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Abstract

S- andy-Cyclodextrins connected on their narrow siite6 bond-linkers with monosaccharides
(Man, GIcNAc) suitable for bacterial lectin recogom, along with reference mono-analogues
were prepared. The resulting compounds: (a) poasésnctional cavity forming inclusion
complexes with a model guest molecule and withahigbiotic ampicillin; (b) inhibit by more
than 30% the hydrolysis of ampicillin in the preserof the enzymg-lactamase; (c) interact
stronger with surface immobilized lectins than teerence mono-analogues. The present work
suggests that combining the lectin recognition progpof the compounds with their ability to
encapsulate antibiotics could be used to targekdnohcteria.
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Introduction

Pathogenic bacteria frequently colonize and infexdt tissues by adhesion of lectins present on
their surface to complementary carbohydrates of liost cells:> Among hundreds of
monosaccharides found in nature lectins recognisé @ few, primarily D-glucose (Glc), D-
galactose (Gal), D-mannose (Man)N2acetylglucosamine (GIcNAc), DFacetylgalactosamine
(GalNAc), L-fucose (Fuc) and Dacetylneuraminic acitiTherefore, a monosaccharide can be
a targeting moiety recognized by a bacterial lecHowever, since the binding affinities of
monovalent carbohydrates to lectins are weak toemaad nature utilizes multivalency to create
cooperative mechanisms to increase lectin-carbaltgdxffinities. The multivalency of ligaritfs
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as well as the multiple carbohydrate binding moslale the lectins provide strengthened binding
with amplified specificity of the recognition.

Cyclodextrins (CDs) offer unique features towarttie formation of glycoclusters for
biological applications, since they are biocomgdatdnd can be easily modified in their primary
side with carbohydrate moieties. Per-carbohydratdified CD derivatives have been repofted
15 demonstrating the advantages of multivalency athgstering effect in homo- and
heterogeneously decorated cyclodextrin scaffoldsreld, the synthesis of a series of new
cyclodextrin-based glycoclusters with seven andhteigonosaccharide units connected to the
CD corevia optimally sized linkers, as well as the correspoganonosubstituted derivatives, is
reported. The compounds also form complexes witoramong-lactam antibiotic, ampicillin,
and partially inhibit its hydrolysis rate in theegence of &-lactamase enzyme, in buffer
conditions and at the same time they bind stromgth specific lectins, which is exactly the
objective of the present work: to show the potérgiathe synthesized compounds to act as
stabilizing agents for antibiotics which can berieaf to the bacterial surface.

Results and Discussion

HATU-mediated amide bond formation betweérainoethyl-appended monosaccharides and
the per-carboxyethylthio-terminated cyclodextrirridatives 1 and 2*° and the novel mono-
carboxy-derivative7 (Scheme 1) gave the monodisperse prod@efisand 8-9, respectively,
whereas using HOBT/DCC coupling under numerous itiong (ratio, temperature, duration)
products of inferior quality were obtained.

The monosaccharides with-&@mninoethyl linkers were synthesized accordingiterdture

methods from the parent monosaccharidésmn#noethyle-D-mannopyranose was prepared in
five steps and 59% overall yiéfdand 2-aminoethyl-2-acetamide-2-deoxyD-glucopyranose
was prepared in three steps and 69% overall yielth fthe known azido precursBr® The
linker chain between the amino-end and the monbsaitkes was limited to two carbon atoms
so that after connection to the CD core the toaaban atoms would be 6. Literature suggésts
that CD-based glycoclusters with connectors 2-hamratoms apart from the core have much
higher affinity towards blood glycoproteins, comgdwith glycoclusters having longer linkers.
In all compounds (Scheme 1), connection of the maocharide part with the CD core was
verified by detecting either the HN--C=0 scalar coupling through bonds (2D HMBC NMR
spectra) or the dipolar through space coupling (ROBIOESY NMR spectra) between the two
components. In addition, two derivatives with oolye monosaccharide unit on the CD were
synthesised from the mono-carboxyl precuisand characterised in a similar manner.

Guest binding and partial inhibition of enzymatic degradation of ampicillin by

p-lactamase.Although per-substitution of the primary hydroxgdoups of a cyclodextrin with
carbohydrate moieties is expected to produce glystars that bind stronger to lectins than the
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mono-analog¥ the cavity inclusion ability may be decreasedrmaréased, compared with the
unsubstituted CDs, while hyperbranched derivatiuesy totally loose their cavity binding
capacity**?° Therefore, the inclusion ability of the cavity tfe current glycoclusters was
initially tested with a typical guest moleculetert-butylbenzoic acid, which is known to form
strong inclusion complexes with-CD in solutiorf’ (Kassoc> 10° M) and in the crystalline
state’? In addition, this guest molecule lacks NMR signialsthe carbohydrate region (5-2.5
ppm). 2D ROESY NMR spectra revealed clear dipolaeractions between the ARX'
aromatic proton doublets of the guest at 7.75 ad8 ppm and the signals attributed to the
cyclodextrin cavity protons af at ~3.9 ppm. Therefore the cavityindeed capable of hosting a
model molecule while the linkers with the monosacide appendages seem to neither block the
cavity nor interfere with the guest inclusion.
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Scheme 1Preparation of glycoclusters and monosaccharidet€rivatives.
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Ampicillin, a very frequently used broad spectrgdactam antibiotic, was tested next. We have
previously shown by NMR spectroscopy and mass spmetry> that ampicillin complexes
with 2 via both cavity inclusion and external interactiéh$}thus demonstrating the contribution
and importance of non-cavity effeéfsAmpicillin solutions in the presence dfand6 were
examined presently by 2D ROESY NMR experiments. 3pectra showed clear intermolecular
interactions of the drug’s phenyl group with th&igaprotons of4 and6 indicating that the drug

is encapsulated in the cavity of the compounds.

The rate of enzymatic hydrolysis of ampicillin ime presence gf-lactamase (EC 3.5.2.6)
from Enterobacter cloacagas studied in buffered aqueous solutions (phdsplp&l 7) of2, 4
and 6 and of the linear analogue @gfCD, maltoheptaoseat constant temperature (25 °C).
Pseudo first-order conditions were useeé, 5- to 10-fold excess of host compounds and
maltoheptaose. Degradation was quantified by mongdhe area decrease corresponding to the
signals of the two methyl groups of ampicillin i NMR spectroscopy:; therefore the rate of
degradation was defined as the ratio of the integfrthe methyl peaks over the total integral of
the phenyl peaksys time. The error of the method was assessed188 by running the
hydrolysis experiments of ampicillin alone in trgate. The degradation profiles were fitted
satisfactorily into a mono-exponential decay ecuatiand consequently linear plots of
In([Ao)/[A]) vstime were obtained (where ¢fand [A] are the ampicillin concentrations initial
and at time t). The rates thus calculated (TablesHgw that2 inhibits the degradation of
ampicillin by ~50%, as shown previously by this gp3® while 4 and 6 inhibit hydrolysis by
~30 and ~40%, respectively, statistically differdram linear maltoheptaose (~20%). The
derivatives thus offer protection to ampicillin puenably via cavity inclusion. However,
external interactions (non-cavity) effects, as shdeforé® cannot be ruled out. The combined
effects result in partial inhibition of the ampitil degradation rates which are, in descending
order,2 > 6 > 4 > maltoheptaose. The results show that the prepggyedclusters can bind and
partially protect ampicillin from degradation.

Table 1 Rates of hydrolysis of ampicillin in the presené@g-lactamase (25 °C)

W by
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Enzymatic Hydrolysis of R

(x 10* hY

108 (+4.0) ampicillin 0.996
44.2 (£2.6) ampicillin2 0.988
74.7 (£2.5) ampicillind 0.995
63.3 (4.3) ampicilling 0.986

90.3 (+1.6) ampicillin/maltoheptaose0.999
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Interaction of glycoclusters with selected lectinsreal-time monitoring of binding by White
Light Reflectance SpectroscopyTwo selected commercial lectingere testedn vitro: (a)
wheat germ agglutinin (WGA) that shows binding rtfi for GICNAc, has four sugar binding
pockets per monomer and in the crystal forms tetrafi (b) galanthus nivalis (GNLY a
mannose-binding lectin that possesses three sugding pockets per monomer. White Light
Reflectance Spectroscopy (WLRS) was used, as wemided previously’?® to monitor and
guantify GNL interaction witl8 and WGA interaction wittb. The lectins were deposited on a
surface in a fluidic cell (see Experimental) andhfed a stable layer upon which solutions3of
(or 5) were introduced. The binding events were deteictedal time as red shifts of the resonant
wavelengthAmax, Where resonance is meant as a local extremuheineflectance spectrum. An
initial Admax increase was followed by a plateau signifying #red of the binding event;
subsequent washing resulted in a drop ofAthg.x change §ff process). From the experimental
data Almax VStime) and the slopes of tlom andoff curves which are proportional to tbe and

off bindingreaction rateskg,, Ko, respectively, see Supplementary Material) contbingh the
compound solution concentrations the binding ad wagldissociation rate constants and the
corresponding equilibrium constanks= kon/kort (M™) were determined (Table 2).

Table 2 Binding, kon, dissociationkes, rate constants and equilibrium constakisobtained
from the WLRS curves

ASSOCIATION DISSOCIATION
Comp. Conc.M) R®  kan(MSH k(s R K =kokoi (M)
GNL
3 10* 0.986 10 3.3x 10 0.902 3.0x 19
WGA
5 10° 0.973 49 1.0x I 0.933 4.9 x1b

The binding to the corresponding underlying letdiyer was strong for bothand5 whereas
no binding was observed for the mono-substituteivalives €.g, solution of8 applied onto
WGA layer) or the monosaccharide alone. The bindmgstant fos with WGA as determined
falls within the range of association constant$ 0.1¢ to 6.6 x 16 M™") determined by SPR
measurements of surface immobilized WGA with did @nivalent GIcNAc glycoside$. A high
association constant was determined betwgand GNL that forms three binding pockets per
lectin molecule, although the goodness of fit it perfect. Fitting of the binding curves to a bi-
exponential equation with two time constants wassssful as well (R> 0.990), indicating that
the binding between the above lectins 8rat 5 is not a straightforward process, thus the data in
Table 2 represent trends and orders of magnitutlerahan strict values. However, these
experiments indicate that under the conditions rilesd the lectins were immobilized with
retention of their functionality and displayed sigobinding with the compounds bearing
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multiple copies of complementary recognition momasarides (multivalency effect) but not
with the singly substituted compounds.

The synthesized compounds are capable for bindiitly the antibiotic ampicillin, the
enzymatic hydrolysis of which they inhibit by up 3% while they are also recognized and
bound by complementary lectins. Thus they may befulisn targeting bacteria expressing
complementary lectins and in combining this properith inclusion and transfer of antibiotics.

Experimental Section

General. Deuterium oxide (BO), deuterated dimethylsulfoxide (DMSdg) and deuterated
chloroform (CDC}) were purchased from Deutero GmbH. Deuterated aneiCQ;OD) was a
product of Merckp-CD was a product of CycloLap-CD and derivatives were dried by heating
at 70°C under vacuum for 20 h before reaction. 1,2-Diaethane was distilled from a mixture
of CaO-KOH and stored over 4 A molecular sieves @falysis membranes (cellulose tubing,
benzoylated, MW, 2 kD), a,f-D-(+)-mannose andV-acetyl-D-(+)-glucosamineQ-(7-aza-
benzotriazol-1-yI)N,N,N,N"-tetramethyluronium hexafluorophosphate (HATU) ainy DMF
were purchased from Sigma-Aldrich. Flash columrootatography silica gel 60 (Mesh 0.040-
0.063 mm) was purchased from Merdk,N-diisopropylethylamine (DIPEA) was used as
received. The known compound$, 2 and 2-aminoethyl-monosaccharides), were prepared
according to literature methods, as indicated @ititroduction-Lactamase (EC 3.5.2.6) from
Enterobactercloacae> 97% pure powder was obtained from Sigma-Aldriclkectins WGA
(wheat germ agglutinin from Triticum vulgaris, IYogized powder, < 2@ug/mL agglutination
activity) and GNL (galanthus nivalis, lyophylizedvwder, < 20ug/mL agglutination activity)
were purchased from Sigma. 1D and 2D NMR spectne wen on a Bruker Avance 500 MHz
spectrometer. MALDI-TOF MS spectra were obtainemhgis\utoflex (Bruker Daltonics) at the
“G. Ronzoni Institute, Milan, Italy; the samples reesolutions in HO (~3 mg/mL); matrix
solution: 10 mg/mL of 2,5-dihydroxybenzoic acid (BHin EtOH 80%; 1luL of the sample
solution was added to o of the matrix solution and thenl of the mixture was spotted on
the target and left to air-dry. The spectra wep®rded both in Linear and Reflectron modes, in
positive polarity, both calibrated in the expectethss ranges. Elemental analyses were
performed in house on a Perkin Elmer 2400 instrumdelting points were determined on an
Electrothermal 1A9100 digital apparatus (25-400-86ge).

Mono[6-(carboxyethylthio)-6-deoxy]#-cyclodextrin (7). To a solution of 3-mercapto-
propanoic acid (14.6L, 0.168 mmol) in DMF (2 mL) sodium hydride (15 ntg620 mmol) was
added in 10 equal portions and the mixture wasestifor 1 h. Then 6-monp-oluenesulfonyl-
p-cyclodextrin® (100 mg, 0.077 mmol) was added and the whole wasdat 100°C for 2 h.
The mixture was allowed to cool to room temperatme then water was added (2 mL). The
solvent was driven off under vacuum, the compourad wissolved in minimum volume of
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water, the pH was adjusted to 7 and the solution di@ysed for 1 day. The desired product was
obtained after drying as a colorless solid (94 8895 yield). Mp >222C (decomp.)}H NMR
(D20, 298 K, 500 MHz)oy 5.15 (brs, 1H, H}, 5.09 (brs, 6H, H1), 3.96-3.88 (m, 22H), 3.69-
3.59 (m, 12H), 3.17 (m, 1H), 2.94-2.85 (m, 2H),2(/, 2H) ppm**C NMR (DO, 125 MHz)

oc 180.8 (C=0), 102.0 (C1), 101.8 (§181.3 (C4), 73.3 (C3), 72.3 (C2), 72.1 (C5), 6(C4H),
37.8 (C7), 33.2 (C6), 29.4 (C8) ppm. MS (MALDI-TOR)/z 1245.67 ([M+Na], calcd.:
1245.37).

Coupling reactions
Octakis-{6-deoxy-6S-[6-(a-D-mannopyranose-1-yl)-4-aza-3-oxohex-1-yl]-6-thio}y-cyclo-
dextrin (4). HATU (266 mg, 0.701 mmol) was added to a stirredution of octakis[6-
(oxycarbonylethylthio)-6-deoxy}-cyclodextrin2 (50 mg, 0.023 mmol) in DMF (16 mL) at°C.
After 1 h at ambient temperature DIPEA (&, 0.499 mmol) and 'zZaminoethyle-D-
mannopyranose (69 mg, 0.312 mmol) were added andhikture was left to stir for 48 h. The
solvent was then evaporated to dryness, the regu#tolid was dissolved in doubly distilled
water (3 mL) the pH was adjusted to 7 with 1 N K@t the solution was dialysed for 48 h to
remove the low-molecular-weight impurities. Lyoptation afforded an off-white solid (84 mg,
74%). Mp >188C (decomp.)!H NMR (D0, 298 K, 500 MHz) 5.15 (brs, 1H, CD-H1), 4.88
(s, 1H, Man-H1), 3.96 (s, 1H, Man-H2), 3.91-3.86, ®M, CD-H3, Man-H4, Man-H6), 3.80
(brs, 3H, Man-H3, Man-H7, Man-H6 3.70 (s, 1H, CD-H5), 3.68 (s, 1H, Man-H5), 3(861H,
CD-H2), 3.63 (brs, 2H, Man-H7CD-H4), 3.49-3.43 (m, 2H, Man-H8), 3.28-3.26 (bth], CD-
H6), 2.96 (s, 3H, CD-HBCD-H8), 2.62 (s, CD-H7) ppnt’C NMR (D;O, 125 MHz)dc 173.6
(C=0), 101.4 (CD C1), 99.4 (Man-C1), 83.7 (CD-CA2,4 (Man-C4, CD-C2), 71.8 (CD-C3, -
C5), 70.3 (Man-C3), 69.8 (Man-C2), 66.3 (Man-C%,6(Man-C7), 60.5 (Man-C6), 38.7 (Man-
C8), 35.6 (CD-C7), 32.8 (CD-C6), 28.3 (CD-C8) ppMS (MALDI-TOF) m/z 3664.24
(IM+Na]"), calcd. for GagH2s0ssSsNgNa: 3664.17. Elemental analysis calcd. for
C136H232Ng08sSs: 12H0 (%): C 42.32, H 6.68, N 2.90; found C 42.12, B2G N 2.84.
Heptakis{6-deoxy-6S-[6-(a-D-mannopyranose-1-yl)-4-aza-3-oxohex-1-yl]-6-thio}s-
cyclodextrin (3). The title compound was obtained using heptakisjgrgarbonylethylthio)-6-
deoxy]p-cyclodextrin () (85 mg, 0.045 mmol) and'-@2minoethyle-D-mannopyranose (118
mg, 0.529 mmol). The same ratio of equivalentseafjents as fat were used: HATU (454 mg,
1.195 mmol), DMF (13 mL), DIPEA (143L, 0.541 mmol). Off-white solid, (142 mg, 81%).
Mp >158°C (decomp.)™H NMR (D,O, 298 K, 500 MHzpy 5.13 (brs, 1H, CD-H1), 4.88 (s,
1H, Man-H1), 3.96 (s, 2H, Man-H2, CD-H3), 3.89 (btsl, Man-H4), 3.87 (brs, 1H, Man-H6),
3.80 (brs, 3H, Man-H3, Man-H7, Man-H63.49-3.42 (m, 4H, Man-H5), 3.25-3.20 (m, 1H, CD-
H6), 2.95 (brs, 3H, CD-H8, CD-H6 2.60 (s, 2H, CD-H7) ppmt’C NMR (D0, 125 MHz)dc
173.6 (C=0), 101.4 (CD-C1), 99.4 (Man-C1), 83.9 (CB), 72.5 (Man-C4, CD-C2), 71.5 (CD-
C3, CD-C5), 70.2 (Man-C3), 69.7 (Man-C2), 66.3 (Mab), 65.5 (Man-C7), 60.5 (Man-C6),
38.6 (Man-C8), 35.6 (CD-C7), 32.8 (CD-C6), 28.4 (CB) ppm. MS (MALDI-TOF)m/z
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3209.15 (M+NaJ’), calcd for GigH»0:07;S/NsNa: 3209.02. Elemental analysis calcd. for
C119H203N7077S7- 9H0 (%): C 42.66, H 6.65, N 2.93; found C 42.19, B65.N 3.30.
Heptakis{6-deoxy-6S-[6-(2-acetamide-2-deoxyx-D-glucopyranose-1yl)-4-aza-3-oxohex-1-
yl]-6-thio}- g-cyclodextrin (5). The title compound was obtained usih@ 00 mg, 0.052 mmol)
and 2-aminoethyl-2-acetamide-2-deoxyyb-glucopyranose (165 mg, 0.624 mmol). The same
ratio of equivalents of reagents as described alfovd were used: HATU (535 mg, 1.407
mmol), DMF (23 mL), DIPEA (16&.L, 0.991 mmol). Colorless solid (182 mg, 83%). M{B88
°C (decomp.)!H NMR (DMSO-dg, 298 K, 500 MHz) 7.83 (s, 1H, -NH-, amide), 7.62 (d,
7.8 Hz, 1H, -NH-Ac), 4.99 (s, OH), 4.86 (brs, 1HD<€I1), 4.77 (s, OH), 4.60 (s, 1H, GIcNAc-
H1), 4.53 (s, OH), 3.77 (brs, 2H, GIcNAc-H2, GIcNAS), 3.68 (brs, 2H, GIcNAc-H4,
GIcNAc-H6), 3.62 (brs, 1H, GlcNAc-H7), 3.56 (brdd3GIcNAc-HB, CD-H3, CD-H2), 3.47
(brs, 1H, GIcNAc-H7), 3.39 (brs, 1H, GIcNAc-H8), 3.34 (overlapping lwH,0, 1H, GIcNAc-
H5), 3.47 (brs, 1H, GIcNAc-Hg 3.02-2.95 (m, 1H, CD-H6), 2.83-2.76 (m, 3H, CBYHCD-
H8), 2.36 (brs, 2H, CD-H7), 1.86 (s, 3H, GIcNAc, §hppm.*C NMR (D,O, 125 MHz)dc
173.8 (O=C-Ac, O=C-NH-), 101.4 (CD-C1), 96.8 (Glcbi&1), 83.9 (CD-C4), 72.2 (CD-C2),
71.7 (GIcNAc-C3), 70.9 (GIcNAc-C4), 70.3 (CD-C5, €IB), 66.1 (GIcNAc-C7), 60.2
(GIcNAc-C6), 53.2 (GIcNAc-C2), 38.7 (GIcNAc-C8), 85(CD-C7), 32.8 (CD-C6), 28.5 (CD-
C8), 21.7 (GIctNAc-CH) ppm. MS (MALDI-TOF) m/z 3496.50 ([M+Nal]), calcd for
Ci33H224077S/N1sNa: 3496.21. Elemental analysis calcd. fe§d8224N14077S7-0.5GH 19N (%): C
46.47, H 6.64, N 5.73; found C 46.08, H 7.17, NB5.9
Octakis{6-deoxy-6S-[6-(2-acetamide-2-deoxyx-D-glucopyranose-1yl)-4-aza-3-oxohex-1-
yl]-6-thio}- y-cyclodextrin (6). The title compound was obtained from octakis[6-(aaponyl-
ethylthio)-6-deoxyly-cyclodextrin 2) (100 mg, 0.046 mmol) and-@minoethyl-2-acetamide-2-
deoxya-D-glucopyranose (165 mg, 0.624 mmol). The samie @itequivalents of reagents as
for 4 were used: HATU (535 mg, 1.407 mmol), DMF (22 mRD)JPEA (168uL, 0.991 mmol).
Off-white solid (182 mg 83%). Mp >17% (decomp.)!H NMR (DMSO-ds, 298 K, 500 MHz)
on 7.84 (s, 1H, -NH-, amide), 7.63 (@6.5 Hz, 1H, -NH-Ac), 4.99 (s, OH), 4.90 (brs, 1ED-
H1), 4.78 (s, OH), 4.66 (s, 1H, GIcNAc-H1), 4.54 @H), 3.68 (s, 1H, GIcNAc-H2), 3.64-3.63
(brs, 2H, GIcNAc-H6, GIcNAc-H7), 3.49-3.45 (brs, 2BIcNAc-HB, GIcNAc-H7), 3.39 (1H,
GIcNAc-H8), 3.33 (overlapping witlil,O, 1H, GIcNAc-H3), 3.15 (brs, GIcNAc-H7GIcNAc-
H8'), 2.98 (m, 1H, CD-H6), 2.77 (brs, 3H, CD-HED-H8), 2.36 (brs, 2H, CD-H7), 1.86 (s, 3H,
GlcNAc, CHs) ppm.**C NMR (D,O, 125 MHz)dc 173.8 (O=C-Ac), 173.6 (O=C-NH-), 101.4
(CD-C1), 96.8 (GIcNAc-C1), 83.4 (CD-C4), 72.3 (GlbdiC4), 71.7 (CD-C3, CD-C2), 70.8
(GIcNAc-C3), 69.4 (GIcNAc-C7), 66.2 (CD-C5), 60.&I€NAc-C6), 53.1 (GIcNAc-C2), 38.7
(GIcNAc-C8), 35.6 (CD-C7), 32.7 (CD-C6), 28.4 (CB)X 21.7 (GIcNAc-CH) ppm. MS
(MALDI-TOF) m/z 3992.94 ([M+Nal]), calcd for GssHos56088SsN1gNa: 3992.38. Elemental
analysis calcd. for {goH25dN705sSg- 2HO (%): C 45.54, H 6.53, N 5.59; found C 45.72, B75.
N 5.76.
Mono{6-deoxy-6-5-[6-(a-D-mannopyranose-1-yl)-4-aza-3-oxohex-1-yl]-6-thio}g-cyclodex-
trin (8). The title compound was obtained using mono[6-(axtyonylethylthio)-6-deoxyp-
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cyclodextrin ) (52 mg, 0.0417 mmol) and-@minoethyle-D-mannopyranose (16 mg, 0.071
mmol). The same ratio of equivalents of reagentdessribed fo® below were used: HATU (61
mg, 0.159 mmol), DMF (9 mL), DIPEA (18L, 0.113 mmol). Off-white solid (60 mg, 52%).
Mp >225°C (decomp.)*H NMR (DMSO-dg, 298 K, 500 MHz)y 5.75 (m, OH), 4.82 (brs, 1H,
CD-H1), 4.59 (s, 1H, Man-H1), 4.45 (s, OH), 3.3p.¢(a 1H, Man-H2), 3.66 (m, 4H, CD-H3,
CD-H6-OH, Man-H7), 3.53 (m, 1H, Man-H73.36 (overlapping wittH,O, 6H, Man-H6, CD-
H4, CD-H2, Man-H8), 3.13 (m, 2H, CD-H6, H8CH,), 3.02 (m, 2H, CD-H8), 2.34 (m, 2H,
CD-H7) ppm."*C NMR (DMSO4g, 125 MHz)dc 170.7 (O=C-Ac), 169.5 (O=C-NH-), 101.7
(CD-C1), 99.5 (Man-C1), 81.0 (CD-C4), 72.4 (CD-C3}..8 (CD-C2), 69.8 (Man-C2), 65.2
(Man-C7), 60.8 (Man-C6), 60.2 (CD-C6-OH), 38.3 (€B-SCH), 35.2 (CD-C7), 32.9 (CD-
C8) ppm. MS (ESI)m/z 1450.9 ([M+Na]), calcd for GsHgdNOsSNa: 1450.46. Elemental
analysis calcd. for §HgoNO41S.0.2GH4N4O-6H0 (%): C 41.48, H 6.56, N 1.61; found C
41.21, H 6.55, N 2.02.
Mono{6-deoxy-6S-[6-(2-acetamide-2-deoxye-D-glucopyranose-1-yl)-4-aza-3-oxohex-1-yl]-
6-thio}-g-cyclodextrin (9). HATU (121 mg, 0.320 mmol) was added to a stirretlitton of
mono[6-(oxycarbonylethylthio)-6-deoxy}-cyclodextrin ¢) (104 mg, 0.084 mmol) in DMF (22
mL) at 0°C. After 1 h DIPEA (38.uL, 0.225 mmol) and '2aminoethyl-2-acetamido-2-deoxy-
D-glucopyranose (37.5 mg, 0.142 mmol) in DMF (0.B)iwere added and the mixture was left
to stir for 24 h. The solvent was then evaporatedryness, the resulting mixture was dissolved
in doubly distilled water (2 mL), the pH was adpsstto 7 with 1 N HCI and the solution was
dialysed for 72 h to remove the low-molecular-weighpurities. Lyophilization afforded an off-
white solid (123 mg, 76%). Mp >21€ (decomp.)H NMR (DMSO-ds, 298 K, 500 MHz)y,
5.78-5.70 (m, OH), 4.82 (brs, 1H, CD-H1), 4.591(4, GIcNAc-H1), 4.54 (s, OH), 4.45 (s, OH),
3.65-3.60 (m, 4H, GIcNAc-H2, GIcNAc-H8, CD-H6, HBH), 3.56 (brs, 1H, GIcNAc-H7), 3.46
(m, 2H, GIcNAc-H6), 3.33 (overlapping witi,0, 4H, GIcNAc-H7, CD-H4, CD-H2, CD-H3),
3.15-3.11 (m, 1H, GIcNAc-HB 3.01 (m, 2H, CD-H6, H6SCH,), 2.75 (m, 2H, CD-H8), 2.35
(m, 2H, CD-H7), 1.85 (s, 3H, GIcNAc, GHppm. °*C NMR (DMSO4s, 125 MHz)dc 170.7
(O=C-Ac), 169.5 (O=C-NH-), 101.9 (CD-C1), 97.4 (Nkc-C1), 81.5 (CD-C4), 73.0 (CD-C2),
66.4 (GIcNAc-C7), 60.8 (GIcNAc-C6), 58.9 (CD-C6-QH35.9 (GIcNAc-C8), 35.6 (CD-C7),
33.3 (CD-C6-SCHh), 28.5 (CD-C8), 22.7 (GlcNAc-CHl ppm. MS (MALDI-TOF)m/z 1491.7
((M+Na]"), caled for GsHgoN2OsSNa: 1491.49. Elemental analysis calcd. for
Cs5Hg2N2041S- 8H0 (%): C 40.94, H 6.74, N 1.73; found C 41.27, HEGG N 2.22.

Hydrolysis of ampicillin in the presence of the engme pg-lactamase. f-Lactamase (EC
3.5.2.6) fromEnterobacter cloacae> 97% pure powder was obtained from Sigma-Aldrich.
Measurements were carried out in a phosphate bsdfation (NaHPOQJ/NaH,POy) in D,O (250

uL) at pH 7. To a solution of ampicillin (2.69 mM,50mg ampicillin/0.5 mL buffer) a solution
of pg-lactamase (Sigma) inJX (100uL, 0.5 mgp-lactamase/1 mL) was added. The mixture was
placed in a 5 mm NMR tube and kept at’25in a thermostated bath near the NMR instrument.
'H NMR spectra were recorded at various time intepvand the growth of the methyl peaks at
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1.15 ppm, owing to emergence of hydrolysis produelstive to the total phenyl group signal,
were monitored with time. The solutios4, 6 andmaltoheptaose added were 13.45 mM. The
points of each curve were normalised. The ratetaots k) were obtained from linear fitting to
the equation In([Al/[A]) = kt, where [A] is the initial ampicillin concentration and [A$ ithe
concentration at time t.

Binding studies with White Light Reflectance Spectoscopy (WLRS).Protein solutions were
prepared: WGA (0.8M; GNL, 0.2uM) in PBS, pH 7.4. The solutions were left to stéord12

h at 4 °C before deposition on the interferometric WLRSupetpreviously described in
detail?"?® Briefly, four-inch silicon wafers with a thermalgrown 300 nm thick Si©film as the
interferometric layer were used, upon which a thovolac resin film (AZ-5214, AZ-EM
materials) was deposited by spin coating and pakéd at a high temperature (18D, 1 h) to
improve coating efficiency (50 to 100 A). The cahteafer was placed in the incubation—fluidic
cell and the protein solutions were channeled i60giL/min and Almax Was monitored until a
plateau was reached. The protein solutions weogvatl to stand without flow in the setup for 12
h at room temperature (21-25 °C). The effectivekifess of the formed layer was inferred by
fitting the experimental spectrum with the reflecta equation in the region around the
extremum (590-680 nm). The films were subsequewtighed with PBS with a flow of 60
uL/min followed by the introduction of each of thenspounds dissolved in PBS with the same
flow rate at the following concentratiors{10 uM), 9 (100uM), D-GIcNAc (1 mM) and3 (100
uM). with WGA; 3 (100uM) and8 (100uM) with GNL.

Supporting information. Reaction schemes and conditions for the monosedelsawith
2-aminoethyl linkers 2D spectra and assignments of key compounds sigotlie connectivity
of the monosaccharide appendages to the cyclodesdrie; 2D ROESY NMR of the cavity
bound complexes; hydrolysis kinetics; analysis fR® results.
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