linear peptide 4 and C) cyclic peptide 5. The calculated
molecular mass (Calcd.) and found molecular mass (Found) for singly charged species,
[M+H]" are shown in the spectra. D) Emission spectra of 4, 5, and 14. The spectra were
recorded in 250 mm borate buffer and DMSO 10% (v/v) adjusted pH to 8.0. The green
line indicates the fluorescent profile of 300 nm 14 at an excitation wavelength of 326 nm
(right axis), and other lines show the emission profiles at an excitation wavelength of
345 nm (left axis). The dashed line shows a blank profile obtained in the above buffer,
while red and blue lines indicate the profiles of 4 and 5, respectively.

in molecular weight that corresponded to a loss of six protons
observed in MALDI-TOF analysis of the product; this suggested
that 5 was being produced (Figure 1B and C). The excitation
and emission profiles of 5 showed the respective maxima at
345 and 460 nm, whereas such a profile was not observed for
4 (Figure 1D). The fluorescent profile of 5 was similar to that
of 14 as well as the modified peptides 3a and 3b. This result
solidified the idea that the linear peptide 4 was cyclized to
afford 5 with the expected eleven-membered ring structure
closed by the fluorescent linker (Figure 1A).

To survey the orthogonality of the oxidative coupling reac-
tion with various sidechains of proteinogenic amino acids, we
designed peptide sequences containing F®*, W°" and those
amino acids that are potentially reactive under oxidative condi-
tions, such as Lys, Cys, Tyr and Trp (as opposed to an unreac-
tive Leu) at position 13 (Figure 2A, 6-10). Expression of pep-
tides 7-10 took place smoothly with efficiencies of the range
of 51-75% relative to the control Leul3-containing peptide 6
(Figure 2B, lanes 1-5). MALDI-TOF analysis of the resulting pep-
tides indicated that all were converted to the desired cyclic
peptides based on the observation of the same mass change
corresponding to the loss of six protons (Figure S6 A-E) with
one exception; peptide 8, which contains Cys13, seemed to
have an extra set of peaks with an average of —8.07 mass shift
along with the set of peaks with a —6.04 shift (Figure S6C, 8).
To the best of our knowledge, the sulfhydryl group of gluta-
thione intermolecularly reacts with a dione derived from the
oxidation of W®"; this results in a 7-S-glutathionyl-tryptophan-
4,5-dione adduct.?" Thus, we attributed the above observation
to a similar side-reaction between Cys13 and W°"7 that com-
peted with the reaction between F*? and W°"7. To further con-
firm the oxidative coupling between F°* and W°'7, we mea-
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Figure 2. Competitive reaction between W and potentially reactive protei-
nogenic amino acids against W°" and F*%, A) Peptide sequences used for
the verification. The proteinogenic residue X13 was altered to L, K, C, Y, and
W. B) Tricine SDS-PAGE analysis of the linear peptide labeled with ['*C]-Asp.
The band of peptide was quantified by radio-autoradiography. Lane 1, Pre-6
(X13=L); lane 2, Pre-7 (K); lane 3, Pre-8 (C); lane 4, Pre-9 (Y); lane 5, Pre-10
(W). The peptide concentration was estimated by our standard quantifica-
tion method in which the radioisotope (RI) counts of ['*C]-Asp were plotted
against its known concentration to determine the calibration line. Then, the
RI counts of the expressed peptides were fitted to the calibration line to es-
timate their respective concentration. R. Yield and Est. Conc. denote relative
yield and estimated concentration. C) Emission spectra of cyclic 6-10. The
spectra were recorded in 250 mm borate buffer and DMSO 10% (v/v) adjust-
ed pH at 8.0. Solid lines show the emission profiles at an excitation wave-
length of 345 nm. The dashed line shows a blank profile obtained in trans-
lation without DNA template, while red, blue, orange, green and cyan lines
indicate those of 6, 7, 8, 9, and 10, respectively.

sured the fluorescence spectra
of the product (Figure2C).
Fluorescence intensities were 1:
normalized according to the
concentration of the respective
linear peptides 7-10 against the
control peptide 6 and quanti-
fied by tricine SDS-PAGE analy-
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lar coupling reaction between F°® and W°'7 took place in a
fairly selective manner.

Lastly, we verified that this cyclization method would be ap-
plicable to the synthesis of peptides with various ring sizes
(Figure 3). We prepared three different mRNAs capable of ex-
pressing decamer, octamer, and hexamer peptides in the pres-
ence of F™-tRNAZY and WO-tRNALLE' in the Met/lle-lacking
WPURE system. Treatment of the expressed peptides with
K;Fe(CN), was expected to produce the corresponding cyclic
peptides rings containing W°" at positions 9, 7, and 5 in pep-
tides 11-13, respectively (Figure 3A-C). In all cases, the linear
peptides were cleanly converted to the cyclic peptides with
the expected loss of six protons detected by MALDI-TOF analy-
sis (Figure 3A-C, ms data in the middle panel). Moreover, all of
the cyclic peptides 11-13 exhibited nearly identical fluorescent
profiles to 14, whereas the linear ones showed no fluorescence
(Figure 3A-C, the bottom panel). These data clearly demon-
strate that this method is applicable to the cyclization of pep-
tides with a wide range of ring sizes (from five- to eleven-
membered rings).

In conclusion, we have developed a new method for the
cyclization of peptides that involves oxidative coupling of W
and F*@ attached to their N terminus by means of reprogram-
ming the genetic code. The selective coupling of the above
pairs takes place rapidly upon addition of K;Fe(CN); and gener-
ates the desired fluorescent heterocyclic linkage. This chemis-
try enables us to convert nonfluorescent linear peptides to flu-
orescent cyclic peptides. Notably, the reaction takes place inde-
pendently from the forming ring sizes, at least in the range of
five- to eleven-membered rings as demonstrated in the current
study. The chemistry demonstrated here by using the wPURE
system is readily applicable to the platform of solid-phase or
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sis (Figure 2B). All peptides ex-
hibited similar fluorescent prop-
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should be noted that even
though production of peptide 8
was accompanied by side-prod-
uct formation, its fluorescent in-
tensity was similar to that of 6
(Figure 2C, spectrum 8). Be-

Normalized fluorescence

cause we expected that the
side-product would not show a
similar fluorescent property, we
concluded that the side-reac-
tion between Cys13 and W°'7
was fairly minor; this provided
evidence that the intramolecu-
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Figure 3. Synthesis of cyclic peptides with various ring sizes. Peptides 11-13 consist of A) 9, B) 7, and C) 5-mem-
bered rings. The upper panel of each Figure shows the structure of cyclic peptide, the middle panel exhibits
MALDI-TOF spectra of precursor (Pre-11-13) and cyclic peptides (11-13), and bottom panel shows the excitation
and emission profiles of Pre-11-13 and 11-13. The dashed line shows a blank profile. The conditions and designa-
tions of lines are the same as Figure 1.
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solution-phase chemical synthesis, and thereby allows us to
access to the large-scale production of the fluorescent cyclic
peptide. On the other hand, the ribosomal expression of the
peptides in the mRNA-encoding manner enables us to couple
with an appropriate in vitro display technique that facilitates
the screening of a large sequence space of cyclic peptides.
Thus, the synthetic methodology reported herein offers us a
new means for the discovery of cyclic peptide probes contain-
ing a unique fluorescent heterocyclic structure against various
biological targets.

Experimental Section

Chemical synthesis of the amino acid derivatives, biotinyl benzyla-
mine, and the benzoxazole fluorophore is described in the Sup-
porting Information. Flexizyme, tRNAXIE!, tRNA™S, and DNA tem-
plates coding peptides were prepared as previously reported."
Aminoacyl-tRNAs (WO'-tRNAXIE! and F*-tRNAM) were prepared
by using the flexizyme system. The wPURE system was reconstitut-
ed with the same components as the PURE system except that the
necessary proteinogenic amino acids were added. Peptide 3, which
contained W, was synthesized by using WP"-tRNAZE" and the
wPURE system without lle. Linear peptides 4, and 6-13 containing
W and F® were synthesized by using WOM-tRNAXIE!, Fo=-
tRNAM and the wPURE system without lle and Met. Translation
mixtures were incubated at 37 °C for 30 min. For MALDI-TOF analy-
sis, 5.0 uL of reaction mixture was acidified with TFA (1% (v/v)) in
H,O and purified by using a PerfectPure C-18 Tip (Eppendorf, Ham-
burg, Germany). Peptide product on the resin was eluted with an
acetonitrile (50% (v/v))/TFA (0.1% (v/v)) solution (2.0 pL total) satu-
rated with the matrix a-cyano-4-hydroxycinnamic acid (Bruker Dal-

tonics, Bremen, Germany).

For MALDI-TOF analysis of oxidation coupling reactions, modifica-
tion was performed as follows: borate buffer (1.0m, 2.5 L, pH 8.0),
2a or 2b in DMSO (100 mm, 1.0uL), and Ks;Fe(CN)s in H,0
(133 mm, 1.5 uL) were added to the translation mixture (5.0 uL)
containing 3 (0.46 um). Components and concentrations of transla-
tion mixture were described in elsewhere.?? On the other hand,
cyclization was carried out as follows: borate buffer (500 mwm,
2.5 plL, pH 8.0), and K;Fe(CN), in H,0O (2.5 mm, 2.5 pl) were added
to the translation mixture (5.0 pL). The resulting mixture was left
for 5 min at room temperature. The translation mixture was acidi-
fied with TFA in H,O (1% (v/v)). The product was purified by using
a C-18 Tip and eluted with acetonitrile (50% (v/v))/ TFA (0.1% (v/v))
solution (2.0 pL total) saturated with the matrix a-cyano-4-hydroxy-
cinnamic acid.

For fluorescence analysis of oxidation coupling reactions, each
peptide was purified by using a C-18 Tip from translation mixture
(5.0 uL), and eluted with an acetonitrile (50% (v/v))/TFA (0.1% (v/v))
solution (10 uL total). The eluent was evaporated for 30 min at
room temperature, and the resulting residue was dissolved in H,0
(1.25 pL). Borate buffer (1.0m, 1.25 uL, pH 8.0), 2a or 2b in DMSO
(100 mm, 0.5 uL) were added to modified peptide 3, and then
K;Fe(CN)s in H,O (5 mm, 2.0 ul) was added. To generate cyclic
peptide 5 and 6-13, the peptide residue was dissolved in H,0O
(1.25 pL), borate buffer (1.0m, 1.25 L, pH 8.0), and DMSO (0.5 pL),
and then added to K;Fe(CN)g in H,O (1.25 mm, 2.0 plL). The result-
ing mixture was incubated for 5 min at room temperature. The
emission and excitation spectra were measured by using a 1536-
well micro plate (BD Falcon, Franklin Lakes, USA) at 25°C. Excita-
tion and emission slit-widths were kept constant at 5.0 nm.
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