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Structure of VIP36-Mannosyl Ligand Complex
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FIGURE 8. Model for binding between VIP36 and high mannose type glycan (Mang(GIcNAc),-Asn). A, the high mannose type glycanis indicated by a stick
model. In the oligosaccharide, the part determined in this study is colored in green. The modeled D2 and D3 arms and N-linked chitobiose moiety of the high
mannose type glycan are shown in purple. The types of glycosidic linkages are also indicated. The individual carbohydrate residues of Mang(GlcNAC),-Asn are
shown as in Fig. 1. Residues involved in the ligand binding are shown as ball-and-stick models. 8, model for binding between VIP36 and salivary a-amylase

carrying Mang(GicNAC), in rat secretory vesicles.

presumptive weak interactions between ERGIC-53 and carbo-
hydrate ligands might be compensated by the oligomerization
of the CRDs.

To demonstrate that the crystal structure strictly represents
the complex formed in solution, we simulated a complex model
of Mang(GlcNAc),-Asn and VIP36 (Fig. 84). In this model,
there are no significant steric clashes between high mannose
type N-glycan and VIP36. The monomeric VIP36 seems to
accommodate the glycan along an extended ligand-binding
site. Kamiya et al. (20) have suggested that VIP36 recognizes the
D1 arm and showed that mannose trimming and monoglucosy-
lation of the D1 arm resulted in significant reduction in affinity
for VIP36 CRD using frontal affinity chromatography analysis.
When a glucose residue is modeled into the VIP36-Man, struc-
ture at the Man(D1) position through al-3 linkage, a steric
hindrance occurs between the glucose and Glu®® of VIP36 (data
not shown). In addition, we have shown that VIP36 recognizes
the D1 arm, Man-a-1,2-Man-a-1,2-Man, using SPR analysis
(Fig. 4) and that Asp'®! of VIP36 plays an essential role in bind-
ing **S-labeled secretory glycoproteins (13). Kawasaki ez al. (21)
have also shown that Asp**! of VIP36 was involved in ligand
binding using a flow cytometry-based method. On the other
hand, it was shown that Asp'®!, Asn'%¢, and His'”® of human
ERGIC-53, which correspond to Asp*®!, Asn'%, and His' of

VIP36, are involved with binding to mannose and its cargo gly- .

coprotein, cathepsin Z-related protein (15, 18, 50). From these
observations, we conclude that the interaction between VIP36
and high mannose type glycans in solution is also achieved
through interactions between these amino acid residues and
the D1 arm.

It has been shown that VIP36 recycles between the ER and
the Golgi complex (9~-11). To date, however, there is no obvi-
ous evidence that VIP36 is involved in retrograde transport of
glycoproteins from the Golgi complex to the ER. On the other
hand, we revealed that VIP36 localizes in the trans-Golgi net-
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work (12) and is involved in secretion of high mannose type
glycoproteins clusterin and a-amylase (13, 14). It has been gen-
erally known that the D1 arm is trimmed by cis-Golgi manno-
sidase I to form Man,(GIcNAc), in the cis-Golgi. The carbohy-
drate structure has a lower affinity for VIP36 (19, 20). In this
study, we have shown that VIP36 specifically binds the Man-a-
1,2-Man-a-1,2-Man residues of the D1 arm of high mannose
type glycan. Taken together, VIP36 might be involved in anter-
ograde transport of certain glycoproteins carrying high man-
nose type glycan with the D1 arm from the ERGIC via the Golgi
complex to the plasma membrane by protecting the D1 arm
against trimming by cis-Golgi mannosidase I. Although it is not
known whether or not high mannose type glycan of rat salivary
a-amylase has the D1 arm, a possible model for binding
between VIP36 and salivary a-amylase carrying high mannose
type glycan (Mang(GlcNAc),) in rat parotid acinar cells is
shown (Fig. 8B).

In summary, we determined the first complex structure of the
exoplasmic/luminal domain of the transport lectin VIP36 and
Ca®* and Man, Man,, and Man,GlcNAc, which are part of the D1
arm of high mannose type glycans. Our results provide structural
insights into the mechanism of recognition of high mannose type
glycoproteins by VIP36 in a Ca®*-dependent and D1 arm-specific
manner. Further biochemical analysis such as subcellular localiza-
tion of VIP36 on a wide variety of cells and identification of its
cargo glycoproteins together with the detailed carbohydrate struc-
tures will provide further insight into the mechanism of high man-
nose type glycoprotein transport by VIP36.
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Expression of the Algal Cytochrome c¢ Gene in Arabidopsis Enhances

Photosynthesis and Growth
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Photosynthetic plants convert light energy into ATP and
NADPH in photosynthetic electron transfer and photophos-
phorylation, and synthesize mainly carbohydrates in the
Calvin—Benson cycle. Here we report the enhancement of
photosynthesis and growth of plants by introducing the gene
of an algal cytochrome cg, which has been evolutionarily
eliminated from higher plant chloroplasts, into the model
plant Arabidopsis thaliana. At 60d after planting, the plant
height, leaf length and root length of the transformants
were 1.3-, 1.1- and 1.3-fold those in the wild-type plants,
respectively. At the same time, in the transgenic plants, the
amounts of chlorophyll, protein, ATP, NADPH and starch
were 1.2-, 1.1-, 1.9, 1.4- and 1.2-fold those in the wild-type
plants, respectively. The CO, assimilation capacity of the
transgenic plants was 1.3-fold that of the wild type. Moreover,
in transgenic Arabidopsis expressing algal cytochrome cg, the
1 - qP, which reflects the reduced state of the plastoquinone
pool, is 30% decreased compared with the wild type. These
results show that the electron transfer of photosynthesis of
Arabidopsis would be accelerated by the expression of algal
cytochrome cg. Our results demonstrate that the growth
and photosynthesis of Arabidopsis plants could be enhanced
by the expression of the algal cytochrome cg gene.

Keywords: Arabidopsis thaliana — Cytochrome c¢g —
Electron transport — Photosynthesis — Transgenic plant.

Abbreviations: Cyt, cytochrome; PAM, pulse amplitude-
modulated; PC, plastocyanin; RT-PCR, reverse transcription—
PCR; TAIL-PCR, thermal asymmetric interlaced PCR.

Introduction

The hemeprotein cytochrome (Cyt) ¢s and/or copper
protein plastocyanin (PC) transfer electrons between the
Cyt be f complex and the PSI reaction center complex in the

algal photosynthetic electron transport chain (Katoh 1960a,
Katoh and Takamiya 1961). Although the structures of the
two proteins are totally different, they are approximately
the same in terms of molecular weight and redox potential
(Ulimann et al. 1997, Kerfeld and Krogman 1998). Cyt ¢
(formerly named Cyt c¢ss3) was first prepared and crystal-
lized from a red alga in 1960 (Katoh 1960b). In some
cyanobacteria and green algae, Cyt cs replaces PC in
response to copper deficiency (Merchant and Bogorad
1987). On the other hand, this does not occur in land plants,
and it is widely accepted that Cyt ¢4 has been evolutionarily
eliminated from land plants (Sigfridsson 1998, De la Rosa
et al. 2002). However, in 2002, genomic analysis and
expressed sequence tag (EST) analysis revealed a gene
encoding Cyt ce-like protein (Cyt cgs or Cyt cp) in higher
plants (Wastl et al. 2002, De la Rosa et al. 2006, Howe et al.
2006). Although it was proposed that Cyt c¢g4 could
substitute for PC in electron transfer in Arabidopsis
(Gupta 2002), electron transfer experiments and a genetic
analysis of Arabidopsis mutants (Molina-Heredia et al.
2003, Weigel et al. 2003) directly opposed this view. On the
basis of the tertiary structure of Cyt cgs and on its low
redox potential, we also showed that the Cyt c4s is an
unsuitable electron donor between Cyt bgf and PSI (Chida
et al. 2006). We assume that PC is the only electron carrier
that is effectively working in vivo. :

There are many reports on introducing genes of
Calvin-Benson cycle enzymes of photosynthesis into
plants, but there are only a few studies, which have shown
an enhancement of carbon dioxide (CO,) fixation and
growth in transgenic plants (Ku et al. 1999, Miyagawa et al.
2001). On the other hand, in the photosynthetic electron
transfer and photophosphorylation of plants, there have
been very few reports on the enhancement of photosynthesis
and growth based on the increase in NADPH by gene
induction (Rodriguez et al. 2007), but no reports on that
of ATP.

*Corresponding author: E-mail, oku@brs.nihon-u.ac jp; Fax, +81-466-84-3950.
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Expression of algal cytochrome ¢ in Arabidopsis

Here, we try to introduce the algal Cyt ¢ gene into the
model plant Arabidopsis thaliana, thus going back in the
evolutionary history of plants. Electron transfer of red
algal Cyt ¢¢ and Arabidopsis PC to Arabidopsis PSI is
first examined in vitro, and we subsequently introduce
the Porphyra yezoensis Cyt cg gene into the higher plant
A. thaliana. We demonstrate that the expression of Cyt cg in
addition to that of PC in chloroplasts leads to a high growth
rate measured in terms of height, root and leaf lengths,
an increase in the amounts of chlorophyll, proteins, ATP,
NADPH and starch, and an increase in the capacity for
CO, assimilation and the efficiency of photosynthetic
electron transfer. We report here the reinforcement of
photosynthetic electron transfer and photophosphorylation
by introducing the algal Cyt c¢ gene into A. thaliana.

Results

Electron transfer of Porphyra Cyt cs to Arabidopsis PSI
in vitro

Cyt ¢ from the red alga P. yezoensis was selected for
in vitro experiments, since the midpoint redox potential of
this cytochrome (+-371mV) (Yamada et al. 2000, Satoh
et al. 2002) is similar to that of A. thaliana PC (+381 mV)
(Molina-Heredia et al. 2003). Photooxidation of P700, the
reaction center chlorophyll of PSI, can be monitored by the
increase in the absorbance at 820nm upon illumination
by a xenon flash. P700 could be re-reduced by Cyt c¢¢ or
PC, which is the soluble electron donor for PSI, in a
concentration-dependent manner (Hervas et al. 1994). To
investigate whether algal Cyt ¢4 could substitute for the land
plant PC in its physiological role, we performed a flash-
induced kinetic analysis of the A. thaliana PSI preparation
with P. yezoensis Cyt ¢ and A. thaliana PC. The half decay
times of dark relaxation of the absorbance change due to
P700 in the presence of 10uM P. yezoensis Cyt cg were
4.4-fold shorter than those of A. thaliana PC (Fig. 1).

Arabidopsis PSI
+ Porphyra Cyt cg

AAgyg
3x1073

e

Flash

18

Fig. 1
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The differences between the half decay times were 3.1-, 3.0-,
3.9-, 3.9- and 4.4-fold at concentrations of electron donors
of 1, 2, 5, 15 and 20 pM, respectively. These results indicate
that the Porphyra Cyt cg can effectively transfer an electron
to Arabidopsis PSI.

Development of transgenic Arabidopsis having Porphyra
Cyt ¢4

We produced transgenic Arabidopsis plants expressing
the Porphyra Cyt c¢ gene, which reduces Arabidopsis PSI
more efficiently compared with Arabidopsis PC in in vitro
experiments as described above. To target Cyt cg into the
chloroplast lumen, we constructed a plasmid containing the
Cyt c6 gene from the red alga P. yezoensis with the petE
(plastocyanin) transit peptides (Hageman et al. 1986,
Soll and Schleiff 2004) from A. thaliana (Fig. 2a). The
constructed plasmid DNA was introduced into the
A. thaliana plants by the Agrobacterium method
(Dandekar and Fisk 2005). Genomic DNA from several
transformed plants was isolated and analyzed by PCR to
check if the Cyt ¢4 gene was inserted into the genome
(Fig. 2b). Approximately 0.5% of the analyzed primary
transgenic plants (T;) had the insertion. Total RNA and
poly(A)* mRNA were isolated from leaves of Cyt ¢ gene-
positive T, transformant and wild-type Arabidopsis plants.
Two oligonucleotide primers, AtPcsigl and Pyc62 (see
Materials and Methods), were used in a reverse
transcriptase-PCR (RT-PCR) to amplify and detect the
mRNA transcript of the Cyt ¢4 gene. The transgenic plants
that harbored the Cyt c¢ gene exhibited a full-length Cyt ¢g
mRNA transcript that corresponds to a theoretical
length of 490 bp (Fig. 2c). The expression of Cyt ¢¢ in the
chloroplast of Arabidopsis could be detected by Western
blot analysis of chloroplast protein extracts. Cyt ¢g purified
from P. yezoensis was used as a positive control. A 9.6kDa
protein that cross-reacted with Cyt ¢ antiserum was present
in T, transgenic A. thaliana or P. yezoensis, but was absent

Arabidopsis PS|
+ Arabidopsis PC

L

Flash 18

Kinetic trace of Arabidopsis PS| reduction by Porphyra Cyt ¢ and Arabidopsis plastocyanin in vitro. The PS| particles were isolated

from A. thaliana. The metalloprotein concentration was 10 uM. Other conditions were as described under Materials and Methods.
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d
&

-— Cyt cg gene

Fig. 2 Construction of Porphyra Cyt ce-transformed Arabidopsis. (a) Construct of plasmid DNA. P nos, nopaline synthase promoter;
NPT lI, neomycin phosphotransferase; T nos, nopaline synthase terminator; P CaMV 35S, cauliflower mosaic virus 355 promoter; AtPc sig,
A. thaliana plastocyanin transit peptides; Pyc6 mat, P. yezoensis cytochrome cg mature peptides; LB, left T-DNA border; RB, right T-DNA
border. (b) Amplification of the Cyt ¢ gene in wild-type (1) and transgenic (2) plants using PCR. (c) RT-PCR analysis of wild-type (1) and
transgenic (2) plants. (d) Western blot analysis of chloroplast proteins of wild-type (1) and transgenic (2) plants, and P. yezoensis (3).

in the wild-type control (Fig. 2d). In the chloroplasts of
transgenic Arabidopsis, the level of Cyt ¢4 corresponds to
1.2-fold that of PC when compared in terms of the molar
ratio (Kieselbach et al. 1998, Navarro et al. 2004). The
secondary transgenic plants (T,) that were harvested
from the T, transformants were used for further analysis.
Approximately 90% of seeds harvested from the T,
transformants were Cyt cg gene-positive, and the T,
transformants gave the same experimental results as the
T transformants. The integration of T-DNA was detected
by thermal asymmetric interlaced (TAIL)-PCR (Liu et al.
1995, Liu et al. 2005), which revealed its location at
approximately 13.7 Mbp from the top of chromosome 3 in
A. thaliana of mutant line A. There are no intrinsic genes.

Expression of Porphyra Cyt cg is effective for enhancing
growth of Arabidopsis

To examine the change in the growth of transgenic
plants expressing the Porphyra Cyt cg gene, we measured
plant height, leaf and root lengths and the number of
flowers using 20 wild-type and transgenic plants. The
changes in growth were measured every 10d from 10 to

90d after cultivation. The height of the transgenic plants
(T,) expressing Cyt ¢ was significantly greater than that of
the wild-type plants from 30 to 80d after planting (z-test,
P<0.05) (Fig. 3a). In particular, at 40 and 60d after
planting, the transgenic plants showed 1.9- and 1.3-fold
increases in height, respectively, compared with the wild-
type plants (Fig. 3a, c, €). The hypocotyl elongation of the
transgenic plants also started 7-10d earlier than that of
the wild-type plants. As shown in Fig. 3b, d and f, increased
leaf length was also observed in the transgenic plants.
The leaf length of the transgenic plants was significantly
larger than that of the wild type from 40 to 70d after
planting (¢-test, P<0.05). The final levels of both the plant
height and leaf length were the same between the wild types
and the transgenic plants. The root lengths of the transgenic
Arabidopsis plants grown hydroponically were significantly
larger than those of the wild-type plants from 30 to 70d
after planting (s-test, P<0.05) (Fig. 4a). The 1.4- and
1.3-fold increase in the root lengths was observed on 40 and
60d after planting, respectively (Fig. 4a, b, ¢). The final root
length at 80 and 90d after planting was not different
between the transgenic plants and the wild-type plants.
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(Mutant (Mutant
line B) line B)
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Fig. 3 Plant growth. (a) Time courses of the plant height of wild-type (open circles) and transgenic (filled circles) plants (mutant line A) in
360 p.p.m. CO; at 50 umol photonsm~2s". (b) Time courses of leaf lengths of wild-type (open circles) and transgenic (filled circles) plants
(mutant line A). (c) Wild-type and transgenic Arabidopsis plants of mutant line A were photographed after 40 and 60 d. (d) The leaf lengths
of wild-type and transgenic Arabidopsis plants of mutant line A were photographed after 40 and 60d. (e) Wild-type and transgenic
Arabidopsis plants of mutant line B were photographed after 40 and 60d. (f) The leaf lengths of wild-type and transgenic Arabidopsis plants
of mutant line B were photographed after 40 and 60 d. The bars correspond to the SD from 20 plants in each experiment. Asterisks indicate
that the difference between wild-type and transgenic plants was significant by a t-test (P<0.05).
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Fig. 4 Development of root lengths. (a) Time courses of root lengths of wild-type (open circles) and transgenic (filled circles) plants
(mutant line A). (b) Root lengths of wild-type and transgenic Arabidopsis plants of mutant line A were photographed after 40 and 60d. (c)
Root lengths of wild-type and transgenic Arabidopsis plants of mutant line B were photographed after 40 and 60d. The bars and asterisks

have the same meaning as those in Fig. 3.

Moreover, there were no significant differences in plant
height, leaf and root lengths between the mutant lines A
and B. The average total numbers of flowers per plant
were 60 % 2 for the wild-type Arabidopsis and 62 4 3 for the
transgenic plants, showing no difference between the wild-
type and transgenic plants. Flowering occurred 50d
after planting in the wild-type plants, whereas it occurred
>7-12d earlier in the transgenic plants (data not shown).
These results indicate that the expression of Porphyra Cyt cg
in A. thaliana promotes the growth of plants in the early
stages.

Transgenic Arabidopsis with the Cyt cs gene shows higher
amounts of metabolites

To investigate whether the amount of metabolites in
transgenic plants increased in comparison with that in wild-
type plants, we measured the amounts of chlorophylls,
proteins, ATP, NADPH and starch. All experiments were
carried out every 10d from 30 to 80d after planting, using
eight wild-type and transgenic plants (mutant line A) at 3h
after illumination. Chlorophyll content in the transgenic
plants expressing Cyt ¢s was 1.1- to 1.3-fold higher than that
of wild-type plants (significant in t-test, P <0.05) (Fig. 5a).
Concomitantly, the protein content of the transgenic plants
was also significantly higher than that in the wild-type
plants (r-test, P<0.05) (Fig. 5b). The contents of ATP,
NADPH and starch were also higher in the transgenic
plants from 40 to 80d after planting (Fig. Sc, d, e). For
example, 60d after planting, in the transformants, the
amounts of protein, ATP, NADPH and starch were 1.1-,
1.9-, 1.4- and 1.2-fold those in the wild-type plants,
respectively. The results clearly indicate that the larger
plant body of the transgenic plants is not the result of

succulent growth, but is the consequence of substantial
growth. '

Expression of Porphyra Cyt cs enhances photosynthesis in
Arabidopsis :

The capacity for CO, assimilation, which uses ATP
and NADPH produced by photosynthetic electron transfer
and photophosphorylation (Schurmann et al. 1971, Arnon
1984), was determined with the plants grown for 60d after
planting, which had fully developed leaves suitable for
the measurements. The CO, assimilation capacity of the
wild-type and the transgenic plants (mutant line A) was
1.420+0.091 and 1.862+0.304 umol CO, m™2s™!, respec-
tively. The differences were also observed in plants grown
for 70 or 80d after planting, and were statistically
significant (s-test, P <0.05).

To investigate the cause of enhanced photosynthesis in
transgenic plants expressing Cyt cg, we determined photo-
synthetic parameters by measuring chlorophyll fluorescence
under growth light conditions using mutant line A plants
(Table 1). The parameter ®pgy, which reflects effective
quantum yields of photosynthesis, was somewhat higher in
the transgenic plants, confirming that the expression of Cyt
cs enhances photosynthesis. The increased quantum yield of
photosynthesis must be due to either the increase of the
quantum yield of open PSII (reflected in the parameter
F/Fy) or the decrease of excitation pressure 1 — qP, which
reflects the redox state of the plastoquinone. pool of the
photosynthetic electron transport system. F./F’, together
with F,/F,, the maximum quantum yield of PSII, did not
show any significant difference between wild-type and
transgenic plants. On the other hand, 1 —qP is lower in
the transgenic plants by 30%, suggesting that the
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Fig. 5 Comparison of the amount of metabolites between wild-type and transgenic plants grown for 30, 40, 50, 60, 70 and 80d, 3 h after
illumination. (a) The content of chlorophylls. (b) The content of proteins. (c) The content of ATP. (d) The content of NADPH. (e) The content
of starch. Data are the means + SD of eight plants in each experiment. The bars correspond to the SD from eight plants in each experiment.

and transgenic plants was significant by a t-test (P<0.05).

Table 1 Fluorescence characteristics of wild-type and

transgenic plants

Wild-type

Transgenic
1-qgP 0.060 £ 0.0072 0.042 +0.0020
Dpspp 0.699 +0.0168 0.716 £0.0077
F/Fy 0.793+0.0121 0.793 +0.0081
F,/F], 0.744 +0.0125 0.748 +0.0090
qN 0.195+0.0275 0.1944-0.0348

reseer

The values represent the mean+ SD, which was calculated for
three independent measurements. Minimum chlorophyll fluores-
cence (F,) was determined by applying the measuring light
(650nm) at 0.02pmol photonsm™2s~!. A saturating pulse of
white light at 2,600 umolm™2s~! set for 0.8s from a light source
(KL 1500; Schott, Wiesbaden, Germany) was applied to determine
the maximum chlorophyll fluorescence in the dark (F,) and that
during actinic light illumination (F)). The steady state of
chlorophyll fluorescence (F) was recorded during actinic illumina-
tion (50 pmol photons m~2s™").

. White and gray boxes indicate wild-type and transgenic plants, respectively. Asterisks indicate that the difference between the wild-type

plastoquinone pool is more oxidized in the transgenic plants
(t-test, P<0.05). These results indicate that an increase in
the efficiency of photosynthetic electron transport is due to
more efficient electron transfer downstream of the plasto-
quinone pool, but not to the change in PSII reaction center
complexes. The parameter N, which reflects non-
photochemical quenching of chlorophyll fluorescence, did
not show any difference between wild-type and transgenic
plants.

Discussion

Confirmation of electron transfer of Porphyra Cyt cg to
Arabidopsis PSI in vitro

In vitro experiments first demonstrate that Cyt cg from
the red alga P. yezoensis can transfer an electron to
Arabidopsis PSI, and the half-life (time) of Arabidopsis
PSI reduction of Porphyra Cyt ¢ was shorter than that of
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Arabidopsis PC (Fig. 1). Likewise, in the cyanobacteria
Pseudanabaena sp. PCC6903, the half-life (time) of
Pseudanabaena PSI of Cyt ¢ was shorter than that of PC
(Hervas et al. 1998). It has been suggested that release of
oxidized PC from PSI limits electron transfer between Cyt
bsfand PSI (Finazzi et al. 2005). The shorter half-life (time)
of the dark reduction kinetics of Arabidopsis PSI by
Porphyra Cyt cg compared with Arabidopsis PC (Fig. 1)
could be attributed to faster release of oxidized Porphyra
Cyt cg from Arabidopsis PSI compared with Arabidopsis PC,
since our excitation flash is not single-turnover for the PSI
reaction center.

Introducing the Porphyra Cyt cs gene into Arabidopsis would
accelerate growth and the amounts of metabolites of plants
We next introduced Porphyra Cyt cg into the model
plant A. thaliana (Fig. 2a—d). This is the first report on the
expression of Porphyra Cyt cs in A. thaliana chloroplasts.
Then, we found that reinforcement of photosynthetic
electron transfer and photophosphorylation is caused by
introducing the Porphyra Cyt ¢ gene into the model plant
A. thaliana. The Arabidopsis expressing Porphyra Cyt cg
not only enhances growth measured in terms of plant
height, and leaf and root lengths, but also increases the
amount of chlorophylls, proteins, ATP, NADPH and
starch (Figs. 3-5). The increasing rate of photosynthesis
in transgenic plants thus could lead to an increase in
ATP and NADPH, which are products of photosynthetic
electron transfer and photophosphorylation, and universal
energy currencies of living cells. In addition, since glutamine
synthase, which plays pivotal roles in the biosynthesis of
amino acids, catalyzes the ATP-dependent amination of
glutamate to glutamine in plants (Temple et al. 1998), an
increase in ATP levels of the transgenic plants may
contribute to enhancement of the biosynthesis of amino
acids and proteins. The content of starch and the CO,
assimilation capacity of transgenic plants should be
enhanced since the increased contents of ATP and
NADPH may be used for starch synthesis (Stark et al.
1992) and the Calvin-Benson cycle. Furthermore, the Cyt
cea of higher plants cannot complement the PC-null
Arabidopsis mutant phenotype (Weigel et al. 2003). Our
results show that the algal Cyt ¢g transfers the electron
directly to Arabidopsis PSI in vitro (Fig. 1). Accordingly,
introduction of the algal Cyt c¢ into A4. thaliana should be
possible to complement the PC-null Arabidopsis mutant.
This is a very interesting subject worthy of further study.

Expression of Porphyra Cyt c¢s enhances photosynthetic
electron transfer in Arabidopsis

Analysis of chlorophyll fluorescence indicates that
the rate of linear electron transport in the steady state
is enhanced in transgenic plants, compared with that in

wild-type plants, and the plastoquinone pool (1 —gP) is
more oxidized in transgenic 4. thaliana plants than in
the wild-type plants (Table 1). Generally, the rate-limiting
step of the photosynthetic electron transport system is
considered to be the electron transfer between reduced
plastoquinone and Cyt bgf (Junge 1977). However, the
expression of Cyt c¢g, which is located downstream of
Cyt bef in photosynthetic electron transport, appears to
lead to an increase in electron transfer efficiency. It was
reported that an increase in the relative amount of PSI
led to an increase in the rate of overall electron transfer in
photosynthesis in the cyanobacterium Syrechococcus sp.
PCC6803 (Sonoike et al. 2001). This indicates that the
enhancement of photosynthetic electron transfer could be
realized by the increase in the rate of electron transfer even
if it is not the rate-limiting step. The transgenic plants
exhibited a higher ®pgy; than that in the wild-type plants.
The difference would be large enough to enhance the
growth and increase the amounts of chlorophylls, proteins
and metabolites such as ATP and NADPH, probably
because the increase in electron transfer efficiency in the
transgenic plants accumulates continuously during the
entire growth period of the plants. Since the molar content
of Cyt ¢ in the transgenic plants is estimated as 1.2-fold
that of PC, the total amount of electron donor to PSI in the
transgenic plants should be more than twice that in wild-
type plants, suggesting that this increase may primarily
contribute to the increased rate of photosynthesis in the
transgenic plants. Intrinsic PC is also expressed in
transgenic Arabidopsis plants. Intrinsic PC with higher
affinity for PSI may compete with introduced Cyt ¢¢ with -
lower affinity. Therefore, it is possible that the expression of «
Cyt ¢¢ in PC-null Arabidopsis mutants would further
enhance not only photosynthetic electron transfer but also
growth and the amounts of the metabolites.

Here we show that the enhancement of photosynthesis,
metabolites and growth of the model plant A. thaliana
could be realized by expressing the gene of a protein that
functions in photosynthetic electron transport of the
components of the light reaction.

Materials and Methods

Protein purification and flash-induced kinetic analysis in vitro

Cyt c6 from the red alga P. yezoensis was purified according
to the method previously reported (Yamada et al. 2000, Satoh et al.
2002). The PC from A. thaliana was the recombinant protein
expressed in Escherichia coli according to previous reports (Lange
et al. 2005) with slight modifications. The isolation of PSI from
A. thaliana was carried out as described, according to the method
of Hiyama (2004). The chlorophyll concentration of A4. thaliana
PSI was determined by the method of Mackinney (1941). Flash-
induced absorption changes of P700 of PSI were monitored by
a pulse amplitude-modulated system (PAM 101/102, Walz,
Effeltrich, Germany) with a dual wavelength emitter/detector
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unit (EDP700DW-E, Walz). Excitation flash was provided by a
xenon flash (XE-STL, Walz) with a control unit (XE-STC, Walz);
at the highest flash intensity, the width of the flash is 1.5us at
the half-maximal intensity. Output signals were digitized and
analvzed by a 12-bit A/D converter (AXP-AD02, Adtek System
Science Co. Ltd, Japan) with a laboratory-made program.
Reaction medium contained 20mM HEPES (pH7.0), 0.03%
dodecyl maltoside, 2mM methyl viologen, 10 mM sodium ascor-
bate, 5SmM MgCl, and PSI preparations containing 10ug
chlorophyll mi™! and 1, 2, 5, 10, 15 and 20 uM of Porphyra Cyt
¢s or Arabidopsis PC, respectively. All the measurements were
carried out at room temperature (25°C).

Planr material and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used
for all experiments. Plants were grown under controlled light
conditions (50 pmol photonsm™2s71) in a 16 h light/8 h dark cycle
at 20-22°C at relative air humidity of 60-70%.

Transgenic Arabidopsis

The gene encoding mature Cyt ¢4 peptides (Satoh et al. 2002)
was amplified from the genomic DNA of P. yezoensis by PCR
using specific primers (i.e. Pyc61, 5-CCGCGGAGACGTTAAA
TTGAAGAAGAAGC-3 and Pyc62, ¥-GGAGCTCTTACCAAC
CTTTTTCAGATTGAG-3'). The petE transit peptides were
acquired from A. thaliana (Theologis et al. 2000) by PCR using
specific primers (AtPcsigl, 5¥-GGATCCATGGCCGCAATTACA
TCAGCTACCG-3 and AtPcsig2, 5-TGCACTGCAGCCATCG
CATTTCAGCTAAAACG-3'). Amplified DNA fragments were
cleaved using the Pst I enzyme. The cleaved DNA fragments were
ligated. The constructed DNA fragments (encoding P. yezoensis
Cyt ¢ mature peptides with A. thaliana petE transit peptides) were
restricted by BamHI and Sacl, and inserted in between the
cauliflower mosaic virus 35S promoter and the nos transcriptional
terminator of the pBI121 binary vector. The constructed plasmids
were introduced into the Agrobacterium tumefaciens strain

" LBA4404 by triparental mating and then into Arabidopsis plants

by vacuum infiltration (Dandekar et al. 2005).

Thermal asymmetric interlaced (TAIL)-PCR

Total DNA was extracted from the mutant plant for TAIL-
PCR (Liu et al. 1995, Liu et al. 2005). Primers specific to the
T-DNA left borders were LB1 (5-TTCGCCCTTTGACGTTGG
AGTCCACG-3), LB2 (5-GTTCCAAACTGGAACAACACTC
AACC-3) and LB3 (5-GGATTTTGCCGATTTCGGAACC
ACC-3). The degenerate primers used were AD1 (5-NTCGA
STWTSGWGTT-3¥), AD2 (5-NGACGASWGANAWGAA-3")
and AD3 (5-NGTAWAASGTNTSCAA-3'). After tertiary PCR,
fragments were separated by gel electrophoresis and purified from
gels. Purified fragments were directly sequenced.

Introduction and expression analysis

Total DNA and RNA were isolated from whole leaves of
4-week-old plants using Isoplant II (Nippon Gene Co. Ltd, Japan)
and an. RNeasy Plant mini kit (Qiagen K.K., Tokyo, Japan),
respectively. Polyadenylated RNA was isolated from 100pg of
rotal RNA using oligo(dT)-cellulose according to the Oligotex™.-
dT30 (Super) mRNA purification kit manual (Takara Shuzo
Co. Ltd, Japan). The introduced Cyt ¢4 gene was confirmed using
PCR. The expression of Cyt ¢ mRNA was verified by RT-PCR.
For Western blot analysis, intact chloroplasts were separated from
whole leaves of 6-week-old plants using a Percoll buoyant density

gradient (Robinson 1983), and chloroplast protein was extracted,
separated by SDS-PAGE and transferred onto a nitrocellulose
membrane for antibody probing. The level of PC was determined
as described previously (Kieselbach et al. 1998, Navarro et al.
2004).

Growth experiments

The height of the plants was measured from the stem tip to
the base of the hypocotyl. Root length was measured from the root
tip to the base of the hypocotyls, and the length of leaves was
recorded.

Determination of chlorophyll, protein and metabolites

Chlorophyll was extracted from a fully expanded leaf using
80% acetone. Total chlorophyll content was determined according
to the method of Mackinney (1941). Total proteins were extracted
using CelLytic P (Sigma Aldrich JAPAN K.K., Tokyo, Japan)
and determined using the Lowry method (Lowry et al. 1951).
The content of ATP was determined by luciferin-luciferase assay
(Larsson and Olsson 1979) using GENE LIGHT 55 (Microtech
Co. Ltd, Japan). The content of NADPH was measured as
described by Haiusler et al. (2000) and content of starch was
measured as described by Leegood (1993).

CO; assimilation measurement

The CO, assimilation rate was determined using a portable
CO;, gas analyzer (CIRAS-1; Koito Industries, Ltd, Japan)
using individual rosette leaves of 60-, 70- and 80-day-old plants
during the first 3h of the photoperiod. The measurement was
carried out under conditions of 350 p.p.m. CO; and a constant
irradiance of 1,500 umol photonsm™2s™" on the upper surface
of the leaves.

Chiorophyll fluorescence measurement

Chlorophyll fluorescence was measured using a PAM
fluorometer (Waltz) with the emitter/detector unit ED101 as
described previously (Schreiber 1986). Rosettes from each plant
were dark adapted for 10min before measurement. Minimum
chlorophyll fluorescence (F,) was determined by applying the
measuring light (650 nm) at 0.02 pmol photonsm™s~!, A saturat-
ing pulse of white light at 2,600 umolm™2s~! set for 0.8s from a
light source (KL 1500; Schott, Wiesbaden, Germany) was applied
to determine maximum chlorophyll fluorescence in the dark (F,,)
and that during actinic light illumination (F)). The steady state of
chlorophyll fluorescence (F) was recorded during actinic illumina-
tion (50 umol photonsm~2s™'). The maximum quantum yield of
PSII (F,/Fy) and the quantum yield of open PSII under actinic
illumination (F,/F;) were calculated as (Fp—F,)/F, and
((F}, — F})/Fy,, respectively. Excitation pressure (1 —qP), which
reflects the reduced state of the plastoquinone pool, was calculated
using  —(F}, — F)/(F;, — F,). Non-photochemical quenching.
(gN) and the effective quantum yield of electron transfer (®pgy)
were calculated using 1 — [(F}, — F)/(Fm — Fo)] and (Fy, — F)/F,,,
respectively. Difference was calculated as (transgenic — wild type)/
wild type x 100 (%).

Data analysis

Data analysis and calculations were carried out using
Microsoft Excel (Microsoft Corporation, Redmond, USA).
Statistically significant differences between the plants with altered
Cyt ¢g expression and the wild-type control were analyzed using
Student’s -test (P <0.05). Data are shown as means & SD.
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ABSTRACT

Peptide nucleic acid is a synthetic DNA mimic in which
the sugar-phosphate backbone has been replaced by a
peptide backbone. A remarkable feature of PNA is its
ability to recognize sequences within duplex DNA by
strand invasion. We have previously demenstrated that
a PNA targeting six bases within duplex DNA
cooperatively binds to 12 base-pair site by strand
invasion. We here report an successful extension of the
target site size to 18 base pairs without the expense of
specificity.

INTRODUCTION

Sequence-specitic recognition of double helical DNA is
crucial to functional genomics, disease diagnosis, and
human gene therapy. A variety of agents are available for
specific targeting of predetermined DNA sequences
including engineered zinc finger proteins, synthetic
polyamides, triptex forming oligonucleotides (TFOs), and
peptide nucleic acids (PNAs). Among them, of particular
interest is strand invasion by PNA. PNA is one of the most
successful analogues of oligonucleotides with potential
applications in antisense and antigene strategy." Strand
invasion can occur via several distinct mechanisms: triplex
invasion,” double-duplex invasion.? and duplex
invasion.** Most studies have focused on triplex invasion
by using homopyrimidine PNAs, because a number of
oligonucleotide-dependent enzymatic reactions are

dsDNA  / \

PNA1 PNA2 PNA1

Figure 1. Schemalic represeniation of triple cooperative strand
invasion of dSDNA by PNA.

inhibited by PNA, including restriction enzyme cleavage,
transcription, and translation.

However, there remains considerable room for further
investigations. One major challenge is recognition of a
unique site in the human genome. This requires
discrimination of a specific sequence of 15-16 base pairs
from all other possible sequences. However, the affinity of
relatively short bis-PNAs (8-10 bases) to their target sites is
so high that PNA binding to correct and even to
mismatched sites is virtually irreversible. In this regard,
sequence-specificity of PNA triplex invasion is limited and
this limitation hindcrs its application in living cells.

The specificity of DNA recognition can be improved by
cooperative binding of two ligands to a target site.
Cooperative interactions between DNA binding ligands are
critical to their affinity and specificity. Many DNA-binding
proteins rely on dimerization of DNA recognition elements
that each occupy 4-6 base pairs and target unique
contiguous sites in genomic DNA.

We have previously demonstrated that a short hexameric
bis-PNA (PNA 1) cooperatively invades into double-
stranded DNA with excellent sequence specificity,
discerning a single-base mismatch within a 12 base-paired
target.> We here report an extension of this idea to highly
specific recognition of longer duplex DNA (Figure 1).

RESULTS AND DISCUSSION

We intend to extend the site size of DNA targets from 12
to 18 base pairs. As a straightforward approach, we tested
triple tandem strand invasion of bis-PNAs. To avoid the
complexity arising from various intermediate species, we
used two different hexameric bis-PNAs, PNA 1 and PNA 2.
The purine target sequence 5°-AsGA:GAGA(G-3° can be
considered as three contiguous target sites, 5°-AsG-3°,5°-
A>GAGA-3°, and 5-A;G-3". Bis-PNAs were tested for
cooperative strand invasion by the gel mobility shift assay.



270  Nucleic Acids Symposium Series No. 51

PNA 1
H-Cys (SBu*)-eg-TTTTTC-LyS ;-eg,-CTTTTT~
eg-Cys (SBu®)Lys—CONH,

PNA 2
H-Cys(SBu®)-eg-TTCTCT-Lys,-eg;-TCTCTT-
CONH,

DNA D7
3 TTTTTC TTCTICT TrTTTC —/8M8 ———— S
§t————AAAAAG AAGAGA AAAAAG ———— 3
DNA D'mis
33— TTTTTC TTCGCT TTTTTC —MM 5°
5t—————AARAAG AAGCGA AAAAAG ———— 3

Figure 2. The sequences of PNA and DNA used in this study.

PNAs (Figure 2) were prepared by solid phase synthesis
using standard Fmoc chemistry, then purified by HPLC,
and characterized by MALDI-TOF mass spectrometry.
Combinations of PNA 1 and PNA 2 (2:1 ratio) were
incubated at 25 “C with DNAs, 10 mM NaCl, 0.1%
IGEPAL CA 630, 1| mM EDTA, and 10 mM sodium
phosphate at pH 6.73. The reaction proceeded for 24 h and
analyzed by polyacrylamide gel electrophoresis, followed
by staining with ethidium bromide. Binding efficiency was
quantitated by CCD-based densitometry of the individua!
bands.

Figure 3 shows the results of the gel mobility shift assay.
PNA combinations incubated with D' generated clear
bands corresponding to triplex invasion complexes,
indicating a positive binding interaction between
contiguous PNAs, aligned head to tail in the invasion
complex.

The sequence specificity was examined by comparing its
affinity for fully matched 18 base pair target to that for a
sequence containing a single-base mismatch (3’-AAAAAG
AAGCGA AAAAAG-37), D"mis. Excellent specificily in
an all-or-none manner was observed. Since cach PNA
molecuie is bound t a short DNA rarget, a single
mismatched base pair destabilizes such a complex to a
large extent. This effect propagates to adjacent PNAs
through conformational changes of double-siranded DNA.
thus destabilizing the whole invasion complexes.
Consequently, high specificity was achieved. A contiguous
examination of cooperative strand invasion would
overcome the problem of incorrect bindings that inevitably
arises when targeting long DNA  sequences. Further
mechanistic investigations are currently in progress.

DNA D’ D'mis
8 € 53 8 & v o
PNA 1 o ©o © o S +~ o o
S 8 2.5 8 & §
PNA2Z o 3 3 5 & & 2 =

Figure 3. Polvacrylamide gcl mobility shift assay showing
binding at the PNA concentrations shown in gM 10 DNA D7 or
D'mis. Conditions: 10 mM sodium phosphate buffer. 1 mM
EDTA {(pH 6.73). 10 mM NaCL 0.1% IGEPAL CA 630. 23°C.

CONCLUSION

We found a short bis-PNA cooperatively binds to three
contiguous target sites within duplex DNA with excellent
sequence specificity. This strategy would be useful to target
a longer site and eventually enable the application of triplex
invasion to antigene therapy.
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L-Leu hexapeptide containing -aminoisobutyric acid (Aib)
forms a right-handed (P) 3,,-helix, whereas that containing

cyclic , -disubstituted amino acid Ac,c’®™ assumes a right-
handed (P) -helix in the solid state.
Key words  , -disubstituted amino acid; peptide; helix; conformation:

secondary structure

-Aminoisobutyric acid (Aib; -methylalanine),' ™ in
which the -hydrogen atom of r-Ala is replaced with a
methyl substituent, has strong propensity for helix formation
and -sheet breaker. Thus Aib is widely used to construct
helical structures, and to design drug candidates and organo-
catalysts.>* Although the helical structure in proteins almost
always is an  -helix,” the tendency of Aib in short peptides
is a 3,,-helix rather than an  -helix. Furthermore, the Aib is
an achiral amino acid, and thus does not have a bias for the
helical-screw handedness. Over the last decade, chiral , -
disubstituted -amino acids (dAAs) have been widely inves-
tigated.*~* However, the incorporation of chiral -methy-
lated dAAs into peptides stabilizes the 3,4-helix, but not the

-helix in short peptides. Moreover, it is believed that -
helix formation usually requires a peptide having more than
seven amino acid residues,*'®!" and the hexapeptide having
dAA does not form the -helix, but assumes the 3,,-helix in
the crystal state. Herein, we describe chiral cyclic dAA; 1-
amino-3,4-dimethoxycyclopentanecarboxylic acid (Ac;c®M),
which has propensity for -helix formation, and the right-
handed (P) -helix of its short Leu-hexapeptide.

We efficiently synthesized (S,5)-Acsc®™ as previously re-
ported,'” and also the enantiomeric (R,R)-Ac,c®M starting
from dimethyl p-(—)-tartrate. Four L-Leu hexapeptides; Cbz-
(1-Leu-t-Leu-dAA),-OMe [dAA=1: Aib; 2: Ac; 3: (S,5)-
Acsc®™; 4: (R,R)-Acsc®M] were prepared by solution-phase
methods.

At first, we studied the preferred conformation of 1—4 in
CDCl; solution (1.0mm) using FT-IR absorption spec-
troscopy. The IR spectra of 1—4 showed a weak band at

MeQ  OMe
Mo Lo L3 0
HNT GO HNT “COM  f Scom
- N T HNT TeoH
Aib (aMe)dAA Acst <
(RRYACL ™™
Fig. 1. Achiral and Chiral , -Disubstituted -Amino Acids
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3430cm™' [free (solvated) peptide NH groups], and a strong
band at 3340cm™' [intramolecularly H-bonded peptide NH
groups]. These IR spectra are very similar to those of the re-
ported helical Leu-peptides having Aib.'?

The ROESY or NOESY '"H-NMR spectra did not clearly
show the complete series of sequential dy, cross-peaks of
NOEs, which are characteristic of helical structures. Also, we
could not discriminate between 3,,- and -helices of the
Acyc®M peptides 3 and 4 because neither the d (i, i+2) nor
d y (i, i+4) (i=1 and 2) cross-peaks of NOEs were shown,
or the relevant peaks were overlapped, whereas the 4 (i,
i+2) (i=1 and 2) cross-peaks of NOEs (typical peaks for the
3,0-helix) in the Aib peptide 1 were observed.

Figure 2 shows the CD spectra of 1—4 in 2,2,2-trifluo-
roethanol (TFE) solution, and also in the solid state (KCl
disk). All these spectra show negative maxima at 222—228
and 204—208 nm and a positive maximum at 191—193 nm,
which are characteristic of a right-handed (P) belical struc-
ture. The L-Leu residues in the peptides would control the
helical-screw direction to the right-handedness.'?

Judging from the ratio of R [maxima: ,,,/ 5] in TFE so-
lution, the Aib, Acsc, and (R,R)-Acsc®™ peptides 1 (R=0.3),
2 (R=04), and 4 (R=0.4) might form a 3,,helix and the
(S.5)-Acsc®M peptide 3 (R=0.6) form a mixture of 3,,- and

-helices. The CD spectra of Acsc’™ hexapeptides in the
solid state are distinct from those of the Aib and Ac,c hexa-
peptides. The R values of the Acsc®™ peptides 3 and 4 were
1.0, while those of the Aib and Acsc peptides 1 and 2 were
0.5 (red-shift of the maximum at 222nm was observed).
These R values mean that the Ac;c®®™ hexapeptides form (P)

-helices and the Aib and Acsc hexapeptides form (P) 3,,-
helices."*'> The CD spectra of prototype Acsc (non-MeO-
substituent) peptide are more similar to those of Aib peptides
than those of Ac,c®M peptides. These results validate the im-
portance of the methoxy substituents, especially in terms of
hydrophilicity and stereochemistry, on the cyclopentane ring
for the -helix formation.

The crystal structures of Aib hexapeptide 1 and (S,5)-
Acsc®M hexapeptide 3 were determined by X-ray crystallo-
graphic analysis as shown in Fig. 3.9 As usual, in the crystal
structure of the Aib peptide 1, three consecutive hydrogen
bonds of the i«—i+3 type, N(4)H---O=C(1) (N---O 3.20 A;
N-H---O 146.3°), N(5)H:--0=C(2) (N---0O 2.99 A; N-H---0
159.5°), and N(6)H---0=C(3) (N---O 3.19A; N-H---O
149.4°) were observed, albeit the distance of
N(3)H--O=C(0) (N---O 3.43A) is long for a hydrogen
bond. The average , torsion angles are —66.1°, —31.3°,
meaning the right-handed (P) 3,,-helix.'” Contrary to the
3,o-helix of Aib peptide 1, in the crystal structure of (S,5)-
Acc®™M peptide 3, two crystallographically independent
molecules 4 and B, which are not 3,j-helices but right-
handed (P) -helices (3.6 ;-helices) exist, along with
methanol and water molecules. In general, both molecules 4
and B are similar in the peptide backbone, but some differ-
ences at the side chain, the N-terminus protecting group, and
especially at the C-terminal amino acid Acsc®™ (6) and the
L-Leu (5) were observed. The average , torsion angles are
A4: =-637°, =-404°and B: =-75.8°, =-284°
respectively.

Judging from the torsion angles, the molecule B seems to

© 2007 Pharmaceutical Society of Japan
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Fig. 2. CD Spectra of Leu-Hexapeptides
(A) Hexapeptides 1—4 in TFE solution; (B) 1—4 in KCl disk.

be a distorted (P) -helix, especially at the amino acid
residues L-Leu (5) ( =—99.6°, =-11.4°) and Ac,c®M (6)
( =+64.9°, =-167.0°. In the crystal state, two consecu-
tive intramolecular hydrogen bonds of the i«i+4 type,
N(S)H-0=C(1) (N---O 2.99A; N-H---O 150.4°) and
N(6)H---O=C(2) (N--O 3.03A; N-H-~O 151.1°) in the
molecule 4, and N(5)H---O=C(1) (N---O 2.91 A; N-H---O
145.2°) and N(6)H---O=C(2) (N--O 2.98A; N-H--O
136.6°) in the molecule B, are found, respectively. The N---O
distances (3.49, 3.76 A) of N(4)H---O=C(0) in the mole-
cules 4 and B are too long for a hydrogen bond. Interestingly,
the (S5,5)-Acsc™ peptide 3 crystallized to give two shapes of
crystals: plates and needles. The latter seem to have different
lattice parameters.

Molecular-mechanics calculation of the Acyc®®™ hexapep-
tides 3 and 4 with MacroModel produced right-handed (P)
3 o-helices as a global minimum-energy conformation, but
not -helices.'®

In conclusion, we have disclosed that the propensity of
Ac,c®Misan  -helix formation, whereas that of Aibis a 3,
helix formation. Although it is generally believed that the -
helix formation usually needs a peptide composed of more
than seven amino acid residues,*'%!"? the L-Leu-hexapeptides
containing Ac;c®™ assumed the right-handed (P) -helices
in the crystal state. These peptides might be one of the short-
est (P) -helical ones, albeit the 3,/ -helical pentapeptide
containing Aib has been reported.'” The helicogenic prop-
erty of (S,5)-Acsc®M is left-handed and that of enantiomeric
(R,R)-Acc®M is right-handed,'? though their properties of
helical handedness are weaker than that of L-Leu. The bulki-
ness, flexibility, and hydrophilicity of substituents at the cy-
clopentane ring would affect the secondary structures of their
peptides, not only helical-screw handedness but also helical
pitches ( -helix or 3,,-helix).'??*2? Study of the detailed ef-
fect of substituents at the cyclopentane rings on the second-
ary structures is currently underway.
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Introduction

Helices shown in proteins, as a secondary structure, almost always form right-
handed screw sense. The right-handedness of the helix is believed to result from the
chiral center at the a-position of proteinogenic L-a-amino acids [l]. Among
proteinogenic amino acids, L-isoleucine and L-threonine possess an additional chiral
center at the side-chain B-carbon besides the a-carbon. However, only little
attention has been paid as to how the side-chain chiral centers affect the secondary
structures of their peptides [2]. Recently, we have reported that side-chain chiral
centers of chiral cyclic a,a-disubstituted amino acid (S.,S)-Acsc®™ affected the
helical secondary structure of its peptides, and the helical-screw direction could be
controlled by the side-chain chiral centers without a chiral center at the a-carbon
atom (Fig. 1) [3]. Herein we synthesized a chiral bicyclic a,a-disubstituted amino
acid, (1R,6R)-8-aminobicyclof4.3.0]non-3-ene-8-carboxylic acid {(R,R)-Absg-c},
and its analogs. Also, we prepared its homopeptides, and studied the relationship
between the side-chain chiral centers and the helical-screw handedness of their
peptides.

HiCQ, OCH,
Left-handed (M) a-helix
Cbz j both in solution and in
N OMe
H the crystal state

.%CH:, (S,S)-Acsc®M octapeptide
Fig. 1. (S,5)-Acsc™ Octapeptide forming an a-helix.
Results and Discussion:

We designed and synthesized an optically active bicyclic o,a-disubstituted a-amino
acid; (R,R)-Absg-c, in which the a-carbon atom is not a chiral center but the
asymmetric centers exist at the side-chain bicyclic skeleton. The amino acid (R, R)-
Absg.c was synthesized from (S,S5)-cyclohex-4-ene-1,2-dicarboxylic acid 1 [4] as
shown in Fig. 2. The acid (S,S)-1 was converted to a diiodide 2 by reduction and
subsequent substitution with iodide. Then, ethyl isocyanoacetate was bisalkylated
with 2, followed by acidic hydrolysis and protection with Boc,0O to give amino acid
Boc-[(R,R)-Abs-c]-OEt (3). The olefin in the amino acid 3 could be easily
converted to several functional groups. Ozonolysis of the olefin in 3, followed by
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reductlon with NaBH, afforded a dihydroxy amino acid 4 and by oxidation with
Oxone® gave a dicarboxylic amino acid 5, and by reductive amination with BnNH,
produced a bicyclic seven-membered ring amino acid 6. Furthermore,
hydrogenation of the olefin in 3 afforded saturated amino acid Boc-[(R,R)-Abs cc)-
OEt 7. Homopeptides Boc-[(R,R)-Abs¢-c]n-OEt (n = 3, 6, 9) were prepared by
solution-phase methods, and the six olefin functions in.(R,R)-Abs¢-c hexapeptide 8
were hydrogenated by H,/20% Pd(OH),-C in one step to afford the saturated
peptide Boc-[(R,R)-Abs 6¢]6-OEt 9 in 70% yield.

The IR, 'H NMR, CD spectra, and the X-ray crystallographic analysis revealed that
the (R,R)-Abss-c hexapeptide having twelve chiral centers at the side chain forms
both diastereomeric right-handed (P) and left-handed (M) 3,¢-helices. These results
are in contrast with the left-handed (M) (S,S)-Acsc?o™ homopeptides controlled by
side-chain chiral centers, and suggest that the side-chain chiral environments
(bulkiness or flexibility) might be important for the control of the helical-screw
handedness [5].

HOH,C CH;OH HOZC C{);H

Pl I

CO,E BooHN co,e« Boc-HN co,e:

?“
N\ B
o 5 ;
&
\ co,sl—— Boc N7 COE!
PA(OH)-C H
BocHN” “CO,Et Boo-HN COzEl §
1] 5

Fig. 2. Synthesis of chiral bicyclic and cyclic a, a-disubstituted a-amino acids, and
their peptides.
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Introduction

Helical structures in proteins almost always form a right-handed (P) helical-screw
sense, which is believed to result from the asymmetric center at the a-position of L-
a-amino acids [1]. Besides an asymmetric center at the a-position, L-lle and L-Thr
possess an additional chiral center at the side-chain B-position. However, only a
little attention has been paid as to how the asymmetric center at the side chain
affects the secondary structure of peptides. We have previously reported that chiral
cyclic a,a-disubstituted amino acid (S,5)-Acsc®”™, in which the a-carbon is not a
chiral center but the asymmetric centers exist at the side chain cyclopentane, could
control the helical-screw direction of its homopeptides into the left-handedness [2].
Herein we synthesized heteropeptides containing (S.5)-Acsc®™ in Aib sequences,
and also peptides containing four various disubstituted amino acids in L-Leu
sequences. The Aib is an achiral amino acid, and thus does not have a bias for the
helical-screw handedness, while the L-Leu has an asymmetric center at the a-
position and has a property for B-sheet or helix formation [3]. Furthermore, we
studied the preferred secondary structures of these peptides, and effect of the
Acsc®™ on the conformation.

MeQ OMe
Ht™ ~CoH
(5.8)AcL™

Fig. 1. X-ray stricture of (3 S)-Ac£% octapeptice

®)
H o H 2
Cbz N \:)L ﬂ N OMe
2 R R |=
N

o}

[

ER,R}; or {S.8Hae €7, aeyc, ;-m]

Fig. 2. Structure of heteropeptdes. (A) Aid neleropeplides and (B) Leu heteropeptides
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