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Abstract   

Galectin-3 has a unique trimodular design consisting of the canonical lectin domain, a collagen-like 

tandem-repeat section and an N-terminal peptide with two sites for Ser phosphorylation. Structural 

characterization of the full-length protein with its non-lectin part (115 of 250 residues) will help 

understand the multifunctionality of this potent cellular effector. Here, we report 1H, 13C, and 15N 

chemical shift assignments as determined by heteronuclear NMR spectroscopy.  

 

Biological Context 

Complex carbohydrates on cell surfaces are increasingly viewed as biochemical messages read and 

translated into effects by endogenous lectins (Gabius et al. 2011). Among them, the members of the 

galectin family mediate adhesion and regulate cell growth (as mitogen or as anti/pro-apoptotic effector), 

attracting special interest due to their context-dependent multifunctionality and involvement in disease 

processes (Kaltner and Gabius 2012). Galectin-3 (Gal-3, also known as MAC-2 antigen) is unique in this 

family with its chimera-type design, meaning that the canonical carbohydrate recognition domain (CRD) 

is linked to a collagen-like section (with nine Pro/Gly-rich repeats in the human protein) and an N-

terminal peptide with two sites for Ser phosphorylation (Hughes 1994). Its structural analysis in solution 

has been initiated by assignment of 1H, 13C and 15N resonances of the truncated Gal-3 CRD (Umemoto 

and Leffler 2001). However, emerging evidence on the broad physiological significance of the full-length 

protein (with the other two structural parts), well beyond glycan binding, has emphasized the need for 

NMR assignment of the full-length protein.  

Furthermore, the application of the full-length protein as a histochemical tool has revealed robust 

intracellular staining, supporting the steadily growing evidence of binding partners for Gal-3 other than 

glycans, for example in growth regulation such as bcl-2 or in pre-mRNA splicing (Haudek et al. 2010; 

Dawson et al. 2013). Structural analysis of such complexes will only be possible with complete resonance 

assignment information on Gal-3. The N-terminal tail is also a key factor for the markedly high affinity of 

Gal-3 to glycan counter receptors clustered in microdomains via aggregation and as a contact site for 

bacterial lipopolysaccharide (Kopitz et al. 2010; Quattroni et al. 2012). Following phosphorylation of Ser5 

(and Ser11), a signal for nuclear export (Haudek et al. 2010), the lectin strongly promotes axon branching, 

suggesting the presence of intra-protein interactions between the N-terminal tail and CRD in 

counterreceptor selection, complex stability and routing (Díez-Revuelta et al. 2010). In addition, Tyr 



phosphorylation by non-receptor kinases cAbl/Arg (at Tyr79, 107 and 118) further underscores the 

potential of the N-terminal tail, without and with phosphorylation, to contribute to Gal-3 functionality 

(Balan et al. 2010; Li et al. 2010). To engage in thorough NMR studies regarding the impact of 

phosphorylation on Gal-3 structure and function, as well as various counter-receptor interactions, we 

present here 1H, 13C and 15N resonance assignments for full length Gal-3. This information also enables 

detailed comparisons of this chimera-type galectin to proto-type galectins-1 and -7, for which we have 

previously reported heteronuclear resonance assignments (Nesmelova et al. 2008, 2012).  

 
Experimental Procedures 

[15N, 13C]-labeled Gal-3 and peptide synthesis  

Recombinant expression of uniformly [13C ,15N]-labeled Gal-3 in commercial, isotopically 

enriched medium led to a yield of about 40 mg protein per 100 mL stock solution. Purity of the lectin was 

rigorously ascertained by one- and two-dimensional electrophoresis, gel filtration, and nano-electrospray 

ionization mass spectrometry (ESI MS), as well as by activity measurements for hemagglutination, cell 

surface binding, and cell proliferation (Kopitz et al. 2003; Amano et al. 2012). Two non-isotopically-

enriched peptides derived from the N-terminal tail sequence of Gal-3 (residues 1-50 and residues 51-107) 

were synthesized using solution-phase tBOC peptide chemistry as described previously (Hackeng et al. 

2001). HPLC and mass spectrometry indicated that purity was > 95%.  

 

NMR spectroscopy 

NMR samples of Gal-3 were prepared in 20 mM potassium phosphate buffer at pH 6.8. NMR 

spectra were acquired at 30 oC, using Bruker AVANCE 700 or 900 MHz spectrometers equipped either 

with triple resonance CryoProbe or TCI cryoprobe. Assignments of backbone and side-chain resonances 

were done based on HNCA, HNcoCA, HNCACB, CBCAcoNH, HNCO, HNcaCO, HCCH-TOCSY, 15N-

separated NOESY-HSQC, and 13C-separated NOESY-HSQC spectra (Muhandiram and Kay 1994), 

essentially as described and performed previously for galectins-1 and -7 (Nesmelova et al. 2008; 2012). In 

addition, 13C-detected  2D C_CON, C_CACO and C_CAN spectra were used to aid in the sequential 

assignment of proline residues in the N-terminal region (Bermel et al. 2008). 

The two peptides (residues 1-50 and residues 51-107) were prepared in 20 mM potassium 

phosphate solution adjusted to pH 3 in order to maximize NH resonance intensity. NMR spectra were 

acquired at 30 oC using a Bruker AVANCE 700 MHz spectrometer equipped with a triple resonance 



CryoProbe. Assignments of backbone and side-chain resonances were made based on 1H DIPSI and 

NOESY spectra as well as on natural abundance [13C,1H]-HSQC, [15N,1H]-HSQC and 13C-HSQC-DIPSI 

spectra. NMR data were processed with the program NMRPipe (Delaglio et al. 1995) and analyzed by 

using the program CARA (Keller 2004).  

 

Assignments and Data Deposition 

Gal-3 can be essentially separated into two distinct parts: CRD and N-terminal tail. These 

structurally distinct elements are reflected in the [15N,1H]-HSQC spectrum shown in Figure 1. Resonances 

from the CRD are relatively well dispersed for the canonical β-sheet structure as previously reported for 

truncated Gal-3 CRD (Umemoto and Leffler 2001), whereas those arising from the N-terminal tail exhibit 

rather narrow line widths, reflecting comparatively increased internal mobility. In addition, resonances 

arising from the N-terminal tail are minimally dispersed and fall within the spectral region associated with 

random coil conformation. This region of the HSQC has been expanded in Figure 1B for better clarity. 

Overall, such a structure is in line with the occurrence of highly charged ions in the bimodal charge 

distribution of Gal-3 noted from nano-ESI MS (Kopitz et al. 2003). Also, the different degrees of 

organization can well underlie the two transition temperatures (Tm) at 56 °C/~39 °C in differential 

scanning calorimetry (DSC) of murine Gal-3 (Agrwal et al. 1993). Our NMR diffusion measurements (not 

shown) indicate that full length Gal-3 is primarily monomeric at the concentration of 400 µM used to 

perform our heteronuclear NMR experiments and the resonance assignments reported here. Nevertheless, 

the line width of proton signals within the CRD domain improved considerably at protein concentrations < 

40 µM, suggesting some tendency of the CRD in Gal-3 to associate in solution. 

Backbone resonances (HN, N, C, Cα, and Hα) for all residues within the CRD and N-terminal tail 

were fully assigned, with the exception of the fast exchangeable HN amides H64, G93, G152, N153, N166, 

S188, and K226, as well as CO of residues preceding prolines in the CRD. The major difficulty with 

assigning these resonances lay in the presence of multiple Pro residues (27 in toto) in the tandem-repeat 

section of the tail. This relatively large number of prolines also gave rise to the presence of multiple minor 

resonances associated with cis-peptide bonds in slow exchange on the chemical shift time scale with their 

respective trans-peptide isomers (Poznański et al. 1993). These inherent ambiguities notwithstanding, 

assignment of the major resonances of prolines in the trans-linkage was possible and have been reported 

here. In detail, the Pro-derived resonances from the CRD were readily assignable, because their 



neighbouring residues were unique in the amino acid sequence. Within the N-terminal tail, however, 

making specific assignments of prolines and their neighbouring residues was more challenging, primarily 

because of the tandem-repeat nature of the collagen-like peptide segments, e.g. PGAYP segments and the 

multiple PG motifs.  

For this reason, we synthesized two peptides (residues 1-50 and residues 51-107) covering the N-

terminal tail to aid in the assignment process. This approach worked well because of the random coil and 

dynamic nature of the tail within Gal-3. Resonances assigned in these peptides could properly be 

compared with resonances of the same residues in Gal-3, even for the minor cis-proline peaks, many of 

which were simply confirmed using these peptides. Residues within PGAYP sequences were difficult to 

uniquely assign, because most resonances have near-identical proton and backbone carbon chemical shifts 

that fall within 0.1 ppm of eachother. E.g. the segment 67PGAY70 could not be uniquely assigned. 

Similarly, 42PGAYPGQAPP51 has the same amino acid sequence as segment 51-60, leading to 

indistinguishable chemical shifts for resonances of each equivalent amino acid residue. Sequential 

assignments of other difficult proline-containing segments could however be resolved by recording 

additional 13C-detected correlations between carbonyl/Cα and proline nitrogen atoms. Overall, greater 

than 90% of side-chain resonances were assigned in both the CRD and N-terminal tail. Chemical shift 

assignments have been deposited in the BioMagRes-Bank (http://www.bmrb.wisc.edu) under accession 

number 19491.  

Analysis of the secondary structure based on the 1Hα, 13Cα, 13Cβ and 15NH chemical shift index 

(CSI) (Wishart and Sykes 1994) is shown in Figure 2, with specific sequences classified as α-helix, β-

strand, random coil (loops and turns), and poly-proline as indicated. Sequences within the CRD of full 

length Gal-3 have a predicted consensus for β-strand secondary structure interspersed with segments of 

random coil (loops and turns). The random coil curve within the CRD amino acid sequence has been 

omitted for clarity in Figure 2. These secondary structure predictions show a high degree of similarity with 

structural elements observed in the crystal structure of the truncated Gal-3 CRD (Seetharaman et al. 1998). 

Our NMR data also confirm the presence of a cis-conformation for P117 that was previously observed in 

the crystal structure of the CRD (Saraboji et al. 2012). For the N-terminal tail, CSI analysis predicts 

predominantly random coil conformation, but with some potential for formation of β-strand and/or poly-

proline structure within residues 43-60 and 78-85. In fact, a certain degree of secondary structure within 



this segment would explain the increased Tm-value (~ 48 oC) in DSC experiments on the separately 

purified N-terminal tail (Agrwal et al. 1993).  
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Figure Legends 

 

Figure 1.   (A) 15N–1H HSQC 700 MHz spectrum recorded for 20 µM Gal-3 in 20 mM potassium 

phosphate buffer, 8 mM DTT, 0.1 mM EDTA (pH 6.8), acquired at 30oC is shown. Cross peaks are 

labeled with specific assignments. Protons labeled “H” stand for amide protons, and “HE” stands for Trp 

HE or Arg side-chain HE protons. HD21/HD22 and HE21/HE22 correspond to side chain amino protons 

of Asn and Gln, respectively. Lower case letters b, c, d, and e correspond to minor peaks induced by the 

cis-proline isomer state. Normally, these minor peaks are observed only for sequentially proximal proline 

residues within the N-terminal tail of Gal-3. However, through-space conformational effects resulting 

from the presence of cis-prolines can also result in resonance doubling within the CRD, e.g. HN of L135 

and HN of S244. (B) Expansion of the more crowded part of the HSQC spectrum (boxed-in in panel A) is 

shown. This expansion contains primarily backbone amide and side chain amino resonances of the N-

terminal tail. 

 

Figure 2.  Calculation of the secondary structure of Gal-3 was performed by using the δ2D software 

program (Camilloni et al. 2012). The population of secondary structure (helix, β-strand, coil, poly-proline 

II) in δ2D is based on the chemical shift index (CSI) consensus (Wishart and Sykes 1994) of all six 

experimentally determined 1Hα, 13Cα, 13Cβ, 13CΟ and 15N/1H chemical shifts of residues in Gal-3. P117 

has been defined as cis O117 in the δ2D calculation. To avoid confusion from overlap of beta and coil 

lines within the CRD, the line for the coil population has been truncated at residue 115 in this plot. 

Therefore, the coil line is only shown through the N-terminal tail segment.  

 

 
 

 
 


