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FIG. 1. Sphingomyelin activation of HCV RNA polymerases. (A) Activation kinetics of HCV HCR6 (1b) RdRp wt by egg yolk sphingomyelin
(SM). The inset shows activation produced by 0 to 0.02 mg/ml egg yolk sphingomyelin. Activation kinetics of HCV 2a (JFH1 and J6CF) RdRps
by egg yolk sphingomyelin (B) and of HCV HCR6 (1b) RdRp wt by hexanoyl sphingomyelin (SM C6) (C). In panel C, the first order of the graph
was fitted by linear regression; the calculated equation is indicated in the graph. (D) Activation kinetics of HCV la (H77 and RMT) RdRps by
hexanoyl sphingomyelin. (E) Activation effect of hexanoyl sphingomyelin on HCV RdRp of various genotypes. HCV RdRp (100 nM) was
incubated with or without 2 uM SM C6. The names of the RdRps are indicated below the graph. Mean = standard deviation of the activation ratio

was calculated from three independent experiments.

RdRp wt, its activation kinetics were calculated using hexanoyl
sphingomyelin (Fig. 1C, SM C6). The equation for the first-
order ratio of hexanoyl sphingomyelin activation according to
linear regression fitting was as follows: y = 7.1494x — 1.5398,
where y is the activation ratio and x is the sphingomyelin
concentration (#* = 0.9978). RdRp activation had almost pla-
teaued at 2 uM hexanoyl sphingomyelin. The activation kinet-
ics of JFH1 (2a) and J6CF (2a) RdRps in egg yolk sphingo-
myelin were biphasic and plateaued at 0.01 mg/ml. Those of
RMT (1a) and H77 (1a) RdRps in hexanoyl sphingomyelin
were also biphasic and plateaued at 2 pM. The curve of the
first order was fitted by linear regression. The molar ratio of
RdRp to hexanoyl sphingomyelin at its plateau was calculated
as 1:20.

Because RdRp activation had almost plateaved at 2 uM
hexanoyl sphingomyelin, we compared the effect of sphingo-
myelin on 100 M concentrations of RNA polymerases of the
HCV 1a, 1b, and 2a genotypes using 2 pM hexanoyl sphingo-
myelin (Fig. 1E and Table 1).

Helix-turn-helix structure for sphingomyelin binding and
activation. Sphingomyelin binds to the SBD peptide (see HCV
SBD in Fig. 7) (29). Initially, we tested whether SBD was the
sphingomyelin binding site in HCV RdRp by ELISA (Fig. 2A
and Table 1). When the L245 and 1253 residues of the SBD

peptide were mutated to A, sphingomyelin binding activity was
lost (29). We introduced the same mutations in HCV HCR6
(1b) RdRp and purified HCR6 (1b) RdRp with mutations
1.245A, 1253A, and 1.245A/1253A. Because the C-terminal His-
tagged HCR6 RARp(L245A/1253A) was not soluble, it was
solubilized by tagging of glutathione S-transferase (GST) se-
quence at the N terminus but lost polymerase activity. As the
1.245A/1253A mutant had lost its polymerase activity, polymer-
ase activation was tested only for L245A and I1253A (Fig. 2B
and Table 1). These results confirmed that SBD located in the
finger domain (residues 230E to 263G) successfully achieved
sphingomyelin binding in HCV RdRp and that sphingomyelin
did not bind to the SBD when the helix-turn-helix structure
had been destroyed by the L245A or 1253A mutation (29).
The sphingomyelin binding activities of genotype la and 2a
RdRps were also tested (Fig. 2 and Table 1). Both JFH1 and
J6CF were tested for genotype 2a because J6CF (2a) RdRp
had an additional amino acid difference at position 241 in the
SBD, and its sphingomyelin binding activity was very low (Fig.
2A and 7A; Table 1). J6CF (2a) RdRp(R241Q) showed the
same sphingomyelin binding activity as HCR6 (1b) RdRp wt,
indicating that 241Q was the critical amino acid for sphingo-
myelin binding. J6CF (2a) RdRp(5244D) and RdRp(R241Q/
5244D) also showed higher sphingomyelin binding activity
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than the wt (P < 0.001) but lower binding than the R241Q
mutant. However, S244D showed higher RdRp activation than
R241Q (P < 0.005), while the RdRp activation ratio of the
double mutant (R241Q/S244D) was lower than that of S$244D
or R241Q, although all of them activated RdRp with sphingo-
myelin (P < 0.005) (Fig. 2A and C and Table 1). For JFH1,
when the JFH1 RdRp SBD was modified (A242C/S244D) to
allow it to bind with more sphingomyelin than the wt (P <
0.005), the mutant JFH1 RdRp(A242C/S244D) was activated
more than the wt by sphingomyelin (P < 0.005) (Fig. 2A and
C; Table 1). The sphingomyelin binding activity of JFHI1
RdARp(T251Q) was 80.7% of that of HCR6 (1b), and its acti-
vation ratio was 1.8-fold. These results agree that SBD is both
the sphingomyelin activation and binding domain and that the
domains for these two activities are somehow different.

We determined which amino acid, 242C or 244D, en-
hanced sphingomyelin binding by comparing HCR6 (1b)
and JFH1 (2a) RdRps. Sphingomyelin binding of HCR6
(1b) RdARp(D2448S) was 79% of that of the wt (P < 0.005) (Fig.
2A and Table 1), and its activation by sphingomyelin was only
3.6-fold (Fig. 2C and Table 1). The sphingomyelin binding of
JFH1 (2a) RARp(A242C) and RdRp(S244D) increased to
75.5% and 93.1%, respectively, of HCR6 (1b) RdRp wt (Fig.
2A and Table 1). This was significantly higher than that of
JFH1 (2a) RdRp wt (P < 0.005), and the sphingomyelin acti-
vation of JFH1 (2a) RdRp(A242C) and RdRp(S244D) was
increased 1.0-fold and 3.1-fold, respectively (P < 0.005) (Fig.
2C and Table 1). From these mutation analyses of the J6CF
and JFH1 RdRps, we concluded that 244D enhanced sphin-
gomyelin binding and RdRp activation.

HCV 1a RdRps were not activated even though sphingomy-
elin bound to them (Fig. 1E and 2A and Table 1). We then
tried to elucidate the domains responsible for sphingomyelin
activation. There are 14 amino acids (residues 19, 25, 81, 111,
120, 131, 184, 270, 272, 329, 436, 464, 487, and 540) unique to
genotype 1la RdRp in the region of residues 1 to 570 and two
amino acid differences unique to 1a RdRp in SBD, i.e., 238A
and 248Q (see Fig. 6A). Initially, we focused on the SBD and
introduced the A238S and Q248E mutations into the H77 (2a)
RdRp SBD (Fig. 2A and D and Table 1). The sphingomyelin
binding activity of H77 (2a) RdRp(A238S/Q248E) was similar
to that of H77 (2a) RdRp wt. The sphingomyelin activation
ratio of H77 (2a) RARp(A238S/Q248E) was increased 8.1-fold,
leading us to conclude that these mutations are essential to
sphingomyelin activation.

Effect of lipids on HCV RNA polymerase activity. In order
to elucidate the structure of the lipids involved in activation
of HCV RdRp, p-lactosyl-8-1,1'-N-octanoyl-D-erythro-sphin-
gosine [Cg-lactosyl(B) ceramide], D-glucosyl-B1-17-N-octanoyl-
D-erythro-sphingosine (Cg-B-D-glucosyl ceramide), N-hexanol-
p-erythro-sphingosine (Cg-ceramide), and cholesterol were
tested for their abilities to activate RdRp. The relative poly-
merase activities of 100 nM HCV HCR6 (1b) RdRp activated
with 0.01 mg/ml egg yolk sphingomyelin, 2 .M hexanoyl sphin-
gomyelin, 8 pM Cg-lactosyl(B) ceramide, 12 uM Cg-B-D-glu-
cosyl ceramide, 12 puM C4-ceramide, and 0.02 mg/ml choles-
terol were 11.2, 13.0, 5.66, 4.19, 1.12, and 2.25 of that without
lipids, respectively (Fig. 3A). The amount of lipids that gave
the maximum activation was calculated from the kinetics of the
lipids bound to HCR6 (1b) and JFH1 (2a) RdRps (Fig. 3B and
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FIG. 2. Sphingomyelin binding and activation of HCV RNA polymerase sphingomyelin binding domain mutants. Names of RdRps are
indicated below the graphs. (A) Egg yolk sphingomyelin (SM) binding activity relative to that of HCR6 (1b) RdRp wt. Mean * standard deviation
of the binding was calculated from three independent experiments. (B) Egg yolk sphingomyelin activation of HCR6 (1b) RdRps. RdRps (100 nM)
were incubated with or without 0.01 mg/ml egg yolk sphingomyelin. (C) Hexanoyl sphingomyelin activation of the RdRps (RdRp names are
indicated below the graphs). HCV RdRps (100 nM) were incubated with or without 2 pM hexanoyl sphingomyelin. The mean = standard deviation
of the activation ratio was calculated from three independent experiments. *, P < 0.005; =x P < 0.001.

C). Cgq-lactosyl(B) ceramide and Cg-p-D-glucosyl ceramide ac-
tivated HCR6 (1b) RdRp compared with the linear regression
kinetics of the reaction with hexanoyl sphingomyelin as it pla-
teaued (Fig. 1C and 3B). Cholesterol activated HCR6 (1b)
RdRp slightly but did not activate JFH1 (2a) RdRp (Fig. 3C).
We therefore concluded that the phosphocholine of sphingo-
myelin bound to the SBD of HCV RdRp because the order of
HCV RdRp activation was hexanoyl sphingomyelin > Cg-lac-
tosyl(B) ceramide > Cg-B-D-glucosyl ceramide, and Cq-cer-
amide did not activate HCV HCR6 (1b) RdRp. The polarity of
the phosphocholine of sphingomyelin is important for HCV
RdRp activation (see Fig. S5 in the supplemental material).

In order to test whether phosphocholine activated HCV
RdRp (Fig. 3D), HCR6 (1b) RdRp was incubated with 0.4, 2,
20, 100, and 400 pg and 2, 4, 11, 54, and 100 mg of phospho-
choline. Up to 400 pg of phosphocholine did not affect RARp
activity, but more than 2 mg of phosphocholine inhibited
RdRp activity.

Effect of sphingomyelin on the template RNA binding of
HCYV RNA polymerase. The mechanism of HCV RdRp activa-
tion was analyzed. RNA polymerase changes its conformation
throughout the different transcription steps, and template
binding is the first step of transcription (9). Therefore, the
effect of sphingomyelin on template RNA binding activity was
tested (Fig. 4A and Table 1). Sphingomyelin enhanced the
template RNA binding of HCR6 (1b) RdRp wt but not that of
JFH1 (2a), H6CF (2a), or H77 (1a) wt RdRp. When the

A238S/Q248E mutation was introduced into H77 (1a) RdRp,
the RNA binding was enhanced. J6CF (2a) RdRp R241Q and
S$244D mutants showed similar enhancement of RNA binding,
but the R241Q/S244D double mutant did not. The activation
effect of RNA binding of HCR6 (1b) RdRp mutants L245A,
1253A, and D244S was lower than that of RdRp wt. JFH1 (2a)
RdRp wt and RdRp(A242C/S244D) showed similar RNA
binding activation levels. Based on a comparison of the sphin-
gomyelin activation of HCR6 (1b) RdRp wt and its mutants
which lost sphingomyelin binding with J6CF (2a) RdRp wt and
the R241Q and S244D mutants and H77 (1a) RdRp wt and the
A2385/Q248E mutant, we concluded that polymerase activa-
tion by sphingomyelin was induced mainly via activation of the
template RNA binding of RdRp. RNA binding activity of
JFH1 (2a) RdRp wt and RdRp(A242C/S244D) was almost
saturated because RNA binding of these RdRps was not acti-
vated by sphingomyelin (see Fig. S4 in the supplemental ma-
terial).

HCV RdRp has to be bound with sphingomyelin before or
at the same time as it binds to template RNA. After RdRp had
bound to the template RNA, sphingomyelin did not enhance
template RNA binding strongly (Fig. 4B).

Effect of the sphingomyelin binding domain mutations for
HCYV replicon activity with myriocin. In order to confirm
sphingomyelin activation of HCV polymerase activity in a viral
replication system, HCV replicon activity of the loss-of-func-
tion mutant HCV NN (1b) NS5B(D244S) and the gain-of-

- 454 -



11766 WENG ET AL.

Relative polymerase activity (fold) >

Chol

SMC6 LacCer GlcCer C6Cer

CTL SM
c
ke
£ 3
€25
=& =
g a2l -
(1]
815
2 e i e 1 e )
= ——e— HCR6
2057 — =& — JFH1
£ 0 ) =
o
2 0 0.02 0.04 0.06 0.08 0.1

Cholesterol {mg/ ml)

J. VIrROL.

B
=)
°
=7
::2: s %_-—-—-—LacCer
2 ; ~-e—-Gle Cer ¥ ¥
o 5 -
& 4 I
5 4 I Foo-
Ss
Q i
a 2.
[ol H
2 4
F '
2o

0 5 10 15 20

Lipid (M)
D
phosphocholine
puM mM
M 0 04 2 20 0104 2 4 11 54100

184nt

FIG. 3. HCV RNA polymerase activation effect of lipids. (A) Lipid activation of HCR6 (1b) RdRp wt. HCV HCR6 (1b) RdRp wt (100 nM)
was incubated with or without (control [CTL]) 0.01 mg/ml egg yolk sphingomyelin (SM), 2 uM hexanoyl sphingomyelin (SM C6), 8 pM
Cg-lactosyl(B) ceramide (Lac Cer), 12 pM Cq-B-D-glucosyl ceramide (Gle Cer), 12 uM C4-ceramide (C6 Cer), or 0.02 mg/ml cholesterol (chol).
(B) Activation kinetics of Cg-lactosyl() ceramide (Lac Cer) and Cy-B-D-glucosyl ceramide (Glc Cer) on HCR6 (1) RdRp. (C) Activation kinetics
of cholesterol on HCR6 (1b) and JFH1 (12a) RdRps. (D) The effect of phosphocholine on HCR6 (1b) RdRp. The mean = standard deviation
of the activation ratio was calculated from three independent experiments.
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FIG. 4. Sphingomyelin activation of the RNA binding activity of
HCV RNA polymerase. (A) Sphingomyelin activation of RNA filter
binding of HCV RdRps (RdRp names are indicated below the graph).
RdRps and *?P-labeled RNA template (SL12-1S) were incubated with
or without egg yolk sphingomyelin (SM), before filtration. (B) Effect of
the order of sphingomyelin treatment. Numbers below the graph in-
dicate the order in which the reagents were added. The graph repre-
sents the ratio to RNA binding without sphingomyelin. The mean =
standard deviation of the activation ratio was calculated from three
independent experiments. *, P < 0.01.

function mutants H77 (1a) NS5B(A2385/Q248E) and JFH1
(2a) NS5B(A242C/S244D) were compared with 5 and 50 nM
myriocin treatment for 72 h (Fig. 5).

First, HCV replicon activity was compared as the relative
luciferase activity (Fig. 5A). Both JFH1 (2a) wt and
NS5B(A242C/S244D) replicons showed similar and strong rep-
licon activity (133 X 10° = 12 X 10° and 138 X 10°> = 8.5 X 10%,
respectively). JFH1 (2a) wt replicon was resistant to myriocin
treatment, as reported by Aizaki et al. using other SPT inhib-
itors (3). The JFH1 (2a) NS5B(A242C/S244D) replicon be-
came sensitive to myriocin but still showed higher replicon
activity than NN (1b) or H77 (1a) replicons even at 50 nM
myriocin.

To analyze the effect of mutations precisely, the replicon
activity relative to each wt strain was compared (Fig. 5B). The
JFH1 (2a) wt replicon with 50 nM myriocin showed the same
luciferase activity as the wt without myriocin (102% =* 9.6%).
JFH1 (2a) NS5B(A242C/S244D) replicon activity was the
same as that of the wt without myriocin (103% * 12%); with
5 nM myriocin it was 84.1% = 6.6% of the wt level, but with 50
nM myriocin it was 70.3% = 5.3% of the wt level, which was
significantly lower (P < 0.01). NN (1b) wt replicon activity was
45.3% =+ 6.6% with 5 nM myriocin and 21.7% = 2.9% with 50
nM myriocin relative to the wt level without myriocin. NN (1b)
NS5B(D244S) replicon activity was 72.2% = 12% without
myriocin (P < 0.05), 44.0% * 7.4% with 5 nM myriocin, and
38.1% = 4.2% with 50 nM myriocin relative to wt level without
myriocin, which was significantly higher (P < 0.01). Thus, NN
(1b) NS5B(D244S) showed lower replicon activity than the wt
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FIG. 5. Myriocin inhibition of HCV replicon activity. Huh7.5.1 cells were incubated with myriocin after transfection with the HCV replicons indicated
below the graphs. Means = standard deviations of the relative luciferase activity at 72 h after myriocin treatment compared to activity at 4 h after
transfection (A) and to that of each wt without myriocin (B) were calculated from three independent measurements. *, 2 < 0.05; ** P < 0.01.

and was less sensitive to myriocin than the wt. H77 (1a) wt
replicon activity was 59.9% * 4.2% with 5 nM myriocin and
49.2% * 6.4% with 50 nM myriocin relative to the wt level
without myriocin. H77 (1a) NS5SB(A238S/Q248E) replicon ac-
tivity was 123% = 7.1% without myriocin (P < 0.01), 66.1% =
6.3% with 5 nM myriocin, and 38.0% = 4.1% with 50 nM
myriocin relative to wt level without myriocin. Both H77 (1a)
wt and NSSB(A238S/Q248E) replicons were sensitive to myrio-
cin, and the replicon activity of NS5B(A238S/Q248E) was
higher than that of the wt.

JFH1 (2a) RdRp(A242C/S244D) localized in the DRM frac-
tions. Myriocin sensitivity of JFH1 (2a) NS5B(A242C/S244D)
replicon indicates the importance of 244D in JFH1 NS5B for
sphingomyelin binding. To further confirm the role of 244D for
recruitment of HCV RdRp to the detergent-resistant mem-
brane (DRM), where the HCV replication complex exists, we
compared the distribution of NS5A and NS5B of JFH1 (2a) wt
and NS5B(A242C/S244D) in their replicon cells by sucrose
density gradient centrifugation of the DRM (Fig. 6). NS5A
proteins of both JFH1 (2a) wt and NS5B(A242C/S244D) rep-
licons localized in the DRM fraction where caveolin-2 was
present (11, 27), but most of NS5B wt localized in the Triton-
soluble fractions. NS5B of JFH1 (2a) NS5B(A242C/S244D)
replicon was shifted to the DRM fraction from the soluble
fraction. The shift of NS5B(A242C/S244D) localization into
the DRM demonstrated that SBD was the DRM localization
domain of NS5B and that residue 244D was important for this
localization.

DISCUSSION

Hepatitis C virus is an envelope virus, and the lipid compo-
nents of the virion play important roles in HCV infectivity and
virion assembly (3, 15, 20, 24). HCV replication complexes
localize in lipid raft structures/DRMs in the membrane frac-
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7 8 9 10

1 2 3 4 5 6

wt

NS5B
A242CS244D
wt

NS5A
A242CS244D
wit

Caveolin-2
A242CS244D
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FIG. 6. Membrane floating assay of JFH1 wt and NS5B(A242C/
$244D) replicon cells. The PNS fractions of HCV JFH1 (2a) wt and
NS5B(A242C/S244D) replicon cells were treated with 1% Triton
X-100 in TNE buffer for 30 min at 4°C and subjected to 10 to 40%
sucrose gradient centrifugation in TNE buffer. Each fraction was sub-
jected to 10% SDS-PAGE, followed by Western blotting with anti-
NS5A, -NS5B, and -caveolin-2 antibodies. Fractions are numbered as
indicated at the top of the panel. The DRM fractions (fractions 1 to 3)
are indicated.
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FIG. 7. Sphingomyelin binding domain (SBD) of HCV RNA polymerase. (A) The SBDs (231N to 260L) of HCV RdRps are aligned together
with their secondary structure predicted by the Chou-Fasman program (10). The predicted secondary structure is indicated below the sequence
as follows: H, a-helix; E, B-sheet; and C, coil. The a-helix structures of HCV Conl (1b) RdRp and JFH1 (2a) RdRp are boxed in red. Residues
241Q and 244D are indicated in red and green, respectively. The 238A and 248E of the H77 and RMT (1a) RdRps are indicated in purple.
GenBank accession numbers of HCV genotypes 3a, 4a, 5a, and 6a are GU814263 (12), GU814265 (12), Y13184 (8), and Y12083 (1), respectively.
(B) Comparison of the SBDs of HCV Conl (1b) (yellow) and JFHI1 (2a) RdRps (magenta). The starting and ending amino acids of H1 and H2
are indicated. The sphingomyelin binding site, 241Q, is indicated in red, and 244D of Conl (1b) and 244S of JFH1 (2a) RdRp are indicated in
green. (C) Surface model of HCV Con1 (1b) RdRp. SBD is indicated in yellow, and 241Q and 244D are indicated in red and green, respectively.
The structures of the Conl and JFH1 RdRps were constructed by PyMOL, version 1.1.1 (http://www.pymol.org/). PDB numbers of Conl (1b)

RdRp and JFH1 (2a) RdRp are 3FQL (14) and 3I5K (31), respectively.

tions of subgenomic replicon cells (30). Lipid rafts are com-
posed mainly of sphingomyelin, cholesterol, and glycosphingo-
lipids. Most reports regarding the relationship between lipids
and HCV have examined virion assembly, infectivity, and the
localization of HCV, but their biochemical interactions have
not been reported. Our findings clearly demonstrate that
sphingomyelin plays an important role not only in HCV rep-
lication complex formation and its localization but also in HCV
RdRp activity.

The helix-turn-helix structure of the SBD (residues 230 to
263), which is located between RNA polymerase motifs A and
B, has been proposed as the sphingomyelin binding domain of
HCV RdRp (29). We compared the SBD of Conl (1b) (Pro-
tein Data Bank [PDB] 3FQL) (14) and JFH1 (2a) (PDB 315K)
(31) and the secondary structure of the amino acids (201 to
290) in the SBD predicted by the Chou-Fasman program (10)
(Fig. 7; see also Fig. S5 in the supplemental material) because
the helix structures of the SBD of Con1 (helix 1 [H1], 231N to
241Q; helix 2 [H2], 247A to 260L) and JFH1 (HI, 231R to
242A; H2, 246P to 260L) RdRp fit with those predicted by the
Chou-Fasman program. The structures contributing to sphin-
gomyelin binding and activation are H1 and H2 and the junc-
tion (turn) between the two helix structures that are similar to
the human immunodeficiency virus (HIV) gp120 V3 domain,

prion protein (PrP), and B-amyloid peptide (13, 22). Although
Conl (1b) RdRp has a shorter helix structure than JFH1 (2a)
RdRp (Fig. 6B), the structures of their SBDs are very similar
(Fig. 7; see also Fig. S5). When the helix-turn-helix structure of
the SBD was destroyed (HCR6 genotype 1b RdRp mutants
L245A and 1253A), the RdRp lost sphingomyelin binding ac-
tivity and lost its activation (Fig. 2).

In order to study the structure-function relationship of the
SBD and sphingomyelin, we compared the SBD of genotype
1a, 1b and 2a RdRps and particularly focused on residue 244D
in the turn and residues 241Q and 238S/248E in the helix
domains. The polar amino acid 241Q and the negatively
charged 244D of Conl (1b) RdRp located on the surface of the
RdRp molecule bind and interact with the positively charged
choline residue of sphingomyelin (Fig. 7C; see also Fig. S5 in
the supplemental material). The positively charged 241R re-
pels the choline residue of sphingomyelin, and as a result,
J6CF (a) RdRp wt did not bind to sphingomyelin. J6CF (2a)
RdRp(R241Q) showed almost the same sphingomyelin bind-
ing activity as HCR6 (1b) RdRp wt. This ionic interaction
between SBD and sphingomyelin agrees with the activation of
lipids with different sphingosine structures and fatty acid
chains (Fig. 3A). JFH1 (2a) RdRp does not interact well with
sphingomyelin because it does not have the negatively charged
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amino acids at the tip of its turn structure. Once its 244S was
changed to D, more sphingomyelin bound to JFH1 (2a) RdRp
and activated the RdRp (Fig. 2A and C). The reason for the
low activation of J6CF (2a) RdARp(R241Q/S244D) is not clear.
Sometimes mutations affect the entire conformation of the
molecule. In conclusion, from the comparison of sphingomy-
elin binding and activation of HCR6 (1b), J6CF (Za), and
JFH1 (2a) RdRp SBD mutants, 241Q is the essential amino
acid for sphingomyelin binding in the SBD. Amino acid 244D
enhanced both binding and RdRp activation.

The in vitro sphingomyelin binding and RdRp activation
experiments indicate that sphingomyelin binding and its RdRp
activation are different biochemical reactions because we
found controversial activation rates for sphingomyelin binding
and RdRp activation among J6CF (2a) RdRp mutants (Fig. 2).
The relationship between sphingomyelin binding and the acti-
vation of polymerase activity was studied by comparing geno-
type 1b and 1a RdRps, both of which bind to sphingomyelin
(Fig. 2). However, 1a RdRp is not activated by sphingomyelin
because both of the helix structures of 1a RdRp are probably
terminated at 238A and 248Q, making its helix structures
shorter than those of 1b RdRp (Fig. 6A). The length of the
helix structure may be essential for sphingomyelin activation
because RARp changes its structure to bind to template RNA
when sphingomyelin binds to SBD (Fig. 4).

HCV RdRp changes its conformations at the early stages of
transcription initiation, including the template RNA binding
step (6, 9). Sphingomyelin binding is likely to change the con-
formation of 1b RdRp to recruit template RNA and initiate
transcription efficiently. Comparison of the activation ratio of
RNA binding and polymerase activity of 1b RdRp, J6CF (2a)
RdRp wt and R241Q and S244D mutants, and JFH1 (2a)
RdRp wt and mutant A242C/S244D suggests that steps other
than RNA binding are also likely to be activated by sphingo-
myelin.

From a kinetic analysis of sphingomyelin activation (Fig. 1C
and D), 20 sphingomyelin molecules are estimated to interact
with the SBD of RdRp and activate it because sphingomyelin
activation plateaued at 20 sphingomyelin molecules per HCV
RdRp molecule. It is not clear whether 20 sphingomyelin mole-
cules form a micelle or a layer structure. However, the structure
of sphingomyelin is important for the activation of HCV RdRp
because phosphocholine did not activate the RdRp (Fig. 3D).

To confirm these biochemical findings in HCV replication,
we tested the effect of SBD mutations in HCV replicon systems
with the SPT inhibitor myriocin (Fig. 5) (4, 33) because NA255
was not available. The loss-of-function mutant, HCV NN (1b)
NS5B(D244S), showed lower replicon activity than NN (1b) wt
and more resistance to 50 nM myriocin, which did not affect
the viability of cells (4, 33), than the wt. The gain-of-function
mutant, H77 (1a) NS5B(A238S/Q248E), showed higher repli-
con activity than H77 wt and retained myriocin sensitivity be-
cause it had the sphingomyelin binding sites 241Q and 244D.
At 50 nM myriocin, another gain-of-function mutant, JFH1
(2a) NS5B(A242C/S244D), was inhibited although its activity
was the same as that of JFH1 (2a) wt without myriocin because
the JFH1 wt replicon had high replicon activity without myrio-
cin (Fig. 5A). The JFH1 replicon activity may be maximal in
the system; therefore, the JFH1 (2a) NS5B(A242C/S244D)
replicon did not show higher activity than JFH1 (2a) wt with-
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out myriocin while H77 (1a) NS5B(A2385/Q248E) showed
higher replicon activity than H77 wt.

The binding and RdRp activation activity of the amino acid
244 mutants by sphingomyelin did not differ greatly from the
wt in vitro. However, the myriocin sensitivity of JFH1 (2a)
NS5B(S244D) was demonstrated clearly. That of H77 (1a)
NS5B(A2385/Q248E) indicated that sphingomyelin binding
was the target of myriocin inhibition, not the sphingomyelin
activation of RdRp. These data confirm the importance of
241Q, 244D, and the helix structure in SBD for HCV replica-
tion in the cells.

Sphingomyelin is the major component of the lipid raft
structure/DRM where the HCV genome replicates. To confirm
that the SBD is the membrane binding site of HCV RdRp, we
analyzed the localization of NS5B of JFH1 (2a) wt and
NS5B(A242C/S244D) replicons by membrane floating assay
(Fig. 6). JFH1 (2a) NS5B wt did not localize in the DRM.
However, the localization of NS5B of the JFH1 (2a)
NS5B(A242C/S244D) replicon shifted to the DRM from the
soluble fractions. Previously, HCV NS5B was believed to lo-
calize in the DRM by its C-terminal hydrophobic sequences
(21). However, our data demonstrate that the SBD is the
membrane localization domain of HCV NS5B, which agrees
with the myriocin sensitivity of JFH1 (2a) NS5B(A242C/
S244D) replicons (Fig. 5) and the release of HCV 1b NS5B
from the DRM by another SPT inhibitor, NA255 (29).

This is the first report of RNA polymerase activation by
lipids. Twenty sphingomyelin molecules interact with SBD,
particularly with residues 241Q and 244D of HCV (1b) RdRp,
and change the conformation of the RdRp in order to recruit
RNA templates. At the same time, HCV RdRp molecules may
be aligned on the sphingomyelin layer formed via interactions
between the hydrocarbon chains of sphingosine and fatty acids
via placement of their SBD into the layer (Fig. 7C). Consistent
with previous research (3, 23, 37), our findings explain why the
inhibitors of the sphingolipid biosynthetic pathway influence
subgenomic replicons derived from HCV genotypes 1a and 1b
but not those derived from JFH1 (2a) (Fig. 5). Most HCV
isolates have 241Q in NS5B, and some of them also have 244D
(Fig. 7A). These sphingomyelin interactions are new targets
for the treatment of HCV.
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The mode of thioether macrocyclization of peptides contain-
ing an N-terminal 2-chloroacetyl group and two or three
competing cysteine residues at downstream positions has
been extensively studied, leading to a strategy for designated
formation of overlapping-bicyclic peptides or dumbbell-type
bicyclic peptides.

Naturally occurring peptides isolated from various organisms
often have macrocyclic structures.! These structural features rigi-
dify their tertiary structure, often granting them high affinities to
the binding partners or targets. Unlike inter-sidechain disulfide
bonds mostly found in ribosomally synthesized proteins, macro-
cyclization in such peptides takes place in various ways, i.e.
head-to-tail, head-to-sidechain, sidechain-to-tail, inter-sidechain
and their combinations,? giving not only their structural diversi-
ties but also greater physiological stability.> Since the formation
of these unique bonds does not occur spontaneously, post-
translational modification enzymes or enzymes in a part of non-
ribosomal peptide synthetase are involved in the transformation.*
On the other hand, as such enzymes generally have a preference
toward certain sets of peptide sequences and/or particular recog-
nition motifs upstream and/or downstream of the target
sequences, their versatility for the synthesis of diverse and artifi-
cial macrocyclic peptides could be limited.

To circumvent this limitation, we recently devised a method-
ology® for spontaneous thioether macrocyclization of riboso-
mally expressed peptides using Flexible In-vitro Translation
(FIT) system.® In this system, an artificial amino acid bearing a
2-chloroacetyl (ClAc) group on the o-amino group was incorpor-
ated by initiation codon reprogramming at the N-terminus, and
reacts with sulfhydryl group in a cysteine (C) residue at a
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downstream position (Fig. 1a). Although this head-to-sidechain
macrocyclization chemistry itself has been known for the chemi-
cal synthesis of peptides,’ the above method using the FIT
system represents the first example of thioether macrocyclization
of ribosomally expressed peptides. Most importantly, this meth-
odology allows us to readily construct various sequences and
lengths of thioether macrocyclic peptides by simply designing
their mRNA sequences which are transcribed from the corre-
sponding synthetic DNAs in vitro.> Moreover, we have recently
constructed such genetically encoded libraries of thioether
macrocyclic peptides with a complexity of over 10'* and applied
them to the discovery of inhibitors against various enzyme
targets, e.g. E6AP® Akt2,° SIRT2,'® by integration with the
mRNA display technique,'' referred to as RaPID (Random non-
standard Peptide Integrated Discovery) system as a whole.

A typical design of the above libraries is to have an N-ClAc-
amino acid encoded by AUG as an initiator, random elongator
amino acid sequences encoded by (NNK), (K =U or G, n =
7-15), (NNU),,, or (NNC),,, followed by a cysteine (C) encoded

Fig. 1 Schematic representation of peptide macrocyclization closed by
a thioether bond. (a) Peptide with N-terminal ClAc group that reacts
with a cysteine (C) residue. (b) Three possible cyclization pathways in
N-ClAc-peptides with two cysteine residues.

This journal is © The Royal Society of Chemistry 2012
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pC7C17 cpCT7C17
pCICHT €pCIC17

pCIICIT  ClAe cpClIC17 *

pC13C17  cWepiy cpC13C17

Fig. 2 Peptides and their fragmentation profiles observed in MALDI--
TOF/TOF mass spectrometry. (a) Sequences of linear peptides expressed
in this study. (b) Observed fragment peaks in each cyclized peptide and
putative thioether bond formation based on the fragmentation profile. L
shape and rotated L shape denote observations of y-ion and b-ion peaks,
respectively.

by UGC. As a result, the major fraction of expressed peptides
would cyclize between the N-terminus and the designated C
residue at the C-terminus. However, during the course of such
selection studies, we encountered active peptide sequences con-
taining two (or possibly more) cysteine residues, one of which
appeared in the random region encoded by UGU or UGC. In
such peptides (Fig. 1b), both C residues could potentially react
with the N-terminal ClAc group to form a thioether bond,® but it
was unclear which bond would be preferentially or even selec-
tively formed in such peptide sequences (Fig. 1b, top vs.
middle). Alternatively, a disulfide bond between two C residues
could possibly compete with the thioether bond formation
(Fig. 1b, bottom). To understand a general rule of macrocycliza-
tion in such peptides, here we have designed experiments to
express model peptides varying the position of an ‘upstream
Cys’ (“C) residue in addition to the designated ‘downstream
Cys’ (°C) residue.

We used a FIT system customized for the initiation codon
reprogramming, where an initiator tRNA charged with N-ClAc-
phenylalanine (“*A°Phe) by means of flexizyme was sup-
plemented to a Met-deficient cell-free translation system.
We designed seven mRNA sequences encoding 25-mer model
peptides (Fig. 2a), each of which was initiated with “'“°Phe,
elongated with 15 residues containing "C and °C, and further
elongated with a Flag tag (DYKDDDDK, where D, Y, K are
aspartate, tyrosine, and lysine; it is used for not only an affinity
purification tag but also for facilitating ionization of expressed
peptides in mass spectrometry). In these peptides, "C was
located in the 2nd position or an odd position from the 3rd to the
13th position along with a fixed IC at the 17th position
(pC2C17-pC13C17, where the former and latter number
denotes the position of "C and 4C residue and p strands for
peptide). Thus, each peptide would possibly produce three
macrocyclic structures with a thioether bond between the N-
terminus and *C or C, or an “C-9C disulfide bond. As a control,
an mRNA sequence encoding a simple thioether macrocyclic
peptide was also prepared (pC17).

All mRNA sequences expressed the encoded peptide with a
loss of approximately 36 Da from the molecular mass of the full-
length peptide, i.e. a loss of HCl, as a major product peak
confirmed by MALDI-TOF (Fig. S11). This result indicated that

the thioether bond formation preferentially occurred over the
disulfide bond formation. The respective peptides were then sub-
jected to the fragmentation by MALDI-TOF/TOF, of which the
individual peaks were assigned to the expected fragments. Inter-
estingly, two peptides, cpC17 and cpC2C17 (c stands for cyclic)
were poorly fragmented at the region between F1 and 9C17
(Fig. S2}). On the other hand, cpC3C17—cpC13C17 afforded
various peaks of fragments, supposedly originating from the
linear region when macrocyclization took place between the N-
terminus and “C; whereas, fragment of the thioether macrocyclic
region was not found similar to that observed for cpCl7
(Fig. S31). These results consistently suggested that macrocycli-
zation of pC3C17-pC13C17 took place between the N-terminus
and “C, giving the respective structures consisting of a macro-
cyclic head and a linear tail with a free sulfhydryl on “C17. In
contrast, macrocyclization of pC2C17 predominantly took place
between the N-terminus and °C17, giving the macrocyclic struc-
ture with a free sulthydryl on “"C2 (Fig. 2b). This selective
macrocyclization could be attributed to the fact that the nucleo-
philic attack of the sulfhydryl group of "C2 on the a-carbon of
the N-ClAc group required the formation of a constrained 9-
membered ring, which might be unfavourable over macrocycli-
zation between the N-terminus and *C17.

To solidify the above hypothesis, we expressed cpC3C17
peptide containing a single ester bond (cpC3e12C17; e denoting
the ester bond) where tryptophan at the 12th position (W12) was
replaced with phenyllactic acid ("°F) by reprogramming of its
codon (Fig. S4at).'? As a control, we also expressed cpC17 with
the same ester substitution at the 12th position (Fig. S4bi).
MALDI-TOF analysis of each peptide confirmed the production
of macrocyclic peptide-ester hybrid as a single major product
(Fig. S4c and d}). Upon subjecting to alkaline hydrolysis, the
ester bond was selectively cleaved to yield a product or products
as follows: in cpC3e12C17, two fragment peaks were observed,
each of which was assigned to the thioether macrocyclic peptide
with the carboxylate tail (1) and the linear tail peptide (2)
cleaved at MOF, respectively (Fig. S4ct); in a control peptide
cpel2C17, on the other hand, a single peak with the molecular
weight corresponding to the hydrolysis product at the 12th pos-
ition (3) was detected as a single piece of sequence (Fig. S4di).
These results were consistent with our hypothesis that the
macrocyclization of pC3C17-pC13C17 took place between the
N-terminus and “C.

With all knowledge together, we designed bicyclic peptides
consisting of a head-to-sidechain thioether bond and an inter-
sidechain disulfide bond. We first demonstrated expression of a
peptide, referred to as pC2C10C17, where leucine at the 10th
position (L10) in pC2C17 was replaced with a ‘middle Cys’
(MC10) residue. Because "C2 should not react with the N-term-
inal ClAc group, we expected that the sulthydryl group of ™C10
would spontaneously react with the N-terminus, leaving two
thiol-free cysteine residues, "C2 and ic17 ; then these two resi-
dues would form a disulfide bond under mild oxidation con-
ditions, yielding an overlapping-bicyclic backbone structure
(Fig. 3a). In fact, the mass spectrum of the expressed
pC2C10C17 after air-oxidization showed a peak corresponding
to the expected bicyclic structure (Fig. 3b, pC2C10C17-0xi).
Furthermore, the tandem mass analysis of cpC2C10C17-0xi by
MALDI-TOF/TOF showed fragment peaks only corresponding
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Fig. 3 Expression of an overlapping-bicyclic peptide consisting of a
thioether bond and a disulfide bond. (a) Schematic representation of
macrobicyclic peptides based on the pC2C10C17 scaffold. Because C2
is less susceptible to the reaction with the N-ClAc group, C10 predomi-
nantly forms a thioether bond and the remaining C2 and C17 form a
disulfide bond. (b) MALDI-TOF spectra of cpC2C10C17 with two
forms. Mild air-oxidation of the expressed peptide yielded the peptide,
cpC2C10C17-0xi, that was consistent with the molecular mass contain-
ing a thioether bond and a disulfide bond (black spectrum). Its TCEP
treatment yielded a mass with an additional 2 Da (cpC2C10C17-red),
suggesting that the disulfide bond was reduced (red spectrum). The inset
figure shows an expanded 3030-3050 m/z area of the superimposed
spectra of c¢pC2C10C17-oxi (Cal. 3036.23, Obs. 3036.08) and
cpC2C10C17-red (Cal. 3038.24, Obs. 3038.32). (c¢) MALDI-TOF/TOF
spectrum of cpC2C10C17-oxi. (d) MALDI-TOF/TOF spectrum of
cpC2C10C17-red. Assigned b-ion peaks are shown in the figure. Peaks
labeled with asterisks are assigned as y-ion peaks.

to the linear Flag region (Fig. 3c), indicating that the desired
overlapping-bicyclic structure was formed. Upon reduction treat-
ment of pC2C10CI17-oxi with tris(2-carboxyethyl)phosphine
(TCEP), the molecular mass of pC2C10C17-oxi increased by
approximately 2 Da, implying that the disulfide bond was
reduced to form pC2C10C17-red (Fig. 3b, pC2C10C17-red).
Tandem mass analysis of pC2C10C17-red yielded additional
peaks corresponding to some fragmentations in the region
between ™C10 and °C17 (Fig. 3d). This result gave solid
evidence that the designed overlapping-bicyclic peptide consist-
ing of the head-to-sidechain and inter-sidechain bonds was
produced.

To demonstrate the designer generality of this approach, we
also expressed "C2-peptides varying in the position of "CX (X =
4, 5, 6, or 8) in the combination of icy Y =7, 10, 11, or 14)
with arbitrary sequence compositions and lengths. In all cases,
production of the desired bicyclic peptide was confirmed by
MALDI-TOF/TOF (Fig. 4afor X=4and Y = 14, and b for X =
8 and Y = 11; see also Fig. S5a, b, ¢, and di for other combi-
nations). Moreover, "C3-peptides having two different positions
of "CX (X =7, and 13) were also expressed, yielding dumbbell-
type peptides (Fig. 4¢ for X = 7; see also Fig. S5¢f for X = 13).
Taken together, this designer bicyclization strategy enables us to
construct various bicyclic peptides with desired sequence
compositions.
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Fig. 4 MALDI-TOF/TOF spectra of overlapping- or dumbbell-type
macrocyclic peptides. (a) cpC2C4Cl14, (b) cpC2C8Cl1, and (c)
cpC3C7C17. Mild air-oxidation of the respective expressed peptide
yielded the bicyclic structure that was consistent with the molecular
mass containing a thioether bond and a disulfide bond (spectra of
peptide-oxi shown in black). Upon treatment with TCEP, the molecular
mass of each peptide-oxi increased by 2 Da, suggesting that the disulfide
bond was reduced to yield monocyclic peptide (spectra of peptide-red
shown in red). Assigned b-ion peaks are shown in the figure. Peaks
labeled with asterisks are assigned as y-ion peaks.

Conclusions

Here we have shown selective macrocyclization of peptides
having the N-terminal ClAc group with two competing C resi-
dues expressed in translation machinery under the reprogrammed
genetic code. The nearest "C (upstream C) residue generally
dictates the spontaneous thioether bond formation via thiol-
nucleophilic attack on the o-carbon of the ClAc group, thus
forming a macrocyclic structure and leaving a C (downstream
C) residue unreacted. However, there is one exception where "C
embedded at position 2 ("C2) does not react with the ClAc
group and instead “C residue predominantly reacts with the ClAc
group, leaving the "C residue thiol-free. Based on this knowl-
edge, we have devised a strategy for the synthesis of bicyclic
peptides in which an additional middle C ("C) residue between
the “C2 and °C residues is embedded in the sequence, cyclizing
the peptide by a thioether bond between ClAc and ™C followed
by a disulfide bond formation of “C2 and °C. This bicyclization
is selective and fairly general independent of sequence compo-
sitions. Thus, this strategy is applicable for constructing a library
consisting of such constrained bicyclic peptide scaffolds. Particu-
larly, the integration of this library with RaPID system will allow
us to rapidly select bicyclic peptides against a chosen protein
target. This opens a new avenue to search a unique peptide
3-dimensional sequence space for bioactive peptides.

This journal is © The Royal Society of Chemistry 2012
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ABSTRACT: The Akt kinase family, consisting of three
isoforms in humans, is a well-validated class of drug target.
Through various screening campaigns in academics and
pharmaceutical industries, several promising inhibitors have
been developed to date. However, due to the mechanistic and
structural similarities of Akt kinases, it is yet a challenging task
to discover selective inhibitors against a specific Akt isoform.
We here report Akt-selective and also Akt2 isoform-selective
inhibitors based on a thioether-macrocyclic peptide scaffold.
Several anti-Akt2 peptides have been selected from a library by
means of an in vitro display system, referred to as the RaPID
(Random nonstandard Peptide Integrated Discovery) system.
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Remarkably, the majority of these “binding-active” anti-Akt2 peptides turned out to be * 1nh1b1tory active”, exhibiting ICSO values
of approximately 100 nM. Moreover, these peptides are not only selective to the Akt kinase family but also isoform-selective to
Akt2. Particularly, one referred to as Pakti-L1 is able to discriminate Akt2 250- and 40-fold over Akt1 and Akt3, respectively. This
proof-of-concept case study suggests that the RaPID system has a tremendous potential for the discovery of unique inhibitors.

with high family- and isoform-selectivity.

En human cells, the Akt family, belonging to the serine/
threonine (S/T) kinase family, plays critical roles in
regulating various signal transduction pathways.' Because
misregulation of Akt causes alterations of apoptosis, cell
proliferation, and metabolisms depending upon the Akt
isoforms, it is of great interest for academics, as well as
pharmaceutical industries, to develop inhibitors against this
kinase family. Three isoforms, Aktl, Akt2, and Akt3, are known
in the human Akt family. Aktl activates the translocation of
nuclear factors, such as NF-kB (nuclear factor of kappa light
polypeptide gene enhancer in B-cells),> which suppress
apoptosis in a transcription-independent manner; thereby it
promotes cell survival. In fact, elevated expression and
activation of Aktl have been observed in human gastric, breast,
prostate, and ovarian cancers, implying that it is a ma)or factor
in the cancer development, ie, Aktl is an oncogene.>* Similar
events mvolvmg Akt2 have been also observed in various
carcinomas,””” consistent with a view that Akt2 plays a similar
role as Aktl in developing malignant phenotype of these
cancers. However, data generated by experiments involving
Aktl or Akt2-deficient transgenic mice have suggested that
Akt2 likely plays a specific role in the insulin receptor signal
transduction, implying that Akt2 is an important drug target for
controlling diabetes mellitus.® The function of Akt3 is least
understood among the Akt family, but it is expressed
predominantly in the brain.” Presumably, it contributes to the
development of the brain through the activation of growth
factor mediated signal transductions.’

< ACS Publications  © 2012 American Chemical Society

Because of the therapeutic significance of Akt in cancers and
other diseases, a number of screening campaigns of molecules
have been conducted to yield potent Akt inhibitors
(representative Akt inhibitors along with their potency and
selectivity against a specific Akt isoform over other isoforms
and kinase family are summarized in Supplementary Table 1).
There are four classes of inhibitors: (I) those that compete for
binding to the ATP-binding site, (II) those that bind to the
pleckstrin homology domain (PH domain), (III) those that
bind to an allosteric site(s), and (IV) those derived from
substrate peptide sequences and others.

The class I inhibitors, represented by A674563 and
GSK690693, have remarkable potencies against all Akt isoforms
with low nanomolar ICs's."' "> However, since all kinase
families have structurally similar ATP-binding sites, they
generally show broad spectra of inhibitory activities against
many S/T kinases with comparable potencies, thus interacting
with various cellular kinases in a nonselective manner. On the
other hand, since the PH domain of the Akt family is unique
over other kinases, the class II inhibitors are inherently Akt-
selective, but because all Akt members have nearly identical PH
domains, they are so far unable to distinguish a specific isoform
from other isoforms.'®™>! Representative class III inhibitors are
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Figure 1. Schematic presentation of the macrocyclic peptide library and RaPID selection. (a) A macrocyclic peptide library closed by a thioether
bond. The randomized amino acid sequence region (white circles) consists of 4—12 amino acid residues. Spontaneous cyclization takes place
between CIACYY or CIACPY initiator and sulthydryl group of a cysteine (C) residue, both shown in dark gray boxes. Although the C residue is
designated right after the random region in each peptide, a C residue or residues can also be appeared from the random region to form a smaller ring
sized head and a tail containing the unreacted cysteine residue(s). The (GS),-linker peptide is shown in gray circles. 5-CCPu-3’ and DNA-PEG
regions in DNA-PEG-CCPu are shown in a dark gray pentagon and a dark gray line, respectively. (b) Selection using RaPID system. DNA and RNA
libraries are shown in black and gray lines, respectively. The full-length Akt2 protein and Ni**-NTA magnetic beads are shown in a black-dotted

circle and black circles, respectively.

MK2206, Akti-1, Akti-2, and Akti-1/2 (Akt inhibitor VIII), all
of which are categorized as allosteric inhibitors.”*™>* Among
them, Akti-1/2 has been extensively studied by the X-ray
structure complexed with Akt1.*® This inhibitor binds to the
interface between “N-lobe” and “C-lobe” in the kinase domain
and further interacts with the PH domain, resulting in
stabilization of the ternary interactions. This ternary complex,
referred to as a “PH-in” form, prevents phosphorylation of
T308 and $473, inhibiting activation of the kinase domain. The
ICs, value of Akti-1/2 is 58 nM against Aktl compared with 4-
and 40-fold elevated ICy, values against Akt2 and Akt3,
respectively. On the other hand, Akti-2, which is structurally
similar to Akti-1/2, exhibits a greater isoform-selectivity (70-
fold against Aktl over Akt2), but its potency dropped to 325
nM ICs,. The class IV inhibitors competitively bind to the
protein substrate-binding site of Akt.””~>° Although the isoform
selectivity of this class of inhibitors is unknown in literature,
they display marginal inhibitory potencies even in vitro.

Even though simultaneous inhibition of all members of the
Akt family by ATP-competitive inhibitors gave a maximal
efficacy for caspase-3/7 activation," these inhibitors may have a
risk of side effects caused by undesired inhibitions of non-Akt
kinases. An approach to devise inhibitors binding to the PH
domain has yielded Akt-selective inhibitors, but it has been yet
difficult to install an isoform-selectivity into the inhibitors.
Allosteric inhibitors have given the Akt- and isoform-selective
properties, but it remains difficult to achieve high selectivity and
potency simultaneously against a specific isoform. Therefore, it
is still a difficult challenge to devise Akt- and isoform-selective
inhibitors.

We here report a potent Akt2 isoform-selective inhibitor with
a 100 nM ICy, discovered from a library of thioether-
macrocyclic peptides with a complexity of 10", by means of
an in vitro display system, referred to as RaPID (Random

- 465

nonstandard Peptide Integrated Discovery) system (Yamagishi
et al. Chem. Biol,, in press).

B RESULTS AND DISCUSSION

Thioether-Macrocyclic Peptide Libraries. In 2008, we
reported a new strategy to ribosomally express thioether-
macrocyclic peptides involving an initiation codon reprogram-
ming. To facilitate such a codon reprogramming for this study,
we have devised a FIT (Flexible In vitro Translation) system
where a custom-made in vifro translation system lacking
methionine (M) is supplied with N-(2-chloroacetyl)-
aminoacyl-tRNAM, ., (ClAc-aa-tRNA™M_, ) prepared by a
flexizyme (flexible tRNA acylation ribozyme),”>** resulting in
a reassignment of AUG initiator codon from M to the ClAc-aa.
In this setup, the peptide translation of mRNA is initiated by
the ClAc-aa, and a cysteine (C) residue installed at a
downstream position in the sequence reacts with the 2-
chloroacetyl group, giving macrocyclic peptide closed by a
thioether bond (Figure 1a).**” The cyclization takes place
spontaneously without an additional reagent, yielding a clean
desired product almost regardless of the length and sequence
composition. In fact, we were able to prepare a macrocyclic
peptide library with various lengths from random sequences of
mRNAs.

In the present work, we constructed two thioether-macro-
cyclic peptide libraries initiated by either L or p isomers of N-
(2-chloroacetyl)-tyrosine (CIACYY or CIACPY, respectively). To
construct each peptide library, mRNA template libraries were
designed to have AUG-(NNK),-UGC, where AUG and UGC
assign CIAC"Y or CIACPY and C, respectively, which would
undergo the thioether bond formation for cyclization; also
where (NNK), (N and K represent any of four bases and U or
G, respectively) assign all possible 20 amino acids with a range
of lengths between 4 and 12, i.e, a mixture of peptides with a

dx.doi.org/10.1021/cb200388k | ACS Chem. Biol. 2012, 7, 607-613
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Table 1. Selected Peptides with Frequency of Appearance and Their ICg, Values against Akt Isoforms”

IC M
Peptide Sequence Frequency s (V]
Akt2 Akt1 Akt3

57

Pakti-L1  Ac-LYILVRNRLLRVDCG-nH, 28/37 110 >25,000 4,200
5

Pakti-L2  Ac-tYWILITWPLVRRKCG-NH, 2137 120 ~1,000¢ ~1,0002
S ——

Pakti-L3  Ac-LYWIVLTWPIVTRRCG-NH, 2/37 92 ~1,0002 ~1,0002
57

Pakti-L4  Ac-LYTYWFVSMICG-NK, 1/37 inactive N.D. N.D.
5

Pakti-L5  Ac-+YIRRPWVPIMYLGCG-nH, 3/37 active N.D. N.D.
T |

Pakti-L6 ~ Ac-{YILVRNRPLRVDCG-NH, 1137 active N.D. N.D.
T —

Pakti-D1  Ac-2YAVRILGHYLQVGCe-nH,  35/37 active N.D. N.D.
5

Pakti-D2  Ac-ZYLSRRHGLLFLIRCG-NH, 1/37 inactive N.D. N.D.
=5

Pakti-D3  Ac-2YLSREFNLLFLVRCG-nH, 1/37 active N.D. N.D.

“1Cqy values were estimated by the graph shown in Figure.2b and ¢ bPeptides shown in this table were synthesized by standard solid-phase synthesis
and applied to the inhibition assay of kinase activities. ICs, values were determined by the plot shown in Figure 3. Pakti-LS, L6, D1, and D3 inhibited
Akt2 kinase activity (the accurate IC, value was undetermined), whereas Pakti-L4 and D2 were inactive by a preliminary assay. N.D. denotes “not

determined” in this study.

random region of these lengths would be expressed. It should
be noted that the thioether-macrocyclic peptide library initiated
with CIAcPY would cover different conformational sequence
space from that initiated with CIAC"Y since a single D-isomer in
the macrocyclic scaffold would potentially alter the tertiary
structural conformers from those in all-L-macrocyclic peptides.
We referred the respective libraries to as “Y- and PY-libraries
for our convenience in discussion below.

To perform the selection of active species, these libraries
were integrated with an in vitro display method, so-called
mRNA display,®®*° where puromycin (Pu) was ligated to the
3"-end of a synthetic hybrid oligonucleotide (DNA-PEG-CCPuy;
the DNA sequence is complementary to the 3"-end sequence of
mRNA, followed by a poly(ethylene glycol) linker, deoxy-
ribonucleotides CC, and puromycin), which allows for fusion
with the peptide C-terminus (Supplementary Table 2). To
facilitate the integration, we designed the above mRNA libraries
to have three repeats of (GGC)(AGC) encoding (GS); (G,
glycine; S, serine) after UGC (encoding a cysteine residue),
UAG stop codon, followed by a short stretch of RNA that
hybridizes the DNA-PEG-CCPu. It should be noted that our
FIT system using this display experiment did not contain
release factor-1 (RF1), which usually terminates the elongation
at UAG stop codon; instead, ribosome would be stalled at UAG
codon and the efficiency of puromycin-peptide fusion should
be enhanced. By means of this system, the estimated
complexity generated by the (NNK), library transcribed from
the corresponding DNA library was approximately 10'%, and the
efficiency of the peptide-puromycin fusion was generally more
than 30% in our hands for representative model peptides with
the range of lengths and degenerated sequences used in the
library (data not shown). Therefore, we confidently estimated
the diversity of the initial display library to be 10'* or more. We
referred to this system enabling display of nonstandard
macrocyclic peptide libraries as the RaPID (Random non-
standard Peptide Integrated Discovery) system (Yamagishi et
al. Chem. Biol,, in press). Significantly, the C-terminal end of
each thioether-macrocyclic peptide in the library is covalently
linked to its encoding mRNA via Pu, and thus active species of

peptide based on their binding capability against a therapeutic
target could be enriched by RT-PCR (reverse transcription
polymerase chain reaction). Therefore, the RaPID selection
process can be repeated until an active population emerges in
the selected pool.

Selection of Anti-Akt2 Macrocyclic Peptides. We
petformed in vitro selection of the nonstandard macrocyclic
peptides against Akt2 (Figure 1b). The Y- and PY-libraries
were independently applied to the RaPID selection against a
full-length Akt2 that was immobilized on Ni**-NTA magnetic
beads via the interaction with hexa-His residues at the Akt2’s
N-terminus. Prior to the selection against Akt2-beads, the
respective libraries were treated with the Ni**-NTA magnetic
beads (up to 12 times) to remove undesired background-
binding peptide species in the pool, and the peptide fraction
unbound to the beads was then applied to the selection against
Akt2-immobilized beads. At the sixth round, we observed an
appreciable enrichment of active population in the both pools
monitored by the recovery amount of selected cDNA by RT-
PCR, while the background binding to the beads was
significantly suppressed (Supplementary Figure 1).

The enriched pool was cloned and individual colonies were
arbitrarily picked for sequencing, yielding a total of 37 DNA
sequences from each of the “Y- and PY-libraries (Table 1). The
most abundant LY-clone, referred to as Pakti-L1, was found 28
times in 37 clones, and shared the common sequence with
Pakti-L6 found once. Pakti-L1 consists of 11 residues
originating from the random sequence region, giving a total
body length of a 13-mer macrocyclic peptide without the linker
peptide region. Two clones, Pakti-L2 and 3, were each found
twice, and shared a common sequence motif, consisting of 12
residues originating from the random region (a total of 14-mer
body length). Pakti-L4 and LS were independently found once
and thrice, respectively. On the other hand, the PY-library was
dominated by a single kind of a peptide; Pakti-D1 was found 35
times. Pakti-D2 and D3 were found once, respectively, and
shared the common sequence motif. Interestingly, no Pakti-D
peptides had sequence similarity to any Pakti-L peptides. This
implied that, even though the random region originated from
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Figure 2. Inhibitory activities of Pakti-L1—L3 (a—c) against Akt isoforms and other kinases. (a) Akt- and isoform-selectivity of Pakti-L1. Black, gray,
and light gray bars show observed activities of the kinase at the peptide concentrations of 1, S, and 10 uM, respectively. The respective activity was
defined as an average of activities of the kinase in triplicate in the presence of inhibitor relative to those in the absence of inhibitor. Error bars are
shown as the standerd deviations of the relative activities in triplicate. (b) Akt- and isoform-selectivity of Pakti-L2. (c) Akt- and isoform-selectivity of

Pakti-L3.
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Figure 3. Titration of kinase activities as a function of Pakti-L inhibitor concentrations. (a) Inhibitory titration of Pakti-L1. Data plot in black circles
are against Akt2. Those in light gray triangles and gray diamonds are against Aktl and Akt3, respectively. ICy, values were determined by a curve
fitting to a Hill equation generated by KaleidaGraph (Hulinks Inc.). (b) Inhibitory titration of Pakti-L2. (c) Inhibitory titration of Pakti-L3.

the same pool of mRNA sequences, the library composed of
“Y.initiator covered different conformational sequence space
from that of ®Y-initiator.

Anti-Akt2 Macrocyclic Peptides Are Inhibitory Active.
All peptides from the Pakti-L and -D families were chemically
synthesized using a standard solid-phase method with an
additional glycine-carboxamide at the C-terminus. The
individual peptides were then subjected to kinase inhibitory
screening using a universal S/T kinase assay system composed
of biotin-labeled peptide substrates (HTRF KinEASE STK2
and STK3, the appropriate one of which was treated with the
corresponding kinase). After the phosphorylation, the biotin in
the substrate was captured with XL665-labeled streptavidin, and
a phospho-specific monoclonal antibody labeled with Eu’*-
cryptate was used to detect the signal of time-resolved-
fluorescence resonance energy transfer (TR-FRET). In this
study, we used enzymatically active GST-Akt#-APH (Carna
Biosciences Inc.) in which GST, #, and APH denoted
glutathione S-transferase as a N-terminal tag, isoform number,
and deletion of PH domain, respectively, and the respective Akt
isoforms were phosphorylated at threonine/serine residues
essential for the activation of kinase domain. Our preliminary
activity screening for inhibition using Pakti-L1-L6 and Pakti-
D1-D3 revealed that the Pakti peptides isolated in this study,
except for Pakti-L4 and D2, were active inhibitors against Akt2
(Table 1). On the basis of this preliminary data, we chose three
peptides from the Pakti-L family, Pakti-L1-L3, for further
isoform-selectivity studies. In parallel, other representative S/T
kinases, PKA (protein kinase A) and SGK (serum- and
glucocorticoid-regulated protein kinase), were also tested for
inhibition by these peptides (Figure 2a—c).

Akt- and Isoform-Selectivity of Pakti-L Peptides. The
concentrations of each peptide were set at 1, 5, and 10 uM for
the inhibitory test against Akt1—3, PKA, and SGK. Remarkably,
under any of the above concentrations, Pakti-L1 completely
shut down the kinase activity of Akt2, but all other kinases
tested in this study retained activity over 50% even at 10 uM
(Figure 2a). This result clearly shows a high isoform selectivity
of Pakti-L1. Likewise, Pakti-L2 and L3 shut down the kinase
activity of Akt2, but they also inhibited the kinase activity of
both Aktl and Akt3 to some extent {Figure 2b and c); at their 1
UM concentration, both Akt's gave an approximately 40%
activity, and thus their IC; values were estimated to be ~1 uM
(Table 1). Similar to Pakti-L1, Pakti-L2 and L3 displayed very
weak inhibitory activities against PKA and SGK (ICs, values
could be <10 yM). Thus, Pakti-L2 and L3 are Akt2-selective
but less isoform- and Akt-selective compared with Pakti-L1.
Even though the in vitro selection of nonstandard macrocyclic
peptides against Akt2 from the “Y- and PY-libraries was based
on their binding ability leading to enrichment, it has
successfully yielded potent inhibitors from both libraries.

To assess more accurate 1Cs, values of the Akt2-inhibitors,
we directly monitored the kinase activity of Akt2 by a classical
filter-binding assay of 32P:‘]ghosphorylated. substrate peptide on
a phosphocellulose paper.™ For this experiment, we modified a
known cross-reactive substrate, so-called crosstide, to generate a
crosstide-KK in which two additional lysine residues were
added to its C-terminus.***' The phosphorylation activity was
titrated in the presence of various concentrations of each
peptide ranging from 2 to 2,100 nM against Akt2 (Figure 3a—
c). All Pakti-L1-L3 displayed nearly the same inhibitory
potencies against Akt2 with ICg, values of 100 nM (Table 1).
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Because Pakti-L1 appears to exhibit a high selectivity to Akt2
according to the screening result (Figure 2a), we also attempted
to determine the ICj, values against Akt1 and Akt3 (Figure 3a).
The titration of Pakti-L1 in a range of 270—42,000 nM against
Aktl and Akt3 has revealed estimated ICs, values of 25 and 4.2
uM (Figure 3a and Table 1). It should be noted that the
inhibitory activities of Pakti-L1 against Aktl and Akt3 were
intrinsically very weak, and therefore we were unable to
completely titrate the inhibitory activity with 42 uM Pakti-L1,
meaning that the above IC;, values were yet estimates.
Nevertheless, the isoform selectivity of Pakti-L1 to Akt2 over
Aktl and Akt3 was 250- and 40-fold, respectively.

In summary, Pakti-L1, generated from “Y-library and studied
in depth in the present work, displays an isoform-selective
inhibitory activity against Akt2 over Aktl and Akt3. It also
exhibits nearly no activity against other families of S/T kinases.
Thus, Pakti-L1 is a remarkable Akt-selective and Akt2 isoform-
selective inhibitor. The other class of thioether-macrocyclic
peptides, Pakti-L2 and L3, display potent inhibitory activity
against Akt2, modest activities against Akt1/3, and very weak
activity against other families of S/T kinases. Although they are
weakly isoform-selective, they are highly Akt-selective inhib-
itors.

Discussion. The full-length of Akt2 used for the selection
was an enzymatically inactive construct, i.e, a nonphosphory-
lated form. Therefore, it is quite surprising that the majority of
selected peptides found in 'Y-library were able to show
inhibitory potencies with a range of 100 nM ICy, against active
Akt2. Moreover, all inhibitors found in this study inhibit the
kinase activity of Akt2-APH, suggesting that their binding
site(s) should reside in the kinase domain of Akt2. The most
intriguing question is how these macrocyclic peptides inhibit
the kinase activity of Akt. Particularly, Pakti-L1 exhibits a high
isoform-selective activity, so the questions where it binds in the
Akt kinase domain and how it discriminates Akt2 over Aktl/3
are of greatest interest.

Since we have tertiary structural information of neither Pakti-
L1 nor its complex with Akt2, we are only able to provide a
speculative discussion for possible mechanisms of its isoform-
selectivity, but it would be worthy to discuss such at this point.
We propose two hypotheses as follows. The first hypothesis is
that Pakti-L1 interacts with the substrate-binding domain and
competitively inhibits Akt2 activity. It is known that a generic
substrate sequence, such as crosstide, contains a RXRXX(S/T)
motif (the phosphorylating S/T is assigned to position 0, and
its N-terminal region is assigned to —1 to —5) where the
arginine residues at positions —3 and —$, interact with the
conserved glutamate residues (E236, E279, and E342) in Akt
(Supplementary Figure 2a).* It turns out that Pakti-L1 has a
RNR motif embedded in the middle of sequence (Table 1), and
therefore this motif may be able to position Pakti-L1 into the
active site. On the other hand, all Akt kinases share the same
amino acid residues that interact with the substrate backbone
amides or side chains, and unique residues in Akt2 differing
from those in Aktl/3 are scattered outside of active site in the
structure (see Supplementary Figure 2b). Therefore, if this
hypothesis were correct, Pakti-L1 could use a unique
mechanism, such as induced fit, to gain specific interactions,
enabling the discrimination of Akt2 against Aktl/3.

The second hypothesis is that Pakti-L1 acts as an allosteric
inhibitor. It may have a mechanism similar to Akti-1/2 where
Pakti-L1 stabilizes the interaction between the kinase and PH
domains, resulting in stabilization of the kinase-inactive “PH-in”

form.?® However, since Pakti-L1 is structurally bigger than Akti-
1/2, the binding mode of Pakti-L1 should be largely different
from that seen in Akti-1/2. Alternatively, Pakti-L1 interacts
with a unique short sequence clustered in the region of 455—
466 and allosterically inhibits the kinase activity (Supplemen-
tary Figure 2a and b). Unfortunately, this region is invisible in
any of available X-ray structures of Akt, suggesting that this
region may be largely unstructured. It is known that the
downstream sequence, F470—Y475, docks on the “N-lobe”
region when S$474 is phosphorylated, resulting in activation of
the kinase function.*” Thus, if Pakti-L1 binds to this unique
region and prevents the F470—Y475 region from docking, the
kinase activity can be allosterically inhibited.

Since we do not have any data that enables us to rule out
either hypothesis, we would like to leave open questions for the
future investigations. Presumably, structural studies of the
binary complex of the kinase domain with Pakti-L1 or the
ternary complex with PH domain will be critical to reveal the
exact inhibitory mechanism of Pakti-L1.

Conclusion. Here, we have reported thioether-macrocyclic
peptide inhibitors with high Akt-selectivity generated by RaPID
system. One of the inhibitors, Pakti-L1, was studied in depth
and also showed a high isoform-selectivity against Akt2 over
other isoforms. It is quite remarkable that even though the
selection was performed against only Akt2, the selected
peptides possessed isoform-selective properties. This suggests
that the RaPID system could have a potential to yield isoform-
selective inhibitors against various therapeutic targets of which
isoform-selectivity is a strong requisite for the development of
therapeutic agents. More extensive attempts by means of
RaPID system against other therapeutic targets are currently
underway in our laboratory.

B METHODS

Preparation of CIAC'Y and °Y Peptide Libraries. The mRNAs
with the 4—12 repeated NNK sequences for the random region of
amino acid sequence were prepared by in vitro transcription of their
template cDNA amplified by PCR, respectively, using the primers P1,
PNNK4—PNNKI12, and P2 (Supplementary Table 2). The mRNA
library was prepared by mixing the respective mRNAs with the 4—12
repeated NNK sequences with the following ratio, (NNK),:(NNK):
(NNK) 5 (NNK):(NNK)g: (NNK)o: (NNK) 0: (NNK),,:(NNK) , =
2073:207%207%:1:10:10:10:10:10, adjusted to 10 uM total concen-
tration of mRNA and denoted as a mRNA library. Two samples of 1
p#M mRNA library were ligated with 1.5 uM of DNA-PEG-CCPu
(Supplementary Table 2) by T4 RNA ligase at a scale of 200 yL total
volume and incubated at RT for 30 min. The ligated libraries were
purified by phenol-chloroform treatment and ethanol precipitation.
The mRNA libraries fused with DNA-PEG-CCPu were translated in
the Met-deficient FIT system at a scale of 150 uL total volume
containing 50 #M CIACPY-tRNAM 1, or CIACPY-tRNAME , (3637
prepared as described in Supporting Information, for 30 min at 37 °C
and an additional 12 min at RT to enhance the mRNA-peptide
conjugation efficiency. To quench the reaction, the samples were
mixed with 15 uL of 200 mM EDTA (pH 7.5) and incubated at 37 °C
for 30 min. For desalting, the samples were gel-filtered through 700 uL
of fresh cross-linked dextran polymer beads, Sephadex G-25 Fine (GE
Healthcare), equilibrated with PBST (10 mM Na,HPO,, 1.8 mM
KH,PO,, 137 mM NaCl, 2.7 mM KCl, and 0.05% (v/v) Tween20
adjusted to pH 7.6 with HCl) twice. Preparation of the two libraries,
CIACFY (1Y) library and CIACPY (PY) library, was completed by
adding an equivalent volume of 2X blocking buffer (1 M NaCl and
0.2% (w/v) acetyl-BSA in PBST) into the filtrates.

Selection Procedure by RaPID System. The following enrich-
ment process was independently performed with the respective Y and
DY libraries. At the first round, the “Y and PY libraries were applied to
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no protein-immobilized Ni**-NTA magnetic beads (Life Technologies,
Cat. No. 10104D) twice to remove all the components tagged with the
hexahistidine in the Met-deficient FIT system and undesired
background beads binders from the libraries (this process is referred
to as preclear below), then applied to (His)s-Akt2-immobilized Ni**-
NTA magnetic beads, and incubated at 4 °C for 30 min (this process is
referred to as positive selection). After the incubation, the beads were
washed with 500 uL of PBST four times. The washed beads were
resuspended in 40 uL of reverse-transcription reaction mixture. The
mRNAs remaining on the Akt2-immobilized beads were reverse-
transcribed by MMLV reverse-transcriptase (Promega, Cat. No.
M1705) at 42 °C for 1 h using the primer P2. The resultant
cDNAs on the beads were eluted by being mixed with 200 yL of 1X
PCR reaction buffer and heated at 95 °C for S min, with immediate
separation of the supernatant from the beads. The amounts of the
eluted cDNAs from the beads in the respective libraries were measured
by qPCR, and the eluted cDNAs were amplified by PCR using the
primer P1 and P2 for the preparation of the mRNA libraries for the
next round. The aforementioned processes of (selected) library
preparation, preclear, and positive selection constitute one cycle of the
enrichment process.

From the second round, in the enrichment process, the reverse-
transcription of mRNA to prepare the cDNAs was performed prior to
the selection and the selection was performed by autodispenser
machine (Nikkyo Technos Co. Ltd.). At the second round, the
individual peptide libraries were prepared by in vitro transcription of
the amplified cDNAs, ligation of the mRNA libraries with DNA-PEG-
CCPuy, in vitro translation, and reverse transcription. The libraries
prepared in 5 pL of the translation scale and diluted to 100 xL with
blocking buffer and PBST, the fresh magnetic beads, the wash buffer
(PBST), inactive Akt2 protein, and H,O were set in the appropriate
wells of the 96-well plate. The machine was programmed to run the
following processes, immobilization of Akt2 protein to Ni*-NTA
magnetic beads, washing the extra Akt2 protein from the beads, and
applying the respective library to the preclear and selection processes.
After iterative preclear processes up to 6—12 times depending upon
the rounds, the respective libraries were applied to the Akt2-
immobilized beads for the selection and incubated at about 10 °C
for 15—30 min. The beads were washed with 100 yL of PBST three
times and resuspended with 40 uL of H,0O, and then the machine
program was executed to completion. The beads were mixed with 50
uL of 2X PCR buffer and adjusted to 100 uL total volume with H,O.
The eluted cDNAs were recovered by heating the sample at 95 °C for
5 min and separating the supernatant from the beads. The recovered
cDNAs were amplified by PCR and then transcribed to prepare
mRNA libraries for the next round. The enrichment process was
completed at the sixth round, where appreciable enrichment of the
recovery rate was observed.
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product-like peptidomimetics: The FIT and RaPID systems
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Bioactive natural product peptides have diverse architectures
such as non-standard sidechains and a macrocyclic backbone
bearing modifications. /n vitro translation of peptides bearing
these features would provide the research community with a
diverse collection of natural product peptide-like molecules
with a potential for drug development. The ordinary in vitro
translation system, however, is not amenable to the
incorporation of non-proteinogenic amino acids or genetic
encoding of macrocyclic backbones. To circumvent this
problem, flexible tRNA-acylation ribozymes (flexizymes) were
combined with a custom-made reconstituted translation
system to produce the flexible in vitro translation (FIT) system.
The FIT system was integrated with mRNA display to devise an
in vitro selection technique, referred to as the random non-
standard peptide integrated discovery (RaPID) system. It has
recently yielded an N-methylated macrocyclic peptide having
high affinity (Kyq = 0.60 nM) for its target protein, EGAP.
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Introduction

Bioactive natural product peptides are biosynthesized by
either ribosomal translation machinery or nonribosomal
peptide synthetases (NRPSs) and derivatized by post-
translational modification enzymes or tailoring NRPS
enzymes, respectively [1]. Unlike ordinary peptides, these
‘non-standard’ peptides are chemically diversified with D-
amino acids, unique sidechains, N-methylation, and macro-
cyclic backbones (Figure 1). In the case of NRPSs, this
diversity is largely attributed to the multidomain NRPSs’
ability to activate and modify amino acids before conden-
sation. Domains are grouped into modules, and each
module is in general responsible for the activation, modi-
fication and condensation of a single amino acid. Nature
arranges these modules into an assembly line so that an

exact peptide sequence can be produced in an NRPS-
templated manner. The idea of producing custom non-
standard peptides or their de #ovo libraries has attracted
many researchers and driven efforts toward engineering
NRPSs, but manipulating the modular NRPS components
to create tailored non-standard peptides has thus far met
limited success owing to their mechanistic and functional
complexities. Presumably, directed evolution of NRPSs,
similar to the recent work reported by Fischbach ez4/. [2] as
well as Evans ¢ /. [3], may lead to a solution of this
herculean challenge in order to achieve the goal of con-
structing de novo libraries in the future.

Biosynthetic pathways involving post-translational modi-
fication enzymes are less complex than those involving
NRPSs. In fact, genetic and mechanistic studies on such
enzymes have increased our knowledge of cssential
recognition elements in substrates, enabling us to design
non-natural substrates. Moreover, recent studies using
synthetic peptides as well as coupling with iz vive incorp-
oration of an artificial amino acid has allowed for the
expansion of substrate repertoires [4-7]. Thus, continuing
such efforts will lead us to the goal of synthesis of e novo
libraries and, ultimately, discovering bioactive com-
pounds with new chemical scaffolds against therapeutic
targets of interest.

As a completely different technology, recent advances in
artificial manipulation of the genetic code have shown the
potential to produce natural product-like non-standard
peptides by using translation machinery (vide infra). In
this technology, unlike the above two biosynthetic pro-
cesses, the sequences of such non-standard peptides are
encoded in messenger RNA (mRNA) or its parental
DNA. This feature facilitates the construction of their
de novo libraries with high sequence complexities and,
moreover, enables us to devise a one-pot screening (or
selection) system to discover active non-standard pep-
tides. In this review, we shall focus on discussing this
emerging new technology.

Genetic code reprogramming as a distinct
alternative approach

Genetic code reprogramming, which allows for a variety
of non-standard amino acids to be incorporated by using
sense codon suppressions, is a technique that was intro-
duced within the last decade [8,9]. Genetic code repro-
gramming in general requires the use of a reconstituted 7z
vitro translation system [10]. For instance, Forster ez 4/,
demonstrated in 2003 that reconstitution of only limited
members of Escherichia coli translation factors (initiation
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