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Detection of Rap1A as a yessotoxin binding protein from blood cell membranes
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As is the case with other ladder-shaped polyether compounds, yessotoxin is produced by marine dinofla-
gellate, and possesses various biological activities beside potent toxicity. To gain a better understanding
of the molecular mechanism for high affinity between these polyethers and their binding proteins, which
accounts for their powerful biological activities, we searched for its binding proteins from human blood
cells by using the biotin-conjugate of desulfated YTX as a ligand. By a protein pull-down protocol with
use of streptavidin beads, a band of specifically binding proteins was detected in SDS–PAGE. HPLC-
tandem mass spectrometry (MS/MS) indicated that Rap 1A, one of Ras superfamily proteins, binds to
the YTX-linked resins. Western blotting and surface plasmon resonance experiments further confirmed
that Rap1A specifically binds to YTX with the KD value around 4 lM.

� 2010 Elsevier Ltd. All rights reserved.
Ladder-shaped polyether (LSP) compounds1–3 such as
brevetoxins,4,5 ciguatoxin,6,7 yessotoxin8,9 (YTX; Fig. 1) and pry-
mnesin10 are a group of unique metabolites produced by dinoflag-
ellates and haptophytes. LSPs commonly possess a molecular stem
comprising continuous trans-fused polycyclic ethers. More than
50 naturally occurring LSPs have been reported to date, some of
which are known to possess powerful biological activities and be
associated with food poisoning and massive fish kill.

YTX was first isolated from the scallops Patinopecten yessoensis,
which were contaminated with toxins of diarrhetic shellfish
poisoning.8 Afterward, YTX turned out to have weak acute toxicity
to human, thus being ruled out from diarrhetic shellfish toxins.
YTX and its homologs are produced by the dinoflagellates
Protoceratium reticulatum11–13 and Lingulodinium polyedrum,13

and exhibit multiple biological activities; besides the intraperito-
neal toxicity against mice,14 YTX shows in vitro induction of
apoptosis,15–18 modulation of cellular calcium levels of human
lymphocytes,19 and enhancement of phosphodiesterase (PDE)
enzymatic activity.20 In particular, the toxin has relatively high
affinity to PDE, which led to extensive studies on their interaction
largely by biosensor techniques.21–23
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Among other naturally occurring LSPs, brevetoxins and
ciguatoxins are a few examples that target proteins have been
identified; these toxins are known to bind to voltage-sensitive
Na+ channels24,25 with nanomolar/subnanomolar KD values,26

which are thought to account for their extremely potent toxicity.
More recently, another LSP, gambierol, was reported to inhibit K+

channels.27–29 These channel proteins largely consist of membrane
integral a helices, implying that LSP skeletons generally possess
high affinity to the helix motif.30 However, the structure-based
mechanism of these interactions remains elusive because their
large molecular weights coupled with membrane integral nature
have hampered X-ray crystallographic approaches. To address this
problem, we have searched for smaller membrane proteins that
specifically interact with LSPs.31 In the previous study, we utilized
YTX as a LSP model and disclosed that YTX binds to the membrane
integral domain of glycophorin A.31,32 In this study, we aimed not
to identify the binding target of YTX that accounted for its biolog-
ical activities, but to obtain a protein that recognized an LPS struc-
ture with high affinity. Eventually, we found a YTX-binding protein
in the lysates of blood cell membranes, and examined its affinity to
YTX by surface plasmon resonance techniques.

For affinity purification of target proteins of YTX, we prepared
biotinylated desulfated yessotoxin, dsYTX (Figs. 1 and 3, synthetic
details are provide in Supplementary data),33 which was then
immobilized to streptavidin-bearing beads. After incubation with
the lysate prepared from human blood cell membranes, YTX-
binding proteins trapped on the beads were eluted and subjected



desulfo-Yessotoxin
(dsYTX, 2)

O

O O
O

O

O

O

O

O
O

O
Me

H
H

H
H H

H

H

H
H
Me

OH

HO

HO

H
H

H
H

H
Me

H

Me

H

OH

Me Me

HH
H

Biotinylated dsYTX (3)

O
Me

H

O

OR

4 N
H

O

H
N

O

O
S

NHHN
H

H

O

R=

O

O O
O

O

O

O

O

O
O

O
Me

H
H

H
H H

H

H

H
H
Me

OH

NaO3SO

NaO3SO

H
H

H
H

H
Me

H

Me

H

OH

Me Me

HH
H

Yessotoxin
(YTX, 1)

Figure 1. Structures of yessotoxin (YTX, 1), dsYTX (2) and biotinylated dsYTX (3).
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to SDS–PAGE. As depicted in Figure 2, a 21 kDa band appeared to
be a candidate for YTX-binding proteins since the protein band dis-
appeared in the presence of an excess amount of free YTX upon
incubation (Fig. 2A) and increased when the beads were eluted
with free YTX (Fig. 2B).

To identify the protein, in-gel tryptic digestion was carried for
subsequent nano-LC–MS/MS analysis. As a result, several peptide
sequences were identified, some of which corresponded to the
Figure 2. SDS–PAGE for the 21 kDa YTX-binding protein. (A) Human red blood cell
(RBC) proteins that were trapped with control beads (lane 1) and with the ligand (3)
fixed beads (lanes 2 and 3) were visualized by silver staining. In lane 3, free YTX
(100 lM) was added to the cell lysate during incubation. (B) Human RBC proteins
that were trapped with control beads (lane 4) and with the ligand (3) fixed beads
(lanes 5 and 6) were visualized by silver staining. Elution was carried out with a
buffer containing 200 lM (lanes 4 and 5) or 0 lM (lane 6) YTX.
digested peptides of Ras superfamily proteins, Rap 1A, Rap 1B,
Rho A, Rho C, Rac 1, Rac 2, and K-Ras (Table 1). The identification
of Rap1A, from which 11 peptides were detected by the LC–MS/
MS analysis, was further carried out by Western blotting (Fig. 3).

As the next step, we evaluated the interaction between Rap 1A
and YTX using surface plasmon resonance (SPR) techniques. Re-
combinant Rap 1A was immobilized onto the CM5 sensor chip,
over which a YTX or dsYTX solution was passed.33 Dose-dependent
SPR responses were recorded for a series of concentrations of YTX
and dsYTX as shown in Figure 4, which clearly indicated their
direct interactions with Rap 1A. We then estimated the
Table 1
YTX-binding proteins detected by LC–MS/MS analysis

Protein Number of peptide sequencea

Ras-related protein
Rap 1A

11

Ras-related protein
Rap 1B

9

Transforming protein
Rho A

9

Rho-related GTP-binding protein
Rho C

9

Ras-related C3 botulinum toxin substrate 1
Rac 1

7

Ras-related C3 botulinum toxin substrate 2
Rac 2

7

GTPase K-Ras
K-Ras

6

a Number of peptides detected by nano-LC–MS/MS that correspond to the
fragments of protein in the database. Details of the identified peptides are provided
in Supplementary data.33



Figure 3. Peptide sequences detected by nano-LC–MS/MS and Western analysis for
YTX-binding proteins. (A) The amino acid sequence of Rap 1A and the correspond-
ing peptide sequences found in the tryptic digests (underlined). (B) Western blot
analysis of YTX-binding protein. Human RBC proteins that were trapped with
control beads (lane1) and with the ligand (3) fixed beads (lanes 2 and 3) were
subjected to SDS–PAGE and visualized with a Western blot protocol using anti-
Rap1A/1B antibodies. In lane 3, free YTX (100 lM) was added to the lysate during
incubation.

Figure 4. SPR sensor grams of YTX (A) and dsYTX (B) for Rap 1A immobilized on the
surface of a CM5 sensor chip. (A) YTX (1) was injected in the range 0–50 lM. Color
traces correspond to concentration of YTX from 5 lM (bottom) to 50 lM (top) in
HBS-EP+ solution; 5 (light green), 10 (light blue), 20 (red), 30 (magenta), 40 (blue),
and 50 (green) lM. (B) dsYTX (2) was injected in the range 0 to 30 lM. Color traces
correspond to concentration of YTX in HBS-EP+ solution; 5 (light green), 10 (light
blue), 20 (red), 30 (magenta) lM. Theoretical curves obtained from the heteroge-
neous ligand-parallel reaction model are shown as solid and black lines for sensor
gram for YTX (A) and dsYTX (B), respectively.
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equilibrium dissociation constant (KD) of YTX using BIAevaluation
software for a heterogeneous ligand-parallel reaction model, which
gave rise to two binding affinities, KD1 143.0 lM and KD2 4.2 lM.
The low affinity KD1 implies that this interaction is due to non-
specific binding while the higher affinity of the KD2 is probably
due to the specific binding of YTX to immobilized Rap 1A. The same
model fitting revealed the KD of dsYTX with Rap1A to be 0.9 lM.
The higher affinity of dsYTX may be accounted for by its higher
hydrophobicity. The dissociation constants of YTX and dsYTX for
weakly interacting proteins such as streptavidin and membrane
integral protein APH1B were comparable with that for the non-
specific binding (Supplementary data).33 We then carried out the
SPR experiments with the inverted configuration, where Rap1A
was passed on a dsYTX-immobilized chip, and obtained a compa-
rable KD value of 0.5 lM.33

In the present study, we screened proteins associated with
blood cell membranes for YTX-binding affinity, and successfully
identified one of Ras superfamily members as a binding protein.
The objective of this study is to obtain a protein that recognizes
an LSP structure with high affinity, so we chose blood cells rather
than biologically relevant targets such as tissue cells because of
their availability and well established protein profile. Thus, the
present results do not necessarily imply that any of Ras superfam-
ily proteins are involved in the toxicity and other biological activ-
ities of YTX. The seven proteins listed in Table 1, which gave rise to
the sufficient number of peptide fragments in the LC–MS/MS
experiments, belong to Ras superfamily proteins. This family be-
longs to a class of small GTPase that plays important roles in cellu-
lar signal transduction.34–36

We previously disclosed that various LSPs show high affinity to
the membrane a-helix motif,30,37 where hydrophobic matching
plays an essential role, by using the synthetic LSP model com-
pounds and trans-membrane peptides of glycophorin A. As is the
case with phosphodiesterases (PDEs),21,23 Rap 1A possesses the
buried a-helix motifs.37 Thus, the LSP stem of YTX may possibly
bind to the hydrophobic helices as proposed for the ion-channel
binding LSPs such as brevetoxins, ciguatoxins and gambierol.
Apparent sequence homology to Ras proteins is observed neither
in glycophorins nor PDEs, implying the relatively broad specificity
of YTX to hydrophobic helices. Considering relatively high affinity
of YTX to Rap1A (Fig. 4), detailed examination of their interaction
may provide a clue to understanding the molecular-based mecha-
nism of how LSPs generally recognize target proteins.

We initially expected that some of PDEs should be detected by
affinity purification using YTX. Yet, no corresponding bands were
recognized in the SDS–PAGE albeit the presence of small quantities
of PDEs reported for erythrocytes.38 The reason may be that quan-
tities of PDEs are extremely small in the lysate, and/or that the lin-
ker part hampers binding of the YTX moiety to the binding pocket
of PDEs.

By elucidating the structure basis of the bimolecular interac-
tions, it would become possible to design and synthesize the small
molecules that specifically recognize the trans-membrane domain
of integral proteins. Further studies on the molecular recognition of
Ras superfamily proteins by LSPs are now in progress in our
laboratory.
Acknowledgments

We are grateful to Professor Toshifumi Takao for discussion and
helps in pretreatment of protein samples for nano LC–MS/MS
experiments. This work was supported by Grants-in-Aid for Scien-
tific Research (S) (No. 18101010), and (B) (No. 21350028) from
MEXT, Japan, and The Naito Foundation. Research fellowships for
Young Scientists to S.U. from JSPS, and from GCOE program, ‘Global



6446 S. Ujihara et al. / Bioorg. Med. Chem. Lett. 20 (2010) 6443–6446
Education and Research Center for Bio-Environmental Chemistry,
Osaka University’ are acknowledged.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2010.09.080.

References and notes

1. Shimizu, Y. Chem. Rev. 1993, 93, 1685.
2. Murata, M.; Yasumoto, T. Nat. Prod. Rep. 2000, 17, 293.
3. Yasumoto, T. Chem. Rec. 2001, 1, 228.
4. Lin, Y.-Y.; Risk, M.; Ray, S. M.; Engen, D. V.; Clardy, J.; Golik, J.; James, J. C.;

Nakanishi, K. J. Am. Chem. Soc. 1981, 103, 6773.
5. Shimizu, Y.; Chou, H.-N.; Bando, H.; Van Duyne, G.; Clardy, J. C. J. Am. Chem. Soc.

1986, 108, 514.
6. Murata, M.; Legrand, A.-M.; Ishibashi, Y.; Fukui, M.; Yasumoto, T. J. Am. Chem.

Soc. 1990, 112, 4380.
7. Satake, M.; Morohashi, A.; Oguri, H.; Oishi, T.; Hirama, M.; Harada, N.;

Yamamoto, T. J. Am. Chem. Soc. 1997, 119, 11325.
8. Murata, M.; Kumagai, M.; Lee, J. S.; Yasumoto, T. Tetrahedron Lett. 1987, 28,

5869.
9. Takahashi, H.; Kusumi, T.; Kan, Y.; Satake, M.; Yasumoto, T. Tetrahedron Lett.

1996, 37, 7087.
10. Igarashi, T.; Satake, M.; Yasumoto, T. J. Am. Chem. Soc. 1996, 121, 8499.
11. Satake, M.; MacKenzie, L.; Yasumoto, T. Nat. Toxins 1997, 5, 164.
12. Samdal, I. A.; Naustvoll, L. J.; Olseng, C. D.; Briggs, L. R.; Miles, C. O. Toxicon

2004, 44, 75.
13. Paz, B.; Riobo, P.; Luisa, F. M.; Fraga, S.; Franco, J. M. Toxicon 2004, 44, 251.
14. Terao, K.; Ito, E.; Oarada, M.; Murata, M.; Yasumoto, T. Toxicon 1990, 28, 1095.
15. Leira, F.; Alvarez, C.; Vieites, J. M.; Vieytes, M. R.; Botana, L. M. Toxicol. In Vitro

2002, 16, 23.
16. Korsnes, M. S.; Hetland, D. L.; Espenes, A.; Aune, T. Toxicol. In Vitro 2006, 21, 9.
17. Korsnes, M. S.; Hetland, D. L.; Espenes, A.; Aune, T. Toxicol. In Vitro 2006, 20,

1419.
18. Korsnes, M. S.; Hetland, D. L.; Espenes, A.; Tranulis, M. A.; Aune, T. Toxicol. In
Vitro 2006, 20, 1077.

19. de la Rosa, L. A.; Alfonso, A.; Vilarino, N.; Vieytes, M. R.; Botana, L. M. Biochem.
Pharmacol. 2001, 61, 827.

20. Alfonso, A.; de la Rosa, L. A.; Vieytes, M. R.; Yasumoto, T.; Botana, L. M. Biochem.
Pharmacolcol. 2003, 65, 193.

21. Pazos, M.-J.; Alfonso, A.; Vieytes, M. R.; Yasumoto, T.; Botana, L. M. Chem. Res.
Toxicol. 2006, 19, 794.

22. Pazos, M. J.; Alfonso, A.; Vieytes, M. R.; Yasumoto, T.; Vieites, J. M.; Botana, L. M.
Anal. Biochem. 2004, 335, 112.

23. Mouri, R.; Oishi, T.; Torikai, K.; Ujihara, S.; Matsumori, N.; Murata, M.; Oshima,
Y. Bioorg. Med. Chem. Lett. 2009, 19, 2824.

24. Catterall, W. A.; Risk, M. A. Mol. Pharmacol. 1981, 19, 345.
25. Bidard, J. N.; Vijverberg, H. P.; Frelin, C.; Chungue, E.; Legrand, A. M.; Bagnis, R.;

Lazdunski, M. J. Biol Chem. 1984, 259, 8353.
26. Poli, M. A.; Mende, T. J.; Baden, D. G. Mol. Pharmacol. 1992, 30, 129.
27. Ghiaroni, V.; Sasaki, M.; Fuwa, H.; Rossini, G. P.; Scalera, G.; Yasumoto, T.;

Pietra, P.; Bigiani, A. Toxicol. Sci. 2005, 85, 657.
28. Cuyper, E.; Abdei-Mottalbe, Y.; Kopljar, I.; Rainier, J. D.; Raes, A. L.; Snyder, D. J.;

Tytgat, J. Toxicon 2008, 51, 974.
29. Kopljar, I.; Labro, A. J.; Cuypers, E.; Johnson, H. W.; Rainier, J. D.; Tytgat, J.;

Snyders, D. J. Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 9896.
30. Torikai, K.; Oishi, T.; Ujihara, S.; Matsumori, N.; Konoki, K.; Murata, M.; Aimoto,

S. J. Am. Chem. Soc. 2008, 130, 10217.
31. Mori, M.; Oishi, T.; Matsuoka, S.; Ujihara, S.; Matsumori, N.; Murata, M.; Satake,

M.; Oshima, Y.; Matsushita, N.; Aimoto, S. Bioorg. Med. Chem. 2005, 13, 5099.
32. Ujihara, S.; Oishi, T.; Torikai, K.; Konoki, K.; Matsumori, N.; Murata, M.; Oshima,

Y.; Aimoto, S. Bioorg. Med. Chem. Lett. 2008, 18, 6115.
33. Supplementary data containing experimental details and LC–MS/MS data, and

additional SPR sensor grams are available on the online version.
34. Bourne, H. R.; Saunders, D. A.; McCormic, F. Nature 1991, 349, 117.
35. Boguski, M. S.; McCormic, F. Nature 1993, 366, 643.
36. Wennerberg, K.; Rossman, K. L.; Der, C. J. J. Cell Sci. 2004, 118, 843.
37. Torikai, K.; Yari, H.; Mori, M.; Ujihara, S.; Matsumori, N.; Murata, M.; Oishi, T.

Bioorg. Med. Chem. Lett. 2006, 16, 6355.
38. Adderley, S. P.; Spraque, R. S.; Stephenson, A. H.; Hanson, M. S. Pharmacol. Rep.

2010, 62, 475.


	Detection of Rap1A as a yessotoxin binding protein from blood cell membranes
	Acknowledgments
	Supplementary data
	References and notes


