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ABSTRACT: Lectins are ubiquitous carbohydrate-binding
proteins of nonimmune origin that are characterized by their
specific recognition of defined monosaccharide or oligosacchar-
ide structures. However, the use of carbohydrates to study lectin
has been restricted by the weak binding affinity and noncovalent
character of the interaction between carbohydrates and lectin. In
this report, we designed and synthesized a multifunctional
photoaflinity reagent composed of a trialkyne chain, a masked
latent amine group, and a photoreactive 3-trifluoromethyl-3-
phenyl-diazirine group in high overall yield. Two well-defined
chemistries, Huisgen-Sharpless click chemistry and amide bond
coupling, were the key steps for installing the multivalent
character and tag in our designed photoaffinity probe. The
photolabeling results demonstrated that the designed probe
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selectively labeled the target lectin, RCA,,, (Ricinus communis Agglutinin), in an E. coli lysate and an asialoglycoprotein receptor
(ASGP-R) on intact HepG2 cell membranes. Moreover, the probe also enabled the detection of weak protein—protein

interactions between RCA,,, and ovalbumin (OVA).

B INTRODUCTION

Carbohydrate—lectin interactions are involved in various
biological recognitions and mediate many processes including
cellular recognition,1 adhesion,” signal transduction,’ glyco-
protein clearance,* immunomodulation,>® inflammation,” and
host—pathogen recognition.® To fully understand the biological
implications of carbohydrate—lectin interactions in living
organisms, it is imperative to investigate and profile their
functions under physiological conditions. Moreover, a
quantitative assessment of the variations in lectins expressed
in different cell states and cell types is essential for elucidating
their biological roles in disease development. However, probing
carbohydrate interacting proteins is challenging due to the
properties of the carbohydrate—lectin interaction: it is non-
covalent, reversible, and weak (Kj in the mM range).9
Photoaffinity labeling was introduced in the 1960s'® and has
proven to be a powerful tool to probe proteins by attaching a
photoaffinity reagent to the corresponding small molecule
ligands."'~'* Although these photoaffinity probes worked very
well by forming covalent bonds with target proteins upon UV
irradiation, the success of labeling interacting proteins is highly
reliant on high-affinity (K; in the nM range) interactions
between the probe and the protein. Thus, for the low affinity
interaction between a carbohydrate ligand and a lectin, a
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monovalent carbohydrate ligand conjugated with a photo-
affinity probe may not be suitable for lectin labeling.
Multivalent carbohydrate structures, which greatly enhance
the weak affinity of individual monoligands to their binding
lectins, is a solution to overcome weak afﬁnity.w_21 For
example, the asialoglycoprotein receptor (ASGP-R) in rat liver
membranes was photoaffinity-labeled by a multivalent YEE-
(ahGalNAc);-glycoprobe containing three terminal GalNAc
residues.””* In addition, Shin and co-workers developed
photoaffinity probes possessing a trivalent fucose or mannose
structure and used them to specifically photolabel spiked
exogenous ConA from bacterial cell lysates of A. aurantia.”*
Several photoaffinity functionalities are known and these
functionalities are stable in the absence of ultraviolet (UV)
radiation.***® The most notable feature is that these functional
groups can be appropriately incorporated and localized within
the proteins upon UV irradiation. However, native carbohy-
drate—lectin binding interactions may be impeded by the steric
bulk of the proximal photoaffinity groups,”’ resulting in a low
efficiency of photolabeling and, consequently, hampering
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Scheme 1. Convergent Synthesis of the Multifunctional Skeleton Precursor of the Multivalent Photoaffinity Probes”
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“Reagents and conditions: (a) (i) TFA, DCM, r.t, 2 h, and then neutralization; (ii) block A, HBTU, DMF, Et;N, r.t., overnight; yield for two steps, n
=1, 86%; n = 3, 78%; (b) (i) DBU, DCM, r.t, 1 b; (ii) block B, HBTU, DMF, E;N, r.t.,, 12 h, yield for two steps, n = 1, 80%; n = 3, 85%; (c) (i)
LiOH, MeOH, H,0, r.t,, 1 h, and then neutralization; (ii) block C, HBTU, DMF, Et;N, r.t,, overnight, yield for two steps, n = 1, 72%; n = 3, 89%;
(d) (i) LiOH, MeOH, H,0, r.t,, 1 h, and then neutralization; (ii) block D, HBTU, DMF, Et;N, r.t., overnight, yield for two steps, n = 1, 73%; n = 3,
81%. HBTU: O-benzotriazole-N,N,N’,N'-tetramethyl-uronium-hexafluoro-phosphate; DBU: 1,8-diazabicycloundec-7-ene.

purification and/or identification. As shown in Scheme 1 (see
the Supporting Information for details), we designed a
multifunctional photoaffinity reagent (10) derived from a
glutamic acid core and carrying a powerful photocross-linker, 3-
triftuoromethyl-3-phenyl-diazirine,”>** and two well-defined
synthetic handles to enable subsequent conjugations. The
presence of a trialkyne in the probe could be simply and
smoothly used to assemble carbohydrate ligands by Cu(I)-
assisted click chemistry®® for efficient photolabeling. The
important multivalent ligand character of the probe could
strengthen some weak ligand/receptor interactions and
consequently increase the efficiency of covalent bond formation
between the probe and the interacting grotein. Subsequently,
the amine of the probe could be ligated™ with a variety of tags
for visualization (e.g., fluorescence) or enrichment (e.g., biotin)
of the labeled proteins. Furthermore, in 10, the photoreactive
group is not close to the multivalent ligand, minimizing
negative effects on the ligand—receptor interaction.

B EXPERIMENTAL PROCEDURES

Materials and Methods. Dimethyl formaldehyde (DMF,
Merck), 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetra-methyluronium
hexafluorophosphate (HBTU, Merck), triethylamine (NEt;,
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Merck), 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris,
Acros), 6-aminohexanoic acid (Acros), Fmoc-L-glutamic acid
S-tert-butyl ester (Fmoc-Glu(OtBu)-OH, AnaSpec), suberic
acid bis-N-hydroxysuccinimide ester (DSS, Fluka), and ethanol-
amine (Acros) were used as received. Bovine serum albumin
(BSA, A9418), Ricinus communis agglutinin 120 (RCA,,,
L7886), concanavalin A (ConA, C7642), wheat germ agglutinin
(WGA, L9640), and ovalbumin (OVA, AS378) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The BCA protein
assay kit was obtained from Pierce (Rockford, IL, USA). The P-
2 gel was purchased from Bio-Rad. Monoclonal antibiotin
antibody conjugated with HRP (A0185) was purchased from
Sigma-Aldrich. Polyclonal anti-ASGP1 (asialoglycoprotein
receptor 1) antibody (ARP33805 T100) and anti-ASGP2
(asialoglycoprotein receptor 2) antibody (ARP33820 P050)
were purchased from AVIVA systems biology. Donkey
antirabbit HRP-conjugated antibody (RPNS10) was obtained
from GE Healthcare. 'H and >C NMR spectra were recorded
on either a Bruker AV-400 or an AV-600 MHz NMR
instrument. Chemical shifts are expressed in ppm using residual
CDCl, (7.24 ppm), CD;0D (3.30 ppm), or D,O (4.67 ppm at
298 K) as an internal standard. Multiplicities are reported using
the following abbreviations: s = singlet, d = doublet, t = triplet,
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q = quartet, m = multiplet, br = broad. ] = coupling constant
values are expressed in Hertz. Low-resolution and high-
resolution mass spectra were recorded under ESI-TOF mass
spectroscopy conditions. Analytical thin-layer chromatography
(TLC) was performed on precoated plates (silica gel 60). Silica
gel 60 (E. Merck) was employed for all flash chromatography.
All reactions were performed in oven-dried glassware (120 °C)
under an atmosphere of argon unless indicated otherwise. All
solvents were dried and distilled by standard techniques.

Building Block A. The Fmoc-Glu-OMe was prepared by
following the procedures described in ref 30.

Methyl 6-[(6-{[tert-Butoxycarbonyl]amino}hexanoyl)-
aminolhexanoate. Commercially available 6-[(tert-
butoxycarbonyl)amino hexanoic acid (1.08 g, 4.67 mmol), N-
hydroxysuccinimide (537 mg, 4.67 mmol), and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (1.07 g,
5.61 mmol) were dissolved in dry dichloromethane (23 mL),
and the resulting mixture was stirred at room temperature
under a nitrogen atmosphere for 3 h, until TLC indicated
complete disappearance of starting material. The mixture was
partitioned between dichloromethane and H,O. The organic
layer was separated, dried over MgSO,, filtered, and
concentrated in vacuo to give the desired activated ester. To a
stirred solution of the activated ester in dry dichloromethane
(25 mL) was added 6-aminohexanoic acid (613 mg, 4.67
mmol) and DIPEA (1.63 mL, 9.34 mmol). After being stirred
at room temperature for 7 h, the mixture was concentrated to
dryness in vacuo. The residue was dissolved in dry DMF (10
mL), and then iodomethane (2.33 mL, 37.36 mmol) and
cesium carbonate (2.28 g, 7.00 mmol) were added at room
temperature. After being stirred at room temperature for 1.5 h,
the mixture was concentrated to dryness in vacuo. The above
residue was dissolved in ethyl acetate and washed with H,O.
The organic layer was dried over MgSO,, filtered, and
concentrated in vacuo. The residue was purified by column
chromatography on silica gel (EtOAc/hexane = 1/1) to give
the title compound (1.22 g, 73% for three steps) as a colorless
oil. Ry 0.3 (BtOAc/Hexane = 1/1); 'H NMR (400 MHyz,
CDCL): 6 1.24-1.33 (m, 4H), 1.39 (s, 9H), 1.42—1.50 (m,
4H), 1.55—1.63 (m, 4H) 2.11 (t, ] = 7.6 Hz, 2H), 2.27 (t, ] =
7.4 Hz, 2H), 3.05 (q, ] = 6.6 Hz, 2H), 3.19 (q, ] = 7.0 Hz, 2H),
3.61 (s, 3H); *C NMR (100 MHz, CDCL,): § 24.0, 24.9, 25.8,
259, 279, 28.7, 29.2, 33.3, 35.8, 38.6, 39.8, 50.9, 78.1, 155.6,
172.7, 173.5. HRMS (ESI) m/z Caled for C;sH;N,O5 [M
+H]* 359.2546; found: 359.2556.

Building Block B. To a solution of methyl 6-[(6-{[tert-
butoxycarbonyl]Jamino}hexanoyl)amine]-hexanate (4.50 g,
12.52 mmol) in MeOH (12.5 mL)/H,0 (12.5 mL) was
added LiOH (301.5 mg, 12.57 mmol) at room temperature.
After being stirred at room temperature for 0.5 h, the mixture
was neutralized with Amberlite IR-120 (H*) resin and then
filtered and concentrated in vacuo to give building block B as a
colorless oil (4.29 g, 99%), which was used in the next step
without further purification. Rf0.65 (MeOH/DCM = 1/9); 'H
NMR (400 MHz, CD,OD): 6 1.29—1.39 (m, 4H), 1.42 (s,
9H), 1.44—1.54 (m, 4H), 1.56—1.65 (m, 4H), 2.16 (t, ] = 7.6
Hz, 2H), 228 (t, ] = 7.4 Hz, 2H), 2.98—3.04 (m, 2H), 3.13—
3.18 (m, 2H); C NMR (100 MHz, CD;0D): § 25.8, 26.6,
27.3, 27.4, 28.8, 30.0, 30.5, 35.4, 36.9, 40.1, 41.1, 79.7, 158.3,
175.8, 178.2. HRMS (ESI) m/z Caled for C;,Hy;N,0, [M+H]
* 345.2389; found: 345.2390.

Building Block C. To a solution of methyl 6-[(6-{[tert-
butoxycarbonyl]amino }hexanoyl)amino]-hexaneate (1.08 g,
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3.02 mmol) in dry DCM (6 mL) was added TFA (1.20 mL)
dropwise at 4 °C. After being stirred for 2.5 h at room
temperature, the mixture was then concentrated to dryness in
vacuo by coevaporation with toluene. The residue in MeOH
(10 mL) was neutralized with Dowex resin 550 (OH™) at 4 °C
followed by filtration and then concentration in vacuo to give
building block C as a colotless oil (770 mg, 99%). R 0.15
(MeOH/DCM = 1/9); '"H NMR (400 MHz, CD,OD): §
129-1.42 (m, 4H), 1.46—1.53 (m, 2H), 1.57—1.69 (m, 6H),
2.19 (t, ] = 7.4 Hz, 2H), 2.32 (t, ] = 7.4 Hz, 2H), 2.90 (t, ] = 7.6
Hz, 2H), 3.15 (t, ] = 7.0 Hz, 2H), 3.64 (s, 3H); 3C NMR (100
MHz, CDCLy): 6 24.4, 25.0, 25.9, 26.3, 29.0, 33.7 (x2), 36.0,
39.1 (x2), 514, 173.2, 174.1. HRMS (ESI) m/z Calcd for
C;H,,N,0, [M+H]* 259.2021; found: 259.2022.
N-tert-Butoxycarbonyl-1-[4-[3-(trifluoromethyl)-3H-di-
azirin-3-yllphenoxy]carbonyl-3-propane-diamine. [4-[3-
(Trifluoromethyl)-3H-diazirin-3-ylJphenoxy]acetic acid*"**
(160 mg, 0.615 mmol), commercially available N-Boc-1,3-
propanediamine (161 mg, 0.923 mmol), and HBTU (280 mg,
0.738 mmol) were dissolved in dry DMF (6 mL) and treated
with triethylamine (129 pL, 0.923 mmol) at room temperature.
After being stirred at room temperature under a nitrogen
atmosphere for 8 h, the mixture was concentrated to dryness in
vacuo, and ethyl acetate was added. The organic layer was
washed with brine, dried over MgSO,, filtered, and
concentrated in vacuo to provide the crude product. The
residue was purified by column chromatography on silica gel
(EtOAc/hexane = 1/1) to give the desired product as a yellow
oil (210 mg, 80%). R 0.26 (EtOAc/Hexane = 1/1); 'H NMR
(400 MHz, CDCL,): 5 1.37 (s, 9H), 1.57—1.63 (m, 2H), 3.11
(q,J = 6.1 Hz, 2H), 3.34 (q, ] = 6.3 Hz, 2H), 4.45 (s, 2H), 4.88
(br, 1H), 6,93 (d, ] = 8.7 Hz, 2H), 7.13(d, ] = 8.7 Hz, 2H), 7.35
(br, 1H); *C (100 MHz, CDCl,): 6 28.1 (q, ¥ = 32 Hz),
283, 30.1, 35.3, 369, 67.2, 794, 115.1, 122.1 (q, Jer = 272
Hz), 122.3, 128.3, 156.6, 158.3, 167.8. HRMS (ESI) m/z Calcd
for C;gH,3F;N,O,Na [M+Na]* 439.1569; found: 439.1565.
Building Block D. To a solution of the above coupling
product (210 mg, 0.505 mmol) in dry DCM (4 mL) was added
TFA (1 mL) dropwise at 4 °C. After being stirred at room
temperature for 45 min, the mixture was concentrated to
dryness in vacuo by coevaporation with toluene. The residue in
MeOH (5 mL) was neutralized with Dowex resin 550 (OH™)
at 4 °C and then filtered and concentrated in vacuo to give
building block D as a yellow oil (153 mg, 96%). Ry 0.15
(EtOAc/Hexane 1/1 containing 10% MeOH); 'H NMR
(400 MHz, CD,0D): § 1.83—1.90 (m, 2H), 2.92 (t, ] = 7.3 Hz,
2H), 3.37 (t, ] = 6.6 Hz, 2H), 4.58 (s, 2H), 7.08 (d, ] = 8.8 Hz,
2H), 7.23 (d, ] = 8.8 Hz, 2H). *C NMR (100 MHz, CD;0D):
5292 (q, ¥ op = 402 Hz), 29.6, 37.3, 38.0, 68.1, 116.5, 122.8,
1236 (q, \J cp = 273.0 Hz), 129.4, 160.4, 170.7. HRMS (ESI)
m/z Caled for C3H(F;N,0, [M+H]* 317.1225; found:
317.1234.
1-Azido-3,6-dioxaoct-8-yl 2,3,4,6-tetra-O-acetyl-f-b-
galactopyranoside (f-p-Galactoside 15). The f-p-Galacto-
side 15 was prepared by following the procedure described in
ref 33.
N-(tert-Butyloxycarbonyl)-2-(propargyloxy)-
aminoethane (1). To a solution of ethanolamine (3.05 g, SO
mmol) in dioxane (50 mL) was added (Boc),O (16.42 g, 75
mmol), and the resulting mixture was stirred at room
temperature overnight. After the complete absence of starting
material (as judged by TLC), the volatiles were removed under
reduced pressure, and the residue was redissolved in 30 mL of
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CH,Cl,. The solution was washed successively with 1% HCI
(60 mL), brine (2 X 30 mL), and H,O (30 mL), then dried
over MgSO,, filtered, and concentrated to yield N-(tert-
butoxycarbonyl)ethanolamine, which was used directly in the
subsequent steps. "H NMR (400 MHz, CDCL,): & 1.42 (s, 9H),
2.50 (br, 1H), 326 (q, ] = 5.2 Hz, 2H), 3.67 (q, ] = 4.5 Hy,
2H), 4.97 (br, 1H). HRMS (FAB) m/z Calcd for C,H;;NO,
[M+H]" 162.1130; found: 162.1129. A solution of N-(tert-
butoxycarbonyl)ethanolamine (1.60 g, 9.938 mmol) and
propargyl bromide (80 wt % in toluene, 2.13 mL, 19.87
mmol) in dry DMF (10.7 mL) was stirred at 0 °C. Portions of
finely ground KOH (1.11 g, 19.87 mmol) were added over a
period of 15 min. The mixture was then heated to 35 °C and
stirred for 16 h under a nitrogen atmosphere. The mixture was
quenched with H,O and extracted with ethyl acetate. The
organic layer was washed with brine, dried over MgSO,,
filtered, and concentrated in vacuo to give the crude product.
The residue was purified by column chromatography on silica
gel (EtOAc/hexane = 1/10) to give compound 1 (1.23 g, 63%)
as a yellow oil. R;0.50 (EtOAc/Hexane = 1/2); 'H NMR (400
MHz, CDCLy): 5 1.42 (s, 9H), 242 (t, ] = 2.4 Hz, 1H), 3.31 (q,
J = 5.0 Hz, 2H), 3.56 (t, ] = 5.0 Hz, 2H), 4.13 (d, ] = 2.4 Hz,
2H); *C NMR (100 MHz, CDCL): § 28.7, 41.0, 58.8, 69.6,
75.9, 80.0, 80.5, 158.3. HRMS (FAB) m/z Calcd for
CoH,NO; [M+H]* 200.1287; found: 200.1291.

N-(tert-Butyloxycarbonyl)tris[(propargyloxy)methyl]-
aminomethane (2). The compound 2 was prepared
according to the procedure described in ref 34.

Compound 3. To a solution of compound 1 (1.20 g, 6.03
mmol) in dry DCM (10 mL) was added TFA dropwise (2.5
mL) at 4 °C. After being stirred at room temperature for 2 b,
the mixture was concentrated to dryness in vacuo by
coevaporation with toluene. The residue was dissolved in
MeOH (12 mL) and neutralized with Dowex resin 550 (OH™)
at 4 °C, followed by filtration and concentration in vacuo to give
a yellow oil. To a solution of the above compound (598 mg),
building block A (2.30 g, 6.03 mmol), and HBTU (3.43 g, 9.05
mmol) in dry DMF (6 mL) was added triethylamine (1.68 mL,
12.06 mmol) at room temperature under a nitrogen
atmosphere. After being stirred at room temperature overnight,
the mixture was concentrated to dryness in vacuo, and ethyl
acetate was added. The organic layer was washed with brine,
dried over MgSO,, filtered, and then concentrated in vacuo to
give the crude product. The residue was purified by column
chromatography on silica gel (EtOAc/hexane = 1/2) to give
compound 3 (2.40 g, 86%) as a white syrup. Ry 0.42 (EtOAc/
Hexane = 1/1); "H NMR (400 MHz, CDCl,): 6 1.92—2.05 (m,
1H), 2.17-2.26 (m, 3H), 2.41 (t, ] = 2.4 Hz, 1H), 3.39-3.50
(m, 2H), 3.56 (t, ] = 5.0 Hz, 2H), 3.72 (s, 3H), 4.11 (d, ] = 2.4
Hz, 2H), 4.19 (t, ] = 7.0 Hz, 1H), 4.32—4.40 (m, 3H), 5.79 (d,
J = 8.0 Hz, 1H), 6.16 (br, 1H), 7.29 (t, ] = 7.4 Hz, 2H), 7.38 (4,
J = 7.4 Hz, 2H), 7.58 (dd, ] = 5.0, 7.0 Hz, 2H), 7.74(d, ] = 7.4
Hz, 2H); C NMR (100 MHz, CDCl,): § 282, 32.3, 39.2,
47.1, 52.5, 53.4, 58.2, 66.9, 68.5, 74.8, 79.3, 120.0, 125.0, 127.0,
127.6, 141.2, 143.6, 143.8, 156.2, 171.9, 172.4. HRMS (ESI) m/
z Caled for C,sH,gN,NaO4 [M+Na]* 487.184S; found:
487.1836.

Compound 4. The synthesis of compound 4 is similar to
the synthesis of compound 3. Compound 4: White syrup
(yield: 78%). R 0.40 (EtOAc/Hexane = 1/1); 'H NMR (400
MHz, CDCL,): 5 1.90—1.97 (m, 1H), 2.16-2.24 (m, 3H), 2.39
(t, ] = 2.4 Hz, 3H), 3.73 (s, 3H), 3.79—3.86 (m, 6H), 4.11 (d,
= 2.4 Hz, 6H), 4.21 (t, ] = 6.8 Hz, 1H), 4.34—4.43 (m, 3H),
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5.69 (d, ] = 8.0 Hz, 1H), 5.99 (br, 1H), 7.30 (t, ] = 7.4 Hz, 2H),
7.38 (t, J = 7.4 Hz, 2H), 7.59 (d, ] = 7.2 Hz, 2H), 7.74 (d, ] =
7.4 Hz, 2H); *C NMR (100 MHz, CDCL,): § 28.3, 32.8, 47.0,
52.3, 53.2, 58.5, 59.2, 66.8, 68.2, 74.6, 79.4, 119.8, 125.0, 126.9,
127.5, 141.1, 143.5, 143.7, 156.1, 171.8, 172.4. HRMS (ESI) m/
z Caled for CyHiN,NaOg [M+Na]* 623.2369; found:
623.2368.

Compound 5. To a solution of compound 3 (2.79 g, 6.03
mmol) in dry DCM (20 mL) was added 8-diazabicycloundec-7-
ene (1.8 mL, 12.06 mmol) at room temperature. After being
stirred at room temperature for 1 h, the mixture was
concentrated to dryness in vacuo. The residue was purified by
silica gel column chromatography (EtOAc/hexane = 1/1 + 20%
MeOH) to afford the desired product. The above compound,
building block B (2.07 g, 6.03 mmol), and HBTU (2.74 g, 7.24
mmol) were dissolved in dry DMF (30 mL), and triethylamine
(1.26 mL, 9.05 mmol) was added at room temperature. After
being stirred under a nitrogen atmosphere at room temperature
for 12 h, the mixture was concentrated to dryness in vacuo and
extracted with ethyl acetate. The organic layer was washed with
brine, dried over MgSO,, filtered, and concentrated in vacuo to
give the crude product. The residue was purified by column
chromatography on silica gel (EtOAc/hexane 1/1 + 10%
MeOH) to give compound 5 (2.74 g, 80%) as a white syrup. Ry
0.50 (EtOAc/Hexane = 1/1 + 15% MeOH); 'H NMR (400
MHz, CDCL): § 1.25—1.36 (m, 4H), 1.39 (s, 9H), 1.43—1.51
(m, 4H), 1.56—1.65 (m, 4H), 2.11-2.30(m, 7H), 2.43 (t, ] =
2.4 Hz, 1H), 3.06 (q, ] = 6.4 Hz, 2H), 321 (q, ] = 6.4 Hz, 2H),
3.36-3.51 (m, 2H), 3.57 (t, ] = 5.2 Hz, 2H), 3.70 (s, 3H), 4.12
(d, J = 2.4 Hz, 2H), 447-4.52 (m, 1H), 4.66 (br, 1H), 5.87
(br, 1H), 6.49 (br, 1H), 6.88 (br, 1H); *C NMR (100 MHz,
CDCL,): 6 24.7, 25.1, 25.9, 26.1, 27.1, 28.1, 28.8, 29.3, 29.5,
32.0, 35.6, 36.1, 38.8, 38.9, 40.1, S51.8, 52.1, 57.9, 68.1, 74.7,
78.6, 79.1, 155.9, 172.2, 172.3, 173.0, 173.2. HRMS (ESI) m/z
Calcd for C,gH,sN,OgNa [M+Na]* 591.3363; found 591.3370.

Compound 6. The synthesis of compound 6 is similar as
described in the synthesis of compound 5. The crude
compound was purified by column chromatography in silica
gel (Hexane/Acetone = 1/1) to give compound 6 (yield: 85%)
as white syrup R; 0.3 (EtOAc/Hexane = 1/1 + 10% MeOH);
'"H NMR (400 MHz, CDCL,): § 1.26—1.37 (m, 4H), 1.40 (s,
9H), 1.44—1.52 (m, 4H), 1.89—1.98 (m, 1H), 2.07—2.31 (m,
7H), 242 (t, ] = 2.4 Hz, 3H), 3.07 (q, ] = 6.6 Hz, 2H), 3.22 (q,
J = 6.8 Hz, 2H), 3.71 (s, 3H), 3.81 (dd, J = 9.2, 14.0 Hz, 6H),
412 (d, J = 2.4 Hz, 6H), 4.50—4.55 (m, 1H), 4.62 (br, 1H),
5.77 (br, 1H), 6.70 (br, 1H); *C NMR (100 MHz, CDCl,): §
24.8, 25.3, 26.1, 26.3, 27.6, 28.3, 29.0, 29.7, 33.0, 35.9, 364,
39.0, 40.3, 51.8, 52.4, 58.6, 59.4, 68.3, 74.7, 79.4, 156.0, 172.3,
172.6, 172.9, 173.2. HRMS (ESI) m/z Calcd for
CyHiN,NaO,, [M+Na]* 727.3894; found: 727.3900.

Compound 7. To a solution of compound § (900 mg,
1.583 mmol) in MeOH (10 mL)/H,0 (10 mL) was added
LiOH (37.9 mg, 1.583 mmol) at room temperature. After being
stirred at room temperature for 1 h, the mixture was neutralized
with Amberlite IR-120 (H') resin, then filtered and
concentrated in vacuo to afford the acid as a white solid. The
above acid, building block C (766 mg, 2.058 mmol), and
HBTU (900 mg, 2.374 mmol) were dissolved in dry DMF (7.9
mL) and treated with triethylamine (440 uL, 3.166 mmol) at
room temperature under a nitrogen atmosphere. After being
stirred overnight at room temperature, the reaction was
concentrated to dryness in vacuo, and ethyl acetate was
added. The organic layer was washed with brine, dried over
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MgSO,, filtered, and concentrated in vacuo to give the crude
product. The residue was purified by column chromatography
on silica gel (EtOAc/hexane = 1/1 + 15% MeOH) to give
compound 7 (873 mg, 72%) as a white syrup. R;0.25 (EtOAc/
Hexane = 1/1 + 20% MeOH); 'H NMR (600 MHz, CD,0D):
5 1.28—1.36 (m, 8H), 141 (s, 9H), 1.44—1.53 (m, 8H), 1.57—
1.65 (m, 8H), 1.84—1.91 (m, 1H), 2.00—2.07 (m, 1H), 2.85 (t,
J = 1.5 Hz, 1H), 3.01 (t, ] = 4.7 Hz, 1H), 3.12—3.18 (m, 6H),
3.32—3.43 (m, 2H), 3.54—3.58 (m, 2H), 3.64 (s, 3H), 4.15 (d, ]
= 1.5 Hz, 2H), 424430 (m, 1H); *C NMR (150 MHz,
CD,0D): & 25.6, 264, 26.6 (x2), 26.7 274, 27.5, 28.8, 29.1,
30.0 (x2), 30.1, 30.6, 33.2, 34.6, 36.6, 36.9, 37.0, 40.1 (x2), 40.2,
412, S1.9, 54.3, 58.8, 58.9, 69.2, 76.0, 79.7, 80.5, 158.5,
173.8,174.8,175.7, 175.9 (x2), 176.0. HRMS (ESI) m/z Calcd
for C,H,0N,NaO,, [M+Na]* 817.5051; found: 817.5049.

Compound 8. Compound 8 was prepared similarly as
described in the synthesis of compound 7. The residue was
purified by column chromatography in silica gel (EtOAc/
Hexane = 1/1 + 17% MeOH) to give compound 8 (yield:
89%) as white syrup. R; 0.55 (EtOAc/Hexane = 1/1 + 20%
MeOH); 'H NMR (400 MHz, CD;OD): § 127—1.37 (m,
8H), 1.42 (s, 9H), 1.45—1.54 (m, 9H), 1.58—1.65 (m, 8H),
1.83-191 (m, 1H), 1.96—2.04 (m, 1H), 2.16 (t, J = 7.5 Hz,
4H),2.24 (t, ] = 7.3 Hz, 4H), 2.32 (t, ] = 7.3 Hz, 4H), 2.83 (t, ]
= 2.3 Hz, 3H), 2.99-3.04 (m, 2H), 3.12—3.19 (m, 6H), 3.64 (s,
3H), 3.75-3.80 (m, 6H), 4.14 (d, ] = 2.3 Hz, 6H), 4.21-4.26
(m, 1H); C NMR (100 MHz, CD,0D): § 25.5, 26.3, 26.6
(x2), 27.3, 27.5, 28.8, 29.1, 29.9, 30.0 (x2), 30.6, 33.6, 34.6,
36.6, 36.9, 40.0, 40.1, 40.2, 41.1, 52.0, 54.2, 59.4, 60.9 (x2),
69.0, 76.0, 79.7, 80.5, 158.3, 173.7, 174.8, 175.6, 175.8 (x3).
HMRS (ESI) m/z Caled for C,gH,sN¢NaO;, [M+Na]*
953.5575; found: 953.5572.

Compound 9. Compound 9 was prepared by following the
procedures as described in the synthesis of compound 7. The
residue was purified by column chromatography in silica gel
(MeOH/DCM = 1/12) to give compound 9 (yield: 73%) as
lightly yellow syrup. R; 0.50 (MeOH/DCM = 1/9); '"H NMR
(400 MHz, CD,OD): § 127—136 (m, 8H), 141 (s, 9H),
1.44—1.51 (m, 8H), 1.55—1.69 (m, 10H), 1.83—1.92 (m, 1H),
1.98-2.08 (m, 1H), 2.14—2.20 (m, 6H), 2.22—2.28 (m, 4H),
2.85 (t, J = 2.3 Hz, 1H), 2.98—-3.03 (m, 2H), 3.12-3.18 (m,
8H), 3.26—3.40 (m 4H), 3.56 (t, ] = 5.5 Hz, 2H), 4.14 (d, ] =
2.3 Hz, 2H), 4.24—4.31 (m, 1H), 4.54 (s, 2H), 7.08 (d, ] = 8.8
Hz, 2H), 7.22 (d, ] = 8.8 Hz, 2H); *C NMR (150 MHz,
CD,0D): § 26.3, 26.5, 26.6, 26.7, 27.3, 27.4, 27.5, 28.8, 29.1,
29.2 (q, Ycr = 40 Hz), 29.9, 30.0, 30.2, 30.5, 33.0, 33.1, 36.6,
36.9, 37.3, 37.4,40.1, 40.2, 41.1, 49.8, 54.1, 54.2, 58.8, 68.1, 69.0
69.1, 76.0, 76.1, 79.6, 80.5, 116.5, 122.6, 123.5 (q, Jop = 272
Hz), 129.3, 158.3, 160.3, 170.3, 173.7, 174.7, 175.8 (x3), 176.0.
HMRS (ESI) m/z Caled for Cg,HgF3N;(NaO,; [M+Na]*
1101.5936; found: 1101.594S.

Compound 10. Compound 10 was prepared by following
the procedures as described in the synthesis of compound 7.
The residue was purified by column chromatography in silica
gel (EtOAc/Hexane = 1/1 + 15-30% MeOH) to give
compound 10 (yield: 81%) as light yellow syrup. Ry 0.50
(EtOAC/Hexane =1/1+ 20% MeOH); 'H NMR (400 MHz,
CD,0D): § 1.27—1.36 (m, 8H), 1.41 (s, 9H), 1.45—1.53 (m,
8H), 1.56—1.71 (m, 10H), 1.81—1.91 (m, 1H), 1.95-2.03 (m,
1H), 2.14-2.20 (m, 6H), 2.22-2.27 (m, 4H), 2.83 (t, ] = 2.3
Hz, 3H), 3.01 (t, ] = 7.0 Hz, 2H), 3.13 (m, 8H), 327—3.29 (m,
2H), 3.75—3.80 (m, 6H), 4.13 (d, ] = 2.3 Hz, 6H), 4.23—4.26
(m, 1H), 4.54 (s, 2H), 7.08 (d, ] = 8.8 Hz, 2H), 7.22 (d, ] = 8.8
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Hz, 2H); C NMR (150 MHz, CDCl,): § 24.9, 25.0, 25.1,
252, 26.1, 262, 27.9 (q, Jcr = 40 Hz), 28.1, 282, 28.7, 28.9,
29.4, 29.5, 33.0, 35.6, 35.7, 35.8, 36.0, 36.1, 38.9, 39.0, 40.2,
52.6, 58.5, 59.3, 67.0, 68.2, 74.8, 78.8, 79.3, 115.0, 121.9 (q, Jcr
= 273 Hz), 122.0, 128.1, 1560, 158.1, 167.9, 171.6, 172.6,
173.1, 1732, 1734, 173.7. HMRS (ESI) m/z Caled for
CeoHgoF3N (NaO,; [M+Na]* 1237.6460; found: 1237.6461.

Compound 11. To a solution of compound 9 (182 mg,
0.169 mmol) in EtOH/H,0/t-BuOH (5.6 mL; 3:2:5 = v/v/v)
was added 1-azido-3,6-dioxaoct-8-yl 2,3,4,6-tetra-O-acetyl-f-p-
galacto-pyranoside (94 mg, 0.186 mmol) and DIPEA (27 uL,
0.169 mmol) at room temperature. The mixture was stirred for
S min, and then copper iodide (3 mg, 0.0169 mmol), a
saturated solution of copper(Il) sulfate (49 uL), and sodium
ascorbate (6.7 mg, 0.0338 mmol) were added. The mixture was
stirred at 35 °C for another 6 h. The solvent was concentrated
to dryness in vacuo, and the resulting residue was purified by
column chromatography on silica gel (MeOH/DCM = 1/10)
to give compound 11 (193 mg, 72%) as a yellow syrup. R;0.45
(MeOH/DCM = 1/9); 'H NMR (400 MHz, CD;0D): §
1.26—1.34 (m, 8H), 1.41 (s, 9H), 1.44—1.53 (m, 8H), 1.56—
1.71 (m, 10H), 1.84—1.90 (m, 1H), 1.93 (s, 3H), 1.98—2.05
(m, 1H), 2.01 (s, 3H), 2.02 (s, 3H), 2.11 (s, 3H), 2.12-2.20
(m, 6H), 2.22-2.27 (m, 4H), 3.01 (q, ] = 6.6 Hz, 2H), 3.12—
3.18 (m, 8H), 3.21—-3.28 (m, 2H), 3.35—3.44 (m, 2H), 3.51—
3.58 (m, 8H), 3.67—3.75 (m, 1H), 3.87—3.93 (m, 3H), 4.08—
4.15 (m, 3H), 4.22—4.31 (m, 1H), 4.54 (s, 2H), 4.57—4.61 (m,
4H), 4.68 (d, J = 7.5 Hz, 1H), 5.04—5.14 (m, 2H), 5.37 (d, ] =
3.2 Hz, 1H), 7.08 (d, ] = 8.8 Hz, 2H), 7.22 (d, J = 8.8 Hz, 2H),
7.94 (s, 1H), 8.04 (s, 1H); *C NMR (150 MHz, CD,0D): §
20.5, 20.6, 20.8, 26.4, 26.6, 26.7, 27.4, 27.5, 28.8, 29.0 (q, JJcx =
39 Hz), 29.1, 29.2, 30.0, 30.1, 30.3, 30.6, 33.1, 33.2, 36.7, 37.0,
37.4, 37.5, 40.1, 40.3, 41.2, 43.8, 51.4, 54.2, 54.3, 55.8, 62.5,
64.7, 682, 68.8, 69.7, 69.8, 70.3, 70.4, 71.3, 71.4, 71.5, 72.3,
79.7,102.3, 116.6, 122.8, 123.6 (q, YJcr = 272 Hz), 125.9, 129.4,
145.6, 158.5, 160.4, 170.5, 171.3, 1714, 171.9, 172.0, 173.8,
174.7, 1759 (x3), 176.2. HMRS (ESI) m/z Calcd for
C.,H, ,F;N3NaO,; [M+Na]* 1606.7844; found: 1606.7844.

Compound 12. Compound 12 was prepared by following
the procedures as described in the synthesis of compound 11.
The residue was purified by column chromatography in silica
gel (MeOH/DCM = 1/8) to give compound 12 (157 mg,
70%) as yellow syrup. R;0.43 (MeOH/DCM = 1/9); 'H NMR
(400 MHz, CD;0D): § 1.28—1.36 (m, 8H), 1.41 (s, 9H),
1.44—1.51 (m, 8H), 1.56—1.69 (m, 10H), 1.77—1.85 (m, 1H),
1.86—1.97 (m, 1H), 1.93 (s, 6H), 1.94 (s, 3H), 2.01 (s, 18H),
2.11-2.24 (m, 19H), 2.99—3.05 (m, 4H), 3.12—3.18 (m, 8H),
3.50—3.71 (m, 26H), 3.75—3.80 (m, 2H), 3.85—4.00 (m, 9H),
4.10—4.21 (m, 9H), 4.24—4.47 (m, 6H), 4.53—4.60 (m, 8H),
4.67—4.70 (m, 3H), 5.04—5.15 (m, 6H), 5.37—5.39 (m, 3H),
7.04 (dd, J = 8.8, 14.2 Hz, 1H), 7.09 (d, ] = 8.8 Hz, 1H), 7.23
(d,] = 8.8 Hz, 1H), 7.41 (dd, ] = 8.8, 14.2 Hz, 1H), 7.94—8.00
(m, 3H); *C NMR (150 MHz, CD,0D): § 20.5, 20.6, 20.7,
20.8, 264, 26.6, 26.7, 27.4, 27.5, 28.8, 29.0 (q, JJcr = 38 Hz),
29.2, 30.0, 30.1, 30.3, 30.6, 30.7, 33.6, 36.7, 37.0, 374, 37.5,
402, 412, 50.5, S1.4, SL.S, 54.4, 62.5, 62.6, 64.1, 64.3, 652,
68.1, 68.2, 68.8, 70.2, 70.3, 70.4, 71.1, 71.2, 714, 71.5, 71.8,
72.3, 79.8, 1022, 1157, 115.9, 1166, 122.8, 123.6 (q, Jer
273 Hz), 125.2, 129.4, 130.2, 147.6, 158.5, 160.4, 170.5, 171.3
(x3), 171.5 (x3), 171.9 (x3), 172.0 (x3), 173.7, 174.7, 175.9
(x3), 176.2. HMRS (ESI) m/z Calcd for C,0H;5,F;N;gNaO,o
[M+Na]* 2753.2184; found: 2753.2190.
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Compound 13. To a solution of compound 11 (133 mg,
0.084 mmol) in dry DCM (2 mL) was added TFA (0.6 mL)
dropwise at 4 °C. After being stirred at room temperature for
1.5 h, the mixture was concentrated to dryness in vacuo by
coevaporation with toluene. The residue in MeOH (12 mL)
was neutralized with Dowex resin 550 (OH™) at 4 °C, filtered,
and concentrated in vacuo to give a crude product, which was
used in the next reaction without purification. The above
material and biotin-OSu® (42.9 mg, 0.126 mmol) were
dissolved in dry DMF (2 mL), and Et;N (17.5 uL, 0.126
mmol) was added. The reaction was stirred at room
temperature for 12 h under a nitrogen atmosphere. After the
reaction was complete (as judged by TLC), the mixture was
concentrated to dryness in vacuo by coevaporation with
toluene. The resulting residue was dissolved in MeOH (4
mL) and stirred with NaOMe (13.6 mg, 0.252 mmol) at room
temperature. After 1 h at room temperature, the reaction
mixture was neutralized with Amberlite IR-120 (H") resin,
filtered, and concentrated in vacuo to give the crude product.
The residue was purified by Bio-Gel P2 size exclusion
chromatography to give compound 13 as a colorless syrup
(60 mg, 46% overall yield for three steps). Ry 0.22 (MeOH/
DCM = 1/2); '"H NMR (600 MHz, CD;0D): 6 1.29—1.36 (m,
8H), 1.39—1.45 (m, 2H), 1.47—1.52 (m, 10H), 1.57—1.75 (m,
12H), 1.84—1.90 (m, 1H), 1.99—2.05 (m, 1H), 2.14—2.19 (m,
8H), 2.22—2.27 (m, 4H), 2.69 (d, ] = 12.7 Hz, 1H), 2.91 (dd, J
= 5.0 Hz, 12.7 Hz, 1H), 3.13—3.21 (m, 12H), 3.28 (dd, ] = 9.4
Hz, 16.2 Hz, 1H), 3.37(t, ] = 5.4 Hz, 2H), 3.45—3.53 (m, 3H),
3.55—3.58 (m, 2H), 3.60 (s, 4H), 3.62—3.64 (m, 3H), 3.67—
3.76 (m, 3H), 3.82 (d, ] = 3.3 Hz, 1H), 3.89 (, ] = 5.0 Hz, 2H),
3.96—3.99 (m, 1H), 4.24—4.30 (m, 3H), 4.48 (dd, ] = 5.0, 8.0
Hz, 1H), 4.54 (s, 2H), 4.58 (t, J = 5.0 Hz, 2H), 4.61 (s, 2H),
7.01—7.06 (m, 1H), 7.08 (d, J = 8.8 Hz, 1H), 722 (d, ] = 8.8
Hz, 1H), 7.38—7.43 (m, 1H), 8.04 (s, 1H); 3*C NMR (150
MHz, CD;0D): § 264, 26.6, 26.7, 26.9, 27.5, 27.6,29.0 (q, JJcr
= 39 Hz), 292, 29.5, 29.7, 30.0, 30.1, 30.3, 30.4, 30.7, 33.0,
332, 367, 36.8, 37.0, 37.4, 37.5, 40.2, 40.3, 40.4, 41.0, 514,
544, 57.0, 61.6, 62.5, 63.4, 64.7, 68.2, 69.6, 69.8, 70.3, 71.3,
714, 72.5, 74.9, 76.7, 105.1, 115.9, 116.6, 122.8, 123.7 (q, e
= 273 Hz), 1259, 1294, 130.8, 145.6, 160.5, 166.1, 170.5,
173.8, 174.9, 175.9 (x3), 176.0, 176.2. HMRS (ESI) m/z Calcd
for CgH,oF3N;{NaO,;,S [M+Na]* 1564.7673; found:
1564.7659.

Compound 14. Compound 14 was synthesized by the
same methods as described in the synthesis of compound 13.
The residue was purified by Bio-Gel P2 size exclusion
chromatography to give compound 14 as colorless syrup
(43% for three steps). R0.1 (MeOH/DCM = 1/1); '"H NMR
(600 MHz, CD,0OD): 6 1.29—-1.36 (m, 8H), 1.41—1.44 (m,
2H), 1.47—1.53 (m, 10H), 1.56—1.74 (m, 12H), 1.78—1.87 (m,
1H), 1.91-2.01 (m, 1H), 2.16-2.19 (m, 8H), 2.23-2.26 (m,
4H), 2.70 (d, J = 12.7 Hz, 1H), 2.91 (dd, ] = 4.0, 12.7 Hz, 1H),
2.98—3.05 (m, 1H), 3.12—3.20 (m, 13H), 3.27—-3.28 (m, 1H),
3.33-3.35 (m, 1H), 3.47-3.77 (m, 52H), 3.82—3.84 (m, 4H),
3.88—3.91 (m, SH), 3.93—3.98 (m, 6H), 420—4.31 (m, 8H),
4.46-4.58 (m, 16H), 7.01—-7.06 (m, 1H), 7.08 (d, J = 8.4 Hz,
1H), 7.22 (d, ] = 8.4 Hz, 1H), 7.38—7.43 (m, 1H), 8.00 (s,
3H); °C NMR (150 MHz, CD;0D): § 26.4, 26.6, 26.7, 26.9,
27.5, 29.0 (q, YJep = 39 Hz), 29.5, 29.7, 30.0, 30.1, 30.3, 36.7,
36.8, 37.0, 37.4, 37.5, 40.2, 41.0, 51.4, 56.9, 61.6, 62.5, 63.3,
65.2, 68.2, 69.6, 70.3, 71.3, 71.4, 72.5, 74.9, 76.7, 105.1, 115.9,
116.6, 122.8, 123.6 (q, Jer = 273 Hz), 1259, 126.0, 1294,
130.8, 145.6, 160.4, 166.0, 170.5, 173.8, 1749, 176.0 (x4),
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176.2. HMRS (MALDI-TOF, Matrix: CHCA (10 mg/mL)
0.1% TFA and 50% acetonitrile) m/z Calcd for
Cyo1H ,F3sNy NaO S [M+Na]* 2375.11; found: 2375.12.

Labeling of RCA,,, by the Trivalent (14) Galactose
Photoaffinity Probe. RCA,,, (0.1 M, 500 L in PBS buffer,
pH 7.4) was incubated with various concentrations of
compound 14 (25, 50, 7S, and 100 uM). The mixture was
briefly agitated at 4 °C for 30 min to ensure proper mixing and
then irradiated with a UV lamp (365 nm, 2.76 mW/cm?)
(Panchum, photochemical reactor, PR-2000) at 4 °C for 30
min. Excess trigalactose photoaffinity probe was removed from
the reaction via spin concentration (Microcon centrifugal filter
10,000 MWCO, Millipore, MA). An aliquot of this purified
mixture was treated with SDS-PAGE loading buffer (0.3 M
Tris-Cl, 10% SDS, 30% glycerol, 9.3% DTT, pH 6.8) and
heated at 95 °C for 10 min followed by electrophoresis.
Samples were visualized by Coomassie blue staining and
verified by Western blotting. Negative control experiments
were performed as described above without UV irradiation.

Labeling of RCA,,, by Monovalent (13) Galactose
Photoaffinity Probe. RCA,,, (0.1 uM, 500 uL in PBS buffer
at pH 7.4) was incubated with various concentrations of
compound 13 (12.5, 25, 50, 100, and 200 uM). The
subsequent procedure was the same as that described above.

Selective Labeling of RCA,,, by Trivalent Galactose
Photoaffinity Probe (14) in a Protein Mixture. A 1.7-mL
Eppendorf tube was charged with a solution of protein mixture
I (OVA, BSA, ConA, RCA,,, and WGA) or II (BSA, ConA,
RCA ;o and WGA) (0.1 uM for each protein, S00 uL in PBS
buffer at pH 7.4) and a solution of compound 14 (final 50 4M).
The subsequent procedure was the same as previously
described. A negative control experiment was performed by
omitting the irradiation step.

Synthesis of Magnetic Nanoparticles. The core Fe,O,
particles (MNPs) and the amine-functionalized MNPs (NH,-
MNPs) were prepared following reported procedures.*®

Synthesis of Streptavidin-MNP (Streptavidin-Conju-
gated MNP). NH,-MNPs (10 mg) and DSS (S0 mg) were
mixed in DMSO (500 yL), and the resulting mixture was gently
rotated at 37 °C for 6 h. After magnetic separation, the
supernatant was discarded, and the MNPs were washed three
times with DMSO, ddH,0, and PBS (pH 7.4) to give (OSu)-
activated MNPs. To conjugate streptavidin with MNP, the
(OSu)-activated MNPs were dispersed in PBS, and a
streptavidin solution (10 mg in 1.0 mL PBS) was added. The
resulting mixture was stirred at 4 °C overnight. The resulting
MNPs were separated from the supernatant by applying a
magnet and were washed three times with ddH,O. The protein
amount on the MNPs was determined with a BCA Protein
Assay Kit (PIERCE, Rockford, IL). An Agilent spectrometer
8453 was used to measure the absorbance of the dye solutions.
The calibration curve for the quantitation was obtained by
measuring the absorbance at 562 nm of a 1 mL dye solution
containing bovine serum albumin (BSA; 0 ug, 2 ug, 4 ug, 6 ug,
8 ug, and 10 ug). The BCA working reagent was prepared by
mixing 50 parts BCA working reagent A and 1 part BCA
working reagent B (reagent A:reagent B = 50:1 (v/v)). Each
standard protein or unknown sample was pipetted into 1.7 mL
Eppendorf centrifuge tubes. One milliliter of BCA working
reagent was added to each tube and then vortexed to mix well.
After incubation at 60 °C for 30 min, the samples were
separated by applying a magnet. The supernatants were
interrogated with an UV/vis spectrometer at 562 nm. This
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Scheme 2. Syntheses of Mono-

and Tri-Galactoses of Photoaffinity Probes 13 and 14
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measurement should be completed within 10 min. The
absorbance intensity of the blank standard was subtracted
from the absorbance intensity of the measured sample. The
concentration of the tested sample was determined from the
calibration curve. The amount of streptavidin was calculated to
be 106 pg/mg MNP.

Labeling and purification of RCA,,, from E. coli Cell
LysateA. A 1.7-mL Eppendorf tube was charged with a
solution of E. coli BL21 (DE3) cell lysate (delivered as 300 uL
of solution in 20 mM Tris-HCl buffer at pH 8.0), RCA,,
(delivered as 24 uL of a 56.4 uM stock solution in PBS buffer at
pH 7.4), PBS buffer (delivered as 1.0 mL at pH 7.4), and a
solution of compound 14 (delivered as SO uL of a 2 mM
solution in PBS buffer at pH 7.4). The mixture was briefly
agitated to ensure proper mixing and then incubated with
agitation at 4 °C for 30 min, followed by subsequent irradiation
with a UV lamp (365 nm, 2.76 mW/cm?) at 4 °C for 30 min.
Excess compound 14 was removed from the reaction via spin
concentration (Microcon centrifugal filter 10,000 MWCO,
Millipore, MA). An aliquot of this purified mixture (50 L) was
diluted with PBS buffer at pH 7.4 (950 L) and then incubated
with Streptavidin-MNP (1.5 mg/protein) at 4 °C for 30 min
with vortexing. The RCA,;-Streptavidin-MNP complex was
isolated by applying a magnet, and the resulting MNPs were
washed three times with 500 uL washing buffer (sodium
dodecyl sulfate:PBS = 0.3:9.7% (v/v)). The samples were then
treated with SDS-PAGE loading buffer (0.3 M Tris-Cl, 10%
SDS, 30% glycerol, 9.3% DTT, pH 6.8), heated at 95 °C for 10
min, and then analyzed by electrophoresis, visualized by
Coomassie blue staining, and verified by Western blotting.

Cell Culture. HepG2 cells were cultured in T-75 flasks with
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco), 10%
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heat-inactivated fetal bovine serum (FBS, Gibco), 100 U mL™
penicillin (Gibco), 100 ug mL™" streptomycin (Gibco), and
0.25 ug mL~" Fungizone (BioSOURCE). Cells were incubated
at 37 °C in an ambient air/5% CO, atmosphere and
subcultured every 3 days.

Labeling the Membrane Protein ASGP-R (Asialogly-
coprotein receptor) on HepG2 cells with the Trivalent
Galactose Photoaffinity Probe (14) and the Purification
of Labeled Proteins by Streptavidin-MNP. HepG2 cells (1
X 10”) were seeded onto sterile glass coverslips, placed in a 100
mm dish, and cultured in 10.0 mL DMEM medium with 10%
FBS overnight. The cells were washed three times with serum-
free DMEM and then serum-starved for 30 min on ice in the
same medium. After 30 min, the cells were removed from their
Petri dish for passage by gently pipetting up and down several
times with 1.0 mL of serum-free DMEM on ice. To the above
solution was added compound 14 (2 mM, in ddH,O (5 uL)),
followed by incubation on ice for 1.5 h. After the binding step,
the cells were irradiated for 30 min with a UV lamp (365 nm,
2.76 mW/cm?) at 4 °C. Then, Streptavidin-MNPs (1.0 mg in
PBS buffer (20 uL) at pH 7.4) were added, and the resulting
mixture was vortexed for 30 min at 4 °C, followed by
centrifugation at 200 g for 2 min to collect the cells. The cells
were then lysed with 1.0 mL lysis buffer (1xRIPA buffer [20
mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na,EDTA, 1
mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM
sodium pyrophosphate, 1 mM -glycerophosphate, 1 mM
Na;VO,, 1 ug/mL leupeptin], 1 mM PMSF, and protease
inhibitor cocktail (Roche, 04693116001)) for 30 min at 4 °C.
The MNPs in the above mixture were magnetically isolated,
and the resulting particles were washed three times with 500 yL
washing buffer (sodium dodecyl sulfate: PBS = 0.3: 99.7%, v/
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Figure 1. (A) Concentration-dependent labeling of RCA ,, (0.1 #M) by probe 14 with and without UV irradiation. (B) A partial enlargement of the
Western blot (left), and Coomassie stained (right) SDS-PAGE in part A (marked with an arrow), indicative of cross-linking at A chain of RCA .
(C) Comparison of RCA,,, (0.1 uM) labeling efficiencies with various concentrations of probe 13 and probe 14 (50 #M). N/P lane: only RCA,,

(0.2 uM) as a negative control.

v). The captured proteins were divided into four aliquots and
analyzed by SDS-PAGE with Coomassie blue visualization and
Western blotting with antibodies against biotin and the ASGP-
R subunits (H1 and H2).

Western Blotting. Proteins were transferred onto a PVDF
membrane with a semidry transfer blot apparatus (BioRad).
Samples were resolved on SDS-polyacrylamide gels. The gels
were then rinsed with transfer buffer (S0 mM Tris-HC, pH 8.3,
20% methanol, 40 mM glycine in distilled water). The PVDF
membrane (Millipore) was activated in a bath of methanol and
then equilibrated in transfer buffer. The membranes were
blocked with 5% milk/TBST at room temperature for 1 h
followed by incubation with the corresponding primary
antibody in 5% milk/TBST at 4 °C for 16 h. The membranes
were washed with TBST (4 X 10 min) and then incubated with
an appropriate secondary antibody at room temperature for 1 h.
Finally, the membranes were washed again with TBST before
visualization by chemiluminescence (PerkinElmer,
NEL102001EA).

B RESULTS AND DISCUSSION

Synthesis of Trigalactose Photoaffinity Probe. To
highlight the effect of the multivalent character of the designed
probe on the photolabeling of target proteins, the monovalent
probe 9 (Scheme 1) was also synthesized for comparison. To
readily access scaffolds with flexible spatial arrangements, we
used commercially available 6-aminohexanoic acid, which is
commonly employed as a heterobifunctional linker in
glycocluster synthesis.”” The multifunctional skeletons 9 and
10 were efficiently constructed using monoalkyne 1 and
trialkyne 2, respectively, via a series of deprotection and amide
bond formations with building blocks A, B, C, and D (see
Supporting Information for detailed syntheses). For example,
the Boc group of 2 was removed with 20% TFA/DCM
followed by coupling with building block A to give 4. The linker
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length was then elongated by (i) cleavage of Fmoc with 1,8-
diazabicycloundec-7-ene, (ii) coupling with building block B
using HBTU, (iii) hydrolysis of methyl esters under basic
conditions, and (iv) coupling with building block C to furnish
compound 8. Hydrolysis of the methyl ester of 8 was followed
by amide bond formation with photoreactive group D to yield
photoaffinity probe 10 in ten steps with 27% overall yield from
2. Following these same procedures, compound 9 (22% overall
yield from 1) was synthesized.

To demonstrate the photolabeling efficiency of this multi-
valent ligand, Ricinus communis Agglutinin 120 (RCA,,,) was
chosen as the target for a proof-of-concept study. RCA,,, was
isolated from the seed of the castor bean and consists of a
dimeric chain [BAAB] in which the two chains, A—B, are
covalently connected by a disulfide bridage.*®* RCA,,,
recognizes nonreducing terminal f-p-galactose (f-Gal) and
shows low avidity for monosaccharide (K, 7.7 x 10> M for
methyl-B-p-galactoside),** while that for poly-Gal (more than
37 gal) was enhanced to K, 1.8 X 10° M™.* Thus, the f-o-
galactopyranoside 15 was assembled on skeletons 9 and 10 by
Cu(I)-catalyzed click chemistry to give the mono- and
trigalactosyl precursors 11 and 12, respectively (Scheme 2).
Removal of the Boc group on precursor 11 (or 12) was
followed by coupling with biotin, which was used as a tag to
purify the labeled protein. Finally, global hydrolysis of the acetyl
groups on the galactose was performed with sodium methoxide
to furnish the desired photoaffinity probes 13 and 14 (see the
SI).

Evaluation and Characterization of Photolabeling
Ability of Probe (14). To assess the photolabeling efficiency
of probes on RCA,,,, RCA, (0.1 M) was incubated with
probe 14 for 30 min at 4 °C and then irradiated with or without
UV (365 nm) at 4 °C for 30 min. The excess labeling reagent in
the resulting solution was removed by ultrafiltration (10 kDa
molecular weight cutoff), and the resulting mixture was
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Figure 2. (A) OVA and RCA,, were labeled simultaneously by probe 14 (50 #M) from a protein pool containing BSA, ConA, RCA ,,, OVA, and
WGA (lane 1: presence of UV; lane 2: absence of UV). Indicated bands: “a” OVA (lane 1 of Western blot); “b” B chain of RCA,, (lane 1 of
Western blot); “#” excess probe 14. (B) OVA was incubated with probe 14 and then irradiated with UV (lane 1); RCA,, was specifically labeled by
probe 14 (50 M) from a protein pool containing BSA, ConA, RCA,,;, and WGA (lane 2: presence of UV; lane 3: absence of UV). The
concentration of each protein was 0.1 #M. BSA: bovine serum albumin; OVA: ovalbumin; ConA: concanavalin A; WGA: wheat germ agglutinin.
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Figure 3. RCA |, in E. coli lysate was photolabeled with 14 and purified by streptavidin-MNP. Wash 1 was performed with 0.3% SDS in PBS to
remove nonspecifically adsorbed proteins (lane 7 in Figure 3A); Wash 2 was performed with PBS to remove excess detergent (SDS) (lane 8 in
Figure 3A); Indicated bands: M, nonspecific adsorption of proteins on streptavidin-MNP (lane 9 in Figure 3A); a, B chain of RCA;,, (lane 9 in
Figure 3A, B); b, A chain of RCA,, (lane 9 in Figure 3A, B); ¢, fragment of streptavidin protein on MNPs (lane 9 in Figure 3A); d, unknown
photolabeled proteins that associated with the galactose of 14 in the E. coli lysate. (C) Comparison of expansion (20—55 kDa) of gel electrophoresis

images (lane 9) of A and B.

analyzed by Western blotting with an antibiotin antibody and
Coomassie blue staining on the SDS-PAGE. As shown in
Figure 1A, probe 14 successfully labeled RCA,,, in a dose-
dependent manner after UV irradiation. The effective
concentration of probe 14 for efficient labeling of the B chain
of RCAy, was found to be 25 uM (Figure 1A). It is not
surprising that the major labeling occurred on the B chain
because the B chain (37 kDa) is a lectin moiety that binds S-n-
galactosides, while the A chain (29.5 kDa) is a toxin bearing
rRNA N-glycosidase activity. However, because the diazirine
group in probe 14 is flexible and the carbohydrate binding site
of the B chain is linked with the A chain in RCA,,,, the A chain
was also labeled (Figure 1B). Increasing the concentration of
14 resulted in increased labeling of the A chain due to the
proximity effect.*” To avoid undesired labeling, 50 uM 14 was
used in the subsequent experiments. The efficiency of RCA,,,
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labeling by the mono- and trigalactose photoaffinity probes 13
and 14 was also evaluated. Therefore, various concentrations of
monovalent probe 13 (200—12.5 uM) were incubated with
RCA,,, following the same photolabeling process described in
Figure 1A. As evident from Figure 1C, 13-treated RCA,,
displays a considerably decreased band intensity compared to
14-treated ones, directly suggesting the superior photolabeling
efficiency of 14. Conducting a competitive binding experiment
using different concentrations (1—200 uM) of galactoside
(15b) also revealed suppression of cross-linking as the
concentration 15b increased; however, a strong band is still
visible even in the presence of large excess (200 uM) of 15b
(Figure SS). The results clearly demonstrated that photoaffinity
probe 14 containing a multivalent ligand provided much better
labeling efficiency due to the higher affinity of the multivalent

interaction through statistical rebinding mode,”® where a
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Figure 4. Photolabeling of the asialoglycoprotein receptor (ASGP-R) with trigalactose photoaffinity probe 14. Lane 1, HepG2 cells (1 X 107, total
protein was 45 mg) were incubated with probe 14 (10 uM) followed by UV irradiation, incubation with streptavidin-coated magnetic nanoparticles,
cell lysis, purification with a magnet and subjected to SDS-PAGE followed by (A) Coomassie staining; Western blot with an antibody against (B)
biotin, (C) ASGP-R subunit H1, and (D) ASGP-R subunit H2. Lane 2, HepG2 cells (1 X 10, total protein was 45 mg) were lysed, and a portion was
subjected to SDS-PAGE as described for lane 1 as a negative control. Indicated bands: “a” H2 subunit of ASGP-R associated with probe 14; “b” H1
subunit of ASGP-R associated with probe 14; “c” H1 subunit of ASGP-R; “d” H2 subunit of ASGP-R.

nearby ligand quickly replaces the bound ligand due to its
proximity, leading to reduce off-rate.

Evaluation of Photolabeling Selectivity of Probe (14)
in a Protein Pool. To examine the labeling specificity of probe
14, a mixture of five proteins (BSA, OVA, RCA;,,, ConA, and
WGA at 0.1 uM) was incubated with probe 14 (50 uM)
followed by UV irradiation (Figures S3 and S4). Unexpectedly,
OVA and the B chain of RCA,,, were concurrently labeled
instead of specifically labeling of RCA;,, (Figure 2A, lane 1 in
the Western blot). OVA is a glycosylated protein with
nonreducing LacNAc on the protein surface.¥® Thus, OVA
may have been labeled due to the interaction of the
carbohydrate moiety of ovalbumin with RCA;,, and cross
labeling by probe 14. However, a nonspecific hydrophobic
interaction between ovalbumin and probe 14 could not be
excluded. To further investigate this undesired labeling,
ovalbumin (0.1 M) was incubated with probe 14 (50 uM)
and then irradiated. However, no labeled band was observed in
the Western blot (Figure 2B, lane 1), indicating the absence of
nonspecific interactions between probe 14 and OVA.
Furthermore, incubation of probe 14 with the above protein
mixture without OVA revealed specific labeling of the B chain
of RCA,,, (Figure 2B, lane 2). The labeling of OVA by probe
14 could thus be clearly attributed to the presence of RCA,.
RCA,,, has four carbohydrate binding sites, two of which
exhibit high affinity for f-p-galactopyranoside and are separated
by 11 nm.*' The protein microarray based assay was used to
further confirm the interaction between RCA,,;, and OVA, as
shown in Figure S6. Thus, probe 14 and OVA may bind the
galactose binding sites of RCA,,y, with a proximal orientation
of 14 and OVA in the resulting complex. Upon UV irradiation,
the generated carbene can reach and label OVA. Despite the
short lifetime of the carbene derived from 14, the photo-cross-
linking yield of 14 to RCA},, was estimated to be ~36 + 5%
(Figure S7). Thus, probe 14 could serve as an efficient probe
for lectin labeling and protein—protein interactions.

To demonstrate the potential applications of 14 in specific
labeling, we employed probe 14 to detect an exogenous lectin
in E. coli lysates. Accordingly, an E. coli lysate (300 ug protein)
spiked with RCA,,, (24 pg) was incubated with 14 (100 uM)
and then irradiated, ultrafiltered (cutoff of 10 kDa), and
separated using streptavidin-coated magnetic nanoparticles
(streptavidin-MNPs). The captured proteins were washed
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with detergent (0.3% SDS in PBS buffer), and the resulting
captured complex was divided into two aliquots, analyzed by
SDS-PAGE, and visualized by Coomassie blue staining (Figure
3A) and Western blotting (Figure 3B). The results
demonstrated that probe 14 selectively labeled the B chain of
RCA},, (band a in Figure 3A and B) in a complicated cell
lysate, although trace amounts of unknown photolabeled
proteins were observed (band d in Figure 3B). The visualized
bands a and b in Figure 3A were further subjected to in-gel
digestion followed by LC-MS/MS analysis. RCA,,, was indeed
identified by multiple peptides (sequence coverage 37%) with
high confidence (p < 0.05) (see Figure S8 for MS/MS spectra
of all identified peptide sequences).

Photolabeling ASGP-R by Probe 14 on the Membrane
of HepG2 Cells. Encouraged by the above results, we
attempted to evaluate the potential of probe 14 for labeling
cell surface carbohydrate binding proteins. The ASGP-R is
located on hepatocytes and is a Ca**-dependent carbohydrate-
binding protein.** ASGP-R is expressed on the plasma
membrane of mammalian liver cells (highly expressed in liver
cancer cells) and maintains serum glycoprotein homeostasis
through endocytosis of asialoglycoproteins (ASGPs), desialy-
lated glycoproteins with terminal galactose or GalNAc residues.
ASGP-R consists of two homologous subunits, designated H1
(46 kDa) and H2 (S0 kDa), in human hepatocytes; these
subunits form a noncovalent hetero-oligomeric complex with
an estimated ratio of 2—5:1.* Previously, we demonstrated that
preassembled trigalactose multivalent ligands provided better
endocytosis efficiency than monogalactose multivalent ligands
by targeting ASGP-R on the HepG2 cell surface.*® Thus, we
anticipate that the trigalactose probe 14 should exhibit high
affinity and specificity for ASGP-R.

HepG2 cells derived from a human hepatocellular carcinoma
expressing ASGP-R on the cell surface were incubated with
probe 14 (10 uM) for 1.5 h on ice to permit binding of the
probe with the cell surface receptor while preventing
endocytosis. The unbound probe 14 was removed from the
plasma membrane by washing the cells with PBS buffer (pH
7.4) followed by UV irradiation for 30 min at 4 °C to furnish
photocrossing with ASGP-R. Due to interference from
endogenous biotinylated proteins in HepG2 cells during
purification,”’” the streptavidin—biotin interaction was per-
formed before cell lysis. Streptavidin-MNPs were applied to
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capture biotinylated ASGP-R on the plasma membrane. The
cells were lysed, and the labeled proteins were separated by
applying a magnet and then washed with detergent (0.3% SDS
in PBS buffer). The resulting captured proteins were divided
into four aliquots and analyzed by SDS-PAGE with Coomassie
blue visualization (Figures 4A and S9) and Western blotting
with antibodies against biotin and the ASGP-R subunits. Two
bands with molecular weights of approximately 46 and 50 kDa
were observed in the Western blot with an antibiotin antibody
(Figure 4B, lane 1, “a” and “b” markers), indicating successful
photolabeling of H1 and H2 of ASGP-R by 14. To confirm the
two observed bands, Western blotting with anti-H1 and H2 of
ASGP-R was performed and the results were consistent with
the results of Western Blotting with the antibiotin antibody
(Figure 4C and D, lane 1). The strong cross-linking at these
two subunits of ASGP-R is in good agreement with the results
obtained from a previous glycoprobe-based photoaffinity
labeling method using terminal GalNAc (N-acetylgalactos-
amine) residues.”®> Notably, the bands at 25—37 kDa and 55—
65 kDa in the Western blot with antibiotin antibody (Figure
4B, lane 1) may be the result of an undesired streptavidin—
biotin interaction with endogenous biotinylated proteins.
However, unidentified galactose binding proteins may also
contribute to these bands. Overall, probe 14 was demonstrated
to be an efficient photoaffinity probe for labeling the membrane
protein ASGP-R on HepG2 cells.

B CONCLUSIONS

In conclusion, a convergent synthesis of a versatile photoaffinity
scaffold was developed. The desired ligand and tag of the probe
were conveniently conjugated via orthogonal reactions: Cu(I)-
catalyzed click reaction and amide bond formation. The
advantage of the developed synthetic route was that the use
of click chemistry permitted the efficient assembly of various
ligands on the probe to form a multivalent ligand scaffold that
provided greater affinity and thus improved labeling efficiency.
The trigalactose photoaffinity probe was designed to
demonstrate the importance of multivalent ligand binding in
lectin labeling. The results demonstrated selective labeling of
RCA},, in a protein mixture and E. coli lysates, as well as
labeling of ASGP-R on the surface of HepG2 cells.
Furthermore, transient and weak protein—protein interactions
between the LacNAc moiety of OVA and the carbohydrate
binding chain of RCA,,, were detected by the use of probe 14.
It is anticipated that the designed photoaffinity scaffold could
be used to quickly assemble diverse affinity ligands and facilitate
the interrogation of unknown protein interactions.
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