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2,2'-Bipyridines containing tw@-maltoside,-lactoside, orp-isomaltoside appendagegere
prepared and successively complexed with ferrongdafford hexavalerglycoclusters havir
tris-bipyridine ferrous complex cores. Each of thegetalloglycoclusters showed unique Wig-
and CD spectral changes upon addition of chloridégtes, and sulfate salts in carbohydrate-
and anion-dependent manners. The results inditete spatial carbohydrate packing of the
metalloglycoclusters changes upon addition of tr@sens and that different anions stabilize
different carbohydrate packings. Furthermore, thiéates specifically enhance thieologica
properties of aqueous solutions containing the Ioglsicocluster containingB-lactoside

2018 Elsevier Ltd. All rights reserved

1. Introduction

concerning the conformation (spatial packing of ¢hebohydrate
units) in glycoclusters.

Glycosphingolipids (GSLs) in cell membranes aggregate

laterally to form GSL-enriched microdomains presampiilensely
packed carbohydrate clusters (glycoclusters) on saffaces

The weakness of CCls further compounds the diffjcin
their investigation; a single CCI between two isalate

(Fig. 1-a)"® It has been reported that these cell surfac&arbohydrates is too weak to be detected. Well-desigurtificial

glycoclusters play essential roles in cell-cell eslon via
carbohydrate-carbohydrate interactions (CCls), wheBSLs on
the surface of one cell recognize GSLs on the sarfafcan
adjacent cell in specific, multivalent, and, in srases, Gh
dependent mannefs.For example, L&Le® and G;3-Gg3
interactions were reported to induce compactionlastbmeres
and migration of cancer cells, respectivelySince cell-cell
adhesion is a fundamental bioprocess in multicailokganisms,
investigation into CCls is of quite high importané®m an
academic viewpoint. It is also an attractive redednapic for
industry, since novel knowledge will support the dasof new
drugs for the prevention of various diseases trigeby
unfavorable cell-cell adhesions (metastases, inflations, etc.).
In spite of the importance of CCIls, the fluidic urat of cell
membranes as well as dynamic fluctuations in theik &Sels
make it quite difficult to investigate CCls in atdiied manner. In
fact, very little molecular-level information aboGCls has been
obtained thus far. In particular, no information awvailable

systems are thus vital in this research fiéfd such artificial
systems may contain synthetic polymérspeptides*
foldamers;* cyclodextrins” and liposome$ ™ all having
multiple carbohydrate appendages. Gold nanopartigBéPs)
coated with densely packed glycoclusters are alsé-kmelvn
model systems for probing CCf!® For example, L&Le
interactions were successfully probed through’*@Geediated
aggregation of GNPs carrying multiple’\-gisaccharides (L&;
Galpl,4(Fuol,3)GIcNA).®® Dendrimers having multiple
lactosides (Lac; GBIL,4GIq3) and lipid monolayers containing
Gu3 (NeuAm?2,3GaPl,4GIq3) were also useful for probing
Gy3-Lac interactions at an air-water interfatelac-Lac
interactions were also successfully probed usinglgflporene
with multiple Lac appendages; €anediated association of the
Lac-appended polyfluorene more efficiently than #it Na',
Mg®*, or B&"* As these previous researches have exemplified,
researchers in this field commonly believe thatitres function
as a molecular glue to join two carbohydrate utugether, and
that formation of multiple carbohydrate-ion-carbdtate
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complexes is a main driving force mediating the €CI
However, no attention has been paid to the spatrhlobgdrate
packings within these glycoclusters.

We have also developed various model systems falipg

2. Results and Discussion
2.1.Syntheses of glycosylated bipyridines (glycobpys)

Commercially available 5,5'-dimethyl-2,2'-bipyridin was

CC|S_23'26 Recent]y, we deve|0ped tris_bipyridine (tns_bpy) oxidized with KMnQ in bOllIng water, and the resultant 2,2'-

ferrous complex having six Lac appendages ([Fe(tm)]*")
and the same having six maltoside (Mal; @EAGIA3)
appendages ([Fe(bpyMg§H.?®*  Each of  these
metalloglycoclusters exists as a mixture of two wigeomers4
andA) with different carbohydrate packings (Fig. S1)eifh\-

andA-[Fe(bpy)]** cores have screw-propeller-like 3D structures,@minophenyB-isomaltoside  ¢APIma)

in which three bpy units coordinate the’Fim right- and left-
handed manners, respectively. Since the N-Fe boads
reversible at ambient temperature, the two diasteee® are
under dynamic equilibrium, in which thA-A ratio changes
depending on their relative stabilities (Fig. Solecular

dynamics  (MD)  simulations  revealed that
metalloglycoclusters have unique 3D structures inciwhiwo

trivalent glycoclusters are positioned at the nemthand southern

poles of the spherical [Fe(bg}}) cores (Fig. 1-b). Each of these

trivalent glycoclusters would mimic the natural gigtusters on
cell surfaces. An advantage of the metalloglycoelsstreated
by our group is that the [Fe(bp}) cores, which act as
molecular probes, are located in close proximityhe trivalent
glycoclusters. Since the trivalent glycoclusters anergetically

coupled with the [Fe(bpylf* cores, ion-induced conformational

changes in the former can be readily monitoredhgyAtA ratio
of the latter. Using such model systems, we invettha
carbohydrate packings in the systems both with attaowt ions,
and found that various ions including N&*, Mg?*, C&”*, and
CI' bind
carbohydrate packing in both carbohydrate- anddependent
manners. It should be noted that Lac is the canthattg unit of
lactosylceramide (LacCer), which is one of major G8iL<ell
membranes as well as a common structural motif efoua
GSLs (e.g., GM3 and Gg3). This finding is interestgigce it
suggests a mechanism behind CCI, which is thatdhge inake
the carbohydrate packings suitable for the CCI #mat the
resultant glycoclusters smoothly interact with otlrcoclusters
intercellularly.

(@)

complex core as a molecular probe

Fig. 1 (a) IIIustratlon of glycoclusters on a cell sudaand (b) the most stable
conformation ofA-[Fe(bpyLac)]?* during the MD simulations (See Fig. S3
for the colored version of this figure).

In our previous paper, attention was primarily giventhe
effects of cations on the spatial carbohydrate jpask since it is
widely believed that the cations (Cain some cases) play
important roles in CCls. However, in our further ségdit was
revealed that anions also have a great impact atiabp
carbohydrate packings. We herein report novel expartal data
concerning the ability of the anions to change iapat
carbohydrate packings, and preliminary data coriegrn
intermolecular CCls between metalloglycoclusters.

to the glycoclusters and greatly change their

bipyridine-5,5'-dicarboxylic acid (bpyCOOH) was themeerted
into 2,2-bipyridine-5,5'-dicarboxyl chloride (bp@CIl) by
SOC}, (Scheme 1). The coupling of bpyCOCI wjibr-O-acetyl-
p-aminophenylB-maltoside PAPMal), per-O-acetylp-
aminophenylB-lactoside  pAPLac), and per-O-acetylp-
was followed by
deacetylation to afford bpy having two lactoside ylax),
maltoside (bpyMal), or isomaltoside (bpylma) appges,
respectively. Here, isomaltoside (Ima; G&Ilc6GIq3) is a
structural isomer of Mal, and differffom Mal only in its
glycosidic linkages. The synthesis of bpylma isorégd for the

thesefirst time in this work and its detailed synthetiopedure and

characterization are reported, while those of bpyhtal bpyLac
were reported in our previous wi
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Scheme 1 Reaction conditions: i) KMng) water, reflux, overnight, 74%, ii)
SOCW, reflux, 5 h, quant., ii)pAPMal, EgN, THF, rt, 20 min, 46%, vi)
agueous ammonia, MeOH, rt, 3 days, quantpAfPLac, EtN, THF, rt, 5

min, 36%, vi) agueous ammonia, MeOH, rt, overnigfuant., vii)pAPIma,

EtsN, THF, rt, 20 min, 61%, viii) aqueous ammonia, M&Qt, overnight,

quant..

R =Ac (bpyLacAc)
i) E (bpy
R =H (bpyLac)

2.2.Preparation of tris-bipyridine ferrous complexes mavsix
carbohydrate appendages

Usually, bpy derivatives are readily converted toe th
corresponding tris-bipyridine ferrous complexesquantitative



yields by mixing them with a one-third molar equaat of Fé*
in aqueous solution. However, water solubility of slyathesized
glycobpys was so low that their simple complexatidth Fe*
was not accomplished. In fact, repeated heatingfation
processes with 3 molar equivalents of'Reere required for their
complexation. The resultant solutions were radisiplpun color
without any precipitates, indicating successful ap@ntitative
conversion of bpyMal, bpyLac, and bpylma into [Fa(llal);] >,
[Fe(bpyLac)]*, and [Fe(bpylma)**, respectively. Even in the
presence of excess amounts of‘Fe¢he metalloglycoclusters
having [Fe(bpy)®* cores were formed exclusively, as
determined from their strong metal-to-ligand chargansfer
(MLCT) UV-vis bands at ~575 nm (Fig. S4).
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Fig. 2 (@) MLCT intensity of [Fe(bpyMal)** in the presence of various
concentrations of salts and (b) an enlarged verglggyMal] = 2.44 mM,
[FeCk] = 7.33 mM,d = 0.2 mm, rt, in water.

2.3.Salt-induced UV-vis spectral changes of the
metalloglycoclusters

2.3.1.Salt-induced UV-vis spectral changes of
[Fe(bpyMal)] **

The metalloglycoclusters showed unique UV-vis spéctra

responses toward chloride (NaCl, KCI, and GaChitrate
(NaNG;, KNOs, and Ca(NG@),), and sulfate salts (N8O, and
K,SQ,) (Fig. S4). For example, in the case of [Fe(bpyM&]
the intensity of its MLCT band clearly increasedtie presence
of the chloride salts (Fig. 2, gray symbols). Inntast, the
sulfate salts exhibited different effects, dradljcdecreasing the
MLCT intensity upon their addition (Fig. 2, whiterslols). Note
that in both groups (the chloride and the sulfadsy little
difference was induced in the UV-vis spectral respobg the
different cations, indicating that their anions (@hd SG)

3

bound to [Fe(bpyMai}** and induced its UV-vis spectral
response.

In contrast to the clear UV-vis spectral changeésioed by the
chloride and sulfate salts, the nitrate salts ieduanly negligible
UV-vis spectral changes (Fig. 2, black symbols). Havet
should be noted that these negligible UV-vis spéath@nges
does not signify that no affinity exists between thieates and
[Fe(bpyMal}]**. On the contrary, their binding was clearly
demonstrated via circular dichroism (CD) spectrogcop
measurements, as discussed in section 2.4.

2.3.2.Salt-induced UV-vis spectral changes of
[Fe(bpyLac)]**

The salt-induced UV-vis spectral changes of [Fe(lamy**
were clearly different from those of [Fe(bpyMgJ. In the case
of the chloride salts, [Fe(bpyLatj" showed negligible UV-vis
spectral changes, in clear contrast to the enharde@T
intensity induced in [Fe(bpyMalf* (Fig. 3, gray symbols).
Different UV-vis spectral responses between [Fe(bpyfjfaland
[Fe(bpyLac)]** were also observed for the sulfate salts (Fig. 3,

white symbols). In this case, the MLCT intensity of
[Fe(bpyLac)]** decreased with increasing sulfate salt
concentration, falling nearly to zero when sulfatalts

concentration was increased to ~0.3 M. In contrastliat was
observed for [Fe(bpyLagf’, [Fe(bpyMal}]** still retained
substantial MLCT intensity (l§l= 0.5-0.6) even under much
higher sulfate-concentrations (e.g., [N@y] = 1.25 M, See
section 2.3.1).
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Fig. 3 (@) MLCT intensity of [Fe(bpyLag)’* in the presence of various
concentrations of the salts and (b) an enlargesiorer [bpyLac] = 2.44 mM,
[FeCk] = 7.33 mM,d = 0.2 mm, rt, in water.

2.3.3.Salt-induced UV-vis spectral changes of
[Fe(bpylma)] **

We also observed unique salt-induced UV-vis spectral
responses of [Fe(bpylmgd" which differed from those of both
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[Fe(bpyMal}]** and [Fe(bpyLag)®". The most interesting data packing suitable for thé-[Fe(bpy)]** core. This Chinduced
were obtained for the sulfate salts, which inducegligible UV- conformational change of [Fe(bpyMaf) was discussed in detail
vis spectral changes in [Fe(bpyInja) (Fig. 4, white symbols). in our preceding work, in which it was assumed thattipie
This is in clear contrast to the decreased MLCTerigity electrostatic interactions stemmed from the amidkabes (-
observed for [Fe(bpyMaj)’* and [Fe(bpyLag)?** in the presence NHCO-) in [Fe(bpyMal)]** are responsible for the @inding?®
of the sulfate salts. The negligible UV-vis spectcilanges @ 70
provide strong evidence of the stability of the (/)] cores
in the presence of these sulfate salts. 507

—+— No salt

—o— —0— —n—
@) 301 NaCl Na,SO, NaNO,
06 - > (0.80 M) (1.25 M) (2.50 M)
1 'g 104,
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057 e e g 10 KCI  KSO, KNO,
= o4 2 P e 30 (1.50 M) (0.40 M) (2.50 M)
< T A A
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2 %27 270 290 310 330 350
0.1 4 Wavelength / nm
] [Fe(bpylma),]** (b) 20
00 +—— — S B — the chlorides
0.0 05 10 '5 20 25 ipetgatae o, [Fe(bpyMal),F*
\_‘J [Salts]/M 20 4
10 A-rich
®) 0.45 i i
E A T 0 ,
A E 10 ¥ A-rich
3 :
o -20 A
€ -30 &
c the sulfates _
2 -40 the nitrates '
TI; -50 T T T T T f
2 0.0 0.5 1.0 15 2.0 25
-] [Salts] /M
_ P i b
0.25 +——m—"mrr—m—"—"rr——"— T ——————————————— ] A ] the sulfates | | the nitrates
0.00 0.04 0.08 0.12 0.16 0.20 ® o0 g ] ]
[Salts] /M é ] K% P
R
—o— NaCl —o— KCI - CaCl, é 0 EEENabe = S
—=— NaNO, —e— KNO, —a- Ca(NO,), ] the chlorides | ] &9-%@9#@%*9585? ] Ak
D0 Frrrrrp— - S
—o— Na,SO, —o— KO, 0 010 010 0.1

. . . 2+ . [Salts] /M [Salts] /M [Salts] /M
Fig. 4 (a) MLCT intensity of [Fe(bpyMa§)-" in the presence of various

concentrations of the salts and (b) an enlargesiarer[bpyMal] = 2.44 mM,
[FeCk] = 7.33 mM,d = 0.2 mm, rt, in water.

_
(3)
~

E the sulfates | 7 A
2.4.Circular dichroism (CD) spectral changes of the = ziﬁ/;\::::\./.h‘
metalloglycoclusters 5 I

S
2.4.1.Salt-induced CD spectral changes of % ] ]
[Fe(bpyMaI)3]2+ = s .th,e.chlo.m.je,s : I 'thle Imtlra‘te's

In the absence of salts, [Fe(bpyMHI) exhibited a negative- 0 [satts;/m 01 0  [satsj/m 010 [saitsj/m O
to-positive CD pattern, as measured from longer horter A A A
wavelengths, centered around 315 nm (Fig. 5-a, ldéd. This 310 —

CD patt(29+rn .re.sembles that reported 2fPr enantip-pme the nitrates
[Fe(bpy)}]”", indicating that [Fe(bpyMaf)” predominantly E 305

exists in its A form in pure watef’ However, the signal < 300

intensities of [Fe(bpyMaf)** were much weaker in comparison g

to those of enantio-puré\-[Fe(bpy)}]®’, indicating its low T 295

diastereomeric excess. This data indicates thaglyeoclusters S [Fe(bpyMal),J>*

of [Fe(bpyMal}]** have flexible packings and that both 290 + - -

diastereomersglandA) have similar stabilities. 0.0 0.5 1'0[5 " ]“\;'5 20 25
alts

The addition of salts greatly changed the CD spsectof Fig. 5 (a) CD spectra of [Fe(bpyMalf* with and without various salts, (b)
[Fe(bpyMaI);]”. For example, the addition of chloride salts plots of the intensity of the CD peak at the strontavelength (the left-most
markedly enhanced the CD signal (Figs. 5-a and #hy g peaks in (a)) against salt concentration, and é)etength of the CD peak at

y . S . ’ the shorter wavelength against salt concentrafibpyMal] = 2.44 mM,
symbols). Again, negligible differences were obserbetveen |recy) =7.33 mM,d=0.2 mm, t, in water.
the chloride salts of different cations (NaCl, K@hd Cadl), ) - _
suggesting that Cls responsible for the CD spectral responses. The negative-to-positive CD pattern of [Fe(bpyMjéT) in
The enhanced CD signal indicate that” Ghanged the Pure water was inverted, becoming positive-to-negafiwhen
carbohydrate packing of the Mal clusters into a enoigid  Scanned from longer to shorter wavelengths) upoitiadaf the



sulfate or nitrate salts (Figs. 5-a and -b, whité black symbols;
respectively). This data indicates tie{Fe(bpyMal}]** became
predominant upon addition of these salts. This nlagien is
quite interesting since it means that differenttssatabilize
different carbohydrate packings (where chloridesbikta

different packings than sulfates and nitrates; @dbl Again, the
anions are responsible for the salt-induced CD sglecttanges.

Although both the sulfate and the nitrate salts ikzald A-
[Fe(bpyMal}]**, they showed different concentration
dependences. For example, in the case of the suffalts,
relatively low concentrations were sufficient to ikduthe CD
spectral inversion; the original negative-to-pe®itiCD pattern
was changed to a positive-to-negative pattern whéfateusalt
concentrations were higher than 10-20 mM (Fig. Swhite
symbols). The nitrate salts also induced similar §&ectral
changes, but much higher concentrations (50-100 mehe
required to induce the CD spectral inversion (Figh, Solack
symbols), indicating that [Fe(bpyMgl}* has a stronger affinity
to SG? than to NQ.

Along with the unique CD spectral changes, peakssbifthe
CD signals were also induced upon addition of cersalts. For
example, upon the addition of sulfate salts, theitpe peak at
~304 nm was clearly blue-shifted to ~295 nm (Fige, Svhite
symbols). Again, significant peak shifts were not esbed
between the solutions containing different cationdicating that
SO was responsible for the blue shift. Interestingigjther
nitrate nor chloride salts induced shifts of the GiQnal peak
(Fig. 5-c, black and gray symbols, respectively).

Table 1 Diastereomeric excesses of the glycosylated tris-
bipyridine ferrous complexes induced by the différsaltd
No Chloride Sulfate  Nitrate
salt salts salts salts
A AA AN AN

A AA A A (AA)P
A AVAN - AA

[Fe(bpyMal)]**
[Fe(bpyLac)**
[Fe(bpylma)]**

A indicates that thé isomer dominated in a low diastereomeric excess,

while AA indicates a amplified diastereomeric exc8Ad only for NaNQ
(1-300 mM).Stable diastereomers could not be clarified, stheeresultant
CD spectra were entirely different from thosedeandA-[Fe(bpy)}]*".

2.4.2.Salt-induced CD spectral changes of
[Fe(bpyLac)]**

In the absence of salts, [Fe(bpyL#t)showed a negative-to-
positive CD pattern of weak intensity, as measurechflonger
to shorter wavelengths, centered around 315 nre.Dtspectrum
was quite similar to that of [Fe(bpyMgf}’, indicating that the
glycoclusters of [Fe(bpyLagj" also have a flexible packing in
pure water.

Before beginning a discussion of the CD spectrglopses of
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[Fe(bpyLac}]2+ towards the salts, the most conceivableFig. 6 (a) CD spectra of [Fe(bpyLagj* with and without various salts, (b)

mechanism of its salt-binding behavior will first éeplained. As
reported in our preceding work, [Fe(bpyLd€) showed unique
2-step binding profiles upon addition of chloridésy. 6-b, gray
symbols). These experiments revealed that anioh &6 cation

(Na', K*, c&", and M@") bindings are responsible for the 1st and

2nd CD spectral responses, respectively (see ouegirey paper

plots of the peak intensity of the CD peak at therter wavelength (the left-
most peaks in (a)) against salt concentration, (@hadvavelength of the CD
peak at the shorter wavelength against salt coratent. [bpylLac] = 2.44
mM, [FeCh] = 7.33 mM,d = 0.2 mm, rt, in water.

Interestingly, the response of [Fe(bpyl#c)to sulfate salts
was quite unique; aqueous solutions of [Fe(bpyllacpecame

for details)?® It was also confirmed that the Lac appendages arB!rbid upon addition of small amounts of sulfatéss€l0 mMm),

responsible for the cation bindings.

with white precipitates observed. The white precipgatnay
suggest the dissociation of [Fe(bpyl#€) to its precursor,
bpyLac. In contrast, no such precipitation was ole®iupon the
addition of chloride or nitrate salts. Furthermdfee(bpyMal)]*
and [Fe(bpylma)®* did not give rise to any precipitates even
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when subjected to much higher sulfate concentratidhgse
results clearly show that the dissociation of [Fe(@T)]”"
arises from interactions between the Lac clusteds3@>. Due
to the aggregation, the CD spectral responses ¢bjlyeac)]*
were monitored only when sulfate salt concentrativese lower
than 0.1 M. The positive-to-negative CD signal waghsly
weakened upon addition of the sulfate salts (Fidp, Gvhite
symbols).

Tetrahedron
the CD spectrum having a broad and positive CD sigealered
at ~320 nm.

In the case of [Fe(bpylmaj’, most salts did not induce any
shift of its CD signal (Fig. 7-c). The one exceptiwas NaSQ,,
which caused [Fe(bpylmdj" to exhibit a CD spectrum that
differed significantly from those of botty andA-[Fe(bpy)]?, at
a concentration of 1.25 mM (Fig. 7-a, line with whiquare

symbols).

The addition of nitrate salts also induced uniqu spectral @ 8o
responses in [Fe(bpyLat)". For example, additions of small —+ No salt
amounts of NaN@greatly enhanced the signal intensity until the 60 e L .
concentration reached 60 mM (Fig. 6-b, black sqegrabols). 40 NaCl Na,SO, NaNO,
Further addition of NaN©weakened the signal intensity until it & (2.50 M) (1.25M) (2.50 M)
was almost identical to that obtained in pure waidaO;] = g ] Y o Y
300 mM). The enhanced CD signal observed in theepeesofa o 01 KCl K, SO, KNO,
specific range of nitrate salt concentrations (frbrto 300 mM)  © 0] (2.50 M) (0.40 M) (2.50 M)
was uniqgue to NaN£) no such CD signal enhancement was & .
induced by either KN@nor Ca(NQ), (Fig. 6-b, black circles and 407 CaCl, Ca(NO,),
triangles, respectively). These results indicas gimultaneous | AR ——— (250 M) (250 M)
binding of both Naand NQ to [Fe(bpyLac)?** was achieved 270 290 310 330 350
under certain NaNpconcentrations and such binding changed Wavelength /nm
the flexible Lac packing into a rigid one suitatfe the A- 30 y
[Fe(bpy)]** core. 20 iy Sbadi

The addition of chloride and nitrate salts indub&d shifts of
the CD signals. For example, the additions of sraalbunts of
chloride salts (~30 mM) induced blue shifts of fhasitive CD
signals from 302 to 298 nm, although further additdbf chloride
salts shifted the CD signals back to their originavelengths
obtained without any added salts (Fig. 6-c, graylmys). The
nitrate salts also induced similar blue shifts, imutontrast this
blue shift was not reversed upon further additiomitfate salts,
even to much higher concentrations (Fig. 6-c, blagkbols).

CD/ mdeg

2.4.3.Salt-induced CD spectral changes of
[Fe(bpylma)] **

In the absence of salts, [Fe(bpylr}&) showed a CD signal
with a negative-to-positive pattern, as measurech flonger to
shorter wavelengths, centered around 315 nm (Fig, Geld
line). This CD signal was similar to those of both
[Fe(bpyMal}]** and [Fe(bpyLag)*’, indicating its flexible
carbohydrate packings.

CD/mdeg

[Fe(bpylma)]** exhibited salt-induced CD spectral changes(c)
that were entirely different from those of both [F@¢Mal)]**

and [Fe(bpyLag]*". For example, in the case of chloride salts, £ .

the CD signal of [Fe(bpylmgf* was almost unchanged until
chloride salt concentrations reached ~150 mM (Fidp, gray
symbols). However, when chloride salt concentrationsewe
increased beyond 150 mM, the intensities of the Thads
weakened with increasing chloride salt concentratidine CD
signals finally inverted to the positive-to-negatipatterns when
chloride concentrations were above 300 mM (KCI aa€k) or
600 mM (NacCl).

The nitrate and sulfate salts also induced CD splecthanges
in [Fe(bpylma)]*". For example, additions of small amounts of
nitrate salts clearly enhanced intensities of @ signals, but
such enhancements reached plateaus when nitratertoatons
reached ~100 mM (Fig. 7-b, black symbols). Agaime, different
cations of the different nitrate salts did not indwifferent CD
spectral response of [Fe(bpylnja), indicating that N@ is
responsible for the CD spectral response. In the adsthe
sulfate salts (N&O, and KSQO,), the CD signal of

Wavelength

Wavelength / nm

} A-rich

¥ A-rich

407 [Fe(bpylma),1* —6\3
-50 T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5
|_I_: [Salts] /M
Y ] Y
25 hlorid Ifat
204 chlorides | § sulfates | | . /o\‘
s |
15 ] ﬁffﬁ/f e
10 R
54 A E E
0
-51 \é 1 nitrates
0.0 0.1 02 0300 01 02 0300 0.1 02 03
[Salts] / M [Salts]/ M [Salts]/ M
sulfates nitrates

chlorides ]

00 041

[Salts] /M

02 0300 01

[Salts] /M

A

"02 0300 0.1

"02 03
[Salts] /M

A

[Fe(bpylma),J*

[Salts] /M

Fig. 7 (a) CD spectra of [Fe(bpylmgd* with and without various salts, (b)

[Fe(bpylma)]** remained almost unchanged until the sulfate saltglots of the peak intensity of the CD peak at therter wavelength (the left-

concentrations reached ~600 mM. Further additiorNafSO,
entirely changed the CD response of [Fe(bpyiifia)resulting in

most peaks in (a)) against salt concentration, (ahdvavelength of the CD
peak at the shorter wavelength against salt coratet. [bpylma] = 2.44
mM, [FeCl] = 7.33 mM,d = 0.2 mm, rt, in water.



2.5.Additional experiments to reveal the mechanism bethiad
salt-induced CD spectral changes

So far, insufficient information has been discussedllow
clarification of the mechanism behind the salt-icelth UV-vis
spectral changes. However, the fact that these spattanges
mainly depended on the anions (®IO;, or SQ*) demonstrated
the substantial roles of the anions in the UV-viecsml
responses. It was assumed that the binding of tlesarto the
metalloglycoclusters would affect the conformatioh the
[Fe(bpy)]** cores, resulting in the UV-vis spectral response.

7

to dry chemistries, including MD simulations, toveal which
parts of the metalloglycoclusters were responsibtettie anion
binding. For example, a MD simulation &f[Fe(bpyMal}]** co-
existing with K and NQ' (Discovery Studio 4.5, CHARMng =
80, 10 ps equilibrium, 90 ps dynamics) indicatedt tthe most
stable conformation ofA-[Fe(bpyMal}]®* captured N@ via
hydrogen bonding with its amide linkages. On the @ogt K
was positioned away fronA-[Fe(bpyMal}]** during the MD
simulation, showing their low affinity for one anoth&he data
obtained through the MD simulations suggest thedartinkages
as possible anion-binding sites.

On the other hand, the CD spectral changes of thg g gaitinduced changes in rheological propertiesaions

metalloglycoclusters clearly arose from the saliced
conformational changes of their glycoclusters. Agahe CD
spectral changes mainly depended on the anionsyisdhat
the anions greatly affected the spatial carbohgdpatckings of
the glycoclusters. Only one exception was found
[Fe(bpyLac)]*;
and anions.

Several experiments were conducted to reveal whicts p&
the metalloglycoclusters were responsible for thelinig of the
anions. One such experiment using [Fe(bpYshowed no UV-
vis spectral changes under high concentrations rdbride,
nitrate, or sulfate salts, indicating that the [(s]°" cores do
not have possible anion binding sites. Previously, tried but
failed to perform an experiment using tris-bpy é&xs complexes
carrying glucoside (GlIc) clusters or cellobiosideljClusters to
clarify the roles of carbohydrate appendages irattien binding.
Conversions of bpyGlc and bpyCel into the correspand
ferrous complexes ([Fe(bpyG{)* and [Fe(bpyCel)**,
respectively) failed due to the insolubility of liplg and bpyCel
in water (see our preceding pap&r)Ve also synthesized other
bpy derivatives having amide linkages and phengtseps but no
carbohydrate units in order to reveal the aniondibig sites
(Schemes S1 and S2). However, these bpy derivatives al&o
insoluble in water and thus their successful conerrgto the

corresponding [Fe(bpylf* derivatives was not accomplished.

We also tried to reveal the mechanism by which th®re
induce the UV-vis spectral changes throdtth NMR spectral

analyses. Th&H NMR spectra of the metalloglycoclusters were,

however, quite broad and thus no informative cluesrew
obtained.

carbohydrate
appendages

-

«— phenyl rings
i\, < amide linkages

- ’——-' .

e N

)=— complex core

Fig. 8 The most stable conformation 6£[Fe(bpyMal}]®* in co-existence
with K* and NQ" during the MD simulation, in which only the compleore,
K* and NQ are presented in CPK models for clear presentd8er Fig. S5
for the colored version of this figure).

We were unable to obtain enough information to revea
mechanism behind the salt-induced CD spectral clsathgeugh
the aforementioned wet chemistries. Therefore, fowas shifted

of the aqueous metalloglycoclusters

During the previously described experiments, it watced
that some metalloglycocluster solutions becameousapon the

inaddition of certain salts. Unfortunately, the typieaperiments
it exhibit CD spectral response to both cationsfor assessing the rheological properties of sahstionclude

viscosity measurements, which usually require lasgenple
volumes (~10 mL) and thus this method was not apjatepfor

our metalloglycocluster solutions (~10QlL). Instead, an
experiment to assess the rheological propertieth@faqueous
metalloglycocluster solutions was performed asofed. Briefly,

the aqueous metalloglycocluster solutions were slaxyelled

from a syringe with a needle, and drops were weigbkdatey fell

from the point of the needle.

As shown in Fig. 9, changes in the weight of each dvepe
negligible when salts were added to aqueous solutains
[Fe(bpyMal}]** or [Fe(bpylma)®". On the other hand, the
weight per drop of the aqueous [Fe(bpylHt) solution
increased, specifically upon addition of sulfattissdn addition,
K,SQO, and NaSQ, elicited different impacts on the weight per
drop; the former increased the weight of each droprem
significantly than the latter. This finding is qaliinteresting since
it indicates that not only SO, but also the cations (Nand K
affected the rheological properties of the metdjlogcluster
solutions, specifically for that having Lac appeges

20

20

1 [Fe(bpyMal),J* 1 [Fe(bpyLac),]*

weight / mg
weight/ mg

10
00 02 04 06 038 00 02 04 06 08
[Salts] /M [Salts] /M
20
4 [Fe(bpylma),]*
189 —— —— —a—
NaCl  Na,SO, NaNO,
(=]
€16
o E —o— o ——
£ KCI K, SO, KNO,
o 147 i
2 E x I .‘l 2
e S y .
N T 4 CaCl, Ca(NO,),
SR s
10
00 02 04 06 038
[Salts] /M

Fig. 9 Plots of the weight per drop of the aqueous nwgbltocluster
solutions against the concentration of the co-mdstsalts. [bpyMall,
[bpyLac], or [bpylma] = 2.44 mM, [Fe@l=7.33 mM, n = 3, rt, in water.
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3. Conclusions

We developed [Fe(bpy)* derivatives having six
carbohydrate appendages as molecular mimics of steface
glycoclusters. Using these metalloglycoclusters, tyatial
carbohydrate packing within the glycoclusters wasess=d
through UV-vis and CD spectral analyses, revealimat they
contained flexible carbohydrate packings in pureswat

In the presence of various salts, the spatial d¢amhate
packings changed, mainly in anion-dependent manrEng
anion-dependent  conformational changes  were
demonstrated in [Fe(bpyMg]j* and [Fe(bpylma)®*. This
anion-dependency was in clear contrast to the arind-cation-
dependent conformational changes induced in [Fe@py>*. In
addition, it was found that the addition of sulfa@ts changed
the rheological properties of an

Tetrahedron

(spherical, neutral, particle size 63-23@m) for column
chromatography was purchased from Kanto Chemical Io.,
Japan. Thin layer chromatography (TLC) was caroet! with
Whatman TLC glass plates (Parfisk6F) pre-coated with silica
gel (60 A) with a fluorescent indicatok € 254 nm). All other
chemicals were purchased from Wako Pure ChemicalsLfh,
Japan, Kishida Chemicals Co., Ltd., Japan, GODO CpanJ)ar
Kanto Chemical Co., Inc., Japan, and used withouthén
purification.

4.2.2,2'-Bipyridine-5,5'-dicarboxyl chloride

well-

To 2,2-bipyridine-5,5'-dicarboxylic acid, thionyhloride was
added and then, the resultant heterogeneous mwaseefluxed
with magnetic stirring until it became homogeneoca. G h).
The resultant reaction mixture was evaporated tmely and

agueous solutioh odried in vacuo to afford the title compound as depellow

[Fe(bpyLac)]*. These results may indicate that the salt-induceghowder. The product was then used for the synthesis o

conformational changes are
metalloglycoclusters. However, this assumption rexgufurther
discussion, since partial dissociation of [Fe(bmm)bJa* was also
observed upon addition of these sulfate salts.

Altogether, the results indicate that the confororai of the
glycoclusters change upon addition of numerouss,sad that
carbohydrate packing may play an important roleniducing
CCls. In studies of CCls the ions {Cin many cases) have been
thought of as molecular glues which connect two daytmte
units. The formation of multiple carbohydrate-icarfmohydrate
complexes has been thus assumed, without clearregdas a
main driving force for the induction of CCls. Based these
proposed mechanisms, no attention has been paitietdon-
induced conformational changes in the glycoclusteiavever,
the findings in this paper suggest an alternativechmnism,
specifically that the ions change the carbohydizaeking in
glycoclusters into those more suitable for CCls.

Although the synthesized metalloglycoclusters offenseful
insights into the spatial carbohydrate packinghm glycoclusters
and their salt-induced conformational changes,rticbemical
structures differ from those of the natural GSLsceh surfaces.
Specifically, the spacer units tethering the caydohite units to
the [Fe(bpy)l**
metalloglycoclusters, which are clearly differerarfr the spacer
units tethering the carbohydrate units to the hyHodbic tails in
natural GSLs. Currently, new metalloglycoclustersiitg L-
serine as the spacer units are under developmentrigroup to
better mimic the natural glycoclusters on cell aoels and allow
evaluation of the effect of the ions on their splatiarbohydrate
packings.

4, Experimental Section

4.1.General

'"H and®*C NMR spectra were acquired on a JEOL AL300

spectrometer (JEOL Resonance, Ltd., Japan) in 0, or
DMSO-ds. Chemical shifts were reported in ppd) (elative to
TMS or internal references such as HOD. Matrix-assisiser
desorption ionization time-of-flight (MALDI-TOF) nss spectra
were recorded on a SHIMAZU AXIMA-CFR+ (SHIMAZU,
Ltd., Japan) or SHIMAZU AXIMA-Confidence (SHIMAZU,
Ltd., Japan). IR spectra were recorded on a JASCCORFIIDO
Fourier transform infrared spectrometer (JASCO Cagdl.,L
Japan). UV-vis spectra were recorded on a V-630 U\bMsi
spectrophotometer (JASCO Co., Ltd., Japan). Ciralidrroism
(CD) spectra were acquired on a JASCO
spectropolarimeter (JASCO Co., Ltd., Japan). Silieh @ N

linked to CCls betweee thbpyLacAc, bpyMalAc, bpylma, bpyPhe, or bpyPheg8g),0H

without any purification and characterization. Thaoants of
2,2-bipyridine-5,5'-dicarboxylic acid and thionyiloride used to
synthesize each of the bpy derivatives were repoitedts
synthetic procedure.

4.3.1,2,3,4,2',3',4',6'-hexa-O-acetyl-isomaltose (Aclia

To isomaltose (0.61 g) in pyridine (100 ml), acetithydride
(50 ml) was added and the resultant mixture wasesdtimat
ambient temperature for overnight. The resultanttumé was
poured into ice and diluted with ethyl acetate. dhganic layer
was then washed with 0.5 N HCI ag. and saturated NaH@QO
repeatedly. The organic layer was dried over anhuglidgSQ,
filtered, evaporated and dried in vacuo to givello® the titled
compound Aclma) as white powder. The compound was used as
a substrate in the following section without any
purification/identification process.

4.4.2,3,4,2',3',4",6'-hexa-O-acetyl-isomaltosyl bromide
(AclmaBr,2)

To Aclma in CH,CI, (20 ml), acetic anhydride (6 ml) and
hydrogen bromide in acetic acid (30%, 20 ml) werdeadand
the resultant mixture was stirred at ambient tempesdor 2.5 h.

cores are phenyl rings in the synthesizedrne resyltant mixture was poured into ice and dilutéth ethyl

acetate. The organic layer was washed with saturatétCRa
ag. repeatedly. The organic layer was then dried ambydrous
MgSQ,, filtered, evaporated, dried in vacuo and usedaas
substrate of the following reaction without any
purification/identification process.

4.5.1-(p-Nitrophenyl)2,3,4,2',3',4',6'-hexa-O-acetyl-
isomaltoside (pPNPImag)

To AclmaBr and sodiump-nitrophenoxide (1.12 g) in dry
acetone (150 ml) was stirred at 75 °C for overnighe resultant
mixture was diluted with ethyl acetate and the restilbrganic
layer was washed with NaCl aq. repeatedly. The orgkayer
was then dried over anhydrous Mg$@ltered, evaporated and
dried in vacuo. The residue was then subjected fifigation on
silica-gel (toluene/AcOEt = 5/1 to 1/2, v/v) to givke titled
compound gNPIma) as white powderrtH NMR (300 MHz,
CDCl,) 6 8.33 (d,J = 9.3 Hz, 2H), 7.15 (d] = 9.0 Hz, 2H), 5.49
(t, J = 9.9 Hz, 1H), 5.36 () = 9.0 Hz, 1H), 5.31-5.20 (m, 2H),
5.09-5.00 (m, 3H), 4.88 (dd,= 3.6, 10.2 Hz, 1H), 4.08 (dd, J =
4.5, 12.6 Hz, 1H), 4.04-3.79 (m, 4H), 3.53 (dd&; 1.8, 9.6 Hz,
2H), 2.12 (s, 3H), 2.10 (s, 3H), 2.08 (s, 3H), 2.0Bk), 2.06 (s,
3H), 2.06 (s, 3H), 1.81 (s, 3H}*C NMR (75 MHz, CDC)) &

J-820170 5 170.2, 170.1, 170.1, 169.5, 169.4, 169.4.316143.3,

126.2, 116.4, 98.1, 95.6, 73.3, 72.4, 70.9, 70975,668.7, 68.3,



67.9, 67.6, 66.4, 61.5, 20.8, 20.7, 20.7, 20.66,2R0.1; FT-IR
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Before the titration experiments, we prepared theeags

(KBr, cm‘l): 1755, 1554, 1522, 1370, 1346, 1234, 1038.metalloglycocluster solutions and the aqueous sa@litions as

MALDI-TOF-MS, [M+Na]* = 780.19 (calc. 780.21).

4.6.1-(p-Aminophenyl®,3,4,2',3',4',6'-hexa-O-acetyl-
isomaltoside

the stock solutions. In the case of the former, wigech the
glycobpys and Fe@l in water to prepare the aqueous
metalloglycocluster solutions ([bpyMal], [bpyLad}r [bpylma]
24.4 mM, [FeCG] = 73.3 mM). We then mixed the

To pNPIma in THF (70 ml), Pd/C (0.42 mg) was added andmetalloglycocluster solutions (8), aqueous salt solutions (0-27

the resultant mixture was vigorously stirred undeiatinosphere
at ambient temperature for overnight. The resultaixture was
filtrated through a celite pad and the filtrate veasporated and
dried in vacuo. The residue was then subjected fifigation on
silica-gel (CHC{/MeOH = 50/1, v/v) to give the titled compound

ul), and pure water (27-0) to prepare the sample solutions (30
pl) for the spectroscopy titration assays. After iheubation of
these sample solutions for 1-day, their UV-vis arid §pectra
were measured by using a V-630 UV-visible spectropheter
and a JASCO J-820 spectropolarimeter equipped with 38-

(PAPIma) as white powder. This compound was used in th@nd MSD-462, respectively.

following reaction without'H/**C NMR, MS and IR spectral
characterizations.

4.7.5,5-Bis-(-N-(p-0-(2,3,6,2,3,4,6-hepta-O-acef-
isomaltosyl)phenyl)-aminocarbonyl)-2,2'-bipyridine
(bpylmaAc)

To pAPIma (0.37 g, 0.51 mmol) and 3Bt (2 ml) in THF (65
ml), bpyCOCI prepared from 28 mg (0.11 mmol) of b@@H
in THF (5.0 ml) was added and then, the resultamture was
stired at the ambient temperature for 20 min. Tasultant
reaction mixture was poured into iced water and edutvith
ethyl acetate. The organic layer was then washedOastiN HCI

4.10.MD simulations

Before the MD simulation of the molecular assembly
consisting ofA-[Fe(bpyMal}]** , K*, and NQ, we built aA-
[Fe(bpyMal)]** with a stable conformation through a molecular
mechanics (MM) calculation. Briefly, we constructed A-
[Febpy]?** and then, its stable conformation was obtaineduttio
its MM calculation. After the construction @f-[Febpy]**, the
spatial positions of all atoms in its structure wésed. This
spatial fixing was essential to successfully achi¢he MD
simulation on the three-component molecular assgngihce
CHARMmM force field was not suitable for molecules imavie-

ag. and NaHC@Q saturated aqueous solution repeatedly. ThéN bonds. We then attachgidmaltosyloxyphenylaminocarbonyl

organic layer was dried over anhydrous,8@;, filtered, and
evaporated to give pale yellow syrup. The resulgmup was
then subjected to silica-gel column chromatographidfication
process (hexane only ~ hexane/AcOEt = 1:9, gradiergive the
titted compound (116 mg) in 61% vyield (from bpyCOO&H a
pale yellow powder.*H NMR (300 MHz, CDCJ) & 9.24 (d,J =
1.8 Hz, 2H), 8.70 (s, 2H), 8.58 (d@= 8.4 Hz, 2H), 8.37 (dd] =
2.1, 8.4 Hz, 2H), 7.76 (dl = 9.0 Hz, 4H), 7.06 (dJ = 8.7 Hz,
4H), 5.41 (tJ = 9.6 Hz, 2H), 5.34 ( = 9.0 Hz, 2H), 5.25 (] =
9.7 Hz, 2H), 5.12-4.97 (m, 8H), 4.90 (db= 3.9, 9.9 Hz, 2H),
4.19-4.14 (m, 2H), 4.01-3.76 (m, 8H), 3.48Jd; 9.6 Hz, 2H),
1.84 (s, 6H).”°C NMR (75 MHz, CDC}) & 170.398, 170.357,
170.160, 170.094, 169.815, 169.675, 169.165, 163.887.476,
153.974, 148.005, 136.085, 132.953, 130.684, 122.21.420,
117.761, 101.147, 99.142, 76.198, 72.868, 72.54BA7D,
70.953, 70.764, 69.111, 66.612, 62.017, 60.818340.20.724,
20.659, 20.527. FT-IR (KBr, ci): 1754, 1509, 1370, 1224,
1038. MALDI-TOF-MS, [M+Na] = 1685.37 (calc. 1685.49).

4.8.5,5’-Bis-(-N-(p-O--isomaltosyl)phenyl)-
aminocarbonyl)-2,2'-bipyridinébpylma)

To bpylmaAc (0.67 g, 0.40 mmol) in methanol/THF (15D
ml), aqueous ammonia was added dropwise until pH \afltiee
resultant mixture became larger than 10. The rasulteaction
mixture was stirred at ambient temperature for ogétn After
confirming that the pH value of the reaction mixtwras still
larger than 10, the resultant mixture was concesrad form
white precipitate. The precipitate was retrieved digiofiltration
and dried over filter paper overnight to give titk tcompound
as a white powder (0.37 g, >99 %); (800 MHz, DMF4d; +
D,0): 9.11 (t, J 1.5 Hz, 2H), 8.23 (d, J 1.5 Hz, 2H), 1&1J 9.0
Hz, 4H), 6.94 (d, J 9.0 Hz, 4H), 4.66 (d, J 7.8 Hz, 2:H8 (d, J
3.9 Hz, 2H), 3.64-3.01 (m, 24H):q75 MHz, DMF4; + D,0O):
162.9, 162.0, 156.2, 153.8, 148.2, 136.0, 132.6,5P8, 121.2,
120.0, 116.2, 100.9, 98.2, 76.4, 74.5, 73.2, 7TR11, 71.8, 70.0,
79.8, 66.0, 60.7; HR-ESI-TOF-MS, [M+HE 1075.3550 (calc.
1075.3519); Rax (KBr) 3375, 1647, 1542, 1508, 1417, 1224,
1078 cnf.

4.9.UV-vis and CD spectroscopy titration experiments

(MalBPheNHCO-) units onto all C5 positions of the pyrid{pg)
units of A-[Febpy]®* and constructed-[Fe(bpyMal}]** with E
andZ configurations about its GaCc-o bonds and amide bonds,
respectively. We then added” Kand NQ ions nearby the
trivalent Mal clusters ofA-[Fe(bpyMal}])** to obtain the three-
component molecular assembly consisting\dgFe(bpyMal}]*,
K* and NQ. Before starting the MD simulation, we applied
distance restrictions (FeK* and F&-NO;) to this three-
component molecular assembly so that the ionsafd NQ)
did not leave fromA-[Fe(bpyMal}]**. The subsequent MD
simulation (CHARMm, ¢ = 80, 10 ps equilibrium, 90 ps
dynamics) gave the most stable conformation of thee-
component molecular assembly (Fig. 8).

4.11.Dropping test of metalloglycocluster solutions

According to the procedure described in section 4@,
prepared the aqueous metalloglycocluster soluticorgtaining
varying concentrations of the chloride, nitrate, soiffate salts.
After the 1-day incubation at ambient temperatureese
solutions were slowly expelled from a plastic syriti§aberculin
syringe, SS-01T, TERUMO Co., Japan) with a needle whos
outer and inner diameters were 0.72 and 0.41 mmecgsely.
The drops were weighed as they fell from the poirthefneedle.
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complex core as a molecular probe
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