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Abstract

Galectin-1 is a B-galactoside-binding lectin with manifold biological functions. A single
tryptophan residue (W68) in its carbohydrate binding site plays a major role in ligand binding
and is highly conserved among galectins. To fine tune galectin-1 specificity, we introduced
several non-canonical tryptophan analogs at this position of human galectin-1 and analyzed the
resulting variants using glycan microarrays. Two variants containing 7-azatryptophan and 7-
fluorotryptophan showed a reduced affinity for 3’-sulfated oligosaccharides. Their interaction
with different ligands was further analyzed by fluorescence polarization competition assay.
Using molecular modeling we provide structural clues that the change in affinities comes from
modulated interactions and solvation patterns. Thus, we show that the introduction of subtle
atomic mutations in the ligand binding site of galectin-1 is an attractive approach for fine-
tuning its interactions with different ligands.

Introduction

Lectins are proteins that specifically bind to complex carbohydrates without enzymatically
modifying them. They are ubiquitously found in all domains of life and find applications as
biological tools, such as the purification of glycoproteins, detection of tumor markers, as
biosensors or in high-throughput microarrays and blotting applications.!!3! Classic lectin
research relies on identification of new specificity from natural sources, but with the advent of
modern protein engineering, the new field of ‘synthetic glycobiology’ emerged.*]
Researchers started to engineer artificial lectins not found in nature by modifying binding sites,
architectures and topologies of the carbohydrate binding domain, or assembling them with
other modules of interest. While considerable progress has been made, the engineering of
lectins by a synthetic biology approach is still in its infancy.[*®) In particular, the application
of non-canonical amino acids (ncAAs) for lectin engineering is a promising strategy.

While Nature uses almost exclusively 20 canonical amino acids prescribed by the genetic code
for the biosynthesis of proteins, there are hundreds of ncAAs known."”) By their admission to
ribosomal translation, new chemistries can be introduced into target-proteins to engineer them
in a diverse and/or subtle fashion that is complementary to classical mutagenesis
approaches.!'”!") However, the effects provoked by the introduction of new chemical groups
into proteins are still difficult to predict. Therefore, exhaustive research on and in-depth
analysis of synthetic proteins is indispensable to expand our ability to engineer proteins with
chemistries beyond those prescribed in the genetic code. Attempts to utilize non-canonical
amino acids in lectins are still to be developed, although preliminary studies are
promising.[1%:13]

Galectins are a family of structurally related carbohydrate-binding proteins ubiquitously found
in mammalian cells and tissues,!'*! which share an affinity for B-galactosides.['>] Galectin-1
(Gal-1) was the first characterized galectin,'®! and it displays preference for the terminal
N-acetyllactosamine (LacNAc) motif.l!”!®], Gal-1 is expressed in many vertebrate and
invertebrate organisms, occurs free in the cytoplasm and extracellularly!!*-?’! and is involved
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in many biological functions, including cell adhesion, and regulation of adaptative
immunity.[*!?2) Gal-1 contains several cysteine residues, which confer sensitivity to oxidation.
Cysteine oxidation inactivates Gal-1 by changes in conformation and multimerization.?*-%
The more stable mutant CSGal-1, in which all six cysteines are replaced by serines, is often

used for analytical studies.[*”]
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Figure 1: A) Crystal structure of the C2S mutant of the human
galectin-1 complexed with LacNAc (PDB: 1W6PE®), The two
monomers are shown as grey and orange cartoons and the bound
LacNAc ligands as sticks. The binding site in one monomer is
outlined by the dashed box. B) Close up of the ligand binding site in
one monomer. Residues involved in ligand-binding are shown as
sticks. Putative hydrogen bonds are shown as dashed lines. In this
study, the sole tryptophan residue W68 (bold) was exchanged against
non-canonical analogs.

Several X-ray and NMR structures are available of Gal-1 and CSGal-1,1>?°) demonstrating
that lactose/LacNAc binding occurs via several direct hydrogen bonds established to amino
acid residues in the carbohydrate binding site (H44, R48, H52, N61, E71) (Figure 1). Water
networks are also important players in the carbohydrate recognition.*”) Furthermore, as
classically observed in protein-carbohydrate interaction,*!*?! the ligand is stabilized by CH-nt
interactions between the Gal ring and the aromatic ring of tryptophan W68. Several lines of
experimental evidence (NMR, UV resonance Raman spectroscopy) and molecular dynamics
simulations agree on the crucial role of W68 in stabilizing the Gal moiety in complex with Gal-
1.29-33:341 The importance of this aromatic residue for positioning and stabilizing the ligand in
the binding site is also evident from the fact that it is conserved in all known galectins.l*¥
Indeed, the capability of Gal-1 to bind lactose is reduced when the single tryptophan is mutated
to amino acids with a smaller aromatic ring (tyrosine, phenylalanine) or aliphatic side chain
(leucine)?***1 due to decrease of CH-m interaction strength.

We demonstrated previously that changes in single atoms in tryptophan residues in
carbohydrate binding sites can alter the specificity in more subtle manner than classical
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mutagenesis, modifying the lectin-glycan interaction without abolishing it.!'? Since the Gal-1
sequence contains only a single tryptophan residue in the ligand binding site, it appears to be
an optimal target for applying a synthetic biology approach to introduce subtle atomic
mutations at the tryptophan residue to fine-tune the Gal-1-ligand-interactions.

Here, we introduced a set of non-canonical tryptophan analogs into CSGal-1 and analyzed the
effects on ligand specificity by a glycan microarray, then further quantified observed changes
by a fluorescence polarization assay and provided a structural and dynamical view using
molecular simulations. We found that introducing atomic changes in the important tryptophan
residue is an appealing strategy to reduce the affinity for specific sulfated ligands without
substantially altering the interaction with other carbohydrates.

Results and Discussion

To introduce the desired atomic mutations, we exchanged the single tryptophan residue W68
(corresponds to W77 in the CSGal-1 amino acid sequence used in this study, which contained
an N-terminal hexahistidine-tag; see Table S5) in the binding site of CSGal-1 with twelve non-
canonical analogs (Figure S1IA). We applied a tryptophan-auxotrophic E. coli strain for the
supplementation-based incorporation (SPI) of the analogs.l*®! Since the CSGal-1 sequence
contains only a single W68, the exchange was site-specific. By this strategy, we avoided the
drawbacks in product yields often associated with the incorporation of ncAAs at in-frame
amber codons with orthogonal translation systems.[*”] However, as discussed further down,
possibly incomplete labelling with ncAAs is a drawback of this method. We observed CSGal-
1 expression in the presence of all analogs, albeit at varying levels. The expression was most
efficient with canonical tryptophan and of comparable levels with the fluorinated analogs. The
hydroxyl-, methyl- and amine-derivatives yielded considerably lower expression levels.
CSGal-1 was efficiently expressed in the presence of 7-azatryptophan (7AzaW) but not the
other aza-analogs. The incorporation of all tryptophan analogs except of 4-fluorotryptophan
(4FW) resulted in soluble variant proteins (Figure S1A), that were all purified by immobilized
metal affinity chromatography (Figure S1B). Mass analysis of the purified proteins revealed
that 4-, 5- and 6-azatryptophan as well as 1-methyltryptophan were not incorporated into the
protein, it still contained tryptophan. In contrast, 7AzaW was successfully incorporated into
the CSGal-1. However, the azatryptophan-containing variant only had a small mass difference
in comparison to the parent protein (0.865 Da), which was at the sensitivity limit of the LC-
ESI-MS. A potential contamination of the 7AzaW variant with parent protein cannot be
excluded entirely. The fluorotryptophans were efficiently incorporated with only little
contamination with parent protein (17%, 7% and 8% contamination with WT for 5-, 6- and 7-
fluorotryptophan, respectively), which matches as reported with another lectin.l'?! The
hydroxytryptophans were less well incorporated and showed a contamination with parent
protein between 21% and 42% (Table S1).
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Figure 2: Glycan microarray analysis and glycan structures. A) The fluorescence values of quantified microarray
data are shown for eight different ligands (two replicates each). Note the differently scaled y-axes for the results
with high (left panel) and low affinity ligands (right panel). Exact values can be found in Table S2 and in the raw
data in the supplementary excel-file. Tryptophan analogs introduced in CSGal-1, as well as symbolic glycan
representations, are shown as insets. B) The structures, names and abbreviations of the carbohydrates used in this
study are shown..

To assess possible modifications in ligand specificity, the synthetic variants containing 4- and
5-hydroxytryptophan, 4-aminotryptophan, 5-, 6- and 7-fluorotryptophan and 7-azatryptophan
as well as the parent protein were screened against a glycan microarray containing more than
300 carbohydrates.[*®!

All variants actively bound to the glycan microarray. As expected, the overall binding pattern
was similar to that of the parent protein. However, selected variants bound the glycans with
considerably changed specificity compared to the CSGal-1 parent protein. CSGal-1[5FW]



showed reduced binding to all glycans (see raw data in Figure S2 and Figure S3). The
differences were particularly pronounced with the Galal-3Gal-terminated ligands Galili tri,
Galili tetra and with LacNAc-terminated glycans (Figure S3). Only NeuSAc-terminated
ligands (comp3 and comp7 in Figure S3) were bound significantly compared to the others.
CSGal-1[6FW] showed a better binding to the glycan microarray chip than the SFW variant
(Figure S2). No drastic changes in specificity were observed compared to the parent protein
(Figure S4) except a reduced affinity towards most glycans. However, some ligands were
bound equally well or even slightly better, without drastic differences to CSGal-1.
CSGal-1[7FW] showed a marked affinity gain or -loss for specific glycans compared to the
parent protein (Figure S5). The affinity for many LacNAc-terminated ligands was improved.
However, when these ligands carried a sulfate-group at the 3°-O of galactose, the affinity was
considerably reduced (Figure 2). Furthermore, we observed an increased affinity for some
GalB1-3GlcNAc-terminated ligands, such as H type I, and Galal-3Gal-terminated ligands
(Galili tri and tetra), and a reduced binding to NeuSAc-terminated glycans (comp 3, -7 and -
11). Similar to CSGal-1[7FW], CSGal-1[7AzaW] showed a considerably reduced binding to
3’-O-sulfated LacNAc as compared to the parent protein (Figure 2 and Figure S6). At the same
time, the binding to LacNAc was unchanged. Some Galal-3Gal-terminated ligands were
bound slightly better, but the difference to the parent protein was not as pronounced as for the
7FW-containing variant. Apart from some Neu5Ac-terminated high-affinity ligands, where a
drastically reduced binding was observed, the binding to other carbohydrates on the array was
comparable with that of the parent protein. CSGal-1[4NH2W] showed many small differences
to the parent protein, while overall binding to glycans on the array was comparable to that of
the parent protein (Figure S7). In general, some low-affinity ligands were bound better, while
some high-affinity ligands were bound less well. Again, a markedly reduced binding to 3°-O-
sulfated LacNAc was observed, while the binding to LacNAc was unaltered.

The most striking differences in ligand specificity were the increased interaction of the 7FW-
containing variant for terminating LacNAc and the drastically reduced interaction of the 7FW-
and 7AzaW-containing variants with the 3’-O-sulfated LacNAc-terminated carbohydrates,
namely 3°-O-Su-LacNAc and 3°,6-di-O-Su-LacNAc (Figure 2).

To verify and quantify this finding, we examined the affinity of CSGal-1, CSGal-1[7FW] and
CSGal-1[7AzaW] towards these and other ligands shown in Figure 2B by a fluorescence
polarization assay. We first confirmed that the binding of the fluorescein-labelled high affinity
probel3®! was not drastically affected by the atomic mutation on the modified galectin, and the
optimal lectin/probe concentrations were determined (Figure S8). In the competition assay, the
displacement of the fluorescein-labelled probe from the ligand binding site of the galectins by
the analyzed glycans (Figure 2B) was evaluated. From several measurements with different
concentrations of competing ligand (Figure S9), the Kq of the ligands for the galectins was
determined (Figure 3). The competition assays with the eight ligands validated the results
generated by the glycan microarray.

CSGal-1showed an increased affinity towards the 3’-O-Su-LacNAc in comparison to the non-
sulfated compound. The decrease in Ka value from 34.9 +6.7 uM to 10.5 £2.8 uM is in
accordance with a previous report.[*?]
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Figure 3: Affinity of CSGal-1 and variants towards different glycans, as determined by a fluorescence
polarization competition assay. Ky average (shown above bars) and SD were calculated from 4 to 6 single point
measurements showing between 15-85% inhibition (for the inhibition curves and calculated Ky values see
Figure S8 and Table S3, respectively). Note the differently scaled y-axes for the results with high (left panel) and
low affinity ligands (right panel). Tryptophan analogs introduced in CSGal-1, as well as symbolic glycan
representations, are shown as insets.

CSGal-1[7FW] showed a comparable binding behavior as the parent lectin in terms of ligand
preferences, except for 3’-O-Su-LacNAc and 3°,6-di-O-Su-LacNAc. For the latter two ligands,
the affinities were about 5.5-fold lower than for CSGal-1 (K4 values of 61.2 £5.5 uM and 35.4
+7.4 uM versus 10.5 £2.8 uM and 5.6 £0.5 uM, respectively). At the same time the interaction
with the other tested ligands remained unaltered or even slightly improved. The substitution of
tryptophan with 7-azatryptophan in general resulted in decreased affinities for all tested ligands.
In comparison to CSGal-1[7FW], the differences in affinity in relation to the parent protein
were more complex with the 7AzaW-variant. While the K4 values for 6-O-Su-LacNAc and
lacto-N-neotetraose (LNnT, Galf1-4GlcNAcB1-3GalP1-4Glc) were similar to those of CSGal-
1, the affinity for the other ligands was reduced by a factor of at least 1.5. For 3’-O-Su-LacNAc

and 3’,6-di-O-Su-LacNAc, the K4 values were even 8-times higher than for CSGal-1 (Ka values

of 88.2 £10.6 uM and 46.9 £9.4 uM versus 10.5 £2.8 uM and 5.6 £0.5 uM, respectively).

To rationalize the observed binding preferences of the CSGal-1 variants for the ligands
(Figure 3.), molecular modelling and simulations were conducted. For simplicity, we focused
on the 3’-O-Su-LacNAc disaccharide, since it presents the largest affinity differences for the
three CSGal-1 variants, and LacNAc for comparison. Coupled with three CSGal-1 variants,

this summed up to six systems studied. Specific parameterization consistent with the used
protein force field was necessary to describe the non-canonical amino acids 7FW and 7AzaW.

The method description and all the parameters are given in the Supporting Information.

To validate the protocol, we ran 1 pus molecular dynamics (MD) simulations of dimeric Gal-1

in complex with LacNAc and compared it to the original X-ray structure. The overall protein
structure as well as the details of the protein-ligand hydrogen bonding were very well

maintained (Table S6.). Similarly, the CH-n stacking interaction between the Gal moiety and
W68 was maintained, although the distances defining it were slightly increased with respect to

the X-ray structure (Table S7). A comparable behavior had been previously reported and was

7



ascribed to the imperfections of the force field.**! Water networks bridging the Gal moiety to
Gal-1 residues W68, K63, H52, S29 and N33 of the extended carbohydrate-binding site and
even to the mobile Al and D123 residues were observed (Figure 4A).

During the 1 us MD simulation of the complex between Gal-1 and 3’-O-Su-LacNAc, the
sulfate group was wedged between residues W68, H44 and V31 but no direct H-bonding was
observed. The W68 stacking interactions with 3’-O-sulfate-Gal were similar to those of
LacNAc, although the X-ray structures showed shorter distances for the wild-type Gal-
1/LacNAc complex (Table S7, Table S8). Water-mediated H-bonds between 3’-O-sulfate-Gal
and Gal-1 residues were similar as in the Gal-1/LacNAc complex (Figure 4B) but presumably
stronger due to negative charge and polarization of the sulfate, the phenomenon which is not
described in classical fixed-charge force fields *!l. This effect could cause the three-fold
stronger binding of the 3’-O-Su-LacNAc to Gal-1 as compared to LacNAc (cf. Figure )

B

Figure 4: Snapshots from MD simulations of the A) wild-type Gal-1 in complex with LacNAc B) wild-type Gal-
1 with 3’-O-Su-Gal-B-1-3-GlcNAc, C) Gal-1 [7TFW] with 3’-O-Su-Gal-B-1-3-GIcNAc and D) with Gal-1
[7AzaW] with 3’-O-Su-Gal-B-1-3-GlcNAc. Water oxygen occupancies are shown shown as blue meshes. Figure
rendered with VMD, ver. 1.9.3.142

We evaluated the effects of 7FW and 7AzaW analogs in position 68 of Gal-1 complexes with
LacNAc and 3’-O-Su-LacNAc from 1 us MD simulations. The stacking distances between
(sulfated) galactose and residue 68 become slightly larger (i.e. weaker) in the order
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W68/LacNAc ~ 7TFW68/LacNAc ~ W68/3’-O-Su-LacNAc < 7AzaW68/LacNAc ~ 7TFW68/3’-
O-Su-LacNAc < 7AzaW68/3’-O-Su-LacNAc (Table S7, Table S8). In 7FW68/3°-O-sulfate-
Gal and 7AzaW68/3’-O-sulfate-Gal complexes this weakened stacking is due to electrostatic
repulsion between S-O and F-C or N moieties that are only partially screened by surrounding
water networks (Figure 4C, D). Overall, with the exception of the Gal-1/LacNAc and Gal-1/3’-
O-Su-LacNAc pair mentioned above, the stacking distance criterion describes the changes in
affinity (Figure 3, left panel).

Conclusions

Recently, we have shown that introducing atomic mutations on the tryptophan residues
involved in ligand binding in the Ralstonia solanacearum lectin can modulate its interaction
with different ligands.['? However, the effects of fluorination of the three tryptophan residues
present in the ligand binding sites interfered with each other. Here, we have chosen a lectin
with only one tryptophan residue in the ligand binding site, which plays a key-role in the
interaction with carbohydrates. Remarkably, only the affinity for the sulfated ligands 3’-O-Su-
LacNAc and 3’,6-di-O-Su-LacNAc was substantially weakened by the introduction of the
additional fluorine or nitrogen atoms. The effect of reduced affinity of the CSGal-1[7FW] and
CSGal-1[7AzaW] variants for the sulfated ligands might be even more pronounced than
indicated by the results: The CSGal-1{7FW] protein preparation contained approx. 8%
unlabeled parent protein, which very likely affects the affinity measurements yet cannot be
removed by standard purification procedures. The removal of the parent protein impurity from
the CSGal-1[7AzaW] preparation is not viable as its physico-chemical properties very closely
resemble those of the 7FW variant. Due to the impurity of the assessed synthetic proteins with
parent protein the effect of reduced affinity for the sulfated ligands might be even more
pronounced than visible from the present results.

To explain the effect of 3’-O-sulfation of LacNAc on binding to Gal-1 and its synthetic analogs,
we used MD simulations. They hinted at the importance of W68/Gal stacking as well as water-
mediated H-bonding at the protein-ligand interface, which are both modulated upon changes
in the protein and/or ligand. Solvation effects around W68 in Gal-1 were studied previously by
UV resonance Raman spectroscopy and molecular dynamics simulation.[*¥] The effects of
fluorinated tryptophan residues on ligand-receptor interactions might be even more complex
than the previously observed decreased aromaticity of the tryptophan indole ring and the
introduction of additional hydrogen bonds with fluorine as weak acceptor.!'?! Quantification of
some of these phenomena in galectin-3 was carried out recently by quantum mechanical
methods. 44431

In summary, the introduction of atomic mutations in the ligand binding site of galectins is a
promising strategy for modifying the interaction with different carbohydrates. In particular,
targeting the important tryptophan residue, which cannot be mutated satisfyingly by classical
approaches, might be an attractive strategy to fine-tune the ligand specificity of other galectins
as well, since the tryptophan residue is highly conserved among them.
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Supporting Information

Experimental procedures

Protein expression, purification and sample preparation

CSGal-1 and variants were expressed using SPI and a tryptophan auxotrophic E. coli strain
carrying the pQE80L_6H-CSGal-1 plasmid('l, as described previously.? In short, 500 mL of
M9 medium (47.76 mM Nax;HPO4, 22.04 mM KH2PO., 8.56 mM NaCl, 18.69 mM NH.CI,
22 mM a-D-glucose, 1 mM MgSO,, 0.1 mM CaCly, 8.63 uM FeSO4, 3.55 yM MnSQy4, 2.49 uM
AICl3, 1.84 uM CoCl,, 0.42 uM ZnSOy4, 0.5 uM NazMoOg, 0.35 uM CuCly, 0.49 uM H3BOs)
supplemented with 1% (w/v) casamino acids (BD Biosciences, San Jose, CA), 35 uM L-
tryptophan, and 100 yg mL-' ampicillin were incubated with the auxotrophic E. coli strain
carrying the expression plasmid to an attenuance at 600 nm (Dsoo) of 0.1 and incubated at
37 °C and 120 rpm. After tryptophan- and growth depletion at a Dego of around 3, which
resulted in stalled growth, the cells were starved for an additional hour before 1 mM indole
(Sigma-Aldrich, St. Louis, MO) or indole analog (4-fluoroindole, Tokyo Chemical Industry
Europe, Zwijndrecht, Belgium; 5-, 6-, and 7-fluoroindole and 4-azaindole, Molekula, Newcastle
Upon Tyne, U.K.; 4- and 5-hydroxyindole and 4-aminoindole, Abcr, Karlsruhe, Germany; 5-
and 6-azaindole, Alfa Aesar, Heysham, U.K.; 7-azaindole and 1-methylindole, Sigma-Aldrich)
was added together with 0.5 mM isopropyl $-D-thiogalactopyranoside (IPTG, Sigma-Aldrich).
Cells were incubated at 28 °C, 115 rpm overnight (approx. 16 h) and subsequently harvested
by centrifugation (20 min at 8000 xg and 4 °C) and stored as pellets at -20 °C until further
processing.

Purification was facilitated by immobilized metal ion affinity chromatography via a
hexahistidine-tag present at the N-terminus of CSGal-1 (Table S5). Therefore, cell pellets
were resuspended in 25 mL lysis buffer (50 mM NaPi, 150 mM NaCl, 10 mM imidazole,
pH 7.2) and disrupted by sonication. The lysate was centrifuged for 30 min at 20000 xg and
4 °C. Subsequently, the supernatant was loaded onto a 1.5 mL Ni-NTA agarose (Cube
Biotech, Monheim, Germany) column equilibrated with 60 mL of lysis buffer and unbound
protein was removed by washing with 15 mL wash buffer (50 mM NaPi, 150 mM NaCl, 30 mM
imidazole, pH 7.2). The target proteins were eluted by applying 10 times 1 mL of elution buffer
(50 mM NaPi, 150 mM NaCl, 300 mM imidazole, pH 7.2). Eluted fractions containing the
target proteins (determined by protein concentration measurements and SDS-PAGE) were
pooled, filtered through 0.2 uM PES syringe filters and subsequently buffer-exchanged against
phosphate-buffered saline (PBS; 9.55 mM Na;HPO4, 136.89 mM NacCl, 2.68 mM KCI and
1.47 mM KH2PO4) using a HiPrep 26/10 column (GE Healthcare, Uppsala, Sweden). Small
aliquots (50 pL to 300 uL) of the protein solution were lyophilized and stored at 4 °C until use.
Purified protein titers in mg L' of cell culture were: CSGal-1: 48 mg L-'; CSGal-1[5FW]: 21 mg
L'; CSGal-1[6FW]: 20 mg L'; CSGal-1[7FW]: 32 mg L-'; CSGal-1[4OHW]: 7 mg L-!; CSGal-
1[50HW]: 10 mg L'; CSGal-1[4AzaW]: 8 mg L'; CSGal-1[56AzaW]: 4 mg L'; CSGal-
1[6AzaW]: 4 mg L'; CSGal-1[7TAzaW]: 29 mg L'; CSGal-1[1MeW]: 9 mg L'; CSGal-
1[4NH2W]: 10 mg L.

For experiments, protein samples were reconstituted in PBS pH 7.2 by the addition of doubly
distilled H.O (ddH-0) to lyophilized powder. The solution was centrifuged for 5 min at 7200 xg
at room temperature (RT) and the protein concentration of the supernatant was determined
by its absorbance at 280 nm (NanoDrop 2000 spectrophotometer, Thermo Fisher Scientific,
Waltham, MA) applying an extinction coefficient of 8.48 x 10* M-' cm-'. Subsequently protein
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solutions were diluted in PLI-P Buffer (6.5 mM Na;HPO4, 1.5 mM KH2PO4, 500 mM NaCl,
3 mM KCI, 1% (w/v) BSA, 1% (v/v) Triton-X-100, pH 7.4) or in PBS with 0.1 uM BSA (10 mM
Naz2HPOs4, 10 mM NaH2PO4, 138 mM NaCl, 2.7 mM KCI, 0.1 uM BSA, pH 7.4) for the glycan
microarray and fluorescence polarization assays, respectively. The following molecular
weights were used for the calculation of the molarity of protein solution: CSGal-1, 15586.32 g
mol-'; CSGal-1[7FW], 15604.31 g mol-'; CSGal-1[7AzaW], 15587.19 g mol".

Intact protein mass analysis by HPLC ESI-MS

A final protein concentration of 10 ng ul'' was prepared in water containing 5% (v/v)
acetonitrile (ACN) and 0.1% (v/v) trifluoroacetic acid. Protein species were separated by nano-
HPLC (Dionex Ultimate 3000) equipped with a Pepswift precolumn (monolithic, 5 x 0.2 mm)
and an Acclaim ProSwift RP-4H column (monolithic, 100 um x 25 cm) (all Thermo Fisher
Scientific, Vienna, Austria). Approximately 1 yl of protein sample was injected and
concentrated on the enrichment column for 2 min at a flow rate of 5 yl min~" with 0.1% (v/v)
formic acid as an isocratic solvent. Separation was carried out on the nanocolumn at a flow
rate of 1 yl min-! using the following gradient, where solvent A was 0.3% (v/v) formic acid in
water and solvent B was ACN containing 0.3% (v/v) formic acid: 0-2 min: 5% B; 2-17 min: 4-
60% B; 17-20 min: 60% B; 20-20.1 min: 60-5% B; 20.1-29 min: 5% B. The maXis Il ETD mass
spectrometer (Bruker, Bremen, Germany) was operated with the captive spray source in
positive mode with the following settings: mass range: 300-3000 m/z, 1 Hz, source voltage
1.6 kV and dry gas flow 3 L min"" at 180 °C. The protein mass spectra were deconvoluted by
the data analysis software using the MaxEnt2 algorithm. The following main parameters were
applied: charge carrier, H*; m/z range, minimum 800 to maximum 2000; minimum instrument
resolving power was set to 50000. For peak detection, SNAP algorithms with the following
parameters were used: quality factor threshold 0.9, S/N threshold 2 and maximum charge
state of 12.

Glycan microarray assay

The glycan microarrays (mammalian printed array version 3.0 from the consortium of
functional glycomicst®) contained 317 carbohydrates (see supporting excel file) and were
printed as described previously.[l For details on the amine-functionalized spacers used for
immobilization of the glycans on the N-hydroxysuccinimide-activated glass slides by amine-
coupling, see the supporting excel file and previous publications.5¢! The microarray slides
were blocked with blocking buffer (50 mM ethanolamide in 50 mM borate buffer, pH 8.0) for
one hour, subsequently rinsed with ddH>O and spin-dried. The lectins were diluted to 25 ug
mL-" in PLI-P buffer, applied on the microarray slides and incubated for one hour at RT in a
humidified chamber with gentle agitation. Subsequently, the microarray glass slides were
carefully rinsed with PLI-P buffer and spin-dried, before these were incubated for one hour
with anti-his-tag-antibody (MAB050, R&D Systems, Minneapolis, MN) at 4 yg mL-" at RT in a
humidified chamber with gentle agitation. After rinsing the microarray slides with PLI-P buffer,
these were incubated for one hour with a cyanine-3-labelled goat anti-mouse IgG antibody
(Sigma-Aldrich) as secondary antibody at 4 ug mL-" in a humidified chamber at RT with gentle
agitation, shielded from light. Subsequently, the slides were rinsed with PLI-P buffer, spin-
dried and fluorescence measurements were performed using the ScanArray 4000 Microarray
Analysis System (PerkinElmer, Waltham, MA). Fluorescence intensities were quantified using
the ScanArray Express Microarray Analysis System 4.0 (PerkinElmer) and the data was
further analyzed with Microsoft Excel (Microsoft Corporation, Redmond, WA).

Fluorescence polarization experiments

Binding curve with fluorescein-labelled high-affinity-probe. The determination of probe
properties was carried out as described previously.[l A fixed concentration (4 nM) of the
fluorescein-labelled probe 25 (3,3’-Dideoxy-3-(fluorescein-5-yl-carbonylamino)-3’-[4-(thiazol-
2-yl)-1H-1,2,3-triazol-1-yl]-1,1’-sulfanediyl-di-3-D-galactopyranoside)”! in PBS containing
0.1 uM BSA was mixed with a range of galectin-1 dilutions ranging from 0.3 nM to 20 yM in
the same buffer in a final volume of 160 pL at RT, in black 96 well plates (FluoroNunc, Thermo
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Fisher). Fluorescence polarization was measured using a PheraStarFS plate reader with
software PHERAstar Mars version 2.10 R3 (BMG, Offenburg, Germany) and fluorescence
anisotropy of probe 25 measured with excitation at 485 nm and emission at 520 nm. K4 and
SEM values were determined in GraphPad Prism as previously described.®!

Competitive fluorescence polarization assays with different ligands to determine binding
affinities. The determination of K4 values for the interaction of CSGal-1 and variants towards
different ligands was carried out as described previously.’l A fixed concentration (4 nM) of
probe 25 and galectin-1 (CSGal-1, 60 nM; CSGal-1[7FW], 100 nM and CSGal-1[7AzaW],
200 nM) in PBS containing 0.1 yM BSA was mixed with a range of ligand dilutions between
0.25 yM and 5 mM of lactose, 0.1 yM and 2 mM of DiLacNAc, LNT and LNnT (all from Elicityl,
Crolles, France) and between 0.46 uM and 1 mM of 3’-, 3',6- and 6-O-Su-LacNAc (all from
GlycoNZ, Auckland, New Zealand) in the same buffer in a final volume of 160 yL at RT.
Measurements were carried out as described above. Ky average, SD and SEM were
calculated from 4 to 5 single point measurements showing between 15 and 85% inhibition as
previously described.l®! For more information on the values used for the calculations see
Table S4 and Figure S9.

Molecular modelling and simulations

X-ray structures. The crystal structure of the Gal-1 C2S mutant (referred to as Gal-1) with
bound LacNAc (PDB: 1W6P, resolution of 1.8 A)®! was selected because it captures a local
change in the 122—125 loop with respect to the wild-type. Other cysteine-to-serine mutations
in the CSGal-1 protein used in the experiment should induce changes neither in the overall
structure, nor in the carbohydrate-binding site. The Gal-1/3’-O-Su-LacNAc complex was
modelled from 1TW6P for consistency. For structural validations, the related complex of Gal-
1/3’-O-Su-Gal-p-1-3-GIlcNAc (PDB: 4Y22, unpublished) was used.

Parametrization. GLYCAM parameters for the sulfated carbohydrates were obtained from the
glycam.org web page. Parameters for the 7FW and 7AzaW residues were obtained by
exchanging/deleting the atoms in PyMol (Molecular Graphics System, Version 1.7.6.3,
Schroédinger, LLC), capping the N- and C-termini with acetyl and hydrogen, respectively, and
optimizing using the DFT-D3/COSMO method. The potential protonation of the pyridine of
7AzaW was excluded based on the predicted pKa of 3.3 using Chemicalize tool from
ChemAxon. Partial atomic charges were derived by the RESP procedure at the HF/6-31G*
level.['"® The capping groups were subsequently deleted and the excess charge was dispersed
over all the remaining atoms to restore neutrality. The 7FW and 7AzaW residues were
assigned AMBER ff99SB force field parameters.'l These parameters for nonstandard
residues are given in the Mendeley Repository.!['?

Molecular dynamics simulations and analysis. Gal-1 was modeled as dimer but interactions
were analyzed in chain A only because the electron densities of the ligands in the 1WG6P X-
ray structurel® were weak in chain B as inspected by WinCoot, ver. 0.8.9.2.1'31 Both histidine
residues, H44 and H52, were treated as monoprotonated at Hd to maintain hydrogen bonding
patterns. AMBER ff14SB force field!'"! was used for the protein and GLYCAM-06j!'4 for the
carbohydrates. The systems were immersed in a box of explicit TIP3P water molecules,
neutralized with 0.15 M NaCl, and relaxed stepwise following the published protocol.l'
Production runs of 1 ys ensued. Protein-carbohydrate H-bonds were listed only when they
exceeded 10% occupancy. W68 stacking was characterized in analogy to referencel'®! as a
set of distances between the center of pyrrole and benzene rings of W68 and C3-C6 atoms of
Gal. Water networks were calculated from a 10 ns MD simulation with protein and ligand
frozen and visualized using the VOLMAP tool. All the analyses were performed with the
Cpptraj program.['”]

Author contributions

F.T., HL.,, O.B.,, UN. and B.W. designed experiments; F.T. M.L. S.R.Z., performed
experiments; F.T., M.L., A.l and B.W. wrote the manuscript.
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Figure S1. A) SDS-PAGE analysis of CSGal-1 expression in the presence of tryptophan or different tryptophan analogs.
Structures of tryptophan and analogs are shown, and atomic mutations are highlighted in red. The protein bands corresponding
to CSGal-1 or synthetic variants (MW CSGal-1 15.6 kDa) are indicated by a black arrow. L, total cell lysate; SF, soluble protein
fraction; M, molecular size marker. The figure was composed from individual SDS-gels as indicated by the white spaces. B) SDS-
PAGE analysis of IMAC-purified CSGal-1 and tryptophan-analog-containing variants.
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Figure S2. Scan images of glycan microarray slides with fluorescently labelled CSGal-1 and variants. Shown are whole slides
containing two replicates of the glycan microarray with 317 glycans each. For details of the glycans, see Supplemental information
of Frederiksen, et al.l¥
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Figure S3. Comparison of glycan microarray fluorescence values of CSGal-1 parent protein and the variant protein containing
5-fluorotryptophan (CSGal-1[5FW]). LacNAc and selected glycans possessing pronounced differences between variant and
parent protein are shown. Symbolic representations of glycan structures are shown for each carbohydrate. Bars represent mean
values of 8 replicates with SEM in duplicate. Glycan symbols:'® were drawn with GlycoGlyph!'®¥ and adapted in CorelDraw
(version 20.1.0.708, Corel Corporation): circle blue, Glc; circle green, Man; circle yellow, Gal; diamond blue divided, GIcA;
diamond purple, Neu5Ac; square blue, GlcNAc; square yellow, GalNAc; triangle red, Fuc.
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Figure S4. Comparison of glycan microarray fluorescence values of CSGal-1 parent protein and the variant protein containing
6-fluorotryptophan (CSGal-1[6FW]). LacNAc and selected glycans possessing pronounced differences between variant and
parent protein are shown. Symbolic representations of glycan structures are shown for each carbohydrate. Bars represent mean
values of 8 replicates with SEM in duplicate. For definition of glycan symbols see legend to Figure S3.
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symbols defined in legend to Figure S3.
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symbols defined in legend to Figure S3.
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Figure S7. Comparison of glycan microarray fluorescence values of CSGal-1 parent protein and the variant protein containing 4-aminotryptophan
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(CSGal-1[7AzaW]). The binding curve was measured to find optimal lectin/probe concentrations for the subsequent competition assays (Figure S9).
Calculated anisotropy values were plotted against the protein concentrations and the maximum difference in anisotropy between ligand-bound and
ligand-free state (Amax) and dissociation constant (Kq) values were calculated. Compared to the CSGal-1 parent protein, CSGal-1[7FW] and
CSGal-1[7AzaW] showed a reduced, but still very well binding of the fluorescein-labelled probe. The calculated K4 for CSGal-1 (85 nM) was close
to value described earlier for the native Gal-1 (65 nM).['! The structure of the fluorescein-labelled probe is shown as inset.
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Figure $9. Inhibition curves of CSGal-1, CSGal-1[7FW] and CSGal-1[7AzaW] with different ligands (A-H). The curves were generated from the
data shown in Table S4. The duplicate measurements for each inhibitor concentration (points) and their mean (lines) are shown. A fixed
concentration (4 nM) of fluorescein-labelled probe 25 and galectin-1 (CSGal-1: 60 nM; CSGal-1[7FW]: 100 nM and CSGal-1[7AzaW]: 200 nM) was
mixed with a range of ligand dilutions ranging from 0.25 pM to 5 mM for lactose, from 0.1 uM to 2 mM for DiLacNAc, LNT and LNnT and from 0.46
UM to 1 mM for 3'- and 6-O-Su-LacNAc and 3’,6-di-O-Su-LacNAc. Please note that not all inhibition curves could be followed to a plateau at high
concentrations, which owes to the limited accessibility of these ligands. Calculated anisotropy values were plotted against the inhibitor (ligand)

concentrations.
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Supplementary Tables

Table S1. Intact mass analysis of CSGal-1-variants by HPLC ESI-MS. The relative abundance of parent- (WT) and synthetic protein (variant),
calculated based on peak intensity, is given in percentage. While no mass shift in comparison to wild type was detected for the 4-, 5- and 6-
azatryptophan-containing variants, the expected mass for the 7-azatryptophan containing-variant was detected. The azatryptophan-containing
variants only had small mass differences in comparison to the parent protein (0.865 Da), which challenged the sensitivity of the applied method.
Therefore, no concrete statement on the incorporation efficiency of these variants (in brackets) could be made and the incorporation was judged
as successful (100%) or not (0%).

ncAA introduced ! Variant (%) WT (%)
w 0.0 100.0
5FW 83.5 16.5
6FW 93.5 6.5
TFW 91.6 8.4
(4AzaW 0.0 100.0)
(5AzaW 0.0 100.0)
(6AzaW 0.0 100.0)
(7TAzaW 100.0 0.0)
40HW 58.5 41.5
50HW 79.2 20.8
4NH2W 75.1 24.9
1MeW 0.0 100.0

[a] W - tryptophan; FW - fluorotryptophan; AzaW - azatryptophan; OHW - hydroxytryptophan; NH2W - aminotryptophan; MeW — methyltryptophan

Table S2. The fluorescence mean values of quantified microarray data from duplicate measurements with 8 technical replicates each are shown

for 8 different ligands. For the 8 technical replicates, the standard error of mean (SEM) is given.

CSGal-1[W] CSGal-1[7FW] CSGal-1[7AzaW]
Ligand [ Mean SEM Mean SEM Mean SEM
662 117 246 58 210 65
Lac
301 138 61 3 90 12
351 88 186 46 200 45
LacNAc
318 42 354 97 449 99
201 30 2529 247 68 5
LNT
100 15 3306 216 126 29
1114 201 7752 1797 1360 339
LNnT
1529 27 17441 996 2185 156
2456 146 15667 422 3736 434
DiLacNAc
4540 373 30235 861 4607 509
18950 1114 240 47 195 20
3',6-di-O-Su-LacNAc
19622 679 648 92 212 62
1651 133 24020 860 3157 409
6-O-Su-LacNAc
248 194 8007 5205 623 539
2685 370 208 100 500 90
3-O-SuLacNAc
2901 192 195 68 190 81

[a] Carbohydrate structures are shown in Figure 2.
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Table S3. Calculated Kq values for the interaction of CSGal-1 and variants with eight different ligands measured by fluorescence polarization assay.
The tail denotes the range (percentage of inhibition) in which the measurements had to fall to be included in the calculations. E.g. a tail of 25%
included measurements showing between 25 % and 75 % inhibition. The number of points used for each calculation can be inferred from Table S4.

Ligand [ Protein Tail Kq®! SD [ SEM [
CSGal-1 34.9 6.7 3.4
LacNAc CSGal-1[7FW] 29.0% 35.7 12.6 5.7
CSGal-1[7AzaW] 57.2 16.5 8.3
CSGal-1 88.4 4.5 2.2
DiLacNAc CSGal-1[7FW] 27.0% 72.5 6.3 3.2
CSGal-1[7AzaW] 130.3 10.9 5.4
CSGal-1 94.7 6.2 3.1
LNT CSGal-1[7FW] 25.0% 68.9 3.4 1.7
CSGal-1[7AzaW] 167.5 19.3 9.7
CSGal-1 37.0 3.7 1.9
LNnT CSGal-1[7FW] 25.0% 25.6 6.8 3.1
CSGal-1[7AzaW] 48.3 5.4 2.4
CSGal-1 268.5 30.6 15.3
Lac CSGal-1[7FW] 20.0% 246.5 12.6 6.3
CSGal-1[7AzaW] 446.1 39.7 19.9
CSGal-1 10.5 2.8 1.4
3'-O-Su-LacNAc CSGal-1[7FW] 28.5% 61.2 5.5 2.8
CSGal-1[7AzaW] 88.2 10.6 5.3
CSGal-1 16.6 4.0 2.0
6-O-Su-LacNAc CSGal-1[7FW] 30.0% 13.2 3.2 1.6
CSGal-1[7AzaW] 18.6 4.6 2.3
CSGal-1 5.6 0.5 0.3
3'-6-di-O-Su-LacNAc CSGal-1[7FW] 25.0% 35.4 7.4 3.7
CSGal-1[7AzaW] 46.9 9.4 4.7

[a] Carbohydrate structures are shown in Figure 2.; [b] Dissociation constant; [c] Standard deviation; [d] Standard error of the mean

Table S4. Anisotropy values of duplicate measurements from the competition assays with different ligands. The values shown in bold were used
for Kq calculations (see Table S3 and Figure 3).

Ligand / Variant Inhibitor concentration / Anisotropy
L Inhibitor concentration (uM)
ac
5000 1666.67 555.56 185.19 61.73 20.58 6.86 2.29 0.76 0.25
345 38.9 49.7 61.1 71.2 73.8 78.0 78.7 79.0 81.1
CSGal-1
334 37.7 48.5 62.5 727 71.8 78.3 79.0 81.3 81.2
325 36.4 47.8 58.9 68.1 68.5 743 74.2 75.8 771
CSGal-1[7FW]
31.9 36.6 46.8 58.6 67.3 68.4 73.3 75.1 76.0 76.3
347 42.3 52.9 64.6 69.9 "7 75.6 78.1 76.6 77.2
CSGal-1[7AzaW]
36.0 42.2 54.6 66.9 73.4 74.2 72.8 76.9 78.2 80.2
Inhibitor concentration (uM)
DiLacNAc
2000 666.67 222.22 74.07 24.69 8.23 2.74 0.91 0.30 0.10
37.7 35.6 421 52.2 63.8 65.3 72.0 73.2 73.8 73.6
CSGal-1
354 35.6 43.0 53.9 64.8 66.7 74.7 75.5 74.7 75.4
34.7 34.8 41.3 50.5 61.0 62.6 69.5 69.9 71.9 71.5
CSGal-1[7FW]
35.6 35.2 423 51.3 62.2 64.3 70.8 73.0 741 74.2
35.1 37.9 46.7 57.5 68.4 69.4 73.0 75.3 77.0 76.0
CSGal-1[7AzaW]
35.9 38.3 47.9 61.0 69.2 69.7 74.9 75.9 76.8 76.4
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Ligand / Variant Inhibitor concentration / Anisotropy

Inhibitor concentration (uM)

LNT
2000 666.67 222.22 74.07 24.69 8.23 2.74 0.91 0.30 0.10
cSGal1 33.0 38.0 48.2 58.5 66.2 67.0 72.7 73.9 72.7 73.6
al-
33.4 37.9 47.9 59.9 68.3 67.5 72.9 73.8 75.8 76.0
325 36.9 454 56.9 65.4 65.9 69.6 711 71.8 73.4
CSGal-1[7FW]
33.4 36.4 45.6 57.9 66.3 67.5 72.0 73.2 74.4 74.0
35.0 44.0 55.4 65.8 71.3 70.5 74.0 75.5 74.0 74.8
CSGal-1[7AzaW]
37.5 44.2 58.0 65.4 72.0 71.0 16.6 @ 76.3 76.3 76.6
Inhibitor concentration (uM)
LNnT
2000 666.67 222.22 74.07 24.69 8.23 274 0.91 0.30 0.10
37.8 354 39.9 49.7 58.6 63.1 71.5 73.2 74.3 73.2
CSGal-1
36.4 35.0 39.0 49.5 60.6 65.4 70.5 74.5 73.3 74.3
35.7 33.5 36.9 45.8 57.3 60.0 68.0 701 70.3 70.0
CSGal-1[7FW]
36.5 35.1 37.6 46.3 56.4 61.5 69.3 70.0 70.4 70.9
38.1 35.7 42.6 53.3 62.1 65.1 70.3 71.6 73.8 73.8
CSGal-1[7AzaW]
37.4 36.4 42.9 53.0 63.8 63.8 721 74.5 741 72.7

Inhibitor concentration (uM)
3'-O-Su-LacNAc

1000 33333 111.11 37.04 12.35 4.12 1.37 0.46
32.1 332 35.1 44.0 50.6 60.4 65.6 65.8
CsGal-1
30.8 32.6 36.7 45.8 52.2 64.0 67.7 68.1
33.4 40.0 49.4 59.0 59.8 65.6 67.7 68.4
CSGal-1[7FW]
33.9 40.6 50.6 59.5 62.0 68.2 69.7 69.6
35.1 436 53.4 61.9 64.2 70.7 72.3 715
CSGal-1[7AzaW]
36.2 45.1 55.2 62.2 64.2 70.6 72.5 72.7

Inhibitor concentration (uM)
6-O-Su-LacNAc

1000 333.33 111.11 37.04 12.35 4.12 1.37 0.46
325 34.0 395 48.0 53.1 62.7 65.4 65.7
CSGal-1
33.1 335 40.3 48.4 55.8 64.8 66.7 70.2
31.0 32.3 37.3 47.8 53.4 62.2 66.1 66.9
CSGal-1[7FW]
32.5 34.5 37.3 471 54.6 64.3 67.7 68.0
31.9 35.6 413 52.5 60.3 67.5 715 70.8
CSGal-1[7AzaW]
322 35.1 41.8 54.7 61.6 68.8 71.5 72.9
Inhibitor concentration (uM)
LacNAc
3000 1000.00 333.30 111.10 37.10 12.30 410
33.8 34.6 416 51.9 61.7 67.1 74.9
CSGal-1
33.9 35.6 40.1 50.8 60.2 70.0 73.3
314 345 38.5 471 56.6 62.2 68.4
CSGal-1[7FW]
33.9 35.7 38.2 50.5 58.9 63.9 68.4
33.2 35.7 422 56.0 63.0 67.1 711
CSGal-1[7AzaW]
34.5 39.1 41.3 52.3 60.5 67.1 72.5

Inhibitor concentration (uM)
3'-6-di-O-Su-LacNAc

1200 400.00  133.30 44.40 14.80 4.94 1.65 0.55
31.7 32.3 39.5 49.8 60.0 69.9 72.3
CSGal-1
30.5 35.5 39.0 49.9 60.7 70.6 736
30.2 33.9 42.0 53.2 60.5 64.9 70.2 68.9
CSGal-1[7FW]
29.0 36.0 44.2 49.7 60.8 64.1 68.4 70.6
32.3 37.6 45.6 56.2 63.4 68.1 69.9 71.8
CSGal-1[7AzaW]
32.3 38.3 45.4 60.0 62.7 68.6 72.2 74.1

[a] This value was excluded from calculations
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Table S5. DNA and amino acid sequence of the cysteine-less galectin-1 (CSGal-1) used in this study.

Name

Type Sequence (DNA [5'—3'] or amino acids (N-terminal—C-terminal) for protein)

CSGal-1

CSGal-1

DNA ATGCATCACCATCACCATCACGGATCGGCCAGCGGCCTTGTAGCCAGTAACTTGAACTTAAAGCCGGGAGAGAGTTTGCGCGTACGTGGCGAA
GTTGCTCCCGACGCCAAATCCTTTGTGCTTAATCTGGGAAAAGACTCCAATAACCTGAGCTTGCACTTCAACCCTCGTTTCAATGCACACGGG
GACGCAAACACTATTGTGTCAAATAGTAAAGATGGTGGTGCGTGGGGCACGGAGCAACGTGAGGCCGTGTTCCCTTTCCAACCGGGGAGTGTG
GCTGAAGTAAGCATTACTTTCGACCAAGCCAACTTGACAGTTAAGTTGCCCGATGGATATGAGTTCAAATTTCCGAATCGCTTAAACTTGGAA
GCGATCAACTACATGGCCGCGGACGGTGACTTTAAGATTAAGTCTGTTGCCTTCGATTGATAA

Proteinf! MHHHHHHGSASGLVASNLNLKPGESLRVRGEVAPDAKSFVLNLGKDSNNLSLHFNPRFNAHGDANTIVSNSKDGGAWGTEQR
EAVFPFQPGSVAEVSITFDQANLTVKLPDGYEFKFPNRLNLEAINYMAADGDFKIKSVAFD

[a] The introduced hexahistidine-tag including a glycine-serine-linker is shown in blue.

Table S6. Protein-carbohydrate H-bonds for Gal-1/LacNAc complex in X-ray (PDB: 1\W6P) and 1 ys MD

Protein Carbohydrate X-ray distance (A) Avg dist MD (A) MD Occupancy (%)
H44:NE2 Gal:04 2.7 2.8 99.4
R48:NH2 Gal:04 3.0 3.0 93.6
R48:NH2 Gal:05 2.9 3.0 81.1
R48:NH1 GIcNAc:03 2.7 2.8 100.0
R48:NH2 GIcNAc:03 3.0 3.2 89.8
R48:NH2 GIcNAc:04 3.6 3.3 722
H52: NE2 Gal:02 3.3 3.0 59.5
N61:ND2 Gal:06 2.9 3.0 100.0
E71:0E2 GIcNAc:03 2.6 2.7 100.0
E71:0E1 GIcNAc:03 3.3 3.0 65.1
E71:0E2 Gal:06 2.7 2.7 98.9
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Table S7. Protein-carbohydrate stacking at position W68 in Gal-1 in complex with LacNAc. X-ray (PDB: 1W6P) data are compared to 1 us MD
simulations of wildtype and the indicated variants. For pyrrole (Pyr) and benzene (Ben) rings, their centroids were used.

Protein Carbohydrate X-ray distance (A) Average distance MD (A)

1W6P Gal-1 WT[W68] / LacNAc Gal-1[7TFW] / LacNAc Gal-1[7AzaW] / LacNAc
W68: Pyr Gal:C3 4.8 5.5 5.4 5.7
We68: Pyr  Gal:C5 4.0 4.5 4.5 4.8
W68: Ben  Gal:C4 4.1 43 43 4.4
W68: Ben  Gal:C6 4.2 4.1 4.0 4.2
Average 4.3 4.6 4.6 4.8

Table S8. Protein-carbohydrate stacking at position W68 in Gal-1 in complex with 3-O-Su-LacNAc. X-ray (PDB: 4Y22, chain B; unpublished) data
were compared to 1 us MD simulations of the wildtype and the indicated variants. 3'-O-Su-Gal abbreviated as 3LAC; for pyrrole (Pyr) and benzene
(Ben) rings, their centroids were used.

Protein Carbohydrate X-ray distance (A) Average distance MD (A)

4Y22/B Gal-1 WT[W68] / 3LAC Gal-1[7FW] / 3LAC Gal-1[7AzaW] / 3LAC
W68: Pyr 3LAC:C3 5.7 5.6 5.8 5.9
W68: Pyr 3LAC:C5 4.6 4.6 4.8 4.9
W68: Ben  3LAC:C4 4.5 43 4.5 4.5
W68: Ben  3LAC:C6 4.0 4.0 4.1 4.2
Average 4.7 4.6 4.8 4.9
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