A mRNA
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Figure 2. Single Incorporations of N“-Methylated Amino Acids
(A) Sequences of MRNA and peptide. Flag in parentheses indicates the RNA sequence coding the Flag peptide (DYKDDDDK).

(B) Tricine-SDS-PAGE analysis of the expressed peptides labeled with [”C]-Asp detected by autoradiography. Lane 1, the wild-type peptide expressed in the
ordinary PURE system where ACC assigns Thr; lane 2, a negative control using wPURE system in the presence of uncharged tRNA?STE s lanes 3-25, ex-
pression of the peptide containing a single Maa in the presence of designated M®aa-tRNA*" ', prepared by the flexizyme system. Each expression levet
relative to wild-type was determined by.a mean score of triplicates. The amino acids giving over 30% and 10% expression levels relative to the wild-type are

highlighted in cyan and orange, respectively.

34 Chemistry & Biology 15, 32-42, January 2008 ©2008 Elsevier Ltd All rights reserved

- 315 -



Chemistry & Biology
Ribosomal Synthesis of N-Methyl-Peptides

reconstituted Escherichia coli cell-free translation system in
which transcription and translation are coupled (Shimizu et al.,
2001). The most important feature of this translation apparatus
is that some components, such as amino acids and amino-
acyl-tRNA synthases (aaRSs), can be withdrawn from the trans-
lation elements (Figure 1B). By means of such a withdrawn PURE
system, named wPURE, we are able to vacant certain codons at
our will. Combining these two systems enables us to readily
reassign the vacant codons to Maa and express peptides as de-
signed on mRNA sequences according to the newly designated
genetic table (Figure 1C). :

In this report, we initially screened N*-methylated proteino-
genic and nonproteinogenic amino acids to evaluate the effi-
ciency of their single incorporation into a peptide backbone.

Then, we investigated the mRNA-programmed synthesis of pep-

tides containing multiple M®aa, achieving the compositions of
continuous stretches of up to ten M®aa residues. Finally, we in-
vestigated the synthesis of cyclic N-methyl-peptides closed by
a physiologically stable thioether bond, showing its potential
for the generation of in vivo compatible peptide libraries thera-
peutically targeting various proteins.

RESULTS

Single Incorporations of N*-Methylated Amino Acids

To investigate the incorporation of multiple Maa into a peptide
backbone, various N*-methylated proteinogenic and nonprotei-
nogenic amino acids charged onto a tRNA by the flexizyme sys-
tem were comprehensively evaluated for the efficiency of their
single incorporation into a peptide backbone. As was discussed
earlier, Merryman and Green performed a similar experiment
with a dipeptide synthesis format (Merryman and Green, 2004).
In contrast, we here incorporated M®aa into a 12-mer model! pep-
tide, thus involving the incorporation of M°aa into a specific site
followed by elongation and termination of peptide synthesis as
a format of normal peptide synthesis (Figure 2A, more details
are discussed below).

For this study, we chose 23 M¢aa substrates, 19 of which were
derived from proteinogenic amino acids, and 4 of which were de-
rived from nonproteinogenic amino acids (Figure S1, see the Sup-
plemental Data available with this article online). The flexizyme-
catalyzed aminoacylation efficiency for each Maa was verified
by our standard protocol (Figure S2), showing that the majority
ofMeaa could be charged onto tRNA with over 30% yields. Three
amino acids, M®val, Melle, and M®Asn, showed less than 30%
yields. In the former two amino acids, their steric hindrance re-
sulted from the combination of the B-branched side chain and
the N*-methyl-amino group presumably made these particular
substrates much less reactive to flexizyme compared with other
Meaa. In the case of M®Asn, based on our past experience working
on Asn-tRNA, its tRNA-adduct might be labile due to the intramo-
lecular attack of the amide side chain (Lee and Suga, 2001;
Murakami et al., 2006); thereby the yield might appear to be low
in PAGE analysis. However, we have previously observed that

such aa-tRNAs prepared in similar ranges of quality (Val-, lle-,
and Asn-tRNAs in 13%-30% yield) could still be used for the in-
corporationinto the nascent peptide chain with satisfactory yields
(30%-70%) (Murakami et al., 2006). Thus, we pursued to survey
altM@aa-tRNAs for the single incorporation into the mode! peptide.

The wPURE system used in our survey was composed of a lim-
ited member of amino acids and aaRSs. We designed an open-
reading frame (ORF) in mRNA (Figure 2A) that expresses a short
peptide consisting of fMet—Arg—Meaa-Arg followed by a Flag pep-
tide (DYKDDDDK; D, Asp; Y, Tyr; K, Lys). We selected a Thr
codon {ACC) to assign M®aa and an orthogonal tRNA®™ 1.,
(Ohta et al., 2007) for its suppression. When the model peptide
was expressed in the presence of uncharged tRNA*"E' . in
wPURE system, no product band appeared on tricine-SDS-
PAGE (Figure 2B, lane 2), suggesting that tRNA*"€1 ., could
act as an orthogonal tRNA inert against the endogenous aaRSs
added to the wPURE system.

We next tested the single incorporation of ®aa charged onto
tRNATE! .o, into the model peptide sequence. Eight out of
19 M2aa derived from proteinogenic amino acids were incorpo-
rated into the peptide with more than 30% efficiencies relative
to wild-type expression (Figure 2B, lanes 1 versus those high-
lighted in cyan). The incorporation of the designated M°aa was
also confirmed by MALDI-TOF analysis, giving the expected mo-
lecular mass as a sole peak in all cases (Figure 2C). Moreover,
MeThr, MeGin, and M®Trp were modestly incorporated yet gave
the single desired product (Figures 2B and 2C, those highlighted
in orange). We called these M®aa molecules that could be incor-
porated into the peptide chain with more than 10% efficiencies
as “accessible” M?aa. Interestingly, all of these “accessible”
Meaa shared similar structural features of their side chains; either
aromatic side chains (M®Phe, M*Tyr, M®His, and M®Trp) or non-
charged and nonbulky side chains (V°Gly, M®Ala, M°Ser, MeCys,
MeMet, MeThr, and MeGin).

It should be noted that our results were mostly consistent with
Merryman's observations, with some contradictions (Merryman
and Green, 2004). In their experiments, Meval, Mlle, and MeLeu
were ranked in the “efficient,” or what we referred to as the “ac--
cessible,” M®aa group. However, our experiments showed that
Meval, Melle, and MeLeu were grouped as rather “inaccessible”
Meaa for incorporation (Figure 2B, lanes 5-7). The difference be-
tween the in vitro-transcribed tRNA”*"E" and the native cognate
tRNAs that Merryman et al. used as M®aa-carriers may have an
effect on their incorporation efficiencies (Dale and Uhlenbeck,
2005; LaRiviere et al., 2001). However, it should be noted that
in the Merryman’s TLC electrophoresis assay, the mobility of
these branched aliphatic M®aa were indistinguishable from that
of the cognate natural ones. Therefore, it was not clearly defined
if the observed product spot originated from fMet-"®aa or
fMet-aa. Because the reductive alkylation of some aa-tRNAs to
generate M°aa-tRNAs possibly left a small amount of unreacted
aa-tRNAs as Merryman et al. discussed (Merryman and Green,
2004), it could not be ruled out that such aa-tRNA contamitants
competed out Meaa-tRNAs for incorporation into the nascent

(C) MALDI-TOF-MS spectra of the Flag-purified N-methyl-peptides. The calculated molecular mass (Calcd.) and observed molecular mass (Obsd.) for singly
charged species, [M+H]*" are shown in each spectrum. In the spectrum of peptide with M®Fni, an additional peak (asterisk) was detected since the additional
peak corresponds to N*-methyl-p-nitroso-Phe (Calcd. = 1674.72, Obsd. = 1675.45) generated by photodecomposition of NO, to NO during the MALDI-TOF-

MS analysis (Ho and Chow, 1996).
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Figure 3. Four Successive Incorporations of Mul-
A ma1:AUG ACC CUC ACC UUC (kkflag) UAA  gite No-Mothyiated Amine Acide
wtd-1 : fMet Thr Leu Thr Phe KK-Flag Stop (A) Sequences of mRNA templates (m4-1-IV), tetra-
Mep4-l . fMet MYme MePhe MeYme MeSer KK-Flag Stop N-methyl-peptides (°P4-1-IV), and the control wild-
type peptide (wt4-I). The kk-flag in parentheses indi-
m4-I1 : AUG ACC CucC uUuc cucC (kk-ﬂag) UAA cates the RNA sequence coding a KK-Flag peptide
Mep4_n - fMet Mere Mephe MeQar Mephe KK-F|ag Stop (KKDYKDDDDK). Arabic number denotes the number
of N-methylated peptide bonds. The codons and amino
m4-IlI : AUG CUC ACC UUC UUC (kk-flag) UAA acids are colored according to the reprogrammed ge-
Mep4-II : fMet M°Phe MeYme WeSer MeSer KK-Flag Stop netic code table in Figure 1C.
(B) Tricine-SDS-PAGE analysis of the peptides ex-
m4-IV : AUG UGG CAC UGG CGC (kk-flag) UAA pressed from ma4-l labeled with ['*C}-Asp detected by
“°P4-IV - fMet Mecys ""“’Tyr Mecys Mer KK-FIag Stop autoradiography. Lane 1, the wild-type peptide ex-
pressed in the ordinary PURE system; lanes 2-4, nega-
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peptide chain. In contrast, in our studies, because the flexizyme
system ensures the purity of each M®aa-tRNA, i.e., no contami-
nation of aa-tRNA as confirmed by MALDI-TOF analysis (Fig-
ure 2C), we are able to avoid such issues and judge its intrinsic
incorporation efficiency more reliably and quantitatively. To this
end, we propose that Meval, Melle, and MéLeu are inaccessible
substrates due to the combination of bulkiness in the branched
side chain and the N*-methylated a-amino group.

Four Meaa derived from nonproteinogenic amino acids (Fig-
ure S1) were also incorporated into the corresponding peptide
chain (Figure 2B, lanes 21-25), each of which the MALDI-TOF
data was consistent with the expected molecular mass (Fig-
ure 2C). Again, the same trend for the incorporation efficiency
seemed to apply to these nonproteinogenic Meaa, where the
aromatic ones were incorporated more efficiently than the
aliphatic ones. All data taken together, we concluded that Meaa
having “aromatic” or “nonbulky and noncharged” side chains

the anticodon that reads the assigned codon.

We also designed four mRNA templates con-
taining ORFs (Figure 3A, m4-I-IV) that express the correspond-
ing peptides comprised of three different M®aa in four successive
residues (Figure 3A, M®P4-1-1V), The C terminus of the respective
peptides was also designed to contain a modified Flag sequence
(KK-Flag = KKDYKDDDDK; D, Asp; Y, Tyr; K, Lys) to facilitate its
isolation as well as ionization upon MALDI-TOF analysis.

We first used m4-I to monitor the expression level of MeP4-|
by tricine-SDS-PAGE with a series of appropriate controls (Fig-
ure 3B). MeP4-l was expressed only when all designated
Meaa-tRNA*S"E's were present in the wPURE system (lanes 2-5),
suggesting that no competing background expression of undes-
ignated peptides occurred. The expression level of M°P4-| was an
approximately 20% relative to that of wild-type (wt4-I) expressed
in the ordinary PURE system (lanes 1 versus 5). Despite the mod-
est expression level of M®P4-|, MALDI-TOF analysis of the Flag-
purified MeP4-| gave a single peak with the expected molecular
mass, indicating that the assigned codons on mRNA were
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correctly read by these M*aa-tRNA*"E's and the designated
tetra-N-methyl-peptide was expressed.

Likewise, M®P4-II-IV peptides were expressed at levels ap-
proximately 15%-20% of the corresponding wild-type peptides
(data not shown). Again, MALDI-TOF data of MeP4-li-1V peptides
were consistent with the expected mass (Figure 3C). Thus, all
mRNA ORFs tested in this study could be comrectly translated
to the tetra-N-methyl-peptides according to the assigned co-
dons with high fidelities. This study represents, to our knowl-
edge, the first proof-of-concept experiment for the ribosomal
synthesis of N-methyl-peptides containing multiple kinds of
Meaa by the genetic code reprogramming.

Expression of Longer N-Methyl-Peptides

The achieved high fidelity control in the ribosomal synthesis of
the tetra-N-methyl-peptides encouraged us to attempt the ex-
pression of longer N-methyl-peptides. We designed four mRNA
templates that express N-methyl-peptides containing five, six,
eight, or ten consecutive N-methyl-peptide bonds (Figure 4A)
(m5/Mep5, m6/MeP6, m8/MeP8, m10/M°P10, respectively). These
peptides consisted of three M®aa in a repetition of the sequence
MeYme, MePhe, and MeSer for the corresponding length. To com-
pare the expression level of these N-methyl-peptides, the re-
spective wild-type peptides (wt5-10) were also expressed by
using the ordinary PURE system.

All mMRNA templates successfully expressed the peptides in
the presence of the corresponding Meaa-tRNA**"&'s in wPURE
system (Figure 4B, gel figure). The absolute expression level for
each N-methyl-peptide, determined by its radioisotope intensity
originating from the incorporation of five ['*C]-Asp residues in
the Flag peptide, gradually decreased with increasing peptide
length (Figure 4B, upper graph). However, since wild-type also
exhibited an inverse-correlation between expression level and
peptide length, the relative expression levels of N-methyl-pep-
tides to the corresponding wild-types remained in a similar range
(10%-20%), suggesting that the relative expression level was in-
dependent of length (Figure 4B, lower graph). Despite their mod-
est yields, the respective N-methyl-peptide had a single peak
with the expected molecular mass in MALDI-TOF analysis, indi-
cating that all peptides were expressed with high fidelities ac-
cording to the corresponding mRNA templates assigned with
the reprogrammed genetic code (Figure 4C).

In conclusion, our work has clearly demonstrated up to ten
successive incorporations of M®aa into the peptide backbone
via genetic code reprogramming with high fidelity control of
both the peptide sequence and length. This technology offers
a new means for the sequence-controlled synthesis of peptides
containing multiple N-methyl-modifications on their backbone.

Synthesis of Cyclic N-Methylated Peptides

Closed by a Thioether Bond

With the above method in our hands, we next applied it to the
synthesis of cyclic peptides closed by a physiologically stable
thioether bond. The foundation of this peptide ring-closing
method has been established during the course of our studies
on initiation reprogramming (Goto et al., 2008). Briefly, we pre-
pared a wPURE system where Met was depleted so that the ini-
tiation codon became vacant. This vacant initiation codon was
then filled with initiator tRNA™®'. .\ charged with an arbitrarily

chosen proteinogenic or nonproteinogenic amino acid by the
flexizyme system, so that the translation starts from this newly
assigned initiator amino acid. When N*-{a-chloroacetyl)-amino
acid (N*-ClAc-aa) and Cys were assigned to the initiation and
elongation codons, respectively, the expressed full-length linear
peptide spontaneously cyclized via an intramolecular nucleo-
philic attack of the sulfhydry! group of the Cys side chain to the
N-terminal a-carbon of CIAc group, resulting in the formation
of a thioether bond. This technology has enabled us to synthe-
size various cyclic peptides with any sequences and ring sizes.
We here attempted to combine initiation reprogramming with
elongation reprogramming using M°aa, to enable us to devise
a flexible and reliable methodology for the mRNA-programmed
synthesis of cyclic N-methyl-peptides.

We designed three mRNA templates that express peptides
containing multiple N-methylated peptide bonds (Figure 5A,
me-I-ll). Six Meaa (MeAla, MeYme, MeTyr, MeGly, MeSer, M°Phe)
and six proteinogenic amino acids (Phe, Lys, Tyr, Pro, Asp, Cys)
were chosen as the components of the cyclic N-methyl-peptides
in this study (Figures 5A and 5B, MecP-I-ll). The respective pep-
tides MecP-iHlIl have two, three, and four N-methylated peptide
bonds, respectively, implanted by the newly assigned Maa in
the codon table shown in Figure 1C. It should also be noted that
MecP-l and MecP-Il contain Pro as a proteinogenic component
that also gives an additional secondary amide bond. These pep-
tides were expressed in the presence of initiator tRNA™M®t.,,
charged with N*-ClAc-Phe and the corresponding M®aa-tRNAs
in the above wPURE system. The MALDI-TOF analysis of the
Flag-purified MecP-I-lll showed that all peptides were spontane-
ously cyclized via a thioether bond upon completion of transla-
tion, giving only the programmed cyclic N-methyl-peptides (Fig-
ure 5C). This study indicates that this technology is applicable to
a wide array of cyclic peptides with multiple N-methyl-peptide
bonds.

DISCUSSION

In the first stage of our proof-of-concept studies, we evaluated
19 Meaa derived from proteinogenic amino acids and 4 Meaa
derived from nonproteinogenic amino acids, to determine the
accessible ™*aa. This study has revealed that the ribosome is ac-
cessible to M®aa with aromatic or nonbulky and noncharged side
chains for the incorporation into the growing peptide. Most likely
the N*-methyl group added a steric bulkiness to the already
bulky structure of certain amino acids, thereby reducing their in-
corporation levels. It is not yet clear what is the most important
filter for the selection of accessible or inaccessible M®aa, but ei-
ther EF-Tu or ribosome (or possibly both) is very likely the deter-
minant(s) for their selection (Dale and Uhlenbeck, 2005). There-
fore, it is of importance in future experiments to define the
selection filter and engineer it to increase the tolerance toward
inaccessible M®aa (Dedkova et al., 2003, 2006).

In this study, we depleted both aaRSs and cognate amino
acids from the translation components in order to create vacant
codon boxes for Maa assignments. In previous studies, the ge-
netic code reprogramming for nonproteinogenic amino acids
bearing nonstandard side chains could be achieved by using
a PURE system in which only proteinogenic amino acids, not
aaRSs, were withdrawn (Murakami et al., 2006). We found,
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m5 : AUG ACC CUC UUC ACC CUC (Kflag) UAA
wtb : fMet Thr Leu Phe Thr Leu KK-Flag Stop
Meps : fMet MeYme MePhe "eSer MeYme Mephe KK-Flag Stop

mé : AUG ACC CUC UUC ACC CUC UUC (Keflag) UAA
w6 : fMet Thr Leu Phe Thr Leu Phe KK-Flag Stop
Mepg : fMet MeYme MePhe MeSer MeYme Mephe MoSer KK-Flag Stop

m8 : AUG ACC CUC UUC ACC CUC UUC ACC CUC (keflag) UAA
wt8 : fMet Thr Leu Phe Thr Leu Phe Thr Leu KK-Flag Stop
Mepg8 : fMet MoYme MWepPhe MeSer Meyme Mephe MeSpr Meyme Mephe KK-Flag Stop

m10 : AUG ACC CUC UUC ACC CUC UUC ACC CUC UuuCc Acc (Keflag) uAA
wti0 : fMet Thr Leu Phe Thr Leu Phe Thr Leu Phe Thr KK-Flag Stop
Mep10 : fMet MeYme MePhe MoSer MeYme MePhe MoSer MeYme Mephe MoSer Meyme KK-Flag Stop
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Figure 4. Expression of Longer N-Methyl-Peptides

(A) Sequences of mMRNA templates (m5-10), control wild-type peptides (wt5-10), and peptides containing five, six, elght or ten consecutive N-methyl-peptide
bonds (MP5-10).

(B) Tricine-SDS-PAGE analysis of control wild-type peptides and N-methyl-peptides expressed from the respective mRNA. The peptides were labeled with
[*“C]-Asp and detected by autoradiography. The wild-type peptides (lanes with odd numbers) were expressed in the ordinary PURE system, while N-methyl-peptides
(lanes with even numbers) were expressed in the wPURE system containing MYme-tRNA*™ €15, MePhe-tRNA" 15,6, and MeSer-tRNA*S" 1,4, Absolute
expression level of each peptide based on its observed radioisotope counts is shown in the upper graph, and relative expression level of each N-methyl-peptide
against the corresponding wild-type peptide is shown in the lower graph. Each expression level was determined by a mean score of triplicates.

(C) MALDI-TOF-MS spectra of M®P5-10. The calculated mass (Calcd.) and observed mass (Obsd.) are shown in each spectrum.

38 Chemistry & Biology 15, 32-42, January 2008 ©2008 Elsevier Ltd All rights reserved

- 319 -



Chemistry & Biology
Ribosomal Synthesis of N-Methyl-Peptides

A

mel @ AUG.  AAG UAC UCC CCA ACC GAC UGC (kk-flag) UAA
MecP-I L‘i‘ﬁ?hej Lys Tyr M™eala Pro MYme Asp Cys KK-Flag Stop
me-ll : _AUG_ AAG CAC CCA UAC CGC UCC UGC (kk-flag) UAA
MecP-II : CAPhe Lys “Tyr Pro Tyr “°Gly MeAla Cys KK-Flag Stop
me-IIT : - AUG AAG ACC ACC UUC UAC CUC UGC (kk-flag) UAA
MecP-III : C“cPhe, Lys MeYmeMeYme M°Ser Tyr MePhe Cys KK-Flag Stop
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Figure 5. Synthesis of Cyclic N-Methyl-Peptides Closed by a Thioether Bond
(A) Sequences of MRNA templates (mc-I-1ll) and the precursor N-methyl-peptides (the linear version of M°cP-I-Ill). The codons and amino acids are colored
according to reprogrammed genetic code table in Figure 1C.
(B) Structures of cyclic N-methyl-peptides. The locations of N-methyl groups on the peptide bond are shown in yellow.
(C) MALDI-TOF-MS spectra of cyclized MecP-I-Ill. The calculated mass (Calcd.) and observed mass (Obsd.) are shown in each spectrum.

however, that in such a wPURE system, the incorporations of
Meaa often suffered from contaminations caused by the compet-
ing incorporations of the proteinogenic amino acids to the as-
signed sites (data not shown). This was because that even
though proteinogenic amino acids were supposedly depleted
from the translation components, the recombinant translation
factors and ribosome were often contaminated with small
amounts of proteinogenic amino acids; therefore, they were
charged onto the endogenous cognate tRNAs and readily com-
peted out M®aa for the incorporation at the reprogrammed codon
sites. Thus, it was critical to remove both aaRSs and proteino-
genic amino acids from the translation components in order to
repress the background incorporations of proteinogenic amino
acids into the peptide. Moreover, we used orthogonal tRNAs
as M@aa carriers aiming at eliminating potential mischarging
events with proteinogenic amino acids catalyzed by aaRSs left

in the wPURE system. Combining all of these controlled ele-
ments in the wPURE system, we were able to wipe out undesir-
able backgrounds and thus succeeded in synthesizing
N-methyl-peptides as programmed by the mRNA.

Another key technology used in our proof-of-concept study is
the flexizyme system. This system enables us to readily prepare
a wide variety of M®aa-tRNAs with high purities, i.e., no contam-
ination of the competing aa-tRNAs, so that we can ensure M®aa
reassignments to the reprogrammed codons and thus determine
the accessible M®aa in a quantitative manner. This technology
has given us -advantage over Merryman’s method involving re-
ductive alkylations on the precharged aa-tRNAs, where certain
amounts of competing aa-tRNAs could remain unreacted and
therefore contaminate the M€aa-tRNAs (Merryman and Green,
2004). As was discussed earlier, this might have led them to a
different conclusion from ours on the accessible M®aa.
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In a similar context, it would be difficult to perform M¢aa as-
signments by the Szostak’s method, where endogenous aaRSs
or their mutants are used to mischarge nonproteinogenic amino
acids onto endogenous tRNAs (Hartman et al., 2006; Josephson
et al., 2005; Seebeck and Szostak, 2006). The major advantage
of the Szostak’s method is to in situ generate the mischarged
aa-tRNAs and thus express the nonnatural peptides by simply
adding nonproteinogenic amino acids to the wPURE system that
lacks the corresponding proteinogenic amino acids. This system
has been proven to be well suited for the incorporation of “highly
efficient” nonproteinogenic amino acids into the target peptide,
generally those structurally similar to proteinogenic amino acids
that can readily compete out the background incorporations of
amino acids originated by their contaminations (Seebeck and
Szostak, 2006). Szostak et al. have also surveyed the aminoacy-
lation ability of aaRSs toward M¢aa, suggesting that M°Leu,
Measp, MeLys, MeHis, and M*Trp could be charged onto the cog-
nate tRNAs (Hartman et al., 2006). Unfortunately, among them
only M®His and MTrp were the “accessible” M*aa according to
our experimental results shown in Figure 2C. As was discussed
earlier, because of the intrinsic poor incorporation efficiency of
Meaa, such background incorporations would give impure prod-
ucts containing certain or occasionally significant amounts of
partially non-N-methylated peptides. In fact, by means of in
situ aaRS’s aminoacylation we found that M®His could be incor-
porated to the designated site of the same model peptide with
competing incorporation of a smaller amount of His, whereas
no incorporation of M®Trp, i.e., only incorporation of the compet-
ing Trp, was observed (T.K. and H.S., unpublished data).

Under the optimal conditions for the wPURE and flexizyme
systems, we performed the mRNA-dependent synthesis of
N-methyl-peptides containing more than four successive M¢aa
utilizing three different kinds of Maa (Figures 3A and 4A). We
monitored the expression level of each N-methyl-peptide by tri-
cine-SDS-PAGE compared with the wild-type expression level
based on their radioisotope intensities originating from the incor-
poration of ['*C]-Asp in the Flag peptide (Figures 3B and 4B).
Using this strategy, we were able to directly compare the expres-
sion levels of the N-methyl-peptides in a quantitative manner.

Because we chose only accessible M®aa for the polymerization,
we expected that the expression level would not be drastically
reduced compared to the single incorporation. However, the
expression of a tetra-N-methyl-peptide (MeP4-1) gave only 20%
of the wild-type expression level (Figure 3B, lanes 1 versus 5).
Moreover, when longer N-methyl-peptides (from 5-mer to
10-mer) were expressed, their relative expression levels did not
significantly change (Figure 4B). We wondered why the observed
relative expression level of the tetra-N-methyl-peptides drasti-
cally dropped from that observed for the mono-N-methyl-pep-
tide. To investigate this, we expressed mono-, di-, tri-, and
tetra-N-methyl-peptides (Figure S3) (MeP1-IIl, Mep2-11, Mep3.|j,
and MeP4-11) and compared their expression levels with those of
the corresponding wild-type peptides (wt1-il, wt2-Il, wt3-Il, and
wtd-ll). Interestingly, the absolute expression levels of wit3-II
and wt4-Il were approximately three and four times higher, re-
spectively, than that of wt1-Il. On the other hand, the absolute
expression levels of all N-methyl-peptides remained nearly the
same. Thus, it became apparent that the relative expression
levels of M®P3-1l and M®P4-Il to wt3-Il and wt4-Il appeared lower
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because the expression levels of wt3-Il and wtd-Il increased
from wti-ll, whereas the absolute expression level of all
N-methyl-peptides including 5- to 10-mers did not change signifi-
cantly. Most importantly, MALDI-TOF analysis of the respective
N-methyl-peptide gave the corresponding single peak with
the correct molecular mass regardless of the length of the
N-methyl-peptide. These findings led us to attempt the synthesis
of cyclic-N-methyl-peptides.

In this application, we combined our technology for the ®aa
incorporation into peptides with the method previously devel-
oped for the initiation reprogramming with N*-ClAc-aa where
a linear peptide containing Cys is expressed to afford the conre-
sponding cyclic-peptide closed by a thioether bond between the
N-terminus and the sulfhydryl group of the Cys. Because the thi-
oether bond is nonreducible and thereby physiologically stable,
it has been implanted into some therapeutic peptides in order to
make them compatible for in vivo examination. Although such
cyclic peptides were previously generated by only solid-phase
chemistry, this method has enabled us to synthesize such cyclic
peptides by means of the translation apparatus. Thus, the com-
bination of the above two methods has offered us a platform
technology for the synthesis of cyclic N-methyl-peptides by de-
signing the corresponding mRNA templates. Remarkably, the
expressed full-length cyclic N-methyl-peptides were highly pure
in all three examples presented in this work. Thus, this tech-
nology is well suited for the preparation of libraries of cyclic
N-methyl-peptides. Particularly, when this is coupled with in vitro
display systems, such as ribosome (Hanes and Pluckthun, 1997)
or mRBNA displays (Nemoto et al., 1997; Roberts and Szostak,
1997), it becomes a very powerful means of screening large
libraries and selecting in vivo-compatible cyclic N-methyl-pep-
tides against therapeutic targets. Such experimental examples
are shortly up coming from our laboratory.

SIGNIFICANCE

Reprogramming the genetic code allows for the simulta-
neous incorporation of multiple amino acid monomers with
a wide variety of side chains into peptides through the ribo-
somal translation reaction. In this study, we achieved the
mRNA-directed synthesis of various sequences and lengths
of peptides containing multiple N-methylated amino acid
residues upon reprogramming the genetic code by using
the wPURE and flexizyme systems. Our demonstration
shows the potential of this technology that leads us to
a new strategy to construct libraries of linear and cyclic
N-methyl-peptides simply by designing mRNA sequence
libraries. Upon combining with appropriate screening strate-
gies, this technology will yield a novel class of therapeutic
peptides with protease resistance and cell permeability.

EXPERIMENTAL PROCEDURES

Materials and Synthesis of N*-Methyl-Amino Acid Substrates

All N*-methylated amino acids except N*-methyl-L-cysteine and N*-methyl-L-
methionine were purchased from Watanabe Chemical, Japan. N*-methyl-L-
cysteine was synthesized by the procedure reported before from L-cysteine
as a starting material (Park and Kim, 2002). N*-tBoc-N*-methyl-L-methionine
was synthesized by the procedure reported before from N*-tBoc-L-methionine
as a starting material (Lee et al., 1990). N*-methylated amino acids with the
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aromatic side-chain (M®Phe, MeTyr, M*Trp, M®Fni, and M*Yme) were converted
to cyanomethyl esters (CMES), and the others were converted to 3,5-dinitro-
benzyl esters (DBEs) by the procedure reported elsewhere (Murakami et al.,
2006).

Synthesis of N*-Methyl-Aminoacyl-tRNA

Aminoacylation reactions were generally performed as follows: 12.5 pl of
20 puM tRNA in 0.2 M HEPES-KOH (pH 7.5) was heated at 95°C for 1 min
and cooled to room temperature over 5 min. Five microliters of 0.1 M MgCl,
and 2.5 pl of 0.1 mM dFx or 5 pl of 3 M MgCl, and 2.5 pl of 0.1 mM eFx
were added to the solution. Five microliters of 25 mM N*-methylated amino
acid substrate (DBE or CME) in DMSO was then added to the mixture and in-
cubated on ice for 2-24 hr. For eThr, M*Tyr, MeFni, and M®Yme, 5 ul of 200 MM
substrate was used. The acylation reaction was quenched by addition of 150 ul
of 0.6 M sodium acetate (pH 5.0), and the tRNA was recovered by ethanol
precipitation. The pellet was rinsed twice with 70% ethanol with 0.1 M sodium
acetate (pH 5.0) and once with 70% ethanol.

Ribosomal Synthesis of Linear N-Methylated Peptides

and Wild-Type Peptides

The following conditions were used for the peptide synthesis without [**C]-
labeling. For the synthesis of N-methylated peptides (M°P4-I, MeP4-|, Mep4-iiI,
Mepg-tv, Meps, Mepg, Mepg Mepqq, Mepq.y), Mep2.|, and MeP3-1l), translation
reaction was carried out by using the wPURE system (see the Supplemental
Data) in the presence of 40 nM DNA template (one of the following templates:
ma-l, m4-Il, m4-ill, ma-IV, m5, m6, m8, m10, m1-ll, m2-il, or m3-If), 0.1 mM of
the respective Meaa-tF!NA(s), and 0.2 mM each of Met, Asp, Tyr, and Lys. For
the synthesis of wild-type peptides (wtd-1, wt5, wt6, wi8, wt10, wt1-ll, wt2-Il,
wt3-Il, and wt4-ll), translation reaction was carried out by using the ordinary
PURE system in the presence of 40 nM DNA template (one of the following
templates: m4-l, m5, m6, m8, m10, m1-il, m2-1l, m3-Il, or m4-Il) and 0.2 mM
each of Met, Thr, Leu, Phe, Asp, Tyr, and Lys. The translation reactions were
assembled on ice and started by incubating at 37°C for 3 hr. For the detection
of the peptides using autoradiography, see the section of tricine-SDS-PAGE
analysis.

Tricine-SDS-PAGE Analysis

For tricine-SDS-PAGE analysis, peptides were synthesized by using 50 uM
[**C)-Asp in the place of 0.2 mM Asp. The translation reaction (2.5 pl) was
stopped by the addition of 2.5 pl loading buffer consisting of 0.9 M Tris-HCI
(pH 8.5), 30% glycerol, and 8% SDS for loading to 15% tricine-SDS-PAGE.
Separation gel contained 15% acrylamide (acrylamide: bisacrylamide =
19:1), 1 M TriseHCI (pH 8.5), 0.1% SDS, and 13% Glycerol, while the stacking
gel contained 4% acrylamide (acrylamide: bisacrylamide = 29:1), 0.75 M
TriseHCI (pH 8.5), 0.075% SDS. The anode running buffer was 200 mM
TriseHCI (pH 8.9), while the cathode running buffer contains 100 mM Tris,
100 mM tricine, 0.1% SDS (the resulting buffer was approximately pH 8.3).
The products, labeled with [**C]-Asp in the C terminus FLAG peptide, were
quantified by autoradiography with an image analyzer, FLA-5100 (Fuji, Japan),
and the specific activity of ['*C]-Asp.

Ribosomal Synthesis of Cyclic N-Methylated Peptides

For the synthesis of cyclic N-methylated peptide (V®Pc1, M*Pc2, or M°Pc3),
translation reaction was carried out by using the wPURE system with 40 nM
DNA template (mc1, mc2, or mc3) in the presence of 0.1 mM N*-ClAc-Phe-
tRNA™ME!.,, 0.1 mM of the respective M®aa-tRNAs, and 0.2 mM each of
Met, Lys, Tyr, Pro, Asp, and Cys. The translation reactions were assembled
on ice and started by incubation at 37°C for 3 hr.

MALDI-TOF-MS Analysis

The respective peptide was incubated in prewashed Flag-M2 agarose (Sigma)
foran hour. After the resin was washed with TBS (50 mM Tris-HCl [pH 8.0, 150 mM
NaCl), the peptide was eluted with 0.2% TFA. Eluted peptide was desalted with
C18 zip tips (Millipore) and eluted with 50% acetonitrile, 0.1% TFA solution
saturated with the matrix (R)-cyano-4-hydroxycinnamic acid. MALDI-TOF-
MS analysis was performed by using Autoflex TOF/TOF (Bruker Daltonics)
operated in the linear positive mode and externally calibrated with Substance

P (1348.66 Da), Bombesin (1620.88 Da), ACTH clip 1-17 (2094.46 Da), and
Somatostatin 28 (3149.61 Da) standards.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures for RNA
synthesis, tRNA aminoacylation, and preparation of the translation systems
and are available at http://www.chembiol.com/cgi/content/full/15/1/32/DC1/.
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ABSTRACT The initiation codon dictates that the translation initiation event ex-
clusively begins with methionine. We report here a new technology to reprogram
the initiation event, where various amino acids and those bearing N*-acyl groups
can be used as an initiator for peptide synthesis. The technology is built upon the
concept of genetic code reprogramming, where methionine is depleted from the
translation system and the initiation codon is reassigned to the desired amino
acid. We have applied this technology to the synthesis of an antitumor cyclic pep-
tide, G7—18NATE, closed by a physiologically stable bond, and it is also ex-
tended to the custom synthesis of its analogues with various ring sizes. Signifi-
cantly, cyclization occurs spontaneously upon translation of the precursor linear
peptides. To demonstrate the practicality of this methodology, we also prepared
a small cyclic peptide library designated by 160 distinct mRNAs. Thus, this tech-
nology offers a new means to prepare a wide array of in vivo compatible cyclic pep-
tide libraries for the discovery of peptidic drug candidates against various thera-
peutic targets.
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is generally initiated with N*-formyl methionine

(fMet) (2). The initiation process involves methi-
onylation of the initiator tRNA (RNA™et_, ) catalyzed by
methionyl-tRNA synthetase (MetRS) followed by formyla-
tion of the a-amino group on Met by methionyl-tRNA
formyltransferase (MTP); the resulting Met-tRNA™e! , |
subsequently binds to initiation factors (IFs) and the
complex enters the peptidyl-tRNA site of the ribosome
to initiate translation (2, 3). Although strict gover-
nance by the above mechanism controls the initiation
event starting with fMet at the N-terminus exclusively,
two methods have been devised to circumvent this
requirement (4-7).

The first method involves engineering of the initiator
tRNA where the CAU anticodon is altered to a triplet that
assigns another amino acid (4, 5). Critical tRNA recogni-
tion elements in some aminoacyl-tRNA synthetases
(aaRSs) reside in the anticodon interaction (8). There-
fore, the transplantation of an appropriately chosen an-
ticodon into tRNA™®! is able to deceive the recognition
by aaRS, leading to a mischarging of the cognate amino
acid onto the engineered initiator tRNA™®, . (XXX indi-
cates the implanted anticodon). When such a tRNA, to-
gether with a mRNA containing the countercodon to the
tRNA anticodon, is overexpressed in Escherichia coli
the translation starts with the mischarged N*-formylated
amino acid. Since not all aaRSs can be deceived by
this type of tRNA engineering, only a limited number of
aaRSs (Val, Phe, Gln, Ile, and Lys) were able to mis-
charge the cognate amino acids onto tRNA™et . and
lead to initiation.

The second method also involves engineering of the
initiator tRNA. The initiator tRNA anticodon is altered to
CUA and the mRNA AUG codon is replaced with the UAG
amber codon (6, 7), in a fashion similar to the incorpo-

P olypeptide synthesis in prokaryotic translation
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ration of nonproteinogenic amino acids during the elon-
gation event (9-11). When such a tRNA is chemically
aminoacylated through multistep synthesis (12) and
subjected to in vitro translation, the designated amino
acid initiates peptide expression. Unfortunately, this ap-
proach suffers from the contamination of polypeptides
initiated by other amino acids since the deacylated
tRNA™et. ., can be recharged with the amino acids by
cognate endogenous aaRSs (6, 7). This method has thus
far demonstrated the initiation of translation with only
a limited number of amino acids (Met, Val, and Lys)
tagged with fluorescent or biotin groups for the pur-
pose of expressing N-end-labeled polypeptides in vitro.

Taken together, the cunently available technologies
do not allow for the synthesis of polypeptides with a
well-controlled N-terminal modification, and it remains
unclear whether more diverse types of amino acids in-
cluding those with various N*-acyl groups are tolerated
in the initiation event. We here have used the concept of
genetic code reprogramming to engineer the initiation
event. This new technology allows us to expand the rep-
ertoire of usable a-amino acids and their N*-acyl groups
for initiation.

As an application, we have demonstrated the ribo-
somal synthesis of an antitumor cyclic peptide, G7—
18NATE, closed by a physiologically stable thioether
bond. Significantly, the cyclization occurs spontane-
ously upon the translation of its precursor linear pep-
tide so that no additional manipulation is necessary af-
ter translation. Moreover, this technology is applicable
to the synthesis of cyclic peptides with a wide range of
ring sizes, and thus it offers a novel tool to construct
mRNA-programmed cyclic peptide libraries for the
discovery of peptidic drug candidates with in vivo
compatibility.

RESULTS AND DISCUSSION

Genetic Code Reprogramming for the Initiation
Event. Reprogramming the genetic code is a technique
in which the codons assigned to proteinogenic amino
acids are reassigned to nonproteinogenic amino acids
(13). This technique has been utilized for the reprogram-
ming of the elongation event where multiple nonprotein-
ogenic amino acids have been successfully incorpo-
rated into the nascent peptide chain (23-20). In prin-
ciple, it is also applicable to the alteration of initiation,
but it has not been yet extensively used for such
an aim.
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To perform reprogramming of the translation initia-
tion, we have employed two key systems to facilitate re-
programming of the initiation event. The first one is an
Escherichia coli reconstituted cell-free translation sys-
tem, referred to as the PURE system (21). By withdraw-
ing certain amino acids from the translation system (re-
ferred to as wPURE), vacant codons can be created in
the genetic table. Met is depleted to make the initiation
codon vacant, and therefore an altemative amino acid
(Xaa) can be reassigned to initiation (Figure 1, panel a).
The second key system is a de novo tRNA acylation
system consisting of an artificially evolved ribozyme,
termed flexizyme (Figure 1, panel b) (20, 22, 23). Flex-
izyme allows for virtually any amino acid to be charged
onto tRNA. Thus, we expect that by filling the vacant
start codon in wPURE system with Xaa-tRNA™et | pre-
pared with the flexizyme system, i.e., through the inte- -
gration of these two systems, the initiator Met can be
readily reassigned to any noncanonical amino acid
(Figure 1, panel ).

To test whether these two systems could be inte-
grated to reprogram the initiation event, a 14-mer pep-
tide bearing a Flag tag sequence (24) at the C-terminus
was expressed in the wPURE system lacking Met in the
absence or presence of Met-tRNA™¢' , , prepared by the
flexizyme system (Figure 2, panel a). As a positive con-
trol, the wild-type peptide was expressed in the normal
PURE system containing the full sets of amino acids
(Figure 2, panel b, lane 1). As a negative control, when
only the wPURE system was used, initiation did not oc-
cur and thereby no peptide was produced (Figure 2,
panel b, lane 2). In contrast, when Met-tRNA™et_, |
prepared by the flexizyme system was included in the
WPURE system, initiation proceeded and yielded the ex-
pected band with the same intensity and mobility as
the wild type (Figure 2, panel b, lane 3 vs lane 1). Matrix-
assisted laser desorption ionization time-of-flight
(MALDI-TOF) analysis of the product gave the expected
molecular mass of the peptide bearing fMet at its
N-terminus (Figure 2, panel ¢, Met). Thus, Met-
tRNA™Et, | synthesized by the flexizyme system was
formylated by endogenous MTF and able to initiate
translation as efficiently as the native initiation event in
the normal PURE system. These results demonstrated
that the concept of genetic code reprogramming would
be applicable to engineering of the initiation event as
well as the elongation event aiming to express peptides
containing various amino acids at the N-terminus.
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Pro producing yields in the single digits (Figure 2,
panel b, highlighted in cyan). Despite their poor
yields, the Rlag-purified peptides initiated by
Glu, Lys, Gly, and Asp gave the expected molec-
ular mass of the formylated form, indicating
that the full-length peptides were correctly initi-
ated with the designated amino acids. Albeit
with low efficiency, even Arg and Pro were able
to initiate translation giving peaks corespond-
ing to peptides initiated with programmed
amino acid in the respective mass spectrum,
although Arg gave a mixture of formylated and
nonformylated peptides while Pro only pro-
duced the nonformylated peptide (Figure 2,
panel c).

Interestingly, the majority of “good” initiators

Figure 1. Engineering the initiation event by genetic code reprogramming. a) Codon table in
the absence of Met. Upon removing Met from the translation mixture, tRNA™=t_,  is no
longer available for methionylation by MetRS, consequently making the start codon vacant,
i.e., WPURE system. b) Synthesis of Xaa-tRNA™_, , by the flexizyme system. Xaa indi-
cates various kinds of a-amino acid. The secondary structure of a representative flexizyme
is shown in cyan letters. When Xaa-tRNA™*t_, ' is added to the translation apparatus, it can
be formylated by endogenous MTF. ) Reassignment of the start codon from Met to Xaa.
When Xaa-tRNA™<t_, | prepared by the flexizyme system is added to the wPURE system, the
translation is exclusively initiated with Xaa, expressing a peptide containing Xaa at the

N-terminus.
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Toterance of Amino Acids in Initiation. We next tested
initiation using each of the 19 proteinogenic amino ac-
ids by charging each amino acid to tRNA™et_, | with the
flexizyme system. Tricine—SDS PAGE (soduim dodecyl
sulfate polyacrylamide gel electrophoresis) analysis of
the translation products showed that 11 amino acids
out of 19 were able to initiate translation with greater
than 50% efficiency relative to wild type (Figure 2,
panel b, highlighted in orange). In addition, two amino
acids exhibited the ability to initiate translation with ap-
proximately 30-50% efficiency relative to wild type
(Figure 2, panel b, highlighted in pink). MALDI-TOF analy-
sis of these translated peptides gave a single peak
with the expected molecular mass of the N-terminal-
formylated form initiated with the programmed amino
acid (Figure 2, panel ¢, highlighted in the same color
code as Figure 2, panel b). This indicates that the initia-
tion occurs exclusively with the N*-formylated amino
acid as programmed by the flexizyme system.

The remaining six amino acids (Glu, Lys, Gly, Asp,
Arg, and Pro) showed less than 30% translation effi-
ciency compared to wild-type expression, with Arg and
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have hydrophobic side chains. On the other
hand, six amino acids exhibited less than 30%
efficiency in initiation (Figure 2, panel b, high-
lighted in cyan); among them, four have charged
side chains (Lys, Glu, Asp, and Arg), one has
no side chain (Gly), and the least efficient initia-
tor Pro has the secondary amine. We assumed
that inefficient initiation with these amino acids
was caused by poor formylation of the a-amino
group on the XaatRNA™®' , | catalyzed by MTF.
In the crystal structure of the complex between fMet-
tRNA™et, , and MTF, the side chain of Met fits into a
binding pocket surrounded by hydrophobic amino ac-
ids (25). Presumably, this hydrophobic environment
might dismiss the charged or hydrophilic side chains re-
sulting in poor formylation on the a-amino group, while
Pro, the only amino acid bearing the secondary amine, is
likely enzymatically incompatible with MTF. Indeed, the
two least efficient initiators, Arg and Pro, afforded non-
formylated peptide in each mass spectrum of the
product.

The above results indicated that the integration of
the wPURE and flexizyme systems enabled us to readily
reassign the AUG codon from Met to other amino acids
and express the desired peptide initiated with the as-
signed amino acid. Although traces of undesirable pep-
tides with slower or/and faster mobility were detected in
the tricine-SDS PAGE analysis, these bands also ap-
peared in the control experiment in the absence of aa-
tRNA™Met_ | (Figure 2, panel b, lane 2). This suggested
that these bands appeared from aa-tRNA™®'_, -
independent expressions of the mRNA template, likely
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ground, and indeed we observed only
a single desirable full-length product
in the MALDI-TOF analysis. This was a
sharp contrast to the previous method
that suffered from contaminations of
undesirable full-length peptides mis-
initiated with undesignated amino
acids.

We believe that the observed nearly
exclusive expression of the desirable
peptides has been achieved by two
critical strategies we took for repro-
gramming the translation initiation
event. First, depletion of Met in the
WPURE system enabled us to suppress
the background initiation reaction as
low as possible. Second, the flexizyme
system enabled us to use the natural
initiator tRNA™e* ., | as an aminoacyl-
carrier for noncognate amino acids,

" and thereby we achieved a maximal
efficiency for initiating the translation
with each amino acid. By the combina-
tion of these two strategies, we were
able to express the full-length peptide
initiated with the designated nonca-
nonical amino acid as a sole product.
Enhancing the Initiation Efficiency
by Preacylation of a-Amino Group. As
described above, an intriguing obser-
‘vation was made regarding the Arg-
initiated peptide in which the
N-terminus was not fully formylated
(Figure 2, panel ¢, Arg). Likewise, the
N-terminus of Pro-initiated peptide
was not formylated at all (Figure 2,
panel ¢, Pro). This result implies that
these inefficient initiators are poor
substrates for MTF (Figure 3, panel a).
This observation led us to postulate
that the efficiency of formylation on
the a-amino group of Xaa-tRNA™Met |
by MTF might play an important role in

detemmining the initiation efficiency, since the expres-
sion levels of these peptides were significantly lower
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Figure 2. Tolerance of various amino acids in initiation. a) The mRNA sequence that expresses peptides
initiated by various amino acids. Flag in parentheses indicates the RNA sequence encoding a Flag
peptide (DYKDDDDK). b) Tricine-SDS PAGE analysis of the translation products. Lane 1, expression of
wild type; lane 2, in the absence of Met; lane 3, initiated by Met-tRNA™e*_, ; lanes 4-22, initiated by
Xaa-tRNA™=t . Each expression level relative to wild type is determined by a mean score of tripli-
cates or more. The band indicated by asterisk corresponds to the remaining [*“Cl-Asp that was not in-
corporated into the peptide. The amino acids giving >50%, 30-50% and <30% of the wild-type ex-
pression level are highlighted in orange, pink, and cyan, respectively. Observed minor bands were
likely attributed to peptides originated from the aa-tRNA™<_, -independent background expression,
i.e., random starts of translation of the RNA template. ¢) MALDI-TOF MS spectra of the translated pep-
tides. The noncanonical amino acids are highlighted in the same color code as used in panel b. The red
asterisk indicates a peak corresponding to the nonformylated peptide, while the unlabeled peak cor-
responds to the formylated peptides. The calculated mass (C) and observed mass (0) are shown in
each spectrum.

than peptides initiated with other amino acids.
RajBhandary and coworkers (26) have also proposed
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Figure 3. Increase in expression level by N>-acylation. a) Formylation of Xaa-tRNA™<t_, , in the
wPURE system. When Xaa-tRNA™¢_, , is used in the initiation, it is generally formylated. b) Amino-
acylation of tRNA™="_, | with preacetylated amino acids by the flexizyme system. This method en-
sures N>-acylation on the a-amino group. c) Tricine—SDS PAGE analysis of the translated peptide.
Lane 1, expression of wild type; lane 2, initiated with Lys-tRNA™et_, . lane 3, initiated with N*-Ac-
Lys-tRNA™<t_ . lane 4, initiated with Arg-tRNA™®t_, : lane 5, initiated with N°-Ac-Arg-tRNA™et_,
Each expression level relative to wild type is determined by a mean score of triplicates or more.
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such a correlation based on experiments using an alter-
native codon for initiation. We therefore considered the
possibility that preacylation on the a-amino group might
increase the expression level of these peptides

(Figure 3, panel b).

In order to verify this hypothesis, we chose two amino
acids, Lys and Arg, both of which showed poor expres-
sion levels (25% and 6%, respectively) and prepared
N*-Ac-LystRNAM | and A-Ac-Arg-tRNA™et by us-
ing the flexizyme system. It was investigated whether
the expression level initiated with these preacylated
amino acids increased compared with the correspond-
ing a-amino-free amino acids. In both cases, peptide ex-
pression levels increased compared to those initiated
with the corresponding a-amino-free amino acids (51%
vs 25% for Lys and 26% vs 6% for Arg, Figure 3, panel ¢
and initiation proceeded exclusively with the desig-
nated N*-Ac-amino acids (see Figure S1 for the MALDI-
TOF molecular weight confirmation). It should be noted
that even though the a-amino group on Arg was preacy-
lated, the expression level of the peptide initiated with
N=-Ac-Arg did not exceed 50% efficiency compared with
that of Met-initiated peptide. This suggests that other
components in the wPURE system, such as IFs and ribo-
some, also play some roles in determining the initia-
tion efficiency. Nonetheless, the preacylation on the
a-amino group enhances the expression level for “mod-
est” initiators.

Tolerance of N*-Acyl Groups in Initiation. Biologi-
cally active peptides often have unique N-terminal-acyl
groups. For instance, the N-terminus of some peptides
synthesized by nonribosomal peptide synthetases are
modified with fatty acids (27), while some peptide hor-
mones have an acetyl or pyroglutamate group at their
N-terminus (28, 29). Thus, it is of interest to see if the re-
programmed initiation in the wPURE system is able to
tolerate amino acids with a variety of N*-acyl groups. We

GOTO ET AL

- 328 -

Oct), pyroglutamate (pyE), and function-
alities accessible to post-translational
modification (Cba, Pen, Pyl, N;Ac, oxP,
ClAc; Figure 4, panel a).

Translation was initiated with N>-
acyl-Phe-tRNAs prepared by the flex-
izyme system, and the N-acyl-peptides
were expressed in the wPURE system
(Figure 4, panel b). Remarkably, the expression levels
were generally higher than those of fMet- and fPhe-
initiated control peptides; particularly the use of Phe
modified with hydrophobic fatty acids gave significantly
higher expression levels. MALDI-TOF analysis of these
peptides agreed with the expected products without
contamination of other misinitiated peptides (Figure 4,
panel ¢). Thus, the results clearly indicated that a wide
variety of N*-acyl groups are tolerated in the initiation
event. The N*-acyl groups incorporated in this study in-
volved various chemical functionalities such as fatty
acid chains, pyroglutamate, and those that are appli-
cable to post-translational modification. Hence, this ap-
proach would allow us to directly translate naturally oc-
cuning bioactive peptides containing unique N-terminal
groups.

Ribosomal Synthesis of Cyclic Peptides via a
Thioether Linkage. G7—18NATE is a potential peptidic
anticancer agent, which has been shown tc inhibit the
interaction between the SH2 domain of Grb7 and recep-
tor tyrosine kinases (30—32). The peptide consists of
11 natural amino acids and a non-natural cyclic struc-
ture with a nonreducible thioether bond linking the
N-terminal acetyl group to the C-terminal Cys residue
(see Figure S2a). Due to the fact that G7—18NATE con-
tains a noncanonical bond, ordinary translation has
been inapplicable to its synthesis; therefore this pep-
tide could only be produced through chemical synthe-
sis. However, we envisaged that our platform technol-
ogy would enable us to perform the ribosomal synthesis
of G7—18NATE.

We expected that reprogramming initiation with N
chloroacetyl (ClAC)-Trp would allow us to synthesize the
linear N*-ClAc-(G7—18NATE) precursor peptide, and
subsequently the sulfhydryl group on the terminal Cys
would spontaneously attack the a-carbon of the N*-ClAc
group, closing the ring (Figure 5, panel a) (33-35). We
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Figure 4. Tolerance of N*-acyl groups in initiation. a) N*-acyl phenylalanine derivatives used in this study. b) Tricine—SDS PAGE analysis of the
translation products initiated with various N™-acyl phenylalanine derivatives. Lane 1, expression of wild type; lane 2, in the absence of Met; lane 3,
initiated with Phe-tRNA™<' . ; lanes 4-14, initiated with various N*-acyl-Phe-tRNA™*_,,, molecules. Each expression level relative to wild type is
determined by a mean score of duplicates. The band indicated by an asterisk corresponds to the remaining [**C]-Asp that was not incorporated into
the peptide. ¢) MALDI-TOF MS spectra of the translated peptides. The calculated mass (C) and observed mass (0) are shown in each spectrum.

thus designed a mRNA sequence to express the linear
peptide initiated withA™-ClAc-Trp in the wPURE system
(Figure 5, panel b). After expression, the resulting pep-
tide was purified by molecular weight cut and desalting
filters. MALDI-TOF analysis of the peptide gave peaks of
the cyclic G7—18NATE with the expected molecular
masses of [M + H]* and [M + Na]* (Figure 5, panel ¢),
and MALDI-TOF/TOF analysis revealed peaks corre-
sponding to the peptide fragments bearing the intact
thioether linkage (Figure 5, panel d). This was a sharp
contrast to the observation that no cyclization occurred
in a control peptide in which the C-terminal Cys was sub-
stituted with Ser; i.e., the N*-ClAc group did not react po-
tential other sulfhydryl reagents such as mercaptoetha-
nol (Figure S3). Remarkably, such a simple purification
protocol yielded the desired cyclic peptide as the main
product, while no peak comesponding to the unreacted
linear N*-ClAc-(G7—18NATE) peptide was observed,
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suggesting that cyclization of the linear peptide oc-
curred rapidly. Furthermore, although MALDI-TOF analy-
sis does not permit the quantitative discussion, it
should be noted that the undesired minor peaks, which
could be caused by side reactions, e.g., intermolecular
reactions with other thiol molecules, such as DTT, mer-
captoethanol, or free Cys, included in the wPURE sys-
tem, were not observed in the mass spectrum. This indi-
cated that the cyclization did not substantially suffer
from such side reactions. In fact, because the intramo-
lecular cyclization took place without undesirable side
reactions, we were able to isolate the desirable full-
length peptide through a simple purification procedure
using a molecular weight cut filter.

Moreover, the expression level of G7—18NATE was
quantified by the incorporated radioisotdpe counts of
[*4C}-Asp calibrated against known [*“C]-Asp concentra-
tions (see Figure S4). G7-18NATE was expressed at a
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Figure.5. Ribosomal synthesis of G7—18NATE. a) The spontaneous cyclization affording G7—18NATE. The precursor lin-
ear peptide, N°-ClAc-G7 — 18NATE, translated in the wPURE system spontaneously cyclizes into G7-18NATE by intra-
molecuar attack of Cys sulfhydryl group to the a-carbon of the N*-ClAc group. b) The sequence of mRNA used in the ri-
bosomal synthesis of G7—18NATE. For the synthesis of G7 —18NATE, the start codon is suppressed with N*-ClAc-Trp.

c) MALDI-TOF mass spectrum of the expressed G7—18NATE. The calculated mass (C) and observed mass (0) are shown
in the figure. The peaks at 1263.97 and 1401.23 m/z were occasionally observed when the molecular weight cut purifi-
cation protocol was utilized, regardless of template sequence. Therefore, it is likely that these peaks originated from
components in the wPURE system. d) MALDI-TOF/TOF analysis of G7—18NATE expressed in the wPURE system. The rep-
resentative peaks that correspond to the peptide fragments containing the thioether linkage are labeled in the
spectrum.

a single Cys residue
in order to avoid un-
desirable competing
cyclization reactions,
but yet itis widely ap-
plicable to a variety
of sequences of cy-
clic peptides.

It should be noted
that G7—-18NATE was
an engineered syn-
thetic peptide de-
signed based on the
parental peptide
(G7-18NA) (30). G7-
18NA was originally
selected by phage
display and thus
composed of pro-
teinogenic amino ac-
ids linked with a
Cys—Cys disulfide
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concentration of approximately 3.7 wM (5.3 pg/mL),
which is comparable to the control expression initiated
with Met generated by the normal PURE system

(~5 M), indicating that the reprogrammed initiation
was achieved without significant reduction in expres-
sion level.

To further examine the flexibility of this strategy for
the synthesis of cyclic peptides, we designed three pep-
tide sequences based on the structure of G7—18NATE
with arbitrarily chosen ring sizes (Figure 6, panel a).
Three amino acids (Tyr, Asp, and Asn}, which are the
most critical residues for the binding activity to Grb7,
were kept in the structural designs of these cyclic pep-
tides (30), and the ring size was varied from 11 (as in the
original G7—18NATE) to 4, 6, or 14 residues. These cy-
clic peptides were designed to include a modified Fag
peptide at the C-terminus in order to ensure MALDI-TOF
ionization. MALDI-TOF analysis of the translation prod-
ucts showed that each of the expressed peptides spon-
taneously cyclized upon translation of the correspond-
ing linear peptide (Figure 6, panel b). This result
suggested that the in situ cyclization process is indepen-
dent of peptide sequence and ring size, A limitation of
this technology is likely that the peptide can have only
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bond (see Figure

S2b). Despite the fact that the engineering of G7-18NA
to G7-18NATE reduced the binding activity to Grb7, its
in vivo stability resulted in successful suppression of
pancreatic cancer metastasis in mice (30~32). Riboso-
mal synthesis of G7~18NATE would enable us to con-
struct a mRNA-programmed G7-18NATE-like peptide li-
brary for reoptimizing the binding to Grb7. Particularly,
the coupling of this technology with an in vitro display
system (36-38) would allow us to rapidly screen the
above library without sacrificing the peptide’s in vivo
compatibility.

Construction of a Combinatorial Cyclic Peptide
Library. We have demonstrated the generality of the
in situ cyclization of peptides with various sequences
and ring sizes. This indicates that a variety of in vivo
compatible cyclic peptide libraries can be readily pre-
pared by simply designing mRNA sequence libraries. As
such a demonstration, we have constructed a peptide li-
brary consisting of 160 distinct cyclic peptides. We pre-
pared 160 DNA templates, coding 6-mer peptides bear-
ing Cys at the C-terminus, each of which has two varying
codons assigning Xaal and Xaa2 (Figure 7, panels a and
b, and Figure S4); then, peptides were expressed in par-
allel from the respective DNA templates in the pres-
ence of N*-CIAc-Tyr-tRNA™Met | using the wPURE sys-
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tem. To confirm the quality of products, 12
samples were randomly chosen from the li-
brary and were passed through a desalting
filter. Remarkably, even without vigorous
purifications, we were able to detect the de-
sired cyclic peptide with the expected mo-
lecular weight as a sole product in all
samples (Figure 7, panel ¢). This demonstra-
tion proves the practicality of this technol-
ogy for the synthesis of cyclic peptide librar-
ies closed by the nonreducible thioether
bond. We are currently pursuing the screen-
ing of extended cyclic peptide libraries pre-
pared by this platform technology against
chosen therapeutic targets.

CONCLUSION

In conclusion, we have applied the concept
of genetic code reprogramming to the engi-
neering of the initiation event in translation

[PDG-c4 + H]*

[PDG-c6 + H]

PDG<c14

[PDG-c14 + H]*

2500 C:1863.72 5000 C:2111.84 5000 C: 3090.26

2000 0: 1863.41 4000 0:211.73 4000 0: 3090.51
1500 3000 3000
1000 2000 2000
500 1000 1000
0 0

0
FEST L

Figure 6. Custom synthesis of the cyclic peptides with various ring sizes. a) Structure of the ex-
pressed cyclic peptides. Three amino acids known to be critical residues in G7 —18NATE are
shown in bold, and “Flag-tag” indicates a modified Flag peptide sequence (LTTDYKDDDDK).
b) MALDI-TOF mass spectrum of the expressed cyclic peptides. The calculated mass (C) and ob-

by means of the wPURE and flexizyme sys-
tems. The translation apparatus surprisingly
tolerates all proteinogenic amino acids in the initiation
event, particularly those having hydrophobic side
chains with high efficiencies. It also accepts a wide ar-
ray of N*-acyl groups containing various functionalities.
This technology has been applied to the ribosomat syn-
thesis of cyclic peptides linked via a physiologically
stable thioether bond, where the cyclization occurs
spontaneously upon translation of the precursor linear
peptide. Indeed, we have demonstrated the construc-

served mass (0O) are shown in the spectra.

tion of a high-quality library consisting of 160 distinct cy-
clic peptides by simply designing a mRNA library. Be-
cause this new platform technology is widely applicable
to the synthesis of various cyclic peptide libraries con-
taining not only natural but also nonproteinogenic
amino acids using reprogramming of the elongation
event, it is a powerful tool to accelerate the discovery
of peptidic drug candidates against various therapeutic
targets.

METHODS

General Protocol of Translation. Xaa-tRNA™®'_, was prepared
by the following procedure. tRNA™et., | (40 uM) in 0.2 M
Hepes-K (Hepes, 2-[4-(2-hydroxyethyl)-1-piperadinyljethan-
sulfonic acid) buffer pH 7.5, 0.2 M KCl (7.5 pl) was heated at
95 °C for 3 min and cooled to 25 °C for 5 min. MgCl, 3 M, 3 L)
and flexizyme (dFx or eFx, see ref (20)) (200 uM, 1.5 pl) were
added, and the mixture was incubated at 25 °C for 5 min. The re-
action was initiated by addition of 3uL of 25 mM substrate (V-
acyl-amino acid 3,5-dinitrobenzyl ester or cyanomethyl ester)
in dimethyl sulfoxide and incubated on ice for the optimized
times, generally 2- 6 h (20). After acylation, the reaction was
stopped by addition of 45 ul of 0.6 M sodium acetate at pH 5,
and the RNA was recovered by ethanol precipitation. The pellet
was rinsed twice with 70% ethanol with 0.1 M sodium acetate,
pH 5.0, and once with 70% ethanol. The Xaa-tRNA™e' _  was
dissolved in 0.5 pL of 1 mM sodium acetate just before adding
to translation mixture. .

The wPURE system containing all necessary components for
translation except for all 20 standard amino acids was used in

www.acschemicalbiology.org

this study. Translation was carried out using wPURE system
with 0.04 uM mDNA1 containing 200 wM each Thr, Tyr, and
Lys 50 uM [*“C]-Asp, and 120 pM of various Xaa-tRNA™et |
molecules. The wild-type expression was carried out with wPURE
system with 0.04 .M mDNA1 and 3 mM ethylenediamine tet-
raacetic acid containing 200 uM each Thr, Tyr, and Lys and 50
1M {*%CJ-Asp. The translation mixture (2.5 pl) was incubated at
37 °C for 1 h and analyzed by Tricine—SDS-PAGE and autora-
diography (FLA-5100, Fuji, Japan).

Mass Spectra Measurements of Peptides. For mass spectra
analysis, translation reaction (5 pL) was performed in the pres-
ence of Asp, instead of [**C]-Asp. The translation product from
mDNA1 was immobilized with FLAG-M2 agarose (Sigma). After
the resin was washed with 30 pL of W buffer (50 mM Tris-HCl
(Tris, tris(hydroxymethyl)aminomethane) pH 8.0, 150 mM NacCl),
the immobilized peptides were eluted with 10 plL of 0.2% triflu-
oroacetic acid (TFA). The purified peptide was desalted with
ZipTip,.c,g (Millipore), and eluted with 1 pL of a 50% acetoni-
trile, 0.1% TFA solution saturated with the matrix (R)-cyano-4-
hydroxycinnamic acid. MALDI MS measurement was performed
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Figure 7. Construction of a cyclic peptide library. a) The sequence of mRNA used in the library
synthesis. The codons indicated in red (Xaa1) and blue (Xaa2) were changed in each expression.
The start codon is suppressed with N*-CIAc-Tyr. b) The structure of cyclic peptide contained in
the peptide library. ¢) MALDI-TOF analysis of the components of the peptide library. The amino
acids corresponding to Xaa1 and Xaa2 were shown in red and blue in each spectrum, respec-
tively. A one-letter amino acid abbreviation was used. The peaks labeled by (M + Na]* and

[M + K]* correspond to sodium adduct and potassium adduct of the desirable product, respec-
tively. The calculated mass (C) and observed mass (0) are shown in each spectrum.
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Hepatocellular carcinoma (HCC) in a liver with advanced-stage chronic hepatitis C (CHC) is induced by hepatitis C virus, which
chronically infects about 170 million people worldwide. To elucidate the associations between gene groups in hepatocellular car-
cinogenesis, we analyzed the profiles of the genes characteristically expressed in the CHC and HCC cell stages by a statistical
method for inferring the network between gene systems based on the graphical Gaussian model. A systematic evaluation of the
inferred network in terms of the biological knowledge revealed that the inferred network was strongly involved in the known gene-
gene interactions with high significance (P < 107*), and that the clusters characterized by different cancer-related responses were
associated with those of the gene groups related to metabolic pathways and morphological events. Although some relationships in
the network remain to be interpreted, the analyses revealed a snapshot of the orchestrated expression of cancer-related groups and
some pathways related with metabolisms and morphological events in hepatocellular carcinogenesis, and thus provide possible
clues on the disease mechanism and insights that address the gap between molecular and clinical assessments.
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1. INTRODUCTION

Hepatitis C virus (HCV) is the major etiologic agent of non-
A non-B hepatitis, and chronically infects about 170 million
people worldwide [1-3]. Many HCV carriers develop chronic
hepatitis C (CHC), and finally are afflicted with hepatocel-
lular carcinoma (HCC) in livers with advanced-stage CHC.
Thus, the CHC and HCC cell stages are essential in hepato-
cellular carcinogenesis.

To elucidate the mechanism of hepatocellular carcino-
genesis at a molecular level, many experiments have been
performed from various approaches. In particular, recent ad-
vances in techniques to monitor simultaneously the expres-
sion levels of genes on a genomic scale have facilitated the
identification of genes involved in the tumorigenesis [4]. In-
deed, some relationships between the disease and the tumor-
related genes were proposed from the gene expression analy-
ses [5-7]. Apart from the relationship between tumor-related

genes and the disease at the molecular level, the informa-
tion about the pathogenesis and the clinical characteristics of
hepatocellular carcinogenesis has accumulated steadily (8, 9].
However, there is a gap between the information about hep-
atocellular carcinogenesis at the molecular level and that at
more macroscopic levels, such as the clinical level. Further-
more, the relationships between tumor-related genes and
other genes also remain to be investigated. Thus, an approach
to describe the perspective of carcinogenesis from measure-
ments at the molecular level is desirable to bridge the gap
between the information at the two different levels.

Recently, we have developed an approach to infer a regu-
latory network, which is based on graphical Gaussian model-
ing (GGM) {10, 11]. Graphical Gaussian modeling is one of
the graphical models that includes the Boolean and Bayesian
models {12, 13). Among the graphical models, GGM has the
simplest structure in a mathematical sense; only the inverse
of the correlation coefficient between the variables is needed,
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