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Experimental Details

Computational Methods

The conformational space of the disaccharides was sampled using the evolutionary algorithm
FAFOOM! utilizing the external software FHI-aims?> for local DFT optimization of each
sampled structure at the PBE+vdW TS * level of theory using light basis set settings. Mutation
of all rotatable bonds and ring puckers was allowed during the conformational search. The
algorithm allows functional groups to interact. The parameters of the genetic algorithm are
specified in Table S1. In total 10 algorithm runs were run separately for each disaccharide. The
methodology has previously yielded excellent accuracy for small glycans™ . Bond distances,
dihedral angles and ring puckers were extracted from the sampled structures using a self-
written python script.

To assess the quality of the sampled structures and their energetics, a subset of structures with
a single-point energy (AEpgg) below ca. 20 kJ mol™! (and selected structures above the threshold
carrying distinct motifs) were reoptimized at the hybrid DFT level PBE0+D3" ® in Gaussian
16° for the disaccharides AUA2SB1-3GaINAc4S6S, AUA2SB1-3GalNAc4S and AUAPBI-
3GalNACc4S. The basis set 6-31G(d) was chosen for all atoms except sulfur, for which the basis
set 6-311+G(2df,2dp) was used. This method has previously been used for theoretically
modelling of glycosaminoglycans'. For sulfur in higher oxidation states, a small basis set fails
to optimize into a reasonable structure. Using the mixed basis set approach is a reasonable
compromise between computational cost and chemical accuracy. The number of sampled and
reoptimized structures is summarized in Table S2. A smaller subset of structures was chosen
for reoptimization and frequency calculation at the PBE0+D3/6-311+G(2df,2dp) level of

theory.
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Energetics

The relative energetics of initial sampling AEppg, reoptimization with mixed basis sets
AEpBE0,mixed and reoptimization with only one basis set AEpgro are shown in Table S3 for
AUA2SB1-3GalNAc4S6S, Table S4 for AUA2SB1-3GalNAc4S and Table SS for AUABI-
3GalNAc4S. Furthermore, the free energy at 90 K, AFppgoook, similar to the experimental
conditions at which the spectra were recorded, and the ring puckers P of the sampled structures
are shown in the tables. The energetics of the sampled structures AEpgg are generally slightly
underestimated at PBE+vdWS/light level of theory, but are in the same order of magnitude
and follow a similar hierarchy compared to the energetics AEpgro computed at the hybrid
PBEO+D3/mixed level of theory in Gaussian 16.

Frequencies

Frequencies of selected structures were computed at the PBEO+D3/6-311+G(2df,2dp) level of
theory and scaled by a factor of 0.965. Exemplary infrared spectra and their experimental
homologues are shown in Figure S2. Generally, the carboxyl stretching and the amide 1
vibration are modelled well, with a slight shift in frequency, while the intensity of the amide II
vibration is overemphasized in the theoretical spectrum. The lower-energy region of the
theoretical spectrum, where commonly v(C-0), v(C—C), va(SO3") and vs(SO3") can be found, is
highly congested. The absorption bands in this region with good agreement with the
experimental spectrum usually stem from va(SO3”) and vs(SO;37) stretching modes. The
absorption bands of the v(C—O) and v(C—C) are commonly more challenging to model in
unprotected glycans due to anharmonicities, which are not accounted for in the harmonic

approximation used for frequency calculation.
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Figure S1. Energy diagram and Ramachandran-type plots for glycosidic linkages for
disaccharides 3, 4, 5 and 7 in (a) — (d).
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Figure S2. Experimental and computed infrared spectra of disaccharides 1, 2 and 6 in (a) — (¢).
The experimental spectra are shown in the blue traces, while the computed spectra of the
lowest-energy conformers are shown in the inverted gray traces.
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Tables

Table S1. FAFOOM settings used for sampling the conformational space of the disaccharides.

Parameter Value
Distance cutoff 1 1.2
Molecule Distance cutoff 2 2.15
Rmsd_cutoff uniq 0.25
Popsize 10
Prob_for crossing 0.95
Prof for mut pyranosering 0.6
FAFOOM settings Prob_for mut torsion 0.8
Fitness sum_limit 1.2

Selection

Roulette wheel

Max_mutations_torsion

Max_iter

30
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Table S2. Sampled and reoptimized structures.

Molecule

# sampled structures

# reoptimized structures

1  AUA2SB1-3GalNAc4S6S 217 12
2 AUA2SP1-3GalNAc4S 254 11
3  AUA2SP1-3GalNAc6S 267 -
4  AUAPI1-3GalNAc4S6S 212 -
5 AUA2SP1-3GalNAc 275 -
6 AUAP1-3GalNAc4S 269 13
7  AUAPBI-3GalNAc6S 232 -
8 AUAPI-3GalNAc 288 -
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Table S3. Relative energetics of a subset of sampled structures in kJ mol! for AUA2SB1-

3GalNAc4S6S.

AEpgE is obtained from initial sampling, AEpBEo,mixed from reoptimization with mixed basis sets,

AEpggo and AFpgrogok from reoptimization at PBEO+D3/6-311+G(2df,2dp) level of theory.

AEpeEo and AEpBEo,mixed are including zero-point vibrational energy. The ring puckers Paua and

PGainac were derived from the sampled geometries.

Conformer  Paua PGainac AEprBE AEpBE0,mixed AEpBro AFpBE0,90K
conf 00 ’H, 4Cy 0.0 0.0 0.0 0.0
conf 01 E; Bo; 15.4 28.4 - -
conf 02 M, Bos 15.5 18.1 234 24.1
conf 03 H; Bos 16.0 19.0 25.9 27.8
conf 04 'H, 1S; 24.8 40.3 - -
conf 05 'H, Bos 26.0 39.7 40.6 40.7
conf 06 ’H, 2So 27.5 35.0 - -
conf 07 H, Bos 27.9 40.7 - -
conf 08 ’H, 03, 30.5 42.6 - -
conf 09 'H, ISs 45.7 59.6 - -
conf 10 'H, iCy 47.1 61.1 - -
conf 11 'E 1Cq 47.5 54.2 - -
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Table S4. Relative energetics of a subset of sampled structures in kJ mol™! for AUA2SPB1-

3GalNAc4S.

AEpgE is obtained from initial sampling, AEpBEo,mixed from reoptimization with mixed basis

sets, AEpgro and AFpgrogok from reoptimization at PBEO+D3/6-311+G(2df,2dp) level of

theory. AEpsro and AEpBEo,mixed are including zero-point vibrational energy. The ring puckers

Paua and Pgainac were derived from the sampled geometries.

Conformer  Paua PGainac AEpBE AEpBE0,mixed AEpBro AFpBE0,90K
conf 00 2So *Cy 0.0 0.0 0.0 0.0
conf 01 'H, 4Cy 1.0 14.3 5.9 7.0
conf 02 Bojs 1S; 2.1 11.8 - -
conf 03 ’H, S, 6.4 16.1 9.2 10.9
conf 04 Bojs 4Cy 10.5 21.1 17.5 20.1
conf 05 'H, 4C 13.5 27.6 - -
conf 06 Bojs iCy 14.3 233 - -
conf 07 2So iCy 14.6 26.0 - -
conf 08 2So 4C 15.7 24.5 - -
conf 09 Bojs 03B 18.1 29.7 - -
conf 10 Bos 03B 40.9 52.6 452 44.8
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Table S5. Relative energetics of a subset of sampled structures in kJ mol! for AUABI-

3GalNAc4S.

AEpgE is obtained from initial sampling, AEpBEo,mixed from reoptimization with mixed basis sets,

AEpggo and AFpgrogoxk from reoptimization at PBE0+D3/6-311+G(2df,2dp) level of theory.

AEpeEo and AEpBEo,mixed are including zero-point vibrational energy. The ring puckers Paua and

PGainac were derived from the sampled geometries.

Conformer  Pava PGainac AEpBe AEpBE0,mixed AEpBro AFpBE0,90K
conf 00 ’H, 4C 0.0 1.8 1.2 2.2
conf 01 H, 4Cy 0.6 0.0 1.5 2.1
conf 02 H, 4Cy 3.7 1.6 0.0 0.0
conf 03 ’H; 4C 4.6 1.1 1.9 1.8
conf 04 H, 4Cy 4.9 2.6 - -
conf 05 ’H, 4C 5.7 2.1 - -
conf 06 H, 4Cy 8.9 8.0 - -
conf 07 H, 1S; 10.8 13.0 - -
conf 08 ’E 4C 16.7 12.7 - -
conf 09 H, 4Cy 17.9 22.8 - -
conf 10 ’H;3 4B 22.5 24.8 - -
conf 11 2So ICy 24.0 19.9 29.7 29.8
conf 12 Bojs 4Cy 36.7 33.2 343 35.8
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Coordinates of lowest-energy conformers

The coordinates of the structures optimized at PBE0+D3/6-311+G(2df,2dp) level of are given.

AUA2SB1-3GalNAc4S6S/conf_00

Charge = -3, Multiplicity = 1
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4.98403700
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5.76308700
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4.05482100
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1.03152600

0.33264700
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-4.10757800

-3.38922800

-4.23007100

-5.04861300

-2.89969900

-3.72169200

-3.77532000

1.08478800

4.67724800

3.88427500

-1.85970600

-1.33586100

-3.13103900

-1.74849400

0.75749300

2.35168900

2.55854000

2.52321900

3.03478500

-0.71658600

-0.51948200

0.85942800

-1.51929400

-0.78937400

0.01951700
-0.53110600
1.04548800
2.78540400
1.63725100
2.03409300
0.58335600
2.17705400
-0.34736800
1.49361300
2.15426500
-0.35865100
0.65112900
0.75052400
-1.03217100
-2.01650700
-1.39779600
0.33751200
1.67023000
1.95186900
3.19093000
2.01327400
0.78909100
-0.51947100
-2.11561800
-2.25300000
-2.31671000

-2.80666200
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AUA2SB1-3GalNAc4S/conf 00

Charge = -2, Multiplicity = 1 H 1.77671600 1.93009600 -0.40942800
C 244442100 -2.81976200 -0.21487400 C 1.69482300 3.61025300 0.69292900
C 2.02322200 -1.49185100 0.43179700 C -4.28356400 1.50397600 -1.10696300
C 1.01555900 -0.83317200 -0.49662500 H -4.56365600 1.62629400 -0.05534800
C 0.09598400 -3.02406300 -0.64284300 H -4.74628900 2.31504500 -1.67531800
C 1.19335600 -3.63054100 -0.19332600 O 1.02000500 4.47094900 1.26639200
H 1.51746900 -1.71774700 1.37240900 O -4.73747200 0.28681100 -1.63100900
H 2.72473000 -2.61464400 -1.25777800 C 3.19046100 3.58260700 0.79854500
H 1.14987000 -4.60560900 0.26894900 H 3.65847300 3.03590100 -0.01823000
H 1.53347100 -0.29741500 -1.29457900 H 3.56151600 4.60449800 0.85681300
o 0.19199100 -1.77473800 -1.17757400 H 3.46283400 3.06064900 1.71834500
o 3.06445700 -0.61535100 0.82381400 H -4.53493100 -0.39935600 -0.96763700
O 3.50565600 -3.44449700 0.44906400 H -0.83235000 3.16841900 -1.91355700
H 4.26400100 -2.87079300 0.26825000 O -0.97936000 4.62198600 -0.50696900
C -1.27893600 -3.58853600 -0.56250000 H -0.38946100 4.67796600 0.27343400
o -1.52302500 -4.64909100 -0.04359700 H -2.13852900 -0.37736600 -0.95816000
C -2.00770900 0.58190200 -0.45553300 O -2.17426400 -2.79181400 -1.13974000
C -0.52521100 0.93256600 -0.48518300 H -2.96474800 -2.63247200 -0.57152300
C -2.77521100 1.66397600 -1.21180700 S 4.16969200 -0.02994400 -0.22660600
C -0.27769200 2.34825200 0.00697400 o 3.41912000 0.82690300 -1.14737600
H -0.21963100 0.88618200 -1.54118300 O 5.05671300 0.68511700 0.65892900
H -2.48340800 1.58979600 -2.27293200 O 4.74444400 -1.20816000 -0.86858100
C -1.11927300 3.29924800 -0.85211500 o -2.48990900 0.51555600 0.87599700
H -0.62849600 2.43999300 1.03968900 S -3.06336100 -0.90785100 1.44332700
o -2.47716300 2.95314500 -0.72077800 O -1.92192400 -1.75410800 1.69579200
o 0.25624300 0.03781100 0.26179900 O -3.82728800 -0.47673500 2.58470000
N 1.14234500 2.63579800 -0.04537300 o -3.90155800 -1.44308800 0.33626000
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AUAB1-3GalNAc4S/conf 02
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3.14408300
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-0.87918500
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-1.09401100
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