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Figure 4. Macrocyclization of P3 with y-thiolactone, A) Sequences of mR3 and P3-Xaa-F*¢, (ME)Hcy and F** are as-
signed to codons ACC and CUC, respectively. B) Schematic representation of the macrocyclization with P3-gTa.
TCEP reduction of P3-Hcy-F* induced the formation of P3-gTa, which was incubated with ME (10 mm) at pH 9.0,
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37°C for 12 h. These procedures afforded mcP3-(ME)Hcy through linkage between the C terminus and the side

chain of the K residue. C) MALDI-TOF analysis of the corresponding peptides. Calculated (C) and observed (O) mo-
lecular masses for the singly charged species, [M+H]*, of the peptide are shown in each spectrum. The asterisk
(*) denotes a peak corresponding to liberated F*-FLAG from P3-Hcy-F*; calcd: 1162.13, found: 1163.44.

the immobilized peptide was eluted with TFA (0.2%, 5 plL). The re-
suiting peptide was desalted with a C18 micro-ZipTip (Millipore),
and eluted with aq. acetonitrile (50%, 1 pL, 0.1% TFA), saturated
with the matrix (R)-cyano-4-hydroxycinnamic acid. Mass measure-
ments were performed by MALDI-TOF (autoflex TOF/TOF, Bruker).

Synthesis of C-terminal y/d-lactams or thiolactones: For the C-
terminally cyclized peptides, translation product (5 pl) was mixed
with TCEP {100 mum, 0.5 pb) and bicine-KOH (1M, pH 9.0, 0.5 pl) at
room temperature for 2 h, For the confirmation of cyclization, the
mixture was purified on FLAG resin, eluted with TFA (0.2%, 5 pl),
and analyzed by MALDI-TOF.

C-terminal modification with various alkylamides: For C-terminal
modification with various alkylamides, the C-terminal y-thiolactone
peptide was prepared as described above, in 5 pL total volume.
The mixture was incubated with alkylamine (2M, 0.5 pl, ammonia,
isobutylamine, cyclopentylamine, allylamine, propargylamine, 3-
ethoxypropylamine, octylamine, nonylamine, geranylamine, benzyl-
amine, pyridoxine, 4-aminobutanoic acid, or dansylcadaverine, as
shown in Figure 3B) at 25°C for 2 h. These alkylamines were pur-
chased from Kanto Chemicals (Tokyo, Japan), Sigma-Aldrich
(Japan), or Nacalai Tesque (Kyoto, Japan). For the confirmation of
modification, the mixture was purified on FLAG resin, eluted with
TFA (0.2%, 2pb), and analyzed by MALDI-TOF Note that ME
(1 mm) was inciuded in the wPURE system as one of the standard
reagents, and occasionally formed a disulfide bond with the free
sulfhydryl group in residues such as Hcy and Cys by air oxidation.

Peptide macrocyclization: For the macrocyclization of the peptide,
the C-terminal y-thiolactone peptide was synthesized as described
above in a total volume of 5 pl, and purified on FLAG resin and
eluted with TFA (0.2%, 5 plL). The eluent was incubated with 2-mer-
captoethanol (100 mm, 0.5 pl) and bicine-KOH (1 m, pH 9.0, 0.5 pl)
at 37°C for 12 h to induce the macrocyclization between the C ter-
minus and the lysine side chain.
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The translation system evolved to polymerize 20 specific kinds
of proteinogenic L-a-amino acids with extremely high accuracy
according to the sequence information encoded in mRNA., Exclusion
of nonproteinogenic amino acids from the polymerization is
achieved by sophisticated mechanisms involving the multistep
selection of correctly charged aminoacyl-tRNAs.! Despite the fact
that techniques allowing researchers to manipulate the genetic code,
so-called genetic code expansion” or genetic code reprogramming,”
have been developed and many successes in incorporating non-
proteinogenic L-o-amino acids into nascent peptide chain have been
reported, nonproteinogenic amino acids containing more drastically
altered structures (referred to as exotic amino acids), such as b-
and B-amino acids, are notoriously difficult or often impossible to
be elongated.?*~*?* On the other hand, recent investigations have
shown that the initiation apparatus is more tolerant to exotic amino
acids than elongation event. In fact, it has been reported that
“nonmethionine” amino acids, for example, various L-o-amino
acids™ and some D-0-amino acids® with or without N-acyl groups,
were able to initiate translation, whereas formylmethionine (fMet)
is a sole initiator in the ordinary prokaryotic translation system
(Figure 1A).° The observed tolerance of initiation has prompted
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Figure 1. Reprogramming of the initiation event with exotic peptides. (A)
Initiation in an ordinary prokaryotic translation system. The initiator tRNA
(tRNAMet., ) is methionylated by methionylHRNA synthetase (MetRS)
and its o-amino group is formylated by methionyl-tRNA formyltransferase
(MTF) to afford fMet-tRNAME ;. Initiation with fMet-tRNAM¢,; yields
a peptide containing fMet at the N-terminus (fMet-peptide). (B) Outline of
translation initiation with exotic peptides reported here. Flexizyme charges
a short exotic peptide (Xpep) onto the tRNA™ec,y. Reprogramming of
the initiation event allows us to prime the translation reaction with Xpep-
tRNA™®, 45, yielding a peptide bearing several exotic amino acids at the
N-terminus (Xpep-peptide).

us to further explore the repertoire expansion. Here we report the
reprogramming of translation initiation with “exotic peptides”
containing several exotic amino acids (Figure [B).

To facilitate the reprogramming of initiation event, we utilized our
original methodology in the combination of flexizyme and wPURE
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systems, The former system consists of a tRNA aminoacylation
ribozyme, referred to as flexizyme, enabling us to charge a wide variety
of nonproteinogenic amino acids activated with certain ester or thioester
groups onto the 3’ hydroxyl group of any desired tRNAs, including
the initiator (RNAMe,,;. 3 The latter system is based on a reconstituted
E. coli cell-free translation system, so-called protein-translation using
recombinant elements (PURE),” in which methionine (Met) is with-
drawn to make the start codon vacant and thus it is called a wPURE
system.>® By using the integrated systems, that is, by adding an
acylated t(RNAM®,(, prepared by flexizyme to the wPURE system,
the start codon AUG was reassigned from fMet to desirable non-fMet
initiators.

Although the flexizyme system has provided us a nearly
unlimited opportunity for the synthesis of tRNA charged with
nonproteinogenic amino acids (Xaa-tRNA),>>>% it is unknown if
it can be applicable to tRNA peptidylation. We therefore first
verified whether exotic peptides (Xpep) could be charged onto
tRNAMe ..y by means of flexizyme. We designed eleven short
peptides containing various combinations of proteinogenic amino
acids and exotic amino acids including p-phenylalanine (°Phe),
p-glutamic acid (°Glu), p-lysine (PLys), N-methyl-L-phenylalanine
(MePhe), N-methyl-L-glutamic acid (M*Glu), 4-aminobenzoic acid
(*Abz) and B-alanine (fAla) (the individual structures are shown
in Supporting Information, Figure S1). To make the peptides to be
accessible to the fiexizyme system, those containing the C-terminal
LPhe, PPhe, M¢Phe, or "Met were derived to the cyanomethy! esters
(CME) (Table 1, entries 1—8, 10, and 11), while one containing
the C-terminal “Gin was derived to 4-cholorobenzyl thioester (CBT)

Table 1. The Sequences of Peptide Initiators Used in This Study
and Their Acylation Yields and Translation Efficiencies

activating  acylation  {ranslation

group for yield efficiency
entry initiator sequence?® flexizyme? (%)° (%)
! PPhe—'Phe CME 85 88
2 Bphe—"Phe—'Phe CME 44 68
3 PPhe—*Abz—Phe CME 30 133
4 UPhe—BAla—'Phe CME 69 115
5 PPhe—MGlu—!Phe CME 47 39
6  PPhe—pAla—PPhe CME 68 26
7 Dphe~fBAla—MPhe CME 66 88
8 Dphe—pfBAla—"Met CME 48 91
9 YPhe—pAla—'Gln CBT 38 19
10 PGlu—"Lys—'Phe CME 55 25
11 DGlu—PLys—PGlu—PLys—'Phe CME 55 12

DX aa, LXaa, MXaa, “Abz, and BAla denote p-amino acids, L-amino
acids, N-methyl-L-amino acids, 4-aminobenzoic acid, and f-alanine,
respectively. *CME and CBT denote cyanomethyl ester and 4-
chiorobenzyl thioester activating groups, respectively, © Yields of the
acylation were calculated based on the band intensity in acid PAGE (see
Figure S2 for the detailed description). ¢ Relative translation efficiencies
of Xpep-peptides were determined by comparing with the band intensity
of fMet-peptide in tricine-SDS PAGE (see Figure 2B). The expression
quantity of the fMet-peptide was determined to be 7.5 pmol/uL based
on the method reported elsewhere.”®
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(Table I, entry 9). For verification of the peptidylation ability of
flexizyme, we used our conventional assay system using a tRNA
analogue, microhelix RNA.® The di-, tri-, and pentapeptide
substrates were incubated with the microhelix RNA in the presence
of the flexizyme, and the products were analyzed by denaturing
acid polyacrylamide gel electrophoresis (PAGE). In all cases, a
single mobility-shifted band corresponding to the individual Xpep-
RNA was observed (Figure 52), indicating that the flexizyme system
is compatible to the peptidy! substrates for tRNA peptidylation.
Importantly, the observed yields were in the range of 30—69%
(Table 1), which were sufficient to carry out the translation
experiment based on our previous experimental knowledge.*® We
thus next investigated whether the translation apparatus could accept
these Xpep-tIRNAME ., (s as an initiator.

A fMet-peptide fMet Lys Lys Lys Thr Thr
mRNA  AUG AAG AAG AAG ACG ACG (flag) UAA

Flag Stop

Xpep-peptide Xpep Lys Lys Lys Thr Thr  Flag Stop
B Met
exotic peplide - 1 2 3 4 5 & 7 8 9 10 111
*
relativg oo T T O
e’ 100 88 68 133 115 33 26 88 91 19 25 12

Figure 2, Translation initiation with exotic peptides. (A) Sequences of a
mRNA template and expressed fMet/Xpep-peptides. Flag in the parentheses
indicates the RNA sequence encoding a Flag peptide (DYKDDDDK). (B)
Tricine-SDS PAGE of the translation products initiated with various exotic
peptides. The product of the wPURE translation reaction containing each
Xpep-tRNAM,; and [“C]-Asp was analyzed by tricine-SDS PAGE (lanes
I—11 corresponding the exotic peptides shown in Figure S1). “fMet”
indicates the wild-type expression in the ordinary PURE system in which
fMet acted as the initiator. Each expression level refative to the fMet-peptide
is determined by a mean score of triplicates or more. The band indicated
by the asterisk corresponds to the remaining [“C}-Asp that was not
incorporated into the peptide.

We designed a mRNA template that encoded a 14-mer peptide,
in which the C-terminus contained a Flag peptide sequence for the
convenience of radiolabeling-detection using ['*C]-Asp as well as
the peptide isolation (Figure 2A). Each peptide was expressed in
the presence of the respective Xpep-tRNA™¢q,;, in the wPURE
system, where the initiator was reassigned to the short exotic
peptide. The translation product was analyzed by tricine-SDS PAGE
(Figure 2B) and its relative translation efficiency was determined
by the comparison with the wild-type expression where fMet acted
as the initiator in the ordinary PURE system (Table 1). In addition,
the expressed peptide was subjected to mass spectrometry for
identification of the translation product (Figure S$3). To our surprise,
all Xpep-IRNAs could initiate the translation. The expression
efficiencies were depending upon the peptides, ranging from 12%
to 133% relative to the fMet-peptide expression. Although we could
not define a general trend that correlated the sequence compositions
to the observed expression levels, the longest peptide 11 was least
efficient so that the long length of peptide might hamper the
initiation event. Given the lower efficiency in relatively hydrophilic
peptides (5, 9, 10, and 11) and the previous observation that
hydrophilic amino acids could initiate translation less efficiently
than hydrophobic ones,” the hydrophilicity of initiator might also

affect the initiation efficiency. Nonetheless, it is clear that exotic
peptides containing consecutive D-amino acids or the combination
of exotic amino acids charged onto tRNA™®.,; could initiate the
translation to afford peptides containing a stretch of exotic amino
acids at the N-terminus.

Here we have reported that ribosome is able to accept IRNAM
caucharged with nonstandard peptides as an initiator, and thus
peptides containing a variety of exotic amino acids at the N-terminus
could be expressed. To the best of our knowledge, this work
represents the first demonstration of translation initiation with
peptidyl molecules regardless of natural or non-natural building
blocks. In contrast to the fact that elongation of exotic amino acids
has often encountered difficulties, the initiation reprogramming
approach enables us to synthesize peptides containing exotic amino
acids at the N-terminus. Particularly, we envisage that the integration
of this approach with appropriate peptide cyclization techniques®%
will open a new avenue for the ribosomal synthesis of unusual
peptides. Moreover, the reported method facilitating the synthesis
of desired peptidyl-tRNAs with proteinogenic or exotic amino acids
by means of flexizyme system would provide a new tool for
studying the mechanism of initiation and/or elongation in translation.
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Bases in the anticodon loop of tRNAéléC
prevent misreading

Hiroshi Murakami?, Atsushi Ohta? & Hiroaki Sugal?

The bases at positions 32 and 38 in the tRNA anticodon loop are known to have a specific conservation depending upon the
anticodon triplets. Here we report that evolutionarily conserved pairs of bases at positions 32 and 38 in tRNAZR prevent
misreading of a near-cognate valine codon, GUC. The tRNAAR - molecules with the conserved A32-U38 and C32-G38 pairs
do not read GUC, whereas those with three representative nonconserved pairs, U32-U38, U32-A38 and C32-A38, direct the
misincorporation of alanine at this valine codon into the peptide chain. Overexpression of the nonconserved tRNA2RC in

Escherichia coli is toxic and prevents cell growth. These results suggested that the bases at positions 32 and 38 in tRNAARC

evolved to preserve the fidelity of the cognate codon reading.

Decoding fidelity of translation relies on accurate selection of an
aminoacyl-tRNA (aa-tRNA) whose anticodon base-pairs with the
cognate codon encoded in the mRNA. It is well known that the
third base pair in the codon-anticodon interaction tolerates a
wobble pair represented by a U+G interaction, in addition to the
canonical Watson-Click base pair, however, this decoding does not
generally alter the identity of the amino acid in the peptide, and
thus its fidelity is maintained!. On the other hand, if a U+G mispair
at the first or second base pair occurs, such a codon-anticodon
interaction does accompany an amino acid alteration, and therefore
this kind of miscoding is generally prohibited. Stili, some examples
of misreading of the first codon have been reported in literature.
For instance, in Saccharomyces cerevisiae, amber (UAG) mutations
generated by UV irradiation are read by GIn-tRNAGlG, causing
termination to be suppressed by glutamine incorporation®-S. In
E. coli, mutation of the AGC (serine) codon to GGC (glycine)
codon at the catalytic Ser68 residue in P-lactamase is suppressed by
the endogenous Ser-tRNAXS,, although the probability of mis-
reading resulting in glycine incorporation was estimated to be less
than 1 in 1,000 (ref. 7).

It is also known that a base mutation or mutations near the junction
of arms in the tRNA cloverleaf structure diminish decoding fidelity.
One of the well-known cases is the G24A mutation in the
D-stem of tRNAE&A, the so-called Hirsh suppressor tRNA, which
misreads CGG (arginine) and UGA (see Fig. 1a for a reference of the
base position in a tRNA structure, tRNAé‘éC)”. It was recently shown
that the Hirsh suppressor tRNAZR, elevates the rates of both GTP
hydrolysis and accommodation independently from the codon-
anticodon interaction, and thus the misreading described above
occurs’. These experiments suggest that, remotely, this base in the

tRNA body has a crucial role in controlling the decoding event.
Similarly, artificial mutations introduced into the C27-G43 Watson-
Crick base pair in the anticodon stem of tRNAZPg increased the
frequency of misreading of the first position wobble!®!!, For instance,
tRNA.{;%Q bearing the G27-A43 mispair misread the UAG amber codon
40 times more frequently than the wild-type pair. Taken together with
other biochemical data, it was postulated that such mutations possibly
alter the angle of the junction of the anticodon stem and the central
tRNA L-shaped structure, increasing the frequency of wobble reading!®.

Some bases in tRNA anticodon loop are also known to con-
tribute to the maintenance of decoding fidelity. Although a typical
example is base modifications in the anticodon loop that disrupt
codon recognition”’B, here we focus on sequence variations in the
anticodon loop. For instance, E. coli has tRNACY with three
isoacceptors for GGN (N can be any base) codons, whereas
Mycoplasma mycoides has only tRNASYc for reading these codons.
It turns out that the difference in the sequence of the anticodon
loop between E. coli tRNAgléC and M. mycoides tRNAgléc is a base
at position 32, in which the former has U32 whereas the latter has
C32, both pairing with A38. Notably, the U32C mutation intro-
duced into E. coli tRNA%léC made it capable of reading all four
glycine codons!#!®, This suggests that the base at position 32 in the
anticodon loop influences the tolerance of the U34-U and U34:C
mispairs in codon-anticodon recognition. As described earlier,
however, this misreading does not accompany an amino acid
alteration. Hence, the study described above does not explain the
importance of these bases at positions 32 and 38 in decoding
fidelity. Nevertheless, this work prompted us to investigate whether
the conservation of positions 32 and 38 contributes to the ability of
tRNAs to correctly decode cognate codons in E. coli.
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Figure 1 Structure of wild-type tRNAé‘&; and its variants (a) wild-type

E. coli tRNARR.. (b) Frequency in the occurrence of the 32-38 pair in

84 nonredundant sequences of bacterial tRNABR:. The tRNAAR: with the
A32-U38 and C32-G38 pairs are referred to as conserved tRNABR:, whereas
those with the U32-U38, U32-A38 and C32-A38 pairs are referred to as
nonconserved tRNASR..

RESULTS

An evolutionary bias of the 32-38 pair in tRNA2R¢

First, we used the tDNA database to look for evolutionary bias in the
32-38 pair. Prior to our study, a 1982 report on the comparison of
42 kinds of E. coli and bacterial phage tRNA sequences focusing on the
anticodon stem-loop region, proposed that some of the base pairs in
the anticodon stem and the bases at positions 37 and 38 might show a
preference for certain nucleotides depending upon the base at position
36, which forms the first base pair in the codon-anticodon inter-
action!S. This finding has led to ‘the extended anticodon hypothesis)
which posits that these bases evolved to optimize translation efficiency
and, possibly, decoding fidelity. Furthermore, this hypothesis was
experimentally verified by suppression of the amber codon by mutant
tRNAZR,, and of the ochre codon by mutant tRNAGY,, demonstrat-
ing that tRNAs with an extended anticodon sequence showed the
highest suppression efficiency!7-20,

More recently, 5,601 bacterial tRNA sequences were extracted from
the tDNA database and used to analyze the statistical conservation of
bases at the 32 and 38 positions?!, Certain tRNAs have a specific
subset of combinations that differ from those of other tRNAs. For
instance, 99% of tRNAM% contain either A32-U38 (77%) or C32-G38
(22%), whereas the bases contained in bacterial tRNAs in general have
frequencies of 52% for C32-A38, 17% for U32-A38, 11% for U32-U38
and 8% for C32-C38. Notably, tRNAAR- derivatives with non-
conserved pairs such as U32-U38 and U32-A38 dissociate from the

Figure 2 Decoding efficiency of the GCC codon by tRNAAR: with the
conserved or nonconserved 32-38 pair. (a) Sequences of mRNA and peptide
used in this study. The GCC (alanine) codon was placed at the fifth position.
(b) Tricine SDS-PAGE analysis of the peptide expressed in the presence of
tRNA mix and wild-type tRNA8K; in the wPURE system. The tRNA mix
consists of in vitro transcripts of tRNARME}, tRNARGA, tRNARH: and tRNARG,.
The peptide was expressed at 37 °C for 15 min in the presence of 0.2 mM
proteinogenic amino acids (except aspartate) and 50 uM [*4Claspartate.
Arrows indicate alanine-containing peptide (A) and [}4Claspartate (B).

(c) Tricine SDS-PAGE analysis of the peptide in the presence of tRNA mix
and each tRNABR. variant in the wPURE system, (d) Tricine SDS-PAGE
analysis of the competitive decoding of the GCC codon by Ala-tRNA&Z:

and Leu-tRNAKRE in the wPURE system. The competition contained 3 uM
tRNAKEEL and each tRNAA; variant to a concentration of 3 M. Arrows
indicate Ala-peptide {A) and Leu-peptide (C).

A site of the E. coli ribosome four to ten times more slowly than those
containing A32-U38 (ref. 22). Moreover, the U32C mutation of
tRNAgl&;, which is 98% conserved with the U32-A38 pair, increases
the affinity of the tRNA not only to the cognate codon but also to the
near-cognate codons involving third position mismatches?!. These
results imply that the 32-38 pair influences the affinity of tRNAs in the
A site; however, again, these third position mismatches in the codon-
anticodon interaction do not alter the amino acid, so it is unclear
whether the evolutionary force driving this bias in the 32-38 pair,
which depends on the anticodon triplet, arises from the need to
control efficiency in translation or decoding fidelity.

We also independently searched the bacterial tDNA database?® to
assess the sequence bias in the 32-38 pair in 84 nonredundant
sequences of bacterial tRNAAR-, We found a trend similar to that
previously described®! (Fig. 1). Note that no bacterial tRNAAR-
contains U32-A38 and C32-A38 pairs, whereas archeal tRNAAR: has
the U32-A38 pair (18% out of 17 nonredundant sequences) but,
again, no C32-A38 pair. Because the above sequence bias in the 32-38
pair possibly determines the translation efficiency of Ala-tRNAARc, we
analyzed the difference in translation efficiency of in vitro transcripts
between E. coli tRNAMA: (Fig. 1a) with the conserved A32-U38 pair
(wild type) or the C32-G38 pair, as well as the nonconserved
U32-U38, U32-A38 and C32-A38 pairs (Fig. 1b). For simplicity, we
refer the former and latter sets of tRNAAR: as conserved and
nonconserved tRNAAR, respectively.

No change in the decoding efficiency of the GCC cognate codon
To assess the translation efficiency of each tRNAAR: variant, we used
an E. coli cell-free translation system that was specially reconstituted
for this experiment. In this system, the native tRNAs were entirely
substituted with in vitro transcripts of four tRNAs (tRNARY,
tRNARG,, tRNASE: and tRNARSy; we refer to the mixture of these
tRNAs as tRNA mix’) along with a tRNAARe, referred to as the
wPURE system (w stands for ‘withdrawn’). To validate whether this
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Figure 3 Influence of the sequence variation of the 32-38 pair in tRNASR: on misreading of GUC codon. (a) Sequences of mRNA and peptide used in this
study. The GUC (valine) codon was placed at the fifth position. (b) Tricine SDS-PAGE analysis of the peptide expressed in the presence of tRNA mix and the
in vitro transcript of tRNA%c in the wPURE system. Other conditions were the same as Figure 2b. Arrows indicate Val-peptide (A) and [14Claspartate (B).
(c) Tricine SDS-PAGE analysis of the peptide in the presence of tRNA mix and each tRNASR variant in the wPURE system. Arrows indicate Ala-peptide (C)
(and Vai-peptide in lane 1) and [4Claspartate (B). (d) MALDI-TOF analysis of the peptides expressed above. The Val-peptide (codon: GUC) was obtained
from the expression sample in lane 4 in Figure 3b with aspartate instead of [14Claspartate. The Ala-peptide (codon: GUC) was obtained from the expression
sample in lane 6 in Figure 3¢ with aspartate instead of [14Claspartate. Inset, expansion of the region between 1,600 and 1,680 m/z of the MS spectra.

(e) Competitive decoding of the GUC codon by tRNARR: variants and tRNAKSE. In lanes 1-5, 3 uM tRNAKSE and 3 uM each tRNABE. variant were used;

in lanes 6-10, 0.3 uM tRNALSE and 3 uM each tRNARR. variant were used. Arrows indicate Ala-peptide (C), Leu-peptide (D).

wPURE system was able to function like the ordinary PURE system?%
for the expression of a model peptide consisting of amino acids
assigned by the above tRNAs, a 13-mer peptide, MKKKADYKDDDDK
(italicized residues indicate a Flag peptide sequence), was expressed
from the corresponding mRNA (Fig. 2a) in the presence of wild-type
tRNAMA: and [MC]Asp in both systems. We determined the
expression level of the peptide by the intensity of the radioactive
band following tricine SDS-PAGE, showing that the wPURE system
functioned like the ordinary PURE system for the expression of
this peptide (Fig. 2b, lane 1 versus lane 4). Most importantly, the
expression was tRNASR dependent (lanes 3 and 4). MALDI-TOF
analysis of the peptide expressed in the wPURE system also confirmed
the accuracy of expression (data not shown), indicating that correct
reading of the GCC codon could be achieved by tRNAZ%..

We then tested the tRNAAR variants (Fig. 1) in the wPURE system
for the decoding ability of the respective tRNAs to the GCC cognate
codon. It should be noted that because E. coli alanyl-tRNA synthetase
(AlaRS) does not recognize the anticodon loop?*%, all the tRNAAA:
variants were alanylated by AlaRS with virtually the same efficiency
(Supplementary Fig. 1 online). Thus, the observed translation effi-
ciency is likely to reflect the intrinsic decoding ability of each
tRNAAR - to the GCC codon. Unexpectedly, we observed no difference
in incorporation efficiency (Fig. 2c).

To avoid exhausting the energy source of translation, we terminated
the reaction described above after 15 min (Supplementary Fig. 2
online); however, it was still possible that the difference in the decoding
ability of each tRNAXA. was so small that the apparent translation
efficiency was not sensitive enough to reflect to the actual value under
such conditions. We therefore performed an additional experiment
to rule out this possibility. Because E. coli leucinyl-tRNA synthetase
(LeuRS) does not recognize the anticodon loop of tRNA (refs. 28
30), LeuRS charged leucine on the engineered tRNAMY carrying
the anticodon loop sequence of E. coli wild-type tRNAARC (Supple-
mentary Figs. 1 and 3 online). In fact, when we added tRNAKY: to

the wPURE system instead of tRNAélaC, translation of the same
mRNA took place smoothly (Fig. 2d, lane 1). Notably, this leucine-
containing peptide (Leu-peptide) appeared as a faster-migrating band
than the alanine-containing peptide (Ala-peptide) band in tricine
SDS-PAGE (Fig. 2d, lanes 1 and 2). MALDI-TOF analysis also
revealed a molecular mass consistent with the Leu-peptide (data not
shown), indicating that the single substitution of alanine to leucine in
this peptide altered its migration properties. Thus, this feature allowed
us to use tricine SDS-PAGE to conveniently assess the expression level
of the individual peptides in competition assays between tRNAXA:
and tRNAKY.. We observed no appreciable difference in the intensities
between the Ala- and Leu-peptides generated by any of tRNASR:
variants competing with tRNAKY: (lanes 3-7). These experiments
clearly showed that the conserved and nonconserved tRNAAR:
variants were able to decode the GCC cognate codon with similar
efficiencies. We thus suspected that the evolutionary conservation of
the 32-38 pair in tRNAAR arose for a different reason(s).

The 32-38 pair controls misreading of GUC near-cognate codon
As sequence variation in the 32-38 pair did not affect decoding
efficiency, we turned our investigation toward its decoding fidelity.
The wobble pairing at the second G35 in tRNAR to a near-cognate
valine codon, GUC, would be expected to alter the amino acid
incorporation from valine to alanine. We therefore prepared another
mRNA template based on the previously used mRNA in which the
GCC codon was substituted with a GUC codon, and tested whether
misreading by tRNASR: would result in this substitution (Fig. 3a).
‘We first monitored the background incorporation of valine into the
GUC codon in the wPURE system, which lacks the in vitro transcripts.
In the absence of the tRNA mix, mRNA translation did not occur at all
(Fig. 3b, lane 2); however, addition of the tRNA mix stimulated the
expression of peptide (Fig. 3b, lane 3). Even though the isolated
background-level peptide was present only in trace amounts, MALDI-
TOF analysis revealed that it was consistent with the molecular mass
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of the valine-containing peptide (Val-peptide) as a major peak (data
not shown). This suggests that the background expression can be
attributed to a trace amount of tRNA¥A: contaminating the wPURE
system. On the other hand, addition of the in vitro transcript of
tRNA%Lc to the wPURE system markedly elevated the expression level
of peptide (Fig. 3b, lane 4).

We then tested whether alanine misincorporation at the GUC
codon could be induced by addition of tRNAMR. variants to the
wPURE system. The presence of wild-type or C32-G38 tRNAAR.
slightly increased the background expression, presumably owing to
misreading of the GUC codon resulting in alanine incorporation into
the peptide chain (PFig. 3c, lanes 1-3). Unexpectedly, the presence of
nonconserved tRNANA- (U32-U38, U32-A38 and C32-A38) substan-
tially increased the expression level (Fig. 3¢, lanes 46, respectively).
MALDI-TOF analysis of the isolated peptide showed a single major
peak of molecular mass corresponding to the Ala-peptide (Fig. 3d).
This result clearly shows that the background incorporation at the
GUC codon by the contaminated tRNA%A was completely competed
out by the nonconserved tRNAAR,

Even though the nonconserved tRNAAR misreads GUC effectively
in the wPURE system, in E. coli the cognate tRNAYL . coexists
endogenously and thus competes out such a misreading event. There-
fore, it was necessary to assess how effectively misreading occurred
under the competitive conditions. Because the Val-peptide and
the Ala-peptide had nearly the same migration pattern in tricine
SDS-PAGE (Fig. 3b,c), it was difficult to quantitatively assess the
competition. Instead, we engineered a tRNAY containing the native
anticodon loop sequence of E. coli tRNA%] ¢ (Supplementary Fig. 3¢)
and used it as a competitor against each tRNAR variant. As expected
on the basis of previous experiments®3%, LeuRS charged leucine
onto the engineered tRNAKE: (Supplementary Fig. 1) and the
resulting Leu-tRNAKA: decoded the mRNA GUC codon, yielding
the Leu-peptide. Because the Leu-peptide migrated faster than the
Ala-peptide in tricine-SDS-PAGE, we could readily visualize the degree
of competition (Fig. 3e).

When we added an equal amount of each tRNAAMR: variant and
tRNAKIC to the wPURE system, only the Leu-peptide band was
observed in all cases, suggesting that each Ala-tRNAAR. variant was
completely competed out by Leu-tRNAKS: (Fig. 3e, lanes 1-5).
However, when we reduced the concentration of the tRNAX: to
one-tenth that of tRNAMA, a faint but clearly visible Ala-peptide band
appeared in the presence of the nonconserved tRNAA: (Fig. 3e,
lanes 6-10). Particularly, the frequency of misreading of GUC by
Ala-tRNAARG containing the C32-A38 pair reached approximately
30% (Fig. 3e, lane 10). This result clearly indicates that the 32-38 pair
in tRNAM:. controls misreading of the near-cognate GUC codon.

Overexpression of the nonconserved tRNAJRc is toxic in E. coli
The above in vitro experiments clearly demonstrated that the non-
conserved tRNAAR misreads the near-cognate GUC codon involving
the G35-U wobble pair. We wondered whether this misreading event
could occur in vivo, so that the nonconserved tRNAMA- acts as a
toxigenic tRNA. We transformed E. coli BL21 cells with a vector that
could overexpress each conserved or nonconserved tRNAAR: variant
under the control of an arabinose promoter (Supplementary Fig. 4
online). The tranformed cells were grown individually on either 0.2%
(w/v) glucose (negative control) or 0.2% (w/v) arabinose on LB agar
plates at 42 °C. Before induction of tRNA expression, all cells appeared
as healthy as the untransformed control cells (Fig. 4a). Upon induc-
tion, cells expressing the conserved tRNAAB: showed no change in
growth, whereas those expressing the nonconserved tRNAAR - became

0.2 % Glucose
AU

0.2 % Arabinose
No 1RNA

Figure 4 Overexpression of the conserved or nonconserved tRNABR in

E. coli (BL21). Each tRNARK variant was cloned under the control of the
arabinose promoter. LB plates contained 100 pg ml~! ampicillin in the
presence of 0.2% (w/v) glucose (a) or 0.2% (w/v) arabinose (b) and were
incubated at 42 °C overnight.

unhealthy (Fig. 4b). Particularly, those expressing the nonconserved
tRNAARC with U32-A38 or C32-A38 were unable to grow. These
U32-A38 and C32-A38 pairs were never found in the tRNAAR:
sequence database, indicating that the sequence bias of the 32-38
pair in tRNAAR probably appeared to avoid formation of toxigenic
tRNAs in vivo.

It should be noted that at 37 °C most cells appeared to be
healthy, with the exception of those cells expressing the nonconserved
tRNAMR with C32-A38, which grew slightly more slowly (data not
shown). This temperature sensitivity may suggest that the frequency of
the misreading of the GUC codon by tRNAA# with the nonconserved
C32-A38 pair is not marked because the codon is predominantly read
correctly by the cognate tRNA¥c. However, in some proteins the
resulting valine to alanine substitution would cause them to be less
stable, resulting in loss of function at 42 °C, This probably led to the
observed temperature-dependent cell growth. Nonetheless, our
demonstration clearly shows that the nonconserved tRNAAR: is
toxic in vivo and is therefore not conserved in the repertoire of
functional tRNAs.

DISCUSSION

Here we provide in vitro evidence that the nonconserved tRNAMR
(Pig. 1) misreads its near-cognate valine codon, GUC, resulting in
misincorporation of alanine into the valine site of the peptide chain
(Pig. 3). In contrast, misreading of this codon by the conserved
tRNAARC (Fig. 1) is minimal and thus is readily competed out by
the cognate tRNAK}: (Fig. 3). This observation is also valid in vivo,
where overexpression of the nonconserved tRNAMR is toxic, whereas
that of the conserved tRNAARc is not (Fig. 4). These results imply that
the reason for the evolutionary force selecting the 32-38 pair in
tRNASRC is to secure the decoding fidelity.

Fidelity of aa-tRNA selection in the ribosome relies on two
mechanistic steps, so-called initial selection and proofreading, which
occur before and after GTP hydrolysis, respectively>:32, In the initial
selection step, incorrect tRNA is rejected by rapid dissociation of the
ternary complex of aa-tRNA-EF-Tu~GTP from the A site and the
sluggish rate of GTP hydrolysis®>*%. Even though GTP hydrolysis
occasionally occurs for the incorrect aa-tRNA, in the next proof-
reading step the slow accommodation rate of the incorrect aa-tRNA to
the peptidyl-transferase center results in its rejection, and therefore
incorrect reading of the noncognate codon is avoided®®, It is likely that
the sequence variation of 32-38 pair in tRNAAR. also influences either
or both steps of aa-tRNA selection. It was reported that the non-
conserved tRNAAR-(U32-U38 or U32-A38) binding to the cognate
GCC codon has a slower dissociation rate from the A site than
the conserved tRNAAR~(A32-U38 or C32-G38)22. Therefore, an
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explanation for the increase in the frequency of misreading of GUC
by such nonconserved tRNAAR is also due to their slow dissociation
rate from the ribosome. Recently, various kinetics measurements
were performed for misreading of near-cognate codons, including
GUC, by the conserved tRNAARL(A32-U38, C32-G38) and non-
conserved tRNANA(U32-A38 or C32-A38)%. The apparent rate of
peptide bond formation in misreading of the GUC codon by the two
nonconserved tRNAMR-(U32-A38 or C32-A38) is elevated to the level
of that which occurs during reading of the cognate GCC codon.
Clearly, this result is consistent with our finding that the nonconserved
tRNAAR tends to misread the near-cognate GUC codon.

Structures of the anticodon loop with various 32-38 pairs have been
modeled in silico based on the available crystal structures®®. The U32-
A38 and C32-A38 pairs, belonging to the largest structural family 1,
form noncanonical structures involving bifurcated hydrogen bonds. In
contrast, the U32-U38 pair, categorized in family II, forms a single,
noncanonical hydrogen bond. Structures for the A32-U38 and C32-
(38 pairs, in family II1, cannot yet be predicted because of insufficient
available structural information. It should be noted that families I and
Il combined constitute about 93% of bacterial tRNAs%, implying that
these base pairs evolved to maximize the decoding ability of tRNAs on
the ribosome. In the present study, we have shown that, paradoxically,
the family 1 tRNAAR: with U32-A38 or C32-A38 and the family II
tRNAAR with U32-U38 misread GUC codon. Consequently, the rare
family IIT pairs, A32-U38 and C32-G38, are found in the naturally
occurring tRNAMRC. This suggests that the decoding fidelity of
tRNAARC is tuned by selecting uncommon 32-38 pairs during the
evolution. Presumably, similar unique sequence biases that tune
decoding fidelity can be found in many regions of the tRNA body
sequence®’. More extensive sequence analyses of tRNAs and biochem-
ical studies on such evolutionarily biased variants will be important to
reveal the mechanism of decoding fidelity in translation.

METHODS

Materials. We prepared all of the tRNAs by in vitro run-off transcription using
T7 RNA polymerase®®, and the DNA templates of mRNAs (5'-CGAAG CTAAT
ACGAC TCACT ATAGG GCTTT AATAA GGAGA AAAAC ATGAA GAAGA
AGNNN GACTA CAAGG ACGAC GACGA CAAGT AAGCT TCG -3,
where NNN indicates GCC or GUC, and the underlined sequence encodes
the T7 promoter) by PCR using Tag DNA polymerase (Supplementary
Methods online).

Translation, We performed batch translation using the PURE system without
the tRNA mixture (wPURE system) according to described protocols*>#2, The
translation mixture contained 50 mM HEPES-K*, pH 7.6, 20 mM creatine
phosphate, 100 mM potassium glutamate, 14 mM magnesium acetate, 2 mM
EDTA, 2 mM spermidine, 1 mM DTT, 2 mM ATP, 2 mM GTP, 1 mM UTP,
1 mM CTP and 10 uM 10-formyl-5,6,7,8-tetrahydrofolic acid. The translation
was carried out with 0,02 pM DNA template of mRNA and a 200 pM
concentration of 19 kinds of proteinogenic amino acids without aspartate
and 50 pM [1C]Asp. Natural tRNA extract (1.5 mg ml™! at final concentration,
Roche) was added in the control experiment. In vitro transcripts of tRNAMe,
tRNATY, tRNAA® (5 UM each tRNA at final concentration) and tRNAM®
(40 uM at final concentration) were added instead of natural tRNA extract in
other all experiments. The concentrations of tRNAARc, variants, tRNA¥]c, the
engineered tRNAKY: and tRNAKY- are described in the figures. The reaction
was carried out in a total volume of 2 pl at 37 °C for 15 min and the products
were analyzed by tricine SDS-PAGE.

Mass spectroscopy measurements of peptides. For MS analysis, we performed
the reactions (5 pl) with a 200 uM concentration of 20 proteinogenic amino
acids. The products were precipitated with 50 pl of acetone, dissolved in
2.5 pl of water and then immobilized with 2.5 pl of Flag-M2 agarose (Sigma).
After the resin was washed twice with 50 pl of W buffer (50 mM Tris-HCl,

pH 8.0, 150 mM NaCl), the immobilized peptides were eluted with 2.5 pl of
0.2% (v/v) trifluoroacetic acid (TFA), desalted with Zip tips C18 (Millipore)
and eluted with 1.5 pl of a 50% (v/v) acetonitrile, 0.1% (v/v) TFA solution
saturated with the matrix (R)-cyano-4-hydroxycinnamic acid. Mass measure-
ments were performed using MALDI-TOF (Autoflex, Bruker) in the positive
mode and externally calibrated with Substance P (average 1,348.66 Da),
Bombesin (average 1,620.88 Da), ACTH clip 1-17 (average 2,094.46 Da) and
Somatostatin 28 (average 3,149.61 Da) as standards.

Construction of plasmids. The DNA fragment was amplified by Pyrobest DNA
polymerase (Takara) from pUCI8 using primers (pUCHIn.F33, 5-GCAAG
CTTGC TCTTC CGCTT CCTCG CTCAC TGA-3', and pUCNotPst.R44,
5"-CCGCT GCAGA CGCGG CCGCG CCTGA TGCGG TATTT TCTCC
TTAC-3') and the product was digested with Pstl and HindIIl. The annealed
DNA fragment (5'-GATCC TTAGC GAAAG CTAAG GATTT TTTIT A-3" and
5-AGCTT AAAAA AAATC CTTAG CTTTC GCTAA GGATC TGCA-3)
containing rmC terminator was cloned in the PstI-HindIII site of the product
DNA, The resulting plasmid was named pMUC. The DNA region that contains
the araC gene and the Pyap, promoter of pBAD-GFPuv (BioRad) was amplified
by PCR using primers (araNot.F35, 5-ACGCG GCCGC GCATA ATGIG
CCTGT CAAAT GGACG-3', and araEcoPst.R43, 5'-CCGCT GCAGC AGAAT
TCCCA AAAAA ACGGG TATGG AGAAA CAG-3'). After NotI-PstI digestion,
the fragment was cloned into the NotI-Pstl site of pMUC. The resulting
plasmid was named pMUCA. Template DNA of tRNAAR: variants were
amplified using primers (EcoT7.F26, 5-GCGAA TTCTA ATACG ACTCA
CTATA G-3’, and AlaPst.R35, 5'-GCGCT GCAGT GTTAT TGGTG GAGCT
AAGCG GGATC-3") from the corresponding PCR products described
above and digested with EcoRI and Pstl, and then cloned into EcoRI-PstI site
in pMUCA. We confirmed the sequence between Notl-HindlIl site by
sequence analysis.

Overexpression of the tRNAS% variant in E. coli. The plasmids were
transformed into BL21 (Invitrogen) and spread on LB agar plates containing
100 mg ml™! ampicillin and 4% (w/v) glucose. The plates were incubated at
37 °C overnight and the colonies were cultivated in LB medium containing
100 pg mi™! ampicillin and 4% (w/v) glucose at 37 °C overnight. The cultures
were diluted by 10x volume of LB medium and streaked on LB agar plates
containing 100 pg ml™? amplicillin and 0.2% (w/v) glucose or 0.2% (w/v)
arabinose. The plates were incubated at 42 °C overnight.

Note: Suppl ilable on the Nature Structural & Molecular

Biology website.
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Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) not only causes apoptotic cell
death in tumor cells, but also activates some transcription factors and affects several other cellular func-
tions. In this study, we observed the effect of administration of TRAIL on gene expression downstream of

the cyclic AMP responsive element (CRE) enhancer by using the signal transduction reporter cis-element

plasmid pCRE-d2EGFP. Western blotting showed that after administration of TRAIL, the expression level

lc(l?éwords: of reporter protein d2EGFP was down-regulated in NIH3T3 cells. To confirm the TRAIL-induced down-
CREB regulation of CRE enhancer controlled gene expression, DNA Chip time series analysis of the intrinsic
TRAIL genes expressed in NIH3T3 cells was carried out. As a result, the expression levels of six genes, which

Signal transduction

Transcription administration of TRAIL.

have CRE sequence in their promoter region, were slightly down-regulated within three hours after

© 2009 Elsevier Inc. All rights reserved.

Introduction

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) is a member of the structurally related TNF cytokine family
[1,2]. TRAIL has apoptotic anticancer activity which is not accom-
panied by general toxicity in most normal cells and tissues. Unfor-
tunately, the mechanism of this tumor specific toxicity is
unknown. TRAIL binds to death receptors (DR4 or DR5), which
are expressed on their target cell surface, as trimers. The binding
of a TRAIL trimer is followed by a trimer formation of DRs and
aggregation of Fas-associated death domain (FADD) and procas-
pase-8 to the cytoplasmic region of DRs. The complex of these mol-
ecules is called the death inducing signal complex (DISC). In DISC,
procaspase-8 is digested to become the activated caspase-8 that is
the initiator of the apoptotic caspase cascade. In addition to this
proteolytic cascade, the TRAIL-DR complex also activates transcrip-
tion factors via TNF receptor type 1 associated death domain pro-
tein (TRADD) to the TNF receptor-associated factor 2 (TRAF2)
pathway [1]. The activation of nuclear factor kappa B (NF-xB)
and c-Jun (cellular oncogene ju-nana) by TRAF2 is well established.
Under TRAIL stimulation, activated NF-kB induces the transcrip-
tion of the genes of the cellular form of Fas-associated death do-
main like interleukin-1beta-converting enzyme inhibitory protein
(cFLIP) and inhibitor of apoptosis protein (IPA); both proteins inhi-
bit caspase-8. Compared with NF-xB, the function of c-Jun in TRAIL
stimulation is more controversial. Moderate and long-term activa-

* Corresponding author. Fax: +81 3 5841 1792.
E-mail address: y.tokumoto@will.dpc.u-tokyo.ac.jp (Y. Tokumoto),

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.02.076

tion of c-Jun is pro-apoptotic, but strong and short-term activation
of c-Jun is anti-apoptotic [2].

Recently, two independent groups reported that cAMP-respon-
sive element binding protein (CREB), another transcription factor,
is also phosphorylated by TRAIL stimulation {3,4]. CREB was ini-
tially identified as a target of the cyclic AMP (cAMP) signaling path-
way, but studies on the activation of the immediate early genes
revealed that CREB is a substrate for other than cAMP-dependent
protein kinase A [5]. All signaling pathways that activate CREB lead
to the phosphorylation of a particular residue, serine 133 (Ser133).
Phosphorylated CREB specifically binds to the genomic DNA at a
conserved cAMP-responsive element (CRE), which consists of an
eight-base pair palindrome (TGACGTCA) and is typically found
within 100 nucleotides from the TATA box [6,7]. Phosphorylated
CREB also recruits another nuclear protein, CREB-binding protein
(CBP). After binding to phosphorylated CREB, CBP serves as a
molecular bridge that allows upstream transcription factors to re-
cruit and stabilize the RNA polymerase II transcription complex at
the TATA box. Although TRAIL-dependent phosphorylation of CREB
has been shown in two tumor cell lines, SK-N-MC (neuroblastoma)
and Jurkat (T cell leukemia), both are TRAIL sensitive and die with-
in a few hours after administration of TRAIL, so it was difficult to
identify the target genes of the phosphorylated CREB. In this study,
we search for target genes of phosphorylated CREB after TRAIL
stimulation in the TRAIL-resistant non-tumor cell line NIH3T3
[8]. First, by using the CRE containing signal transduction reporter
plasmid pCRE-d2EGFP, we estimated the transcriptional activity of
CREB by western blotting. Second, by a DNA Chip time series anal-
ysis, we evaluated the effect of TRAIL administration on the gene
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expression patterns of the intrinsic genes, which possess CRE se-
quences in their promoter regions.

Materials and methods

Materials. All chemicals without annotation were purchased
from Wako Pure Chemical Industries. Dulbecco’s modified Eagle’s
medium (DMEM), Opti-MEM1, Lipofectamine 2000, fetal bovine
serum (FBS), Trypsin-EDTA, Antibiotic-Antimycotic mixture (pen-
icillin, streptomycin, amphotericin B) were purchased from Invit-
rogen. Soybean trypsin inhibitor and Complete Mini proteinase
inhibitor mix were purchased from Roche. 25 cm? Tissue culture
flasks (T25) and 6 well cell culture plates were purchased from
Nunc. Twenty-four well glass bottom culture plate (EzView) was
purchased from Asahi Techno Glass. Cell strainer (40 mm nylon
mesh) was purchase from Becton-Dickinson. Human recombinant
TRAIL was purchased from PeproTech EC. Forskolin was purchased
from Sigma-Aldrich.

Transfection of reporter plasmid to NIH3T3. The destabilized fluo-
rescence protein d2EGFP gene containing signal transduction cis-
element repoter plasmid pCRE-d2EGFP DNA (Clontech, #6034-1)
and the control plasmid pd2EGFP-N1 DNA (Clontech, #6009-1)
were purchased from Clontech. Plasmid DNA purification was car-
ried out by using EndoFree Plasmid Maxi kit (QIAGEN #12362).
Mouse embryonic fibroblast cell line NIH3T3 (RCB 1862) was pro-
vided by RIKEN Bio-Resource Center (Ibaraki, Japan). Cells were
cultured in DMEM-10% FBS at 37 °C in 5% CO,. Transfection was
carried out by using a Lipofectamine 2000 transfection reagent
according to the supplier’s instruction. In short, for 3.0 x 10° cells
of NIH3T3 inoculated in T25 culture flask, 12 ug plasmid DNA
and 30 pl of Lipofectamine 2000 transfection reagent mixture di-
luted in 1.5 mi of OPTI-MEM1 was added over night. The transfec-
tion efficiency was examined by using an Olympus IX 70
fluorescence inverted microscope.

Western blotting. NIH3T3 pCRE-d2EGFP transient transfectant
cells and NIH3T3 pd2EGFP-N1 transient transfectant cells were
inoculated in the 6 well cell culture plate (2.0 x 108 cells/well in
3 ml of DMEM-10% FBS). Cells were cultured over night at 37 °C in
5% CO,. After then they were treated with TRAIL (200 ng/ml) or for-
skolin (10 puM). Harvest of the cells was carried out every hour. Cells
were washed twice by ice-cold PBS and lysed in 100 pl of RIPA buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP40, 0.5% sodium
deoxycholate, 10 mM EDTA) containing Complete Mini proteinase
inhibitor mix. The protein concentration of each crude extract was
estimated by using BCR protein assay kit (PIERCE) according to the
supplier’s instructions. Ten micrograms of protein containing each
samples loaded on individual well of 10% polyacrylamide gel and
SDS-PAGE was carried out, After the electrophoresis, proteins were
electro-transferred to Immun-blot PVDF membrane (Bio-Rad). After
blocking by skim milk, PVDF membrane blotted with rabbit poly-
clonal anti-GFP antibody (MBL)for 1 h. Membrane was washed three
times by PBS-T, then the second antibody, HRP conjugated goat anti-
rabbit 1gG antibody (Cell Signaling) was added. Existing chemilumi-
nescent detection was carried out by using an ECL plus western blot-
ting detection system (GE Healthcare). The pattern of blotting on
PVDF membrane was imaged by a Typhoon 9410 Variable Mode Im-
ager {GE Healthcare). The intensity of each band was estimated by
ImageQuant TL software (GE Healthcare). For the internal control as-
say, the PVDF membrane was stripped by Restore PLUS western Blot
Stripping Buffer (Thermo Scientific). The blocking procedure was
carried out again and followed by the blotting of mouse monoclonal
anti-p-tubulin antibody and HRP conjugated goat anti-mouse Ig
polyclonal antibody (GE Healthcare).

DNA Chip time series analysis. NIH3T3 pCRE-d2EGFP transient
transfectant cells were inoculated in the 6 well cell culture plate

(2.0 x 10° cells/well in 3 m] of DMEM-10% FBS). Cells were cul-
tured over night at 37 °C in 5% CO,. After then they were treated
with TRAIL (200 ng/ml) and harvested at 0, 1, 2, 3 h after the
administration of TRAIL. They were washed twice with ice-cold
PBS. The preparations of total RNA were carried out by using the
RNeasy Plus Mini kit (QIAGEN). After the estimation of the quality
and the quantity, 10 pg of total RNA of each sample was used for
Affymetrix Mouse gene 1.0 ST Array assay (Affymetrix). Array data
were analyzed by using the GeneSpring GX 7.3.1 software
(Affymetrix).

Results and discussion

For the assay of TRAIL-induced CREB activation, we used the
signal transduction cis-element reporter plasmid pCRE-d2EGFP.
This plasmid contains three copies of the CRE enhancer consensus
sequence (TGACGTCA) fused to a TATA-like promoter region from
the Herpes simplex virus thymidine kinase promoter. In this sys-
tem the activation of CREB, which binds to CRE, induces transcrip-
tion of d2EGFP mRNA. After transfection of pCRE-d2EGFP into
NIH3T3, we administrated TRAIL (200 ng/ml) and observed cell
death and expression of d2EGFP using fluorescence microscopy.
During a 24-h period, NIH3T3/pCRE-d2EGFP cells did not show
either the cell death or an apparent increase in fluorescence of
the d2EGFP protein (data not shown). It is said that the slow rate
of chromophore formation and the stability of EGFP preclude the
use of EGFP as a reporter to monitor fast changes in promoter
activity {9,10]. To solve this problem, we tried to use a destabilized
form of EGFP, d2EGFP, as a reporter protein, but it did not work
well.

Since the cell biological assay might not suitable for this exper-
iment, we tried to evaluate the protein expression level of d2EGFP
by western blotting, a biochemical assay. First 200 ng/ml of TRAIL
was administered to NIH3T3/pCRE-d2EGFP transient transfectant
cells. At that time, for the positive control of CREB-CRE transcrip-
tional activation, these cells were also treated with 10 pM of for-
skolin [11]. The cells were harvested every hour and the time-
course samples were assessed by western blotting. The result
was contrary to expectations. As shown in Fig. 1, the expression le-
vel of the reporter protein d2EGFP in NIH3T3 was clearly down-
regulated from 4h after administration of TRAIL. Because the
d2EGFP protein increased from 8 h after administration of forskolin
(positive control), the CREB-CRE transcription activation system
worked well in NIH3T3 cells. Quantitative analysis showed that
after 10h of TRAIL administration, the amount of d2EGFP de-

A TRAL
0 1 2 3 45 6 7 8 9 10h
d2EGFP ‘
Tubulin
B Forskolin
0 1 2 3 45 6 7 8 9 10h
d2EGFP
Tubulin

Fig. 1. A time-course analysis of reporter protein d2EGFP expression in NIH3T3
cells by western blotting. NIH3T3 cells harboring pCRE-d2EGFP plasmid DNA were
treated by TRAIL (200 ng/ml) or forskolin (10 pM) and harvested every hour {0-
10 h). (A) TRAIL-treated cells. (B) Forskolin-treated cells. The upper panel is anti-
GFP antibody blotting (d2EGFP) and the lower panel is anti--tubulin antibody
blotting (tubulin, as an internal control).
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creased to less than 5% (Fig. 2). It was possible that the TRAIL-acti-
vated proteolysis cascade (caspase-8, caspase-3) might preferen-
tially degrade d2EGFP protein. Therefore we transfected
pd2EGFP-N1 plasmid DNA into NIH3T3 cells and used them in
the TRAIL administration experiment. pd2EGFP-N1 is a cell-label-
ing plasmid containing a d2EGFP gene driven by the CMV pro-
moter. NIH3T3 cells harboring pd2EGFP-N1 plasmid DNA
constitutively expressed d2EGFP protein without any stimulation.
As shown in Fig. 3, the administration of TRAIL to pd2EGFP-N1
transfected NIH3T3 cells did not reduce the amount of d2EGFP pro-
tein, so the hypothesis of accelerated degradation of d2EGFP pro-
tein was disproved.

To observe if this TRAIL-induced transcriptional inhibition
downstream of the CRE enhancer occured only in the ex-chromo-
somal transient gene expression system or not, we examined the
NIH3T3 cells’ intrinsic gene expression pattern after administra-
tion of TRAIL by an exhaustive DNA Chip analysis. The reporter
protein d2EGFP is a destabilized variant of the EGFP protein, and
its half-life is around 2 h in a mammalian cell {9]. Because the
down-regulation of d2EGFP protein in NIH3T3 cells occurred at
4h after administration of TRAIL (Fig. 1), we estimated that the
inhibition of the gene transcription of d2EGFP had to happen with-
in 3 h after administration of TRAIL. Thus our study was focused on
this time period. In previous studies, 23 genes were confirmed as
being under the control of the CREB-CRE system [6,7]. Depending
on the DNA Chip analysis data, we examined the transcription level
of these genes from 1 to 3 h after administration of TRAIL (Table 1).
Although six genes (26%) were down-regulated, but only one gene
(4%) was up-regulated. The other 16 genes (70%) were unaffected.
These data showed that TRAIL signaling works as a repressor of the
CREB-CRE transcription system in NIH3T3 cells.

In previous studies, two independent groups reported the TRAIL
induces phosphorylation of CREB at its Ser133. However the phos-
phorylation of CREB did not always elevate its transcriptional
activity. Ca®*/calmodulin-dependent protein kinase type Il (CaM-
Kil) is a member of the calmodulin serine/threonine kinase family.
CaMKIl phosphorylates CREB at its two of serine residues, one
being the authentic Ser133, and the other Ser142. Phosphorylation
of Ser142 inhibits the CREB transcriptional activity even when
Ser133 is phosphorylated [12,13].

It is worth noting that the only gene that was up-regulated by
TRAILL stimulation was c-fos (Gene 1D 14281). c-Fos is a transcrip-
tion factor that forms the heterodimer complex AP-1 with c-Jun

Relative amount of d2EGFP

4 5 6 7 8 9 10
Hours

Fig. 2. Quantitative analysis of the band intensity of the western blots shown in
Fig. 1. The intensity of each band was estimated by ImageQuant TL software and
normalized by the band intensity of tubulin (internal control) in the same lane. The
expression level of the d2EGFP protein is shown as the relative amount against time
0. Closed squares represent TRAIL-stimulated cells and closed circles represent
forskolin-stimulated cells.

0 12 3 456 7 8 9 10h

Tubulin §

Fig. 3. TRAIL did not affect the stability of the d2EGFP protein. NIH3T3 cells
harboring pd2EGFP-N1 plasmid DNA were treated by TRAIL (200 ng/ml) and
harvested every hour (0-10 h). Western blotting was carried out. The upper panel is
anti-GFP antibody blotting (d2EGFP) and the lower panel is anti-B-tubulin antibody
blotting (tubulin, as an internal control).

Table 1
The effect of TRAIL administration to the intrinsic gene expressions.

00

Name 07 Gene DY 1 Time

0991

The genes listed above possess at least one CRE site that is required for CREB-
binding in their promoter region (6, 7). Relative amount of their transcripts after the
TRAIL administration (0-3 h) estimated by DNA chip analysis was shown.

{14]. As described previously, c-Jun is the major player in TRAIL-in-
duced transcriptional control. Therefore the up-regulation of c-fos
transcription may contribute to the resistance of NIH3T3 against
TRAIL-induced apoptosis.
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