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Abstract

The geometries of the contacts between monosaccharides and aromatic rings of amino acids found in X-ray
crystallography structures, in the Protein Data Bank (PDB), were analysed, while the energies of the
interactions were calculated using quantum chemical method. We found 1913 sugar/aromatic ring contacts,
1054 of them (55%) with CH/z interactions and 859 of them (45%) without CH/x interactions. We showed that
only the carbohydrate/aromatic contacts with CH/z interactions are preferentially parallel and enable sliding in
the plane parallel to aromatic ring. The calculated interaction energies in systems with CH/x interactions are in
the range from -1.7 kcal/mol to -6.8 kcal/mol, while in the systems without CH/x interactions are in the range -
0.2 to -3.2 kcal/mol. Hence, the binding that does not include CH/x interactions, can also be important for
aromatic amino acid and carbohydrate binding processes, since some of these interactions can be as strong as
the CH/=m interactions. At the same time, these interactions can be weak enough to enable releasing of small
carbohydrate fragments after the enzymatic reaction. The analysis of the protein-substrate patterns showed that

every second or third carbohydrate unit in long substrates stacks with protein aromatic amino acids.



Abbreviations
PDB, Protein Data Bank; NMR, Nuclear Magnetic Resonance; RSL, Ralstonia solanacearum lectin; MD,
Molecular Dynamics; VMD, Visual Molecular Dynamics; MP2, Mgller-Plesset Perturbation Theory of second
order; BSSE, Basis Set Superposition Error; CCSD(T), Coupled-Cluster with Single and Duble and Perturbative

Triple excitations; CBS, Complete Basis Set

1. Introduction

The recognition of saccharides by proteins has far reaching implications in biology, technology, and
drug design. Carbohydrate - receptor interactions play an important role in many cellular processes,
such as cell-cell adhesion, cell differentiation and in-cell signaling [1-11]. Unexpectedly, researchers
observed that despite the highly hydrophilic character of most sugars, aromatic rings of the receptor
interact with carbohydrate rings the most frequently [12]. Aromatic protein rings, phenylalanine,
tyrosine and tryptophan, stack with the hydrophobic face (or a face) of a carbohydrate six-membered
rings (Figure S1) giving rise to hydrophobic contacts that are lose enough to release substrate after the
enzymatic reaction in order to proceed with hydrolysis on the next spot in sugar chain, as observed in
molecular dynamics simulations [13-15]. This characteristic, called processivity, is as follows: after
the hydrolysis event on a certain glycosidic unit, a carbohydrate chain shifts forward inside the
enzyme cleft and exposes its other unit to the enzyme active site. The processivity, for example, was
observed in the study of the cellulose.

Molecular dynamics simulations and normal mode analysis was used to examine the functional role
of aromatic residues inside the active site tunnel of cellobiohydrolase 2 from Trichoderma reesei [16].
This enzyme contains three tryptophans which interact with a carbohydrate substrate and each one of

them was mutated computationally to alanine residue. The calculations performed with the wild-type



enzyme and the three mutants showed that the free energy change was positive in case of the three
mutants in relation to the wild-type enzyme. Therefore, the aromatic residues, associated with the
substrate acquisition and product stabilization, exhibit large influence on the binding free energy and,
accordingly, are prone to have great influence on the enzymatic activity. Consistent results were
obtained with NMR experiments, which showed higher spatial proximity between substrate and
aromatic residues then between substrate and other types of residues in mutated enzymes [17]. The
aromatic platforms play a major role in determining the specificity of the molecular recognition
process, both by aromatic-aromatic interactions or interactions with other moieties including
carbohydrates [14,16,18-23].

The existence of stabilizing CH/x carbohydrate-aromatic interactions is demonstrated from both the
theoretical and experimental viewpoints. The interaction energy between different aromatic rings and
simple monosaccharides, based on quantum mechanical calculations in the gas phase ranges from -3.0
to -6.0 kcal/mol [19,24]. 1t was found that the interactions between carbohydrates and aromatic amino
acid side chains are aided by nonconventional hydrogen bonds: the CH/x interactions [19,25-27].
These interactions are not highly directional, therefore enable sliding. The study of Wimmerova and
collaborators [8] quantified how the CH/x interaction contributes to the carbohydrate - protein
interaction in the complex of Ralstonia solanacearum lectin (RSL) with a-L-Me-fucoside. The
contribution of the CH/z interaction between Trp and a-L-Me-fucoside was estimated by creating Trp
to Ala mutants of RSL. Observed results suggest that in this and similar cases the carbohydrate-protein
interaction can be driven mainly by a dispersion interaction and that the CH/m interaction is prevalent.

Here, we systematically study the geometry of monosaccharide-aromatic amino acid contacts, found
in the PDB structures, resolved at atomic level by X-ray crystallography. We also perform quantum

chemical calculations of interaction energies. Previously, a statistical analysis of carbohydrate-



aromatic CH/x interactions in PDB structures was performed [12], however, in our work we study
both contacts with and without CH/x interactions. We also describe the pattern of number of aromatic-
sugar contacts for each polysaccharide substrate. While previous quantum chemical studies calculated
CH/z interaction energies on carbohydrate-aromatic model system [24] or systematically scanned
potential energy surfaces of CH/z interactions [28] we performed calculations of interaction energies
between carbohydrate and aromatic amino acid molecules, using geometries that are extracted from
PDB, with and without CH/r interactions. The frequency of occurrence in the PDB structures and

calculated energies indicate similar importance of interactions with and without CH/x interactions.

2. Methodology

2.1. PDB search

The carbohydrate-protein database has been constructed within Protein Data Bank (PDB) by
searching for proteins resolved in complex with carbohydrates in the form of pyranose, on the 27th of
April of 2018. Only crystallographic structures with resolution of up to 3.0 A and with the Ruyork-Riree
difference of up to 0.05 were taken. The missing hydrogen atoms were computationally added by
using Reduce [29] software under Phenix [30].

Carbohydrates were defined as 6-membered sugar monomers not containing voluminous
substituents. Glycoproteins were not taken into account, i. e. if the sugars are connected to proteins
directly, by covalent bond(s), or through metal coordination. The linked sugar residues were detected
as indicated in the PDB files and reconstructed employing the graph theory. We searched for aromatic
rings within 4.0 A around any carbohydrate unit: i.e. any aromatic ring heavy atom up to 4.0 A of any

heavy atom of a carbohydrate unit. We have excluded all sugar/aromatic contacts with any foreign



atoms (atoms that do not pertain to either the sugar or the aromatic ring studied) within the sphere of
center-center distance diameter in order to analyze only the direct interactions between the two rings.

As carbohydrate rings do not possess one defined plane of the 6-membered ring, we defined an
average sugar ring plane by choosing three equidistant points in the middle of the ring bonds, because
the planes defined by any three ring equidistant atoms are very different. We determined the
geometrical parameters such as the normal distance between the average planes of the interacting rings
(R), the offset (r) the angle between planes (P1/P,) (Figure 1A) and the ¢ angle (Figure 1B). For the
offset value for tryptophan, we took the smaller of the two offset values, corresponding to the six- and
five-membered ring. In the polar graph r(¢) we took only the six-membered ring offset for tryptophan.

The criteria for the CH/x interaction are the same as in previous work [12]: the distance between the
C atom and the center of phenyl ring is < 4.5 A, the angle between the CH vector and the phenyl ring
plane normal vector is < 40°, and the distance between C-projection to the ring and the ring center is <
2.0 A (1.6 A for the 5-membered tryptophane ring).

Some additional interactions, other than CH/xn (classical hydrogen bonds, CH/N, OH/zx and CH/O)
can also occur in carbohydrate/aromatic ring contacts and their influence is also considered in this
work. For the OH/xn interactions, we considered the same criteria as for CH/x interactions. The criteria
for the CH/N and CH/O interactions are: the distance between the H atom and O or N atom <2.9 A,
and the angle C-H-O (or C-H-N) is >110°, as in our previous paper about CH/O interactions in
proteins [31].

The criteria for the classical hydrogen bonds are: the angle donor-H-acceptor > 110° and the
distance donor-acceptor < 4.0 A. We do not consider the CH,OH carbohydrate out-of-ring group for
the interaction analysis, as its position is not predictable due to bond rotation [12]. Also, we only

consider amino acid aromatic ring, without backbone and without Cg atom.



Figure 1. (A) Geometrical parameters used to define the interactions of aromatic and carbohydrate fragments: Parameter d
is the intermolecular distance between the rings centers. The normal distance between the average planes of the interacting
rings is R. The distance between the center of the aromatic ring (€2p,) and the projection of the center of the carbohydrate
ring onto the plane of the aromatic ring (Q’¢) is the horizontal displacement (offset) r. P1 and P2 are monosaccharide and
aromatic ring planes, respectively. (B) ¢ angle is the angle between the sugar center projection onto aromatic plane (Op),
aromatic ring center (2) and the reference C atom of the aromatic ring, labeled as 0°. The reference C atom is the one

bound to the protein backbone.



We observed the three amino acids (phenylalanine, tyrosine and tryptophane) separately because of
the difference in their aromatic rings. Histidine was not taken into account, as it is often charged at
physiological conditions, and this charge can shield delicate aromatic interactions.

We defined the a face of the sugar monomer in this way: when the a face is turned towards aromatic
amino acid, the sum of distances between sugar ring C atoms and the aromatic center is smaller than
the sum of distances between the sugar ring O atoms and the aromatic center. Homemade scripts for
the search were written in Python (http://www.python.org) and MDAnalysis [32] python library was
used for PDB file parsing. The structural alignment of different PDB structures was performed by a
homemade script written in TCL language (https://www.tcl.tk/) embedded in VMD software [33]. We
defined the a face of the sugar monomer in this way: when the a face is turned towards aromatic amino
acid, the sum of distances between sugar ring C atoms and the aromatic center is smaller than the sum

of distances between the sugar ring O atoms and the aromatic center, Figure S1.

2.2. Calculations

In order to evaluate the energies of carbohydrate/aromatic contacts with and without CH/n
interactions, quantum-chemical calculations were performed using the MP2 method and the 6-
31G(d,p) basis set in the Gaussian (version 09) program [34]. The BSSE correction was done [35].
The method and basis set have been chosen according to the methodology used in previous
calculations in carbohydrate/aromatic contacts [24]. Model systems have been made from crystal
structures by neutralizing monosaccharide units with H and OH group, and amino acids were patched
with COOH and NH; groups. No geometry optimizations were made, hence the interaction energies

were calculated on the geometries identical to the geometries in the crystal strucutres.



3. Results and discussion

3.1. Geometry and type of carbohydrate/aromatic interactions

Using the criteria described in the Methodology section, number of aromatic/sugar contacts in the
crystal structures from the PDB was 1913 (Table 1). The separate analyses of the three amino acids
(phenylalanine, tyrosine and tryptophane) indicate that the tryptophane interactions are the most
frequent (Table 1) because it contains two aromatic rings and also its six-membered ring has the most
negative surface as shown in the calculated electrostatic potential [12,31]. The Table 2 shows the most
frequent monosaccharides found in the structures, and the number of different kind of interactions for
each one indicating that contacts of 3-D-glucose (BGC) (39.7%) and a-D-glucose (GLC) (38.1%) are
the most frequent.

In large number of the contacts there are CH/x interactions; 1054 contacts (55%) have CH/n
interactions, while 859 contacts are without CH/x interactions (45%). These data on large number of
CH/r interactions is in accordance with an atomic force microscopic study suggesting that the CH/n
interaction between the aromatic residues in chitinase from Thermococcus kodakarensis and pyranose
ring of chitin/cellulose is the major interaction and that the side chain groups of the polysaccharide do
not affect the binding event [26].

Table 1 shows also data on other types of the interactions that are possible between aromatic rings
and sugar, classical hydrogen bonds, CH/N, OH/x, and CH/O interactions. In addition, there are some
close contacts that do not satisfy criteria for any type of the interactions (CH/N, OH/x, CH/O or CH/n
interactions, or hydrogen bonds). The mapping of contacts with these particular types of interactions is

given in Figures S2-S5. In some of the contacts there is more than one type of the interactions, while



the number of contacts with combined interactions, shown in Table 1, indicates that simultaneous

interactions are quite common with CH/x interactions.

Table 1. Number of interacting carbohydrate-aromatic pairs and the number of contacts with simultaneous interactions of

different types. The percentages in the brackets are in relation to the total number of interactions (1913).

Number of interacting carbohydrate-aromatic pairs

Number of contacts with simultaneous
interactions of given type

total PHE TYR TRP Classical

hydrogen

bonds CH/N OH/n CH/O
total 1913 321 612 980
number (16.8%) | (32.0%) | (51.2%)
of
contacts
with 1054 117 323 614 66 286 33 40
CH/n (55.1%) | (6.1%) (16.9%) | (32.1%) | (3.5%) (15.0%) | (1.7%) (2.1%)
with 196 0 87 109
classical | (10.2%) (4.5%) (5.7%)
hydrogen 77 16 63
bonds (4.0%) (0.8%) (3.3%)
with 366 0 0 366 17 21
CHI/N (19.1%) (19.1%) (0.9%) (1.1%)
with 53 1(0.1%) | 11 41
OH/n (2.8%) (0.6%) (2.1%) 1 (0.1%)
with 238 37 142 59
CH/O (12.4%) | (1.9%) (7.4%) (3.1%)
other 553 169 155 229
contacts | (28.9%) | (8.8%) (8.1%) (12.0%)




Table 2. Number of interacting carbohydrate-aromatic pairs with different sugar units. The percentages in the brackets

are in relation to the total number of interactions (1913).

sugar BGC GLC GAL XYS FUC GLA FUL other
unit

total 759 729 97 52 51 45 30 149
number (39.7%) | (38.1%) (5.1%) (2.7%) (2.7%) (2.4%) (1.6%) (7.8%)
of

contacts

with 409 386 91 21 35 34 18 59
CH/n (21.4%) | (20.2%) (4.8%) (1.1%) (1.8%) (1.8%) (0.9%) (3.1%)
with 93 67 | 2(0.1%) | 4(0.2%) | 4 (0.2%) | 3(0.2%) | 7 (0.4%) 16
classical (4.9%) (3.5%) (0.8%)
hydrogen

bonds

with 155 89 44 1 5 (0.3%) 11 18 12 30
CH/N (8.1%) (4.7%) (2.3%) (0.6%) (0.9%) (0.6%) (1.6%)
with 21 21 | 2(0.1%) | 1(0.1%) 0 0| 4(0.2%) | 3(0.2%)
OH/n (1.1%) (1.1%)

with 81 91 | 5(0.3%) | 8(0.4%) 12 | 4(0.2%) | 3(0.2%) 34
CH/O (4.2%) (4.8%) (0.6%) (1.8%)
other 229 233 | 4 (0.2%) 22 | 8(0.4%) | 5(0.3%) | 5(0.3%) 47
contacts (12.0%) | (12.2%) (1.2%) (2.5%)

The number of the classical hydrogen bonds is relatively small, only 196 contacts are with classical
hydrogen bonds between aromatic ring nitrogen or oxygen and carbohydrate oxygen atoms (Table 1).
One can anticipate that small number of hydrogen bonds is caused by large tendency of OH groups to
interact with polar amino acids or water. Large number of the classical hydrogen bonds are
simultaneous with CH/x interactions, 66 of these interactions are simultaneous (Table 1).

The CH/N interactions are in 366 aromatic/sugar contacts (Table 1), while these interactions are
mostly present in contacts simultaneously with CH/z interactions (286, Table 1). Analysis performed
an OH/rx interactions shows only 53 sugar-aromatic pairs that have OH/x interactions (Table 1), while

33 of them are simultaneous with CH/x interactions (Table 1). One can anticipate that small number of

10



OH/r interactions, similar to small number of hydrogen bond, is caused by OH group large tendency
to interact with polar amino acids or water.

There are 238 aromatic/sugar contacts with CH/O interactions (Table 1). Relatively small number of
contacts with simultaneous CH/z and CH/O interactions are present in the PDB (40 contacts), while
there are no simultaneous CH/O interactions with any other type of the interactions (Table 1). Hence,
CHJ/O interactions are mostly present in contacts without any other type of interactions. Contacts of j3-
D-glucose (BGC) (39.7%) and a-D-glucose (GLC) (38.1%) are the most frequent in the total number
of contacts and also in contacts with CH/x interactions (21.4% and 20.2%, respectively, Table 2).
Since, from all studied interactions, CH/x interactions are the most frequent, we have split the contacts
into two groups, with and without CH/x interactions, and we have analyzed geometric parameters
separately for these two groups. Also we analyzed separately interactions for aromatic side chains of
phenylalanine, tyrosine and tryptophane. One can notice that there is no clear difference between these
three amino acid residues phenylalanine, tyrosine and tryptophane for both contacts with and without
CH/n interactions (Figure 2). However, the two groups with and without CH/z interactions are quite

different.
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Figure 2. Monosaccharide/aromatic contacts with CH/x interactions and without CH/z interactions for phenylalanine,

tyrosine and tryptophan found in PDB. (A) The angle between rings (P1/P,) dependence on the offset (r). (B) The normal

distance (R) dependence on the offset (r). The contacts whose interaction energies were calculated are marked with grey

circles.

The contacts with CH/z interactions shows strong tendency towards parallel arrangements with
small offsets, P1/P, in the range from 0 to 20°, while offset r is in the range from 0.0 to 2.0 A (Figure
2A). An example of the higher angle contact that is between deoxy sugar and the aromatic ring, is

shown in Figure S6. This offset distribution agrees with the narrow offset distribution and energy

curve for the benzene/cyclohexane interactions [36] that show maximum of frequency and energy for

the offset bellow 2.0 A. The graph R(r), Figure 2B, confirms the sliding character of CH/x interactions

described in previous works [19,25,27]; r changes in the range of up to approximately 2.0 A, while the

normal distance tends to be around 4.0 A. The offsets r has high tendency to be in the range between
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0.0 and 2.0 A corresponding with the sugar CH groups projection in the region of aromatic ring. The
distribution of the number of CH/x interactions per sugar-aromatic pair demonstrates tendency
towards only one or two CH/z bonds per sugar-aromatic pair (Figure S7).

The contacts without CH/x interactions show preferences towards high P1/P, angles and offsets
(Figure 2A). Although the angles span from 0 to 90° and the offsets span from 0.0 to 7.0 A, small
number of contacts have small angles and small offsets. They are not horizontally sliding (the normal
distance R drops with the increase of offset r), differently than for the contacts with CH/x interactions
(Figure 2B).

The structural alignment of 200 random contacts with CH/x interactions and 200 random contacts
without CH/x interactions found in PDB is shown in Figure 3. In accordance with the data in Figure 2,
the data in Figure 3 also show that the interactions with CH/z are more localized, the aromatic rings
are parallel to sugar, and sliding, while for the contacts that do not have CH/x interactions, the

interactions are quite delocalized, with numerous interactions were two rings are not parallel.
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Figure 3. Structurally aligned carbohydrate units interacting with aromatic rings, 200 random structures found in PDB

represented for the case with (left) and without CH/=m interactions (right).

The sugars usually interact with aromatic rings only with their hydrophobic, o, face exposing their
polar groups to polar amino acids or solvent: we found 1772 such contacts out of total 1913. The
preference for a face is independent of amino acid type and number of aromatics per sugar. These
results are in agreement with previous analysis [24,27,37]. Sandwich arrangements, where one sugar is
in between two aromatic rings, are rare, one example is shown in Figure S8. The projection of the
monosaccharide centers onto aromatic ring planes (r(¢) graphs in Figure S9) confirm the sliding
character of these interactions: there is no clear specificity in offset nor ¢ angle.

Typical pyranose-aromatic interactions with CH/z and without CH/x are represented in Figure 4. In
Figure 4A interactions of a disaccharide with two tryptophan rings are shown, where each tryptophan
stacks with a glucose unit through two CH/x interactions. The rings are almost parallel (P1/P, = 3.52°
and 13.60°) with small offset (r = 1.20 and 0.23 A). Figure 4B shows a typical example of the
carbohydrate - aromatic amino acid contact without CH/xt interactions where Tyr ring interacts with a

disaccharide. Not only that this contact is without CH/m interactions, but one cannot recognize neither
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hydrogen bond, CH/N, OH/x, nor CH/O interactions. The rings are not parallel (P,/P, = 65.74° and

72.60°), and offsets are relatively large (r = 5.64 and 6.15 A).

xylopyranose

Figure 4. (A) A typical carbohydrate-aromatic interaction with CH/z, PDB ID: 1VEM. (B) A typical carbohydrate-

aromatic interaction without CH/x, PDB ID: SFKS. Green dotted lines represent CH/m interactions.

3.2. Protein/substrate pattern

We have performed an analysis of the number of aromatic amino acids per each full-length
carbohydrate substrate, which can be monomer or oligomer. As one can anticipate, there is higher
number of aromatics for longer substrates. The analysis shows that proteins arrange more or less
evenly their aromatic rings onto every second carbohydrate monomer, since number of aromatics per
monomer is in the range 0.39-0.73 (Table S1). For example, a six units long carbohydrate substrate
interacts with three aromatic amino acids from the protein cleft (Figure S10). Some of these contacts
are with CH/= interactions, while some of them are without CH/x interactions.

The data indicate that somewhat larger number of aromatic rings interact per monomer in contacts
with CH/m interactions that is in accordance with large number of contacts with CH/x interactions

(Table 1). If we take only aromatic rings which form CH/x interactions with sugar substrates, the

15



average pattern is approximately one aromatic ring on every third or fourth carbohydrate monomer
unit, since number of aromatics per monomer is in the range 0.23-0.33, with exceptions for dimers and
for octamers (Table S1). The average pattern is slightly different for contacts without CH/n
interactions; the number of aromatics per monomer is in the range 0.15-0.22, with exception for
monomers where the average is 0.36 (Table S1). It is worth to notice that only for monomers there is a
larger number of contacts without CH/x interactions than with CH/xn interactions. The branched or
linear character of the substrate was not shown to play any role on the interaction pattern.

Furthermore, recent studies have suggested that aromatic amino acids might have a role in the
stabilization of glycosyl cation transition states, through cation/n interactions [38,39]. Thus, we have
perfomed a survey of the aromatic contacts at the catalytic subsite -1 in glycosidases, or in vicinity of
the reducing end, i.e. the C1 carbohydrate atom [40]. As the cation transition state lifetime is extremly
short (10 -10 s to 10 -20 s [41]), it is hardly found in PDB, therefore we have only observed structures
with resolved products after the hydrolysis event. We took the C1 atom which is up to 6 A from
another carbohydrate, and we counted aromatic rings at up to 6 A near the C1 atom. The survey results
show that a great deal of the structures (79.4%) possess at least one aromatic residue at the catalytic
subsite -1, i.e. in position to interact with the cation transition state of carbohydrate via cation/n

interactions.

3.3. Quantum chemical calculations of interaction energies

Previous calculations [19,24,25,27] and structural analysis [12] focus only on the
carbohydrate/aromatic contacts through CH/z interactions. Previously calculated energies for the
systems involving CH/x interactions are always stronger than -3.00 kcal/mol; the values are -3.0

kcal/mol for fucose/benzene calculated at MP2/6-31G(d,p) level [24], -3.54 to -5.40 kcal/mol for

16



various monosaccharides (B-d-glucopyranose, 3-d-mannopyranose and a-I-fucopyranose) with
benzene [28] and -4.05 to -8.20 kcal/mol with naphthalene at CCSD(T)/CBS level [25]. Interactions of
tryptophane with different monosaccharides were estimated to -3.2 to -6.4 kcal/mol at the MP2/6-
311+G(d) level [42]; -2.4 to -5.2 kcal/mol at the MP2/6-31+G(d) level [43]; -3.2 to -8.2 kcal/mol at
the MP2/6-311G++** level [44]; and -0.8 to -7.5 kcal/mol at the MP2/6-311++G(d,p) level [45].

In order to assess strength of interactions observed in PDB, in contacts with CH/z interactions, as
well as in contacts without the CH/n interactions, we have calculated interaction energies for the
monosaccharide/aromatic contacts at the MP2 6-31G(d,p) level. We have chosen several typical
geometries from the angle-offset graph (Figure 2A) as model systems for the three groups of contacts;
two types of contacts with CH/x interactions, and contacts without CH/z interactions. Two types of
contacts with CH/x interactions are favorable and interactions in which planes of the fragments (P1
and P2, Figure 1) are not parallel. FavorableCH/x interactions are defined by interring angles P1/P
smaller than 10° and offset values smaller than 2.0 A, while non-parallel CH/n interactions are
defined to be out of this range. The calculated energies of carbohydrate/aromatic contacts with CH/n
interactions and without CH/x interactions are represented in Tables 3 and 4, respectively. Model

systems are made from crystal structures, without geometry optimizations (Figure 2A).
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Table 3 Calculated energies of carbohydrate/aromatic contacts (AE, in kcal/mol) with typical CH/x interactions (angles
P.1/P, (in °) smaller than 10° and offset values (r, in A) smaller than 2.0 A). Monosaccharide and aromatic residues are
given as residue name, residue index and chain as in PDB, and full name in brackets.

PDBid monosaccharide [aromatic P,/P, r AE
BGC703A (B-D-

4peya’d glucose) TRP196A |1.2 0.9 -6.81
BGC413A (B-D-

3wql® |glucose) TRP84A 0.6 0.6 -6.38
BGC1148A (B-

1oh3*° D-glucose) TRP26B 0.6 0.8 435
GLC996A (a-D-

2azd®  glucose) TYR256A |1.4 0.2 -4.15
GLC604D (a-D-

4gx0°  glucose) TRP46D  |1.3 0.7 -3.68
BGC402A (B-D-

2pc8°  glucose) PHE144A 5.5 1.8  -3.53
GLC1318F (a-D-

1qsg”  glucose) PHE94F 3.2 1.2 -3.25
GLC1009B (o-

3wwg®  D-glucose) TYR438B 8.2 02 -2.80

“Contacts with one CH/N interaction, "Contacts with one CH/O interaction, “Contacts with one hydrogen bond, “Contacts
with one CH/r interaction

Interactions of systems with typical CH/x interactions are relatively strong (from -3.68 kcal/mol to -

6.81 kcal/mol, Table 3), similarly to previously calculated carbohydrate/aromatic CH/x interactions,

which are always stronger than -3.0 kcal/mol [19,24,25,28,42-45]. In some of the model systems used

for the calculations interaction can be very strong, even if there are no additional interactions, as in the

case of 3wql model system, with two CH/x interactions and interaction energy of -6.31 kcal/mol

(Figure 5A, Table 3). Three examples of carbohydrate/aromatic contacts with typical CH/z

interactions are shown in Figure 5A.
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Table 4. Calculated energies of carbohydrate/aromatic contacts (AE, in kcal/mol) with CH/r interactions and non-parallel
planes (any geometries out of the range of angles P1/P2 (in °) smaller than 10° and offset values (r, in A) smaller than 2.0
A). Monosaccharide and aromatic residues are given as residue name, residue index and chain as in PDB, and full name in

brackets.

PDBid monosaccharide aromatic P,/P, AE
5d61*" GAL302A (B-D-galactose) TRP35A 374 2.0 -4.34
lcqf  \GAL5SIE (B-D-galactose) TRP534E 41.5 0.6 -4.23
1gu3’ BGC601A (B-D-glucose) TYR85A 3.3 1.7 -3.70
1v61>°  (GAL235D (B-D-galactose) TYRI125D [33.6 1.4 -3.63
2bs6°  [FUC803A (a-L-fucose) TRP76A  126.3 1.1 -3.62
4xzs®  IGLC501B (a-D-glucose) TYRI55B |12.6 1.6 -3.53
3vgf  IGLC604A (0-D-glucose) TYRI152A [18.1 1.0 -3.37
lugy’ [BGC201G (B-D-glucose) TYRI122G 26.8 2.2 -3.16
11ax™*? |GLC400A (a-D-glucose) TRP340A |10.5 1.2 -2.98

SGC1441A (4-deoxy-4-thio-p-D-

4zzu™*  glucopyranose) TRP38A 359 0.3 -2.79
4ry0?  RIP401A (ribose) PHE41A  40.2 2.0 -2.64
5205 |GLCI341E (a-D-glucose) PHE163E 26.2 1.9 -2.49
3wmp? GLA103F (a-D-galactose) TYR79D 552 25 -2.41
5205 |GLC1341C (a-D-glucose) PHE163C 28.4 2.0 -2.19
474s°  FUL606A (B-L-fucose) TRP381A 29.8 2.0 -2.06
3w27°  XYS402A (xylose) TRP300A [75.6 1.3 -2.05
1122 BGC680C (B-D-glucose) TRP439C [28.5 2.0 -2.04
lqotd GALS502D (B-D-galactose) TYRI135D 37.0 2.0 -1.97
111y*  BGC680E (B-D-glucose) TRP439E 31.8 2.0 -1.69
4agt™  [FUC910A (a-L-fucose) TYRSSA P94 2.1 -1.68

“Contacts with one CH/N interaction, ®Contacts with one CH/O interaction, “Contacts with one hydrogen bond, “Contacts

with one CH/r interaction, *Contacts with two CH/x interactions, ‘Contacts with three CH/x interactions
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3wql

—)% 4ry0

e Foand

2igo

4gx0
Figure 5. Examples of carbohydrate/aromatic contacts with (A) typical CH/x interactions, representing small offset and

angle values (Table 3); with (B) CH/x interactions representing high offset and angle values (Table 4); and (C) without
CH/r interactions (Table 5). CH/xn interactions represented in gray dots, CH/N interaction in blue dots, and CH/O

interactions in green dots.

The energies of interactions in systems with CH/z interactions and non-parallel geometries between
two fragments are in the range from -1.68 kcal/mol to -4.34 kcal/mol (Table 4). The strongest non-
parallel CH/m geometries can be comparable with the average interactions in systems with favorable
CH/r interactions shown in Table 3 and with previously calculated [19,24,25]. Significant number of
these interactions, even without additional interactions are relatively strong, they are stronger than -
3.0 kcal/mol. Some examples of the model systems used to calculate interaction energies of the non-

parallel CH/z interactions, given in Table 4, are shown in Figure 5B.
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Table 5. Calculated energies (AE) (in kcal/mol) of carbohydrate/aromatic contacts without CH/x interactions; P1/P, (in °) is
the angle between aromatic amino acid ring planes and carbohydrate ring mean planes; r (in A) is the offset value between
centers of amino acid and carbohydrate rings. Model systems were made from crystal structures (Figure 2A).

Monosaccharide and aromatic residues are given as residue name, residue index and chain as in PDB, and full name in

brackets.

PDBid |monosaccharide aromatic  Pi/P, r AE
112a  BGC679E (B-D-glucose) TRP439E [14.9 2.7 -3.22
luh4 | GLC804A (a-D-glucose) TRP51A  [19.8 1.8 -3.11
2c3w  (GLC1104A (o-D-glucose) TRP20A 241 3.1 -2.45
1geg |GLC303B (a-D-glucose) PHE67B  30.7 2.0 -2.45
4gx1  |GLC609C (a-D-glucose) PHE377C 422 1.6 -2.43
112a BGC681C (B-D-glucose) PHE206C 25.3 4.0 -2.31
5fks®  |BGC1770A (B-D-glucose) TYR298A 657 5.6 -2.18
2fn8  RIP303A (ribose) PHE172A 51.2 1.0 -1.88
4zjp°  |RIP301A (ribose) PHE39A 59.1 3.9 -1.85
Abfn  |GLC1109A (a-D-glucose) TYR83A [30.9 3.3 -1.57
liuc® FUC403A (a-L-fucose) TYR241A [31.3 3.3 -1.33
bayi® BGCS503A (B-D-glucose) TYR295A 256 4.0 -1.15

SHGB808G (2-deoxy-2-fluoro-B-D-
2igo  |glucose) PHE474G 5.1 5.2 -0.86
Aagt FUC940B (a-L-fucose) TYR199B [79.9 3.1 -0.80
2yih  BGC1541A (B-D-glucose) TYR234A 423 46 -0.77
4gvx®  FUL303D (B-L-fucose) TYR191ID 258 3.9 -0.76
SHGB805E (2-deoxy-2-fluoro-p-D-
) glucose)

2igo PHE474E 65.0 5.3 -0.70
5¢cps  |GLC708A (a-D-glucose) TRP546A 84.4 5.9 -0.64
4gbz  BGCS501A (B-D-glucose) PHE24A 745 45 -0.42
312m°  (GLC803A (a-D-glucose) TRP134A 428 2.6 -0.17

“Contacts with two CH/O interactions, "Contacts with one CH/O interaction, “Contact with two hydrogen bonds
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The calculated interactions energies for carbohydrate/aromatic contacts without CH/z interactions
(according to criteria [12], given in Methodology section) are in the range from -0.17 kcal/mol to -3.22
kcal/mol (Table 5). The weakest calculated interaction is -0.17 kcal/mol (Table 5), while the
significant number of contacts have interactions stronger than -2.0 kcal/mol. For the contacts without
CH/x interactions, calculated interaction energies (Table 5) are somewhat weaker than contacts with
non-parallel CH/z interactions (from -1.68 kcal/mol to -4.34 kcal/mol, Table 4), although the two
ranges overlap significantly. As one can anticipate, the contacts without CH/z interactions are
significantly weaker than the contacts with favorable geometries of CH/x interactions calculated in this
work (from -3.68 kcal/mol to -6.81 kcal/mol, Table 3) and previously calculated CH/x interactions
[19,24,25]. It is interesting that large number of contacts in Table 5 do not satisfy geometrical criteria
for any of the interactions (classical hydrogen bond, CH/N, OH/=, or CH/O), while the interaction
energies are significant (Table 5).

That suggests that the geometric criteria for CH/xn interactions, as well as other interactions, classical
hydrogen bond, CH/N, OH/xz, or CH/O, do not include the contacts that can be relevant for
carbohydrate/protein binding. Examples of carbohydrate/aromatic contacts without CH/x interactions
are shown in Figure 5C. In two of the examples, 112a and 2igo, one cannot recognize any type of
interaction (CH/x, classical hydrogen bond, CH/N, OH/x, or CH/QO), although the interactions energies

are -3.22 and -0.86 kcal/mol (Table 5).

4. Conclusions
We analyzed geometries of carbohydrate/aromatic contacts in PDB and calculated interactions
energies for those contacts. We presented the results on all contacts between aromatic rings and

carbohydrate units (the distance less than to 4.0 A between any aromatic ring heavy atom and any
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heavy atom of a carbohydrate unit), including contacts without CH/x interactions, while previous
studies on carbohydrate/aromatic interactions [19,24,25,27] focus on the CH/x interactions. Hence, in
our analyses we have both contacts with and without CH/z interactions; there are 1054 contacts with
and 859 without CH/= interactions in the PDB.

The analysis of the geometries of carbohydrate/aromatic contacts with CH/x interactions shows
sliding character in the plane parallel to the ring plane. Namely, the normal distance tends to be around
4.0 A, while the parallel displacement is in the range from 0.0 to up to 2.0 A. On the other hand the
contacts without CH/z interactions do not tend to be parallel and sliding in the ring plane and have
much larger ranges of normal distances and parallel displacements. Analysis of the aromatic amino
acid nature shows that it does not influence sugar/aromatic interaction geometry.

In the case of carbohydrate oligomers, proteins arrange more or less evenly their aromatic rings onto
every second carbohydrate unit. This could be important for the enzymatic binding of a carbohydrate
substrate prior to the hydrolysis reaction.

Our quantum chemical calculations at MP2/6-31G(d,p) level indicate significant attraction in
carbohydrate/aromatic contacts, even when CH/x interactions are not present. In contacts with CH/xn
interactions the interaction energy is in the range from -1.68 kcal/mol to -6.81 kcal/mol, while in
contacts with no CH/x interactions the energy is from -0.17 kcal/mol to -3.22 kcal/mol. These data
show that contacts without CH/x interactions should not be neglected since their interaction energies
are significant, sometimes even stronger than in contacts with CH/m interactions.

Our structural analysis and quantum chemical calculations pointed to the importance of
carbohydrate/aromatic amino acid contacts without CH/x interactions in protein-carbohydrate
recognition and binding: they are strong enough (although can be weaker than in systems with CH/n

interactions) to hold the substrate in the protein cleft prior to catalysis, so they should not be neglected
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in carbohydrate-protein recognition considerations. More importantly, the release of carbohydrate
products of enzymatic reaction is easier when no typical CH/x interactions are present, since the

binding is weaker.
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Highlights
The frequency of occurrence of the carbohydrate/aromatic contacts with and without CH/x interactions

in the PDB structures indicate similar importance of interactions with and without CH/z interactions.
Carbohydrate/aromatic contacts with CH/x interactions are preferentially parallel and have a sliding
character in the plane parallel to the ring plane, while carbohydrate/aromatic contacts without CH/n
interactions do not tend to be parallel and sliding in the ring plane and have much larger ranges of
normal distances and parallel displacements.

In the case of carbohydrate oligomers, proteins arrange more or less evenly their aromatic rings onto
every second carbohydrate unit.

The calculated interaction energies reveal that the interactions between carbohydrates and aromatic
amino groups with geometries extracted from the PDB are significant (up to 3.2 kcal/mol) and should
not be neglected in carbohydrate-protein recognition considerations.
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