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Galectin-3 (Gal-3) is a multi-functional effector protein that functions in the cytoplasm and the nucleus,
as well as extracellularly following non-classical secretion. Structurally, Gal-3 is unique among galectins
with its carbohydrate recognition domain (CRD) attached to a rather long N-terminal tail composed
mostly of collagen-like repeats (nine in the human protein) and terminating in a short non-collagenous

KeyWOTdf-' terminal peptide sequence unique in this lectin family and not yet fully explored. Although several Ser
é\gﬁl““m“ and Tyr sites within the N-terminal tail can be phosphorylated, the physiological significance of this
Lgct?r%en post-translational modification remains unclear. Here, we used a series of synthetic (phospho)peptides

derived from the tail to assess phosphorylation-mediated interactions with '°N-labeled Gal-3 CRD.
HSQC-derived chemical shift perturbations revealed selective interactions at the backface of the CRD that
were attenuated by phosphorylation of Tyr 107 and Tyr 118, while phosphorylation of Ser 6 and Ser 12
was essential. Controls with sequence scrambling underscored inherent specificity. Our studies shed light
on how phosphorylation of the N-terminal tail may impact on Gal-3 function and prompt further studies
using phosphorylated full-length protein.

Phosphopeptide
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© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The members of the galectin family are potent effectors in di-
verse cellular mechanisms such as growth regulation or motility,
by virtue of glycan or protein recognition acting inside the cell,
at the cell surface and extracellularly [1-3]. In structural aspects,
the modular design of galectin-3 (Gal-3) is unique. It is composed
of the common B-sandwich-type carbohydrate recognition domain
(CRD) linked to collagen-like repeats (nine in human Gal-3) and an
N-terminal 12-mer peptide with two sites for serine phosphoryla-
tion, the explanation why Gal-3 is called a chimera-type galectin
[4,5]. Since every animal species studied so far harbors Gal-3
despite marked inter-species differences in the total number of

Abbreviations: CRD, carbohydrate recognition domain; Gal-3, galectin-3; HSQC,
heteronuclear single-quantum coherence; NMR, nuclear magnetic resonance.
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galectin genes and the sequences in the two non-CRD regions ap-
pear conserved [4-7], the trimodular structure likely bears special
physiological significance.

At present, the non-CRD portion is implicated in non-classical
secretion [1,8,9]; serine phosphorylation of the starting peptide
(at S6 and S12 [9-11]) is known to play a role in nuclear export
[1,13,14]. Although an impact on binding lactose, ganglioside
GM1 and N-glycans was excluded [12,15,16], this phosphorylation
reduced Gal-3 reactivity to laminin and asialomucin but enhanced
both complex formation with the cell adhesion molecule L1 and its
association with Thy-1-rich microdomains in neurons [17,18].
Equally intriguing, tyrosine phosphorylation by non-receptor
kinases cAbl/Arg (at Y79, Y107 and Y118 [18-20]) appears to
establish a routing signal for Gal-3 to reach the cell periphery with
ensuing secretion in mouse embryonic fibroblasts [21]. It is an
open question whether intramolecular recognition, influenced by
the status of phosphorylation, may contribute to the structural
basis of these processes.
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Of note, the N-terminal portion appears rather flexible,
although the transition temperature at 39 °C during thermal dena-
turation and the bimodal charge distribution in nano-ESI mass
spectrometry provide evidence for an interconverting mixture of
conformers, tentatively between extended and compact forms
[22,23]. Importantly, chemical shift analysis of hamster Gal-3 sug-
gested the presence of transient contacts with the CRD, for residues
in the first part of the N-terminal tail (F5, W22, W26) and L109
[24]. The delineation of a nuclear export signal, probably interact-
ing with a transporter such as nucleoporin Nup98 [25], in the distal
section of the CRD, i.e. around 240-255 in murine Gal-3 [26], in
conjunction with these NMR-based observations and the switch-
like impact of serine phosphorylation on nuclear export noted
above, raises the intriguing possibility that serine phosphorylation
can trigger so far unknown structural consequences, directly and/
or indirectly. On this basis, we have tested the hypothesis of the
existence of interactions with synthetic peptides and °N-labeled
CRD. Looking at secretion, tyrosine phosphorylation may play into
this process by favoring a conformer, most suitably in extended
form to make the tail fully accessible. Testing potential for peptide
- CRD reactivity followed the described strategy. To complete this
study line, we have also examined the chemical shift properties of
the CRD in the presence of peptides comprising one and two colla-
gen-like repeats.

2. Materials and methods
2.1. Gal-3

Gal-3 CRD was recombinantly produced with ['>N]NH4CI as
medium additive, purified by affinity chromatography on lactosy-
lated Sepharose 4B as crucial step, and routinely checked for purity
and activity as described [12,27,28].

P1: Ac->ADNFSLHDALSGSGNPNPQG?!
P2: Ac->’ADNFpSLHDALSGSGNPNPQG?"
P3: Ac-?’ADNFpSLHDALpSGSGNPNPQG?!

SCR1: Ac-AFALQNGPpSDLPDNpSGHNG
SCR2: Ac-AFALQNGPpSDLPDNSGHNpSG

P4: S TGAYPATGPYGAPAG "2

P5: $STGAYPATGPpYGAPAG''2
P6: TGAYPATGPYGAPAGPLIVPYNL 20

2.2. Peptides

The peptides (sequences shown in Fig. 1) were synthesized
in an automated multiple synthesizer Syro II (MultiSyn Tech,
Germany) with Fmoc chemistry under atmospheric conditions
at room temperature using HMPB-ChemMatrix® resins. For ami-
no acid coupling, a fivefold excess of the Fmoc-protected amino
acid was activated in situ with five equivalents 2-(1H-benzotri-
azole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
and DIPEA (0.5 M) in DMF. The coupling time was 40 min. The
Fmoc-group was cleaved with piperidine (20%) in DMF for
periods of 3 min and 10 min. After each step, the resin was
washed five times with DMF. After completion of the synthesis,
the resin was washed three times with DMF, dichloromethane
and finally isopropanol, then dried. The following release of
the peptide from the resin and of the side-chain protecting
groups was performed with trifluoroacetic acid (95%), as
scavenger triethylsilan/water (2.5%/2.5%) for 2.5h at room
temperature was used.

The resulting material was purified by preparative HPLC on a
Kromasil 100-10C 18 pm reverse phase column (30’ x 250 mm)
using an eluent of 0.1% trifluoroacetic acid in water (A) and 80%
acetonitrile in water (B). Peptide was eluted with a successive lin-
ear gradient of 10% B to 80% B in 30 min at a flow rate of 23 ml/min.
The fractions containing the purified peptide were lyophilized. The
resulting material was characterized by analytical HPLC (Shima-
dzu) and MS (Thermo Finnigan LCQ).

2.3. NMR spectroscopy

All experiments were performed at 298 K in a Bruker AVANCE
600 MHz spectrometer equipped with a cryogenically-cooled z-
gradient triple resonance probe. Samples for 'H-!N HSQC

P7: %¥TGAYPATGPpYGAPAGPLIVPpYNL'2

P8: 2PGAYPGQAP

P9: 2PGAYPGQAPPGAYPGQAP®®
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Fig. 1. Top panel: sequences of the synthetic peptides used in this study, with phosphoserine (pS) and phosphotyrosine (pY) residues highlighted in red. Bottom panel:
location of the peptides in the whole protein sequence. Blue: peptides P1-P3; orange: peptides P8 and P9; blue: peptides P4-P7. The sequence of the CRD is indicated on a
green background. On the right, a schematic representation of the crystal structure of the Gal-3 CRD (green), with a tail representing the N-terminal tail (at scale) is shown,
with colors indicating the distribution of the studied peptides along the tail sequence. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 2. (A) Top panel: superimposition of 'H-'>N HSQC spectra of the Gal-3 CRD, in the absence (blue) and in the presence of ten equivalents of the N-terminal
phosphopeptides P2 (green) or P3 (red), with labels indicating some of the most perturbed signals. Bottom panel: 'H-'>N-weighted chemical shift differences (As) for Gal-3
CRD backbone NH signals upon addition of 10 equivalents P1 (yellow), P2 (red) or P3 (blue). (B) Competition experiment showing the displacement of P9 by the addition of
increasing amounts of the N-terminal phosphopeptide P3. The figure shows a superimposition of "H-'>N HSQC spectra of the Gal-3 CRD with different P9/P3 ratios. Blue: Gal-
3 alone; black: in the presence of ten equivalents of P9; orange: after the addition of 3.3 equivalents of P3; green: after the addition of 5 equivalents of P3; red: in the presence
of ten equivalents of P3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

experiments contained '’N-labeled human Gal-3 CRD at a 3. Results

concentration of 200 uM, with or without ten equivalents of

the tested peptides, in PBS buffer in 90% H,0/10% D,0. Chemical 3.1. Definition of peptides

shift perturbations were monitored using the sequence-specific

assignments for the human Gal-3 CRD 'H and '°N resonances To assess interactions between the Gal-3 CRD and N-terminal
previously reported [29]. tail, we used 'H-'>N HSQC experiments and three sets of
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Fig. 3. Mapping of the Gal-3 CRD residues with the most shifted signals for peptides P2-P9. In all cases, the structure of the LacNAc-loaded human Gal-3 CRD (PDB: 1A3K) is
shown, with residues highlighted in red for the most shifted resonances, followed by orange and yellow. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

structurally-relevant tail-derived peptides as shown in Fig. 1. The
first set (P1-P3) represents the N-terminal peptide with and with-
out Ser phosphorylation. The second set (P4-P7) encompasses se-
quences from the C-terminal part of the tail that contains
phosphorylation sites Y107 and Y118. In the third set, we tested
two peptides (P8, P9) from the collagen-like part of the tail.

3.2. N-terminal peptides

Although peptide P1 failed to show significant interactions with
the CRD, its phosphorylated counterparts did (Figs. 2 and S1). Here,
we found that the most markedly shifted resonances belonged to
residues located at the backside of the lectin opposite to the
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canonical sugar-binding site (Fig. 3), which in turn leaves the B-
galactoside (e.g. lactose) binding site unaffected. Significant chem-
ical shift perturbations of NH cross peaks belonging to residues
207-211 suggests that K210 is a likely contact site for phosphate
groups within the tail.

The use of two scrambled control phosphopeptides (SCR1 and
SCR2) allowed us to conclude that these effects were specific. De-
spite the presence of two phosphate groups in SCR2, the NMR spec-
tra of Gal-3 CRD showed only very small chemical shift
perturbations (Fig. S2). When the distance between the two
phosphates was maintained as in SCR1, some minor chemical shift
perturbations were observed (Fig. S3), but not to the extent ob-
served with the non-scrambled peptide. Overall, these results
strongly suggest that the N-terminal peptide of human Gal-3 can
specifically interact with the CRD in a phosphorylation-dependent
and sequence-specific manner.

3.3. Tyr-P peptides

Phosphorylation of Tyr 107 and Tyr 118 had the opposite effect.
Whereas peptides P4-P7 elicited significant chemical shift
perturbations of resonances from the CRD (Figs. 4 and S4), their
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phosphorylated counterparts actually attenuated interactions with
the CRD. Once again, the most highly shifted signals belonged to
residues located at the backside of the B-sandwich structure
(Fig. 3), and chemical shift differences were generally greater with
the longer peptides P6 and P7. In any event, phosphorylation de-
creased the extent of chemical shift perturbations in the Gal-3
CRD, indicating that affinity of these phosphorylated peptides to-
wards the CRD is significantly reduced. Thus, phosphorylation of
serine and tyrosine residues within the N-terminal tail appears
to modulate interactions with the CRD differentially.

3.4. Pro/Gly-rich tandem-repeat peptides

To complete the study, we tested peptides containing one and
two repeat sequences derived also from the tail, specifically one
peptide comprising residues 42-50 (P8) and another comprising
residues 42-59 (P9). The observed chemical shift perturbations
within the CRD were rather similar compared to those exerted
by peptides P4-P7, consistent with their sequence similarity
(Figs. 3 and S5). The profile of apparent contacts suggests that
the region of interaction is somewhat larger for P9 than for the
single-repeat variant peptide P8.

e - . | =
‘a s = . LE
LS ) ]
o 2 > o & ) - r
“ (219 T <2 [
‘ b T e ke .g@ o L
b o - LY ‘v - o L
- ° e G LA r
‘ o 89 2 00‘(‘: s |
= s £ o o e aew F192 =
o o = Q203 b i = r
o o °« % [
- V213 _ . 5 9_9’ e . I
=3 . . - 9 ¢ o
P \\Q e = - - o
3 e s P v 1 [N I
‘ a i e o - 9 - - L
- e e 2 ﬂo bl » [
a® =Y L L .
-4 D w ” » .Ih
K210/ P P o’ & o g ® @ - : o
vao2' . e e'° g as ‘ I
Py & %‘Q & o & - L
a aZ o a H L
- * 0N s = i
& L218 - + H Gal-3CRD e
® o & = o 3 -
\ 3 - mGal-3CRD+P4 |
- A212 “ : Gal-3 CRD + P5
1132 * g [
0 9 8 7 &  F2[ppm]
0.6
05 mP4
0.4 mP5
Ad 03
0.2
2l bl
ol AL ottt nes sdbs s b u..-..su.llna.l.l..ll..l fols L oallil 1 al tabld

126 132 138 144 150 156 162 168 174 180 186 192 198 204 210 216 222 228 234 240 246
123 129 135 141 147 153 159 165 171 177 183 189 195 201 207 213 219 225 231 237 243 249

Residue

Fig. 4. Top panel: superimposition of "H-'>N HSQC spectra of the Gal-3 CRD, in the absence (blue) and in the presence of ten equivalents of P4 (red) or P5 (green). Bottom
panel: "H-'>N-weighted chemical shift differences (A8) for Gal-3 CRD backbone NH signals upon addition of 10 equivalents P4 (blue) or P5 (red). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Because many of these peptides appeared to interact with the
same region of the Gal-3 CRD, we performed a competition exper-
iment to see whether phosphorylated N-terminal peptide P3 could
displace peptide P9 from the CRD. The results of this experiment
are illustrated in Fig. 2B, that focuses on three signals (L203,
A212 and L219) which are significantly perturbed by the presence
of P9, but not by that of P3. Addition of increasing amounts of P3 to
the sample of Gal-3 CRD + P9 reversed the chemical shift changes
induced by the presence of P9, thus indicating that N-terminal
phosphopeptide P3 can compete with the two tandem-repeat pep-
tide P9 for binding to the CRD. These evidences suggest that phos-
phorylation of Gal-3 at the N-terminus may alter the Gal-3
structure, potentially with recognition and/or functional
consequences.

4. Discussion

Interaction of the Gal-3 CRD with synthetic (phospho)peptides
derived from its N-terminal tail has been assessed using NMR
HSQC experiments with '>N-labeled CRD. Results show that dis-
tinct N-terminal peptides can interact at specific sites within the
Gal-3 CRD, suggesting that a similar behavior may take place with
full length Gal-3. Thus, the reported data can be relevant for asso-
ciation of tail-derived peptides (by proteolytic truncation of Gal-3)
with the lectin, as well as for intra- and intermolecular interac-
tions, the latter in Gal-3 aggregates formed with multivalent
ligands. Moreover, while phosphorylation of Ser 6 and Ser 12 in
specific N-terminal peptides promotes association with the CRD,
phosphorylation of Y107 and Y118 in other peptides attenuates
this association. In this regard, serine and tyrosine phosphorylation
of the N-terminal tail may act as on/off switches or modulators for
various functions of Gal-3.

These results give respective experiments on the level of the
full-length protein a clear direction, herein then analyzing unsub-
stituted and phosphorylated proteins as well as variants with
shortened tails, in the absence and presence of glycoclusters.
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