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Experimental procedures 

Molecular cloning, protein expression and purification 

The synthetic DNA of CGL was obtained by amino acid sequence of CGL after 

optimizing by software of GenScript Biotech Corporation (NJ, USA). The DNA was 

synthesized by Genomics BioSci & Tech (Taipei, Taiwan). Synthetic DNA with the 

sequence coding for CGL was inserted into a PET21a vector via the Nde I and Xho I 

cloning sites (Figure S15) and transformed into the E. coli strain BL21(DE3). 

Recombinant CGL was over-expressed by growing the E. coli culture at 37°C 

followed by IPTF induction (with a final concentration of 1 mM) at an optical density 

of 0.6 at 600 nm for a further overexpression period of four hours. Cells were 

harvested and resuspended in 50 mM Tris-HCl (pH 8.0), 0.3 M NaCl, 10 mM 

imidazole, 20% glycerol, and Protease Inhibitor Cocktail Tablets (Roche, 

Switzerland), and subsequently lysed by French Press (Constant System Ltd, U.K.). 

The lysed cells were centrifuged for 20 min at 20,000g to pellet insoluble cellular 

debris. The resultant supernatant was filtered by a 5.0 µm Minisart filter unit 

(Sartorius stedim biotech, Germany) and mixed with Ni-Sepharose 6 fast flow gel 

(GE Healthcare, USA); the mixture was loaded onto an Econo-Pac column (BioRad 

Laboratories, USA). The column was washed with buffer containing 50 mM Tris-HCl 

(pH 8.0), 50 mM NaCl, and 20 mM imidazole. CGL was eluted with buffer containing 

50 mM Tris-HCl (pH 8.0), 50 mM NaCl, and 500 mM imidazole. After elution, the 

protein solution was concentrated and moved into a buffer of 10 mM NaHPO4, 2 mM 

KH2PO4, 3 mM KCl, and 0.1M NaCl and 10% glycerol, pH 7.4. The CGL sample was 

further purified by TSK HW 65 column (Tosoh, Japan). Protein concentrations were 

determined by an optical method based on extinction coefficients of amino-acid 

chromophores (280 = 14440 M-1cm-1
) 

1
. 
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Crystallization and X-ray data collection 

The purified CGL in 50 mM Tris-HCl, 100 mM NaCl, pH 7.5 was concentrated to ca. 

20 mg/ml for crystallization trails of over 600 conditions at the Core Facilities for 

Protein Structural Analysis (CFPSA), Academia Sinica (Taipei, Taiwan). The initial 

crystallization condition was further refined manually. Finally, CGL was crystallized 

in 0.2 M imidazole malate and 25% (w/v) PEG4000, pH 7.0 at 20°C by mixing the 

CGL solution with equal volumes of crystallization buffer via the sitting-drop 

vapor-diffusion method. The rod-shaped crystals appeared within four days with 

dimensions reaching 0.25 × 0.25 × 0.4 mm. The crystals of CGL in complex with 

galactose, galactosamine, and Gb3-allyl were obtained by soaking the apo-form 

crystals in a reservoir solution containing 3 mM of ligand at 20°C overnight. The 

X-ray data were collected using the FR-E
+
 SuperBright™ X-ray diffraction system 

equipped with an R-AXIS HTC detector (Rigaku, Texas, USA) at the Institute of 

Biological Chemistry, Academia Sinica. The high-resolution data for free-form 

crystals of CGL was collected at the beamline 12B2 of SPring-8 (Hyogo, Japan). 

Before being mounted on the goniometer, the crystals were briefly immersed in 

reservoir solution containing 14% (v/v) glycerol as a cryoprotectant. All diffraction 

data were processed and scaled with the HKL-2000 package
2
. The data collection 

statistics are listed in Table 1. The space group of the crystals is P212121, with typical 

unit cells of a = 52.8 Å , b = 71.1 Å , and c = 94.0 Å  and a solvent content of 53.8%, 

in which an asymmetric unit comprises two CGL molecules. 

 

Structure Determination and Refinement 

The crystal structure of CGL was solved by the sulfur single-wavelength anomalous 

dispersion phasing method using 1.56-Å -resolution data collected at the wavelength 

of 1.54 Å . The positions for 10 out of the 12 sulfur atoms in the asymmetry unit, with 
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occupancies between 0.61 and 1.0, were determined with SHELX C/D/E
3
 and refined 

with BP3
4
. The initial phases were improved by density modification with Solomon 

5
. 

Approximately 94% of the model was then automatically traced into the electron 

density map with ARP/wARP
6
, and the remainder was manually built with Coot

7
. The 

resulting model was subjected to computational refinement with the program 

REFMAC5
8
. Throughout refinement, a randomly selected 5% of the data was set aside 

as a free data set, and the model was refined against the remaining data with F > 0 as 

a working data set. Refinement was based on the parameters for ideal protein 

geometry according to Engh and Huber 
9
. Subsequently, the 1.08-Å  resolution data set 

was used to perform iterative rounds of model adjustment with Coot and refinement 

with REFMAC5 to improve the quality and completeness of the structure. The 

well-ordered water molecules were located with Coot. Finally, the refinement 

converged at a final R factor and Rfree of 0.114 and 0.131, respectively. The 

stereochemical quality of the refined structure was checked with the program 

PROCHECK
10

. The final refinement statistics are listed in Table 1. The initial 

difference Fourier maps for the sugar-bound structures were obtained by using the 

refined structure of free-form CGL. The molecular figures were generated with 

PyMOL (Schrödinger, New York, USA). 

 

Molecular phylogenetic analysis 

Evolutionary analyses were conducted in MEGA6
11

. All these sequences were aligned 

using the program MUSCLE with the default parameters. The evolutionary history of 

trefoil structural proteins was inferred using the Maximum Likelihood method based 

on the Whelan and Goldman model
12

. The tree with the highest log likelihood 

(-1746.5246) is shown. Initial tree(s) for the heuristic search were obtained 

automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of 
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pairwise distances estimated using a JTT model, and then selecting the topology with 

superior log likelihood value. The analysis involved 11 amino acid sequences. All 

positions containing gaps and missing data were eliminated. There were a total of 70 

positions in the final dataset. 

 

Size exclusion chromatography-multi-angle light scattering (SEC-MALS) 

The absolute molecular weight of CGL was determined by static light scattering (SLS) 

using a Wyatt Dawn Heleos II multiangle light scattering detector (Wyatt Technology) 

coupled to an AKTA Purifier UPC10 FPLC protein purification system with a 

WTC-030S5 size-exclusion column (Wyatt Technologies) as described previously
13,14

. 

Bovine serum albumin (BSA, 2 mg/ml) was used for system calibration before 

applying the target protein into SEC-MALS. 100 L CGL (2.5 mg/ml) was used for 

the SEC-MALS analysis with a running buffer containing 25 mM Tris (pH 7.5), 150 

mM NaCl, 0.1 mM CaCl2, and 0.02% NaN3 under a flow rate of 0.5 ml/min. The 

absolute molecular weight of the eluted peak observed in the size-exclusion 

chromatograms was determined by SLS in conjunction with the corresponding 

refractive indexes using an online refractometer connected downstream of the SLS 

detector (Wyatt Optilab rEX). A standard value of refractive index, dn/dc = 0.185 ml/g, 

was generally used for proteins. A buffer viscosity  = 1.0226 cP at 25 ºC was 

calculated using SEDNTERP. The value of reference refractive index, 1.3459 RIU, 

was obtained directly from the running buffer that passed through the reference cell. 

 

Analytical ultracentrifugation analysis (AUC) 

AUC analysis was carried out in the sedimentation velocity mode (SV-AUC) as 

described previously
15

. A standard double-sector centerpiece in an An-60 Ti rotor was 
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spun at 40,000 rpm, and at 20°C using a Beckman XL-A analytical ultracentrifuge 

(Beckman Instruments, Fullerton, Calif., USA). All samples were visually checked for 

clarity after ultracentrifugation to ensure that no precipitation was present. The protein 

samples (34 μM) were buffered in 50 mM Tris, (pH 7.5), 100 mM NaCl. The UV 

absorption (280 nm) of the cells was scanned every 2 min for 500 scans. The data 

were analyzed with the software SEDFIT 
16

.  

 

NMR spectroscopy 

The uniformly 
13

C and
 15

N labeled CGL sample is buffered in 50 mM potassium 

phosphate (pH 6.5) with 10% D2O (v/v). All NMR data were acquired at 37°C, using 

a Bruker Avance III 600 MHz spectrometer equipped with a cryogenic triple 

resonance probe. [
15

N-
1
H] HSQC, HNCO, HN(CA)CO, HNCACB, and 

CBCA(CO)NH experiments were recorded for backbone assignments (H
N
, N, C

’
, C, 

and H). Side-chain resonances were assigned using H(CCO)CH, CC(CO)CH, 

HBHANH, and 
13

C HSQC experiments
17,18

. In addition, 2D CBHE and CBHD 

spectra were recorded for assigning the resonances of aromatic side chains. All NMR 

spectra were processed by Topspin (Bruker Biospin) and NMRPipe 
19

. Data analysis 

and assignments were accomplished by Sparky software (Goddard and Kneller) 

following the procedures as described previously 
20,21

.  

 The backbone amide 
15

N-
1
H correlations of CGL were used to carry out NMR 

titration experiments to map ligand binding sites using uniformly 
15

N-labelled CGL. 

U-
15

N-labelled CGL was buffered in 50 mM potassium phosphate (pH 6.5) with 10% 

D2O (v/v) for NMR titrations by recording a series of 
15

N-
1
H heteronuclear single 

quantum coherence (HSQC) spectra with 7 titration points of galactose or 

galactosamine from 0 to 4 mM to monitor the change of the observed crosspeak 

positions as a function of ligand concentration. The observed 
1
H and 

15
N chemical 
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shift perturbations are converted into weighted chemical shift, which is defined as 

 as a function of residue number. Weighted 

chemical shift perturbations of histidine residues corresponding to three binding sites 

were plotted as a function of ligand concentration and then were fit with the following 

function to determine dissociation constant of each site by Prism 6 (GraphPad 

Software, San Diego California USA), 

 



[PL] 
([Pi][Li]Kd )  ([Pi][Li]Kd )2  4[Pi][Li]

2  [Pi]




where [PL] is the concentration of the complex formed, and [Pi] and [Li] are the initial 

protein and ligand concentration, respectively. 

Backbone amide 
15

N-spin relaxation measurements were performed using standard 

methods
22

. For R1 measurement, the inversion recovery delays were set to 100, 250, 

500, 750, 1000, and 1500 ms. Carr–Purcell–Meiboom–Gill (CPMG) delays were set 

to 17, 34, 51, 68, 85, and 102 ms for transverse (R2) relaxation measurements. 

Additional CPMG pulses were applied during the relaxation delays to compensate for 

sample heating caused by repetitive inversion pulse trains.  All data were collected at 

600 MHz and 25ºC.  The relaxation rates, R1 and R2, were determined by fitting 

peak heights as a function of time using the rate analysis module within Sparky
23

.  

The averaged R2/R1 value was used to estimate the apparent autocorrelation times τc 

of CGL by using the following equation
24

: 

 



c 

2R2

2R1


7

4

2  15N  
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Octet RED96 saccharide binding assay 

A saccharide binding assay was performed by biolayer interferometry using an Octet 

RED96 instrument (ForteBio, Inc., Menlo Park, CA). Expressed CGL was 

biotinylated with sulfosuccinimidyl-6-[biotinamido]-6-hexanamido hexanoate 

following the standard procedure of Thermo Scientific EZ-Link 

Sulfo-NHS-LC-LC-Biotin labelling kit. The biotinylated CGL was immobilized on 

the surface of a sensor tip (Super Streptavidin Biosensors, SSA, ForteBio, Inc., Menlo 

Park, CA) and then exposed to various saccharides. The binding kinetics were 

analyzed using the system software of Octet RED96. 

 

Cell viability and cytotoxicity assays 

MCF-7 cells were maintained in commercial DMEM 1X medium (CORNING, 

Mediatech, Inc.) supplemented with 10% fetal bovine serum (FBS), and bovine 

insulin (0.01 mg/ml). Cultures were maintained in a humidified incubator at 37°C in 

5% CO2. Cell viability was evaluated using an MTT assay (MTT, 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) following protocols in 

the literature
25

. Cells were seeded in 96-well plates at a density of 8,000 cells per well 

and stabilized at 37°C in 5% CO2 for 24 h. The CGL protein was added to each well 

at various concentrations (50, 100, and 200 µg/ml), and then the cells were incubated 

for 24 h. Sorafenib (2 µg/ml) was used as a positive control. 20 μl MTT solution (0.5 

mg/ml) was added to each well, and the cells were incubated for another 5 h. 

Formazan crystals were dissolved in 100 μl of DMSO. Cell viability was assessed by 

measuring the absorbance at 570 nm using an EMax Microplate Reader (Molecular 

Devices, Sunnyvale, CA, USA). 

 

Cell imaging with CGL or FITC-CGL 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
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MCF-7 cells were treated with CGL (100 µg/ml) or PBS and incubated at 37°C in 5% 

CO2 for 16 h. The images (x400) of MCF-7 cells were obtained by light microscopy 

(Leica, XY stage, CTR 6000, Leica microsystems). CGL was then labeled with 

fluorescein isothiocyanate (FITC) by FluoroTagä FITC Conjugation Kit (Sigma, 

USA). MCF-7 cells were seeded in 35 mm petri glass bottom dishes (MatTek 

Company) at a density of 1.5 X 10
5
 cells and pretreated with FBS for 30 min. The 

cells were cultivated for 24 h and then treated with freshly prepared FITC-CGL (2.7 

µM) for 2 h. Control images were obtained of the buffer treated cells. FITC-CGL has 

an absorption maximum at 495 nm and emission maximum at 525 nm. The images 

were the product of an Olympus IX81 microscope, Hamamatsu ORCA-ER camera, 

and Xcellence Pro software. 
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Table S1. 

 Galactose 

Number 

of 

H-bond 

Chain A Chain B Dimer (A+B) NMR-derived 

Kd (M) Direct Water- 

mediated 

Direct Water- 

mediated 

Direct  Water- 

mediated 

Site 1 7 5 7 4 14 9 178 

Site 2 7 2 7 3 14 5 1288 

Site 3 8 2 7 4 15 6 815 

 Galactosamine 

Site 1 7 6 7 3a 14 9 32 

Site 2 7 4 7 7 14 6 5135 

Site 3 7 2 7 0 14 2 302 

a. Part of the H-bond network is disrupted by crystal packing 
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Figure legends 

Figure S1. Topology diagram of CGL. The pink arrows indicate -strand and red 

columns indicate -helix. 

 

Figure S2. Ramachandran plot of CGL structure. Ramachandran plot showed 

significate -sheet and right-handed -helix. The residue, Glu49, is fall in disallowed 

region. 

 

Figure S3. Close contacts at the inter-subunit interface of CGL. The two subunits of 

CGL are colored in green and magenta, respectively. The residues in both subunits 

that are involved in the hydrophobic interaction or van der Waals contacts at the 

interface are labeled. The bound Gb3 molecules are drawn with sphere models. 

 

Figure S4. Superimposition of the structures of galactosamine-bound CGL (in the 

present study) and GalNAC-bound Mytilec (PDB code 3WMV) complexes. The 

CGL-galactosamine structure is colored in green (A chain) or cyan (B chain), and the 

Mytilec-GalNAc structure is colored in yellow. The black stars mark the residue 

substitutions between CGL and Mytilec. The hydrogen bond between the N-acetyl 

group of bound GalNAc and Arg-38 of Mytilec is drawn with black dotted lines, and 

the water-mediated hydrogen bonds between this N-acetyl group and Mytilec are 

drawn with magenta dotted lines. 

 

Figure S5. Structural comparison of galactosamine-bound CGL structure (in the 

present study) with the structures of Mytilec (3WMU), Sclerotinia sclerotiorum 

agglutinin (2X2T), and Clitocybe nebularis lectin (3NBC). These four structures are 

painted with different colors as indicated. Upper figures: views toward the three 

carbohydrate binding sites of chain A. Lower figure: an overall view. The four 

structures are superimposed on the basis of their chain A. 

 

Figure S6. Surface charge distribution and DNA binding activity of CGL. (A) Surface 

charge distribution of CGL showed significate positive charge on the surface. Blue 

indicated positive charge regions and red indicated negative charge regions. (B) CGL 

showed clearly DNA binding activity. M: Markers (1000, 2000, 3000, 4000, 5000, 

6000, 7000, 8000, and 10000 bp from bottom to top); 1: PUC19 only; 2: PUC19 with 

0.5 µg CGL; 3: PUC19 with 1 µg CGL; 4: PUC19 with 2 µg CGL; 5: PUC19 with 4 

µg CGL; 6: PUC19 with 9 µg CGL; 7: PUC19 with 18 µg CGL; 8: PUC19 with 36 

µg CGL. 

 



S14 
 

Figure S7. Steady state analysis of saccharide binding assay. (A) Galactose binding 

assay indicated the dissociation constants equal to 51 µM. (B) Galactosamine binding 

assay showed dissociation constants equal to 57 µM. 

 

Figure S8. Surface charge distribution of ligand binding sites and 2Fo-Fc electron 

density map of galactosamine contoured at 1.3ρ. (A) Site 1; (B) Site 2; and (C) Site 3. 

Ligand binding sites of CGL show the same pose as those in figure 3. Green meshes 

indicate electron density of ligands. The positive and negative charges are shown in 

blue and red, respectively. Site 3 shows significant negative charges around galactose. 

 

Figure S9. Carbohydrate binding sites of CGL. Representative views of the crystal 

structures of CGL in complex with galactosamine (A), galactose (B) and Gb3 (C). 

 

Figure S10. The binding of GB3 to CGL. (A) Gb3 allyl binding assay indicated the 

dissociation constants equal to 14 µM. The structure of Gb3 allyl is shown in this 

scheme. (B) The 2Fo-Fc electron density map of GB3 allyl contoured at 1.0ρ. and 

Surface charge distribution of ligand binding sites. Green mesh indicates electron 

density of GB3 allyl. The positive and negative charges are shown in blue and red, 

respectively. 

 

Figure S11. 2D [
15

N-
1
H] HSQC spectrum of CGL recorded at 37°C and 12.1 T. 

Residue-specific assignments are labeled accordingly. Pairs of side-chain NH2 

resonances are connected by horizontal lines. 

 

Figure S12. TALOS+ prediction of backbone order parameter (top) and secondary 

structure (bottom) based on backbone chemical shifts. 

 

Figure S13. Galactosamine titration experiments probed by HSQC spectrum. (A) 

Weighted chemical shift differences between free and galactosamine-bound CGL 

were plot as a function of residue number. Those residues shift more than one 

standard deviation were highlighted by magenta (Site 1), blue (Site 2), and cyan (Site 

3). (B) CSP of H37, H85 & H81, and H125 as a function of galactosamine 

concentration were used to fit dissociation constant corresponding to three ligand 

binding sites. (C) Residues that shift more than one standard deviation were mapped 

onto the crystal structure. 

 

Figure S14. Crystal structures of the six carbohydrate binding sites of CGL with 

bound galactose (A) or galactosamine (B) molecules. The views in both structures are 
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toward the six carbohydrate binding sites, as indicated. The hydrogen bonds between 

the bound sugars and CGL are drawn with yellow dotted lines, and the 

water-mediated hydrogen bonds are drawn with magenta dotted lines. The 1.2ρ 

2Fo-Fc electron density maps for the water molecules that are involved in the 

water-mediated hydrogen bonds are shown as well. 

 

Figure S15. Semi-logarithms plot of NMR titration-derived ligand dissociation 

constant as a function of number of water-mediated hydrogen bonds for (A) galactose 

and (B) galactosamine. 

 

Figure S16. The DNA sequence of E. coli expressed CGL. Synthetic DNA 

corresponds to CGL amino acid sequence was cloned into PET21a vector via Nde I 

and Xho I sites. 
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Figures 

Figure S1. 
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Figure S2. 
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Figure S3. 
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Figure S4. 
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Figure S5. 
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Figure S6. 
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Figure S7. 
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Figure S8 
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Figure S9. 
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Figure S10.  

 

 

 

  



S26 
 

Figure S11. 
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Figure S12. 
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Figure S13. 
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Figure 14. 
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Figure S15
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Figure S16. 

 

 

 

 


