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Abstract: We have designed phenylboronic acid group appended Ce(IV) bis(porphyrinate) double Hecker
and mese-meso linked porphyrir2, useful for the allosteric binding of biologically important saccharides,
Lewis oligosaccharides. Compoutidinds Lewis oligosaccharides in agueous media because of the boronic
acid—diol interaction, but the complexation event can occur only above the critical concentrations because of
the sigmoidal [oligosaccharide] versus [complex] isotherm. Compdumak a sufficiently high affinity with

Lewis oligosaccharide(= 10°—10° M—2) with Hill coefficientsn of 1.8-2.0, and Lewi3 series and Lewfs

series give opposite, symmetrical CD spectra. This is the first example of efficient binding of Lewis
oligosaccharides to the artificial receptor, which has become possible by positive homotropic allosterism.

Introduction approach to these oligosaccharides to develop inhibitors for

. . . . . selectins.
It is known that oligosaccharides play crucial roles in

molecular recognition events in biological systems. Particularly
noteworthy are Lewis oligosaccharides, such as L&\{ligX)
and Lewi$ (Le?®, which are involved in the adhesion of

leukocytes and neutrophils to vesicular endothelical cells during oH"oH 3 NHAc

normal and pathogenic inflammatory respons€Appearance Me T~

of Lewis oligosaccharides on the cell surface and in the blood r]\[ OH

serum above the critical concentrations is often a sign associated o

with tumor progression and malignancy. For example, overex- | . :r=-H Lewis® :R=-H

pression of sialyl Lew# (sLeX) containing mucins has been i i

found in the sera of gastrointestinal, pancreatic, and breast cance| SulphoLewis® :R= —s0, Sulpho Lewis® : R= —S0;
patients? Thus, it is undoubted that sensitive detection of Lewis coo” - on goo”
oligosaccharides is one of the most urgent subjects to be  Siabitewis” :R= "% __\ Nuac Sialyl Lewis® :R= <"V | NHac
developed in the chemical therapeutic field. So far, however, Hr?(r)-:;'\oﬂ Hr?c':-"’)\"”

the investigation has been limited to the approach from the
biochemical field}> the typical examples are (i) the structural

analysis of Lewis oligosaccharides/E-, P-, and L-selectin
complexes as a model of cell adhesion and (ii) the synthetic

Our research purpose is, in contrast to these preceding
biochemical approaches, to develop rationally designed artificial
synthetic receptors for these oligosaccharides, which will lead

(1) (a) Kobata, A. InBiology of CarbohydratesGinsburg, V., Robins, to generation of small molecular antagonists and design of
P. W., Eds.; John Wiley and Sons: New York, 1984; Vol. 2, p 87. (b) i i
Feizi, T.Nature1985 314, 53. (c) Hakomori, SAdv. Cancer Res1989 S?eCIflﬁ Se'.}.sc.’nll systems. I.t IS undOUb]:[eldfthaLthe de\(glopmecjnt
52, 257. (d) Schauer, R\dv. Carbohydr. Chem. Biocherh982 40, 131. of such artificial receptors is very useful for the sensitive an
(f) Looms, L. M.; Vemura, K.; Childs, R. A.; Paulson, J. C.; Rogers, G. convenient detection of these oligosaccharide antigens in the
N.; Scudder, P. R.; Michalski, J.; Hounsell, E. F.; Taylor-Robinson, D.; plood serunf.

Fe'é)’ ;)Nﬁfgﬁtlgg‘l;%o%?%m M. K.: Whatley, R. E.; McEver, R, ;. Then, whatis the potential strategy for the molecular design?

Mclntyre, T. M.; Prescott, S. M.; Zimmerman, G. A. Clin. Invest.1993 There are two basic requirements: that is, (i) to sensitively detect
92, 559. (b) Lasky, L. A.Sciencel992 258 964. Lewis oligosaccharides, the receptors must have the large
(3) () Magnani, J. L.; Nilsson, B.; Brockhaus, M.; Zopf, D.; Steplewski,
Z.; Koprowski, H.; Ginsburg, VCancer Res1983 43, 5489. (b) Kannagi, (5) (a) Ichikawa, Y.; Lin, Y.-C.; Dumas, D. P.; Shen, G.-J.; Garcia-
R.; Fukushi, Y.; Tachikawa, T.; Noda, A.; Shin, S.; Shigeta, K.; Hiraiwa, Junceda, E.; Williams, M. A.; Bayer, R.; Ketcham, C.; Walker, L. E.;
N.; Fukuda, Y.; Inamoto, T.; Hakomori, S.; Imura, Bancer Res1986 Paulson, J. C.; Wong, C.-Hd. Am. Chem. So0d992 114, 9283. (b) Poppe,
46, 2619. L.; Brown, G. S.; Philo, J. S.; Nikrad, P. V.; Shah, B. . Am. Chem.
(4) (@) Wada, Y.; Saito, T.; Matsuda, N.; Ohmoto, H.; Yoshino, K.; S0c.1997 119, 1727. (c) Hiramatsu, Y.; Tsujishita, H.; Kondo, B.Med.
Ohashi, M.; Kondo, HJ. Med. Chem1996 39, 2055. (b) Koeller, K. M.; Chem.1996 39, 4547. (d) Hiramatsu, Y.; Moriyama, H.; Kiyoji, T.; Tsukida,
Smith, M. E. B.; Haung, R.-F.; Wong, C.-H. Am. Chem. So00Q 122, T.; Inoue, Y.; Kondo, HJ. Med. Chem1998 41, 2302. (e) DeFrees, S.

4241. (c) Wu, W.-g.; Pasternack, L.; Haung, D.-H.; Koeller, K. M.; Lin, A.; Phillips, L.; Guo, L.; Zalipsky, SJ. Am. Chem. S0d.996 118 6101.
C.-C.; Seitz, O.; Wong, C.-H.. Am. Chem. So04999 121, 2409. (d) Seitz, (f) Allen, J. R.; Harris, S. J.; Danishefsky, S.JJ.Am. Chem. So001,
0O.; Wong, C.-HJ. Am. Chem. S0d.997, 119, 8152. 123 1890.
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association constants and (ii) because they are expressed eveaqueous media to form 1L ewis oligosaccharide complexes
in normal tissues and sefdhe receptor’s function must change with Hill coefficients 1.8-2.0. To the best of our knowledge,
from a tense (T) state to a rest (R) state only above the critical

concentrations as alllosteric proteins seen in nature.

It thus occurred to us that the concept of “positive homotropic
allosterism®®° might be successfully applied to the molecular
design of a desired Lewis oligosaccharide binding system,
because (i) the binding isotherm is characterized by a sigmoid-
shaped curve with a steep threshold region and (ii) the
association constants and binding signal are amplified by the
cooperative action in a positive homotropic allosteric binding
proces$Mi Provided that positive homotropic allosterism oper-
ates, as expected, in the Lewis oligosaccharide binding process,
it would become possible to detect these essential oligosaccha-
rides selectively and sensitively only above the critical concen-
trations.

Recently, we designed phenylboronic acid group appended
cerium(lV) bis(porphyrinate) double deckBf and mese-meso
linked porphyrin dimer2!! as artificial oligosaccharide recep-
tors1?In these studies, we have demonstrated that (i) compounds
1 and2 can bind malto- or laminari-oligosaccharides coopera-
tively and effectively in aqueous solution, (ii) the positive
homotropic allosterism is indispensable for highly efficient
oligosaccharide binding, and (iii) the binding signal is amplified
according to a sigmoidal isotherm through positive homotropic
allosterism. These findings clearly show that these compounds . . ) o )
would act as candidates for Lewis oligosaccharide binding this is the_flrsf[ totally synthet_lc artificial receptor which can
receptors, which are expected to work even in aqueous solution.t0UCh Lewis oligosaccharides in aqueous mesasitiely only

In this contribution, we report thal can bind Lewis abOz/e_ _the critical c_once_ntr_ahons'l’_he_ rat!‘onal a_malgamanon
oligosaccharides because of positive homotropic allosterism in Of artificial saccharide binding moieties, “boronic aciddznd

the concept of “allosterism” now paves the way to construct a

(6) Monoclonal antibody has been used to determine the concentrationsbiologically important oligosaccharide sensing system useful in
of sLe¢ antigen and sialyl Tn antigen by immunoradiometric assay and aqueous solution
radioimmunoassay, respectively, see: Springer, Gnfunol. Ser199Q '
53, 587. . .

(7) Quantitative and qualitative characterization of cancer-associated Results and Discussion
serum glycoprotein antigens, see: (a) Kannagi, R.; Fukushi, Y.; Tachikawa, . . . . L .
T.. Noda, A.: Shin, S. Shigeta, K.: Hiraiwa, N.: Fukuda, Y. Inamoto, T.: Molecular Design. Diboronic acid derivatives, which can
Hakomori, S.; Imura, TCancer Res1986 46, 2619. (b) Kannagi, R.;  react with four of the five OH groups of saccharide to form
Fukushi, Y.; Tachikawa, T.; Noda, A.; Shin, S.; Kitahara, A.; Itai, S.; Aril,  jntramolecular 1:1 complexes, show a different stability order,

S.; Shigeta, K.; Hiraiwa, N.; Fukuda, Y.; Hakomori, S.; ImuraCencer P e - . -
Res.1088 48, 3856, which is related to the specific spatial position of two boronic

(8) (a) Blanc, S.: Yakirevitch, P.: Leize, E.; Meyer, M.; Libman, J.; Van acid groups3 This implies that one can recognize a specific
Dorsselaer, A.; Albrecht-Gray, A. M.; Shanzer, AAm. Chem. Sod997, saccharide guest by appropriate manipulation of two boronic

119 4934. (b) Kobayashi, K.; Asakawa, Y.; Kato, Y.; Aoyama,J¥ Am. ida i [
Chem. Soci992 114 10307, (c) Rebek. J.. JAcc. Chem. Re4 984 17, acids in a same host molecule. Th_e pre_ser_n resear_ch aim is to
258. (d) Rebek, J., Jr.; Costello, T.; Marshall, L.; Wattley, R.; Gadwood, €Xtend this concept to the selective binding of biologically

R. C.; Onan, KJ. Am. Chem. So&985 107, 7481. (e) Ebmeyer, E.; Rebek,  important Lewis oligosaccharides. This idea has been tested with

‘éhg%AnSgo?:\g(.)(()?irzni zllrlstézEd<gl)E[]r%ll?§l?cﬁ?’I\}Il'4gr‘1i(é)ysl?l's'&s-\l/-\/.a§e.r/_\'rlp‘M a few diboronic acid systems bearing a “long” and *“rigid”
Angew. Chem., Int. Ed. Engt001, 40, 3372. . 7 spacer: for example, diphenyl-3.@iboronic acid, stilbene-3;3

(9) (a) Takeuchi, M.; Imada, T.; Shinkai, Sngew. Chem., Int. Ed. Engl  diboronic acidt* andcis-5,15-bis[2-(dihydroxyboronyl)phenyl]-
1998 37, 2096. (b) Sugasaki, A.; Ikeda, M.; Takeuchi, M.; Robertson, A.; 10,20-diphenylporphirit? show some selectivity for certain

Shinkai, S.J. Chem. Soc., Perkin Trans, 1999 3259. (c) lkeda, M.; ; ; i s
Tanida, T. Takeuchi, M.: Shinkai, ©rg. Lett. 2000 2, 1803. (d) Ikeda. disaccharides, but the selectivity and the affinity observed so

M.; Takeuchi, M.; Sugasaki, A.; Robertson, A.; Imada, T.; Shinkai, S. far are not so high. To improve the affinity and the selectivity
Supramol. Chem200Q 12, 321. (e) Sugasaki, A.; Ikeda, M.; Koumoto,  toward oligosaccharides, one should look for a new conceptual

K.; Takeuchi, M.; Shinkai, STetrahedron200Q 56, 4717. (f) Yamamoto, design scheme by which one might be able to finely tune the
M.; Sugasaki, A.; lkeda, M.; Takeuchi, M.; Frimat, K.; James, T. D.; . . .
Shinkai, SChem. Lett2001 520. (g) Robertson, A.; Ikeda, M.; Takeuchi, distance between two boronic acid groups. From recent research

M.; Shinkai, SBull. Chem. Soc. Jpr2001, 74, 883. (h) Shinkai, S.; Ikeda, ~ on artificial cooperative recognition systems, it has been
M.; Sugasaki, A.; Takeuchi, Micc. Chem. Re2001, 34, 494. (i) Takeuchi, suggested that positive homotropic allosterism can be utilized

M.; Ikeda, M.; Sugasaki, A.; Shinkai, «cc. Chem. Resin press. . . .
(10) Sugasaki‘%_; ceda, M+ Takeuchi, Mo Shinkaiis]gew_ Chem. @S @ new concept to achieve both high guest selectivity and

Int. Ed. 200Q 39, 3839. The phenyl boronic acid group appended Ce(lv) high guest affinity which cannot be attained by the conventional
bis(porphyrinate) double deck&ican bind maltooligosaccharides effectively 1:1-type guest bindin@_The scaffolds that show positive
through positive homotropic allosterism to form only the 1:2 complexes.
In this system, the binding of the first oligosaccharide to a pair of boronic (13) Recent review see: (a) James, T. D.; Sandanayake, K. R. A. S.;
acid groups, although very weak, can suppress the rotation of the two Shinkai, SAngew. Chem., Int. Ed. Endl996 35, 1910. (b) James, T. D.;
porphyrin planes; as a result, the subsequent binding of the oligosaccharideLinnane, P.; Shinkai, SChem Commun.1996 281. (c) Shinkai, S.;
to the residual pair of aligned boronic acid groups can occur cooperatively. Takeuchi, M.Trends Anal. Chen1996 15, 418. (d) Norrild, J. C.; Eggert,
(11) Ikeda, M.; Shinkai, S.; Osuka, Zhem. Commur200Q 1047. H. J. Am. Chem. S0d.995 117, 1479.
(12) (a) Kral, V.; Rusin, O.; Schmidtchen, F.®rg. Lett 2001, 3, 873. (14) Sandanayake, K. R. A. S.; Nakashima, K.; ShinkaiJ.SChem.
(b) Nagai, Y.; Kobayashi, K.; Toi, H.; Aoyama, Bull. Chem. Soc. Jpn Soc., Chem. Commuf994 1621.
1993 66, 2965. (15) Kijima, H.; Takeuchi, M.; Shinkai, SChem. Lett1998 781.
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oligosaccharides did not yield any perceptible CD bands. In
807 . sLeX general, when a saccharide guest is bound to a boronic acid
6.0 :sulphoLeX group in a host molecule, the resultant complex becomes
optically CD-active!? It has been established, however, that the
o 404 complex can yield a strongly CD-active species only when the
é saccharide is bound intramolecularly to two boronic acid groups
< 204 to form a macrocyclic structur®.The results indicate that two
= diol moieties in saccharides are bound to two boronic acid
[72] . . . . .
g 00 groups inl to bridge two porphyrin planes chirally. It is seen
k= from Figure 1 that the CD sign (positive exciton-coupling bands)
Q 207 obtained from thel/LeX family system is opposite to that
O ; : . ;
4 : sulpho Le* (negative exciton-coupling bands) obtained from thee®
400 o ee? family system. Judging from the fact that the boronic acid group
6.0 can interact only with thecis-1,2-diol or 1,3-diol moiety in
' saccharide®? it is undoubted that phenylboronic acid groups
8.0 . : , ‘ in 1 interact with the 4,6-diol group of the galactose moiety
250 300 350 400 450 500 and the 3,4-diol group of the fucose moiety in thé&'I(&al31,4-

Wavelength / nm [Fuca1,3]GIcNACc) or Lé (Galpl,3[Fuaml,4]GIcNAc) back-
Figure 1. CD spectra ofL (1.00 x 10~ M) in the presence of Lewis ~ Pone. In fact, wherl (0.50 mM) and L€ (2.0 mM) were
oligosaccharides (2.1 1073 M) at 25°C. allowed to react in CBOD, the 6-methyl protons adjacent to
the 3,4-diol group of the fucose moiety shifted from 1.17 to
. . . . . 1.71 ppm A6 = 0.54 ppm) owing to the deshielding effect of
homotropic allosterism are mostly with dynamic motion and iy complexed phenylboronic acid groipMeanwhile, we
are skillfully combined with the molecular recognition systems  to,nd that compound® acts as an excellent maltotetraose
so that the subsequent guest binding can occur more favorably(ietrasaccharide) receptdrThe distance between two boronic
than the first guest binding. We thus amalgamate two strategies, 5cids in2 is estimated to be about 15.8 A, which is too long to
.diboro_nic.acid receptor and positive homotoropic allosterism, bridge between the galactose moiety and the fucose moiety in
in designing compounds and2 that are expected to work as | ewjs oligosaccharides. Furthermore, the rotation of porphyrin
a robust oligosaccharide binding system. Compouhdsd?2  yings around the bridging €C bond, by which the distance
are a phenylboronic acid appended bis[porphyrinato]cerium- penyeen two boronic acid groups becomes variable, is relatively
(IV) double decker porphyrin and a mesmeso linked por-  jimited compared with that of. These should be the possible

phyrin, respectively. In these compounds, two porphyrins can reasons why compoun@ cannot bind any Lewis oligosccha-
rotate (or oscillate) relative to each other like two wheels with qes.

the central metal ion or bridging-&C bond acting as an axé.
One can thus expect a cooperative allosteric binding mode to
form 1:2 host-guest complexes.

To obtain further insights into th&LeX and1-Le? complex
structures, the most stable conformations were evaluated by
. " computational methods (Discover 3/Insight)ln the initial

Compou_ndsl and 2 were identified by IR andH NMR structures, the boronic acid complexation sites are the 4,6-diol
spectral evidence and elemental analyses_. These products WerSroup of the galactose moiety and the 3,4-diol group of the
used for.further spetl:tral measurements without removal of l’?"fucose moiety. The resultant structures are illustrated in Figure
propar_1d|ol groups."H NMR spectral measurements have_ 2. It is seen from Figure 2 that tHelLeX complex has a right-
established that the protecting groups are readily eliminated in handed helical twist, whereas tHeLe* complex has a left-
aqueous media. In fact, addition of 1,3-propanedidq™ M) handed helical twist. These results clearly show that the

|s_|carcely affected the Ct[;. Intensity ve(;su;trgsa(ECZarldet] ptI.Ot' structural difference in C-3 and C-4 of theacetylglucosamine
i entce, (t)ne can use this compound without 0eprotection .oqiq e petween Peand Lé is the origin of the opposite CD
reatment. . - L — signs observed for the two families in Figure 1.
Lewis Oligosaccharide Binding StudiesBinding affinities The CD tral ch induced by Lewis oli harid
of 1 and 2 toward Lewis oligosaccharides were evaluated by € speg ralc a_mgdesj[lr_ll l_:_(;]e Clg eW|s£o Igosacc ?j“ es
UV—vis and CD spectroscopic methods. Addition of Lewis were examined more in detall. The &L Spectra measured as a
function of the saccharide concentration provided an isosbestic

oligosaccharide to a solution Gf(1.00 x 105 M) or 2 (1.00 O ) . .
x 1075 M) adjusted with a mixture of 50 mM carbonate buffer/ point, indicating that the reaction consists of only two species

MeOH _to pH 10.5 resulted in virtually no cha_nge in th_e (17) () Takeuchi, M.; Mizuno, T.; Shinmori, H.; Nakashima, M.;
absorption and fluorescent spectra. In contrast, exciton-coupling-Shinkai, S.Tetrahedron1996 52, 1195. (b) Takeuchi, M.; Imada, T;
type CD bands, which have a spectral pattern inherent to eachShinkai, SJ. Am. Chem. Sod.996 118 10658. (c) Takeuchi, M.; Kijima,

: - -+ H.; Shinkai, S.Bull. Chem. Soc. Jpnl997 70, 699. (d) James, T. D.;
oligosaccharide structures, were clearly observed upon addltlonShinkai‘ S.J. Chem. Soc., Chem. Comma@95 1483,

of oligosaccharides only when we used compodngFigure (18) TheH NMR spectrum (600 MHz;-40 °C, CD:;0D) of the1:Le?
1), whereas CD spectral measurements 2owith Lewis complex was so broadened in aqueous solution and at room temperature
that the signal assignment was nearly impossible.
(16) It is known that the rate of the porphyrin ring rotation in the Ce (19) Conformations with low potential energy encountered during 100

bis(porphyrinate) double decker is comparable with or slower than the NMR ps MD simulation at 500 K were selected. The system was minimized using
time scale. However, the allosteric behavior is basically observable for the the conjugate gradient and NewteRaphson methods until convergence
present “static” equilibrium system as long as porphyrin rings are able to was attained for a gradient of 0.01 kcal mbA~1. The force field used in
rotate. See references: (a) Takeuchi, M.; Imada, T.; Ikeda, M.; Shinkai, S. this study was the ESFF. In our calculation systeba, symmetrical
Tetrahedron Lett1998 39, 7897. (b) Ikeda, M.; Takeuchi, M.; Shinkai, structures were selected as the initial structures. The resultant energy-

S.; Tani, F.; Naruta, YBull. Chem. Soc. Jpr2001, 74, 739. (c) Tashiro, minimized structures featuri®, symmetry, and two fucose rings exist at
K.; Konishi, K.; Aida, T.Angew. Chem., Int. Ed. Endl997, 36, 856. (d) opposite sides of the porphyrin plane. When the calculation was started
Tashiro, K.; Fujiwara, K.; Konishi, K.; Aida, TChem. Commun1998 from Cs symmetrical structures, the resultant structures again fe&tpre
1121. (e) Tashiro, K.; Konishi, K.; Aida, TI. Am. Chem. So200Q 122, symmetry, although two fucose rings existing at opposite sides of the

7921. porphyrin plane are a little closer to the pophyrin plane.
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Figure 2. Energy-minimized structures of tHelLeX (left) and 1-Le? (right) complexes.
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Figure 3. CD spectral changes @af(1.00 x 10~4 M) with an increase
in Lewis oligosaccharide concentration ([$].e= 0.00 to~2.10x 1072

M) at 25°C in a mixture of water (pH 10.5 with 50 mM carbonate
buffer)/MeOH= 1:1 (v/v).
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Figure 4. Job plot forl-sLe’ complex formation.

Hill coefficients n of 1.8—2.0 for Lewis oligosaccharides are
consistent with a highly cooperative binding mechanism forming

in a single equilibrium (Figures 3 and S1 in the Supporting the 1:2 complexes, (iii) the saturated Rd2values increase with

Information). The stoichiometry of the CD-active complexes
was further confirmed by a Job pl&t.The plot of the CD
intensity at 447 nm againstl]J([1] + [saccharide]) has a
maximum at 0.33. A typical example for tHgsLe® system is
shown in Figure 4. This finding supports the view that the
complex consists of one host)(and two Lewis oligosaccha-

an increase in thK values in each Lewis oligosaccharide family,
and (iv) selectivity among Lewis saccharides is not so high. In
Scatchard plot% the positive and negative allosterisms are
expressed by the upward and downward curvatures, respectively.
The maximum valuesyf,) are correlated with Hill coefficients

(n) with n = 1/(1 — ym).?22 Scatchard plots of the Lewis

rides. Plots of the CD intensity at 447 nm versus [saccharide] oligosaccharides always result in the upward curvature (see

are shown in Figure 5. Compouddhows a sigmoidal binding

Figure S2), which indicates the operation of the positive

isotherm for Lewis oligosaccharides, indicating that the binding allosterism in the binding td.

of two equivalents of Lewis oligosaccharides 1ooccurs

We next investigated the effect of pH on the CD intensity of

“cooperatively”. This cooperative saccharides-binding profile 1/oligosaccharide complexes. First, the CD intensity of

can be analyzed with the Hill equation: lggfl — y)) = n
log[saccharide]+ log K, wheren, K, andy are the Hill

1-(maltose) complex was measured as a function of pH
5.00x 1076 M, [maltose]= 3.00 x 10~2 M), because we have

coefficient, the association constant, and the extent of com- already shown thét possesses almost the same affinity for both

plexation, respectively, ang= K/([saccharidej" + K)2 (Table
1). It is seen from Table 1 that () has a sufficiently high
affinity with Lewis oligosaccharidesk(= 10°—10° M2, (ii)

maltose and sleThe CD intensity ofl.-(maltose) complex at
446 nm decreased with lowering medium pH and changed from
28 at pH 10.5to 12 at pH 9.5 and 1.5 at pH 7.5 (Figure 6).

(20) Job, A.Ann. Chim.1928 9, 113.
(21) Conners, K. ABinding ConstantsJohn Wiley: New York, 1987.

(22) (a) Permutter-Hyman, BAcc. Chem. Re4.986 19, 90. (b) Pfeil,
A.; Lehn, J.-M.Chem. CommuriL992 838.
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10.0 diol and 1,3-diol in a saccharide. It is known that Lewis
sLeX oligosaccharides on the cell or protein surface are mostly

connected via 1-OH in GalNd& which is not included in the

sulpho LeX binding event withl. Thus, cell- or protein-linked Lewis

oligosaccharides should be also bound.t8econd, electrostatic
interaction should not affect the binding event in agueous
LeX solution. In fact, we previously tested the allosteric binding of
tartarate anion to a cationic double decker porph§rifihe
significant binding due to electrostatic interaction was observed
only in less polar solvents (THF, methanol, etc.) but not at all
in aqueous solutioPi. Hence, the binding event should not be
affected by charges present on the cell or protein surface. Third,
we tested whether coexisting-glucose affects the binding
Le® event: b-glucose was selected as a competing guest because
sulpho Le® its concentration in the blood serum is considerably high
(physiological glucose level: 0.3 1.0 mM) and the complex
gives the opposite CD sidii.The CD spectra of thé-(sLe),

CD intensity / mdeg at 447 nm

sLe® complex (1] = 5.00 x 1076 M, [sLe¥] = 2.00 x 10-3 M) were
-10.0 ‘ i ‘ , only weakly affected by addestglucose: for example, the CD
0.0 0.5 1.0 1.5 2.0 intensity at 446 nm decreased 33% atglucose]= 1.00 x
[saccharide] / mM 103 M and 50% at p-glucose]= 2.00 x 1072 M.

Figure 5. Plots of CD intensity ofl (1.00 x 104 M) versus the

concentration of oligosaccharide guests. The solid lines represent theCOnCIUSIon
theoretical curves for the formation of th&-$accharide] complexes. In summary, we have demonstrated thatn effectively bind
Table 1. Hill Coefficient (n), Association Constank(M-2) and Lewis olig_osacchari(_jes in aqueous r_nedia with the aid of positive
Saturated CD Intensity (C2) homotropic allosterism and discriminate betweert bad L&
Lewis oligosaccharide n KIM -2 CDao structures as the opposite CD signs. .As far as we are aware,
. this is the first totally synthetic artificial receptor that binds
Lewist 20+£0.13 9.0x 1C° 3.1 Lewis oligosaccharides in aqueous solution. Our findings
sulpho Lewi& 2.0+ 0.07 1.1x 10° 6.6 . . _
sialyl Lewis" 20+ 0.19 18x 10P 8.1 obta.lned.here clearly show that the higher afflr.utylabward. .
Lewis? 1.8+ 0.05 4.2% 10° —46 Lewis oligosaccharides stems from the action of positive
sulpho Lewis§ 2.0+£0.08 5.7x 10° -5.1 homotropic allosterism: that is, even though the complexation
sialyl Lewis! 2.0+0.15 1.3x 10° —7.3 of Lewis oligosaccharides is usually very difficult, the presence
of the cooperative action of two pairs of boronic acid groups
35 has enabled us to detect them by a CD spectroscopic method.
- It is expected, therefore, that the utilization of positive homo-
g 301 tropic allosterism in Lewis oligosaccharide recognition repre-
E 25 sents a new paradigm in biotechnology for selective detection
g of tumor-associated antigens only above the critical concentra-
Q@ 201 tions and promises to provide a general strategy for increasing
f:., 15 the affinity of oligosaccharide receptors with their specific
2 substrates.
g 104
£ 5 Experimental Section
8 General. All starting materials and solvents were purchased form
0 9 T \i T T T T Tokyo Kasei Organic Chemicals or Wako Organic Chemicals and used
7 75 8 85 9 95 10 105 N as supplied. Lewis oligosaccharides were purchased from Funakoshi
pH and were used without further purificatio®d NMR spectra were
Figure 6. Effect of pH on the CD intensity Oﬂ_/ongosaccharide recorded either on a Bruker AC 250 (250 MHZ) or Bruker DRX 600
complex; [l] = 5.00x 10-¢ M, [maltose]= 3.00x 103 M (@), [sLe] (600 MHz) spectrometer. Chemical shifts are reported in ppm downfield
=2.00x 103 M (O). from tetramethylsilane as an internal standard. Mass spectral data were

obtained using a Perseptive Voyager RP MALDI TOF mass spectrom-
eter. UV—vis and CD spectra were recorded with a Shimadzu UV-

. . . O 2500 PC and a JASCO J-720WI spectrophotometer, respectively.
23
boronic acid groups id, which is supposed to be9.2°> The Synthesis of 1.Compoundl was synthesized by treatment of bis-

similar pH dependenge was also observed f(sLe), complex [5,15-bis(4-methoxyphenyl)-10,20-di(4-pyridyl)porphyrinato]cerium-
([sLe] =2.00x 10 M). o _ (IV)* with 2-(4-bromomethylphenyl)-1,3-dioxa-2-borirf4in DMF.

In detecting Lewis saccharides under physiological conditions, petailed synthetic procedure and characterizatiod wfere reported
one must consider that a lot of chiral compounds would coexist previously°

and may interfere with Lewis oligosaccharide bindind.taVe Synthesis of 2.4-(1,3-dioxaborinan-2-yl)benzaldehyde (115 mg,
believe, however, thal is useful also under physiological 0.605 mmol), 2,2dipyrromethane (80 mg, 0.55 mmol), and two drops
conditions because of the following reasons. First, as mentionedof trifluoroacetic acid were dissolved in 60 mL of dry dichloromethane,

above, the boronic acid group can interact with ocig1,2- and the mixture was stirred for 15 h at room temperature. To this
reaction mixture was added chloranil (560 mg, 0.605 mmol). After

This decrease is probably due to th€,walue of the phenyl-

(23) Arimori, S.; Murakami, H.; Takeuchi, M.; Shinkai, SChem.
Commun 1995 961. (24) Shinmori, H.; Takeuchi, M.; Shinkai, $etrahedrorl995 51, 1893.
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evaporation of the solvent, the red residue was chromatographed (silicathe organic layer was separated. After evaporation of the solvent, the

gel, CHCE to CHCk—methanol= 100:1) to produce 50 mg of 5,15-
bis(4-[1,3,2]-dioxaborinan-2-yl-phenyl)porphyrin. Yield 30%. Mp
300 °C; *H NMR (250 MHz, CDC§—CDs0OD, 6 = ppm,J = Hz):
2.25 (m, 4H), 4.37 (m, 8H), 8.21 (d,= 7.8, 4H), 8.28 (dJ = 7.8,
4H), 9.08 (dJ = 4.6, 4H), 9.40 (dJ = 4.6, 4H), 10.3 (s, 2H). MALDI
TOF-MS (CHCA): calcd. (found) for [M-H]*: 631.80 (631.26). Anal.
Calcd for GgH3B2N4O40.5CHCE: C, 67.01; H, 4.75; N, 8.12%.
Found: C, 67.45; H, 4.61; N, 8.89%.

To a solution of 5,15-bis(4-[1,3,2]-dioxaborinan-2-yl-phenyl)por-
phyrin (40 mg, 0.063 mmol) obtained above in 10 mL of Ckl®&as
added 5 mL methanol solution of zinc acetate (680 mg, large excess),
and the mixture was stirred for 24 h at room temperature. After

evaporation of the solvent, the red residue was chromatographed (silica

gel, CHC}) to yield 39 mg of 5,15-bis(4-dihydroxyboronophenyl)-
porphyrinatozinc(ll). Yield 86%. Mp (decy 300°C; *H NMR (250
MHz, DMSO-ds, 6 = ppm,J = Hz): 8.22 (d, 4H), 8.24 (d, 4H), 8.38
(br's, 4H), 8.95 (dJ = 4.2, 4H), 9.51 (dJ = 4.2, 4H), 10.38 (s, 2H).
MALDI TOF-MS (CHCA): calcd. (found) for [MFH]*: 614.81
(614.55). Anal. Calcd for €H2:B2N4O4-2H,0: C, 59.16; H, 4.03; N,
8.62%. Found: C, 60.68; H, 4.29; N, 8.08%.

5,15-Bis(4-dihydroxyboronophenyl)porphyrinatozinc(ll) (170 mg,
0.217 mmol) and propane-1,3-diol (3&, 2.2 eq) were dissolved in
benzene, and the mixture was refluxed overnight. The residue was
washed with water, and the organic layer was dried over anhydrous
NaSO,. After evaporation of the solvent, 5,15-bis(4-[1,3,2]-dioxabori-
nan-2-yl-phenyl)porphyrinatozinc(ll) was obtained as a purple solid in
98% isolated yield. This compound was used for the next reaction
without further purification.

To a solution of 5,15-bis(4-[1,3,2]-dioxaborinan-2-yl-phenyl)por-
phyrinatozinc(ll) (50 mg, 0.072 mmol) in 50 mL of CHGNas added
5 mL of acetonitrile solution of AgRF(9 mg, 0.5 equiv), and the
mixture was stirred fio5 h atroom temperature in the datkDuring
the reaction, the color of the reaction mixture was changed from purple-
red to orange-red. The reaction was quenched by 5 mL of water, and

(25) (a) Nakano, A.; Osuka, A.; Yamazaki, |.; Nishimura, Ahgew.
Chem., Int. Ed. Engl1998 37, 3023. (b) Ogawa, T.; Nishimoto, Y.;
Yoshida, N.; Ono, N.; Osuka, AAngew. Chem., Int. Ed. Engl999 38,
176 and references therein.

red residue was chromatographed (silica gel, GH@lethanol) to
produce 2 mg of in 4% isolated yield. Mp (decy 300°C; *H NMR
(250 MHz, CDC}—CDs0OD, 6 = ppm,J = Hz): 2.15 (m, 8H), 4.26
(m, 16H), 8.05-8.06 (m, 12H), 8.22 (d, 8H), 8.59 (m, 4H), 9.06 (m,
4H), 9.41 (m, 4H), 10.27 (s, 2H). MALDI TOF-MS (CHCA): calcd.
(found) for [M+H]*: 1386.35 (1386.92).

CD Spectroscopy.To a solution of 1.00x 104 M of 1 or 2 in
H.O (pH 10.5, 50 mM carbonate buffer)/methamel1:1 (v/v) was
added a stock solution of saccharide prepared,@.H he CD spectra
from 250 to 500 nm were recorded with JASCO J-720WI at 15 different
concentrations of guest saccharides. The measurement temperature was
25 °C, and the cell length is 1 mm.
pH Dependence on CD IntensityTo a solution of 5.00< 107 M
of 1in H,O/methanok 1:1 (v/v) (pH 9.0-10.5 adjusted with 10 mM
carbonate buffer and pH 738.5 with 10 mM phosphate buffer) was
added a stock solution of saccharide prepared,@.H he CD spectra
from 250 to 500 nm were recorded with JASCO J-720WI. The
measurement temperature was°€5 and the cell length is 1 cm.

Competing Binding Experiment. To a mixture of 5.00x 10°¢ M
of 1 and 2.00x 1072 M of sLex in H,O/methanok= 1:1 (v/v) (pH 9.5
adjusted with 10 mM carbonate) was added a stock solution of
D-glucose prepared in4®. The CD spectra from 250 to 500 nm were
recorded with JASCO J-720WI. The measurement temperature was 25
°C, and the cell length is 1 cm.

Binding Isotherm Analysis. In the analysis of the binding isotherm
by Hill plot and Scatchard plot, we have evaluated the concentration
of unbound saccharide, [saccharide], by assuming that 100% 1:2
l/oligosaccharide complex is formed when the CD intensity is saturated.
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