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ABSTRACT

Recognition and complex formation between protein and carbohydrates is a key issue for many
important biological processes. Determination of the three-dimensional structure of such
complexes is thus most relevant, but particularly challenging due to their usually low binding
affinity. In-silico docking methods have a long standing tradition in predicting protein-ligand
complexes, and allow the potentially fast exploration of a number of possible protein-
carbohydrate complex structures. However, determining which of these predicted complexes
represents the correct structure is not always straightforward.

In this work, we present a modification of the scoring function provided by Autodock4, a
widely used docking software, based on the analysis of the solvent structure adjacent to the
protein surface, as derived from Molecular Dynamics simulations, that allows the definition and
characterization of regions with higher water occupancy than the bulk solvent, called Water
Sites. They mimic the interaction held between the carbohydrate -OH groups and the protein. We
used this information for an improved docking method in relation to its capacity to correctly
predict the protein-carbohydrate complexes for a number of tested proteins, whose ligands range
from the mono- to the tetrasaccharide size. Our results show that the presented method
significantly improves the docking predictions. The resulting solvent-structure-biased docking
protocol therefore appears as a powerful tool for the design and optimization of glycomimetic
drugs development, while providing a new insight for the basic understanding of protein
carbohydrate interactions. Moreover, the achieved improvement also underscores the relevance

of the solvent structure for the protein carbohydrate recognition process.
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1. Introduction

Formation of protein-ligand complexes is one of the most fundamental processes in
biochemistry. For a given protein, identifying with high precision which ligands should be bound
—and which should not— is thus a crucial requisite to accomplish a variety of tasks such as
enzyme catalysis, cell communication, signaling, adhesion and differentiation. In a more applied
field, the rational design of new and more effective drugs also depends on our knowledge about
the specific protein-ligand complexes that can be established.'” In this context, determination of
the atomic resolution structure for any given protein-ligand complex, is of fundamental relevance
for understanding and characterizing its interactions, with a potential strong impact in both, basic

and applied biochemistry.*”

In-silico strategies for predicting the structure of a given protein-ligand (or protein-protein)
complex are usually referred as docking methods.®® Widely used in the last decade, they are
currently an essential part of many protein biochemical characterization studies, and rational
drug design programs programs.'*'? The potential and reliability of any docking method lies in
its capability to correctly predict the complex structure, and therefore the interactions held
between the units, taking as starting point the protein and ligand structures separately.
Nevertheless, given the approximations involved in the theoretical developments employed,

. -9,13-18
results are not always successfully achieved.”

6,19-21

Presently, there are several docking softwares available, and although several works have

132223 there is still no clear best choice. In

compared different docking programs and versions,
particular, for sugar docking, the work by Mishra et. al. showed that AutoDock3 performs better

than version 4, Vina and DOCK,*** but still yields many false positives.”> Agostino et. al. on
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the other hand, showed that Glide®® and AutoDock4?’ performed better, but the results were

strongly dependent on the particular ligand receptor pair. In any case, one of the most popular,
widely used and more important free under the GNU General Public License, docking programs
is the AutoDock4. The method combines a genetic algorithm®’ to explore possible binding
conformations of the ligand and an empirical function, including electrostatic, hydrophobic and
solvation effects, to compute the ligand binding free energy (AGg), and thus ranking the resulting

sl 19,2
complex structure predictions.'”?*

During the ligand binding process, significant solvent reorganization is produced along the
contact surface. Several works in this area have shown that this reorganization contributes to the

ligand binding free energy.”*

From a structural viewpoint, and as a result of the interactions
held between the protein and the solvent, water molecules are not placed randomly on the
macromolecule surface, but instead tend to occupy specific positions and orientations. The latter
results in a well defined solvent structure associated to the protein surface, characterized by
regions of highly ordered water molecules.””>*® This is especially evident in regions such as
protein active sites or ligand binding regions,”’ and together with the fact that displacing these
ordered water molecules has been shown to improve and correlate with the experimentally

31,34

determined binding free energy,” ”~ ENREF 34 underscores the relevance of such well-defined

2
solvent structure.?”?%3738

Carbohydrate binding proteins are a large and diverse group of biomolecules that harbors
enzymes as well as non catalytic members. Lectins for example, are multivalent carbohydrate-
binding proteins present in all living organisms displaying a wide variety of biological activities
including cell recognition, communication and cell growth. ***' Some of them, like the well

known and thoroughly studied galectins, have also recently emerged as key components for the
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42 43-48 .
In this context,

development of drug targets in several diseases, including cancer.
understanding protein-carbohydrate interactions with atomic resolution, (i.e determining the
structure of the corresponding complexes) is of fundamental importance for basic and applied
glycobiology. **'¥%%% A common, but usually overlooked feature of carbohydrates, is the fact
that their polar -OH groups, quite frequently bind to hydrophilic patches of the protein surface,
resulting in significant solvent displacement and reorganization. 2°-0->3044335960 yyater
molecules and carbohydrate -OH groups can participate in similar hydrogen bond networks when
establishing contacts with protein surfaces. This has been recently evidenced and characterized
by our group and others, for several carbohydrate binding sites (CBS) of a diverse set of proteins.
35363960 Therefore, it is expected that the corresponding solvent structure, would result useful for

the in-silico prediction of protein-carbohydrate complex structures, with higher accuracy than

conventional docking methods.

As a pre-requisite for further calculations, we need to provide a simple methodology to analyze
and characterize the mentioned solvent structure. In principle, interactions between water
molecules and a protein can be thoroughly studied by means of Molecular Dynamics (MD)
simulations in an explicit water environment. However, specialized methodologies are required
to estimate accurately the structural and thermodynamic properties of the surface bound water
molecules. *2%*>*® One of the most potent methods for achieving this task is based on the

inhomogeneous fluid solvation theory (IFST) as developed by Li and Lazaridis.”*°

Using this
methodology, we were recently able to show that solvent structure and dynamics at protein
surfaces involved in carbohydrate binding proteins are very different from those of the bulk

solvent, allowing the identification of the so called water sites (WS) or hydration sites. A WS

corresponds to a definite region in the space adjacent to the protein surface, where the probability
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of finding a water molecule is significantly higher than that observed in the bulk solvent. A

further thermodynamic and structural characterization can be achieved employing the

IFST 35,36,61,62

In the present work, we used the information provided by the identification and characterization
of the WS in the CBS of several carbohydrate binding proteins, to modify the scoring function of
the docking program AutoDock4,"”?*?*% in order to perform the in-silico prediction of their
corresponding protein-ligand complex structures. To test the performance of the presented
implementation, we chose six protein-carbohydrate complexes with known crystal structures,

whose ligands range from the mono to the tetrasaccharide (as depicted in Scheme 1).

A

Scheme 1: Schematic representation of the carbohydrate ligands used in the present work.
Receptor protein—ligand pairs are: A) CBM32-Galactose; B) CBM40-Sialic Acid; C) Gal3-
LAcNAc; E) ConA-Trimannoside; D) CD44-Hialuronan tetrasaccharide F) SPD-Maltotriose.
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The systems are: The carbohydrate binding domains of a large multimodular sialidase from

Clostridium perfringes, belonging to the carbohydrate binding modules number 32 and 40, from
now on referred as CBM32 and CBM40. Both modules display a B-sandwich fold with a single
monosaccharide binding site that binds Galactose (B-D-Galactose) and Sialic Acid (a-D-N-
acetylneuraminic acid) respectively (Scheme 1A and B). ®* This type of modules are widely used
to engineer lectins with a desired interaction.” The well studied human Galectin-3 (Gal-3),
which belongs to the widespread family of animal lectins. Within several Gal-3-ligand
complexes available, we have chosen the ligand with higher reported affinity, LacNAc (B-D-
Galactosyl-1,4-N-Acetyl-D-Glucosamine) ~ (Scheme 1C).”°® Concanavalin-A (Con-A), a
trimmanoside (Scheme 1E) binding lectin frequently employed for analyzing protein-
carbohydrate interactions (specifically, the trisaccharide chosen for this study was 3,6-Di-O-(a-
D-Mannopyranosyl)-a-D-Mannopyranoside, usually referred as the trimmanoside).***” The
soluble domain of the CD44, a key cell surface receptor implicated in cancer biology and
inflammation, that binds hyaluronic acid, a polymer of disaccharides, themselves composed of 3-
D-Glucuronic acid and B-D-N-Acetylglucosamine linked via alternating p-1,4 and B-1,3
glycosidic bonds. The structure of the CD44:Hialuronan octasaccharide complex was solved
showing an octasaccharide ligand for each CD44 monomer, of which four monosaccharides (the
hyalunoran tetrasaccharide, B-D-Glucuronyl(1-3)-2-Acetamido-B-D-Glucopyranosyl(1-4)-p-D-
Glucuronyl(1-3)-N-Acetyl-D-Glucosamine) are tightly bound to the protein and thus selected as
the ligand in the present work (Scheme 1D).” The Surfactant Protein D (SPD), an immune
effector related to antimicrobial host defense and immune regulation through the recognition of
the carbohydrate patterns from several microorganisms or apoptotic cells. SPD has a C-type
lectin Carbohydrate Domain, which binds the trisaccharide maltotriose (a-D-Glucopyranosyl(l-

4)-a-D-Glucopyranosyl(l-4)-a-D-Glucopyranose) (Scheme 1F). 68

Our results clearly show that the modified function significantly improves the quality and
accuracy of the results, both in terms of how close the predicted complex structure resembles the
real one (i.e. obtained by crystallography), and in the differentiation between good and bad
predictions. The resulting solvent structure biased docking protocol, thus results in a powerful

tool for the design and optimization of glycomimetic drugs, and for the basic understanding of
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protein carbohydrate interactions. Moreover, the achieved improvement also underscores the

relevance of the solvent structure for the protein carbohydrate recognition process.

2. Results

The results are organized as follows. For each tested case we firstly describe briefly the protein
CBS and the characterized WS (a summary of the WSs characteristics used to build the modified
grids, is presented in Table 1). Then, we present the results obtained with both the Conventional
AutoDock4 docking method (CADM) and the Water Site Biased Docking Method (WSBDM),
always using the corresponding complex crystallographic structure as a reference. The cases are
organized in the order of increased ligand size (mono- to tetrasaccharide), and for selected cases
the results varying key parameters such as the number of WSs used to build the grid, receptor
structure, and ligand size are presented and briefly discussed. At the beginning of the discussion,

a final comparative summary of all the obtained results is presented, analyzed and discussed.

2.1 Monosaccharide Docking to CBM32 and CBM40 modules

We begin our study by comparing the performance of the CADM and WSBDM for docking the
lactose monosaccharide into the CBS of the above described CBM32. This CBS harbors four
WSs, as characterized in our previous work and shown in Table 1, three of which (WS1, WS3
and WS4) are displaced by lactose upon binding. Figure 1 (left panel) shows the population vs.
binding energy plots for lactose docking to CBM32 crystal structure using the CADM. The
results show that the method is unable to correctly predict the complex structure, since the lowest
energy cluster is very far from the reference structure- The highest population cluster is closer to

the reference, but still clearly unacceptable (See Figure 1C). Moreover, the docked configuration

2102 ‘T2 JoqUISAON Uo Weybuiluilg e ewege|y Jo AlseAun e /B1o'seunolpioxo qoaA|6/:dny wo.j papeojumoq


http://glycob.oxfordjournals.org/

9
closest to the reference complex predicted structure has a RMSD of 2.9 A, and may result very

difficult to identify among other predictions.
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Figure 1. Results for docking of B-D-Galactose to CBM32 using the complex X-ray
structure as the receptor. Population vs. Binding Energy plots for the Docking of B-D-
Galactose to CBM32 using the CADM (Panel A) and the WSBDM (Panel B). Values next to the
dots represent the ligand heavy atom RMSD between the predicted complex structure and the
reference complex structure (PDB ID 2v72). In lower panel, we show structures for the predicted
CBM32 B-D-Galactose complexes, superimposed onto the reference structure. Panel C shows the
structure corresponding to the highest population CADM prediction with an RMSD of 3.5A.
Panel D, shows the lowest energy WSBDM prediction with RMSD of 2.5A and Panel E shows

the second lowest energy WSBDM prediction with an RMSD of 1.1A. Predictions are shown in
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balls and stick representations, while the reference ligand position is shown as sticks. Atom

labels marked with an * correspond to the predicted structures.

The results for the WSBDM using the four identified WSs to build the grid are shown in Fig. 1
right panel. The results are clearly better than those described above. Only two clusters are
found, which are very close in energy (difference is only 0.2 kcal/mol, i.e. well below the
method accuracy) and with similar populations. However, the closest to the reference structure,
with only 1.1A RMSD, and therefore a very good prediction as shown in Fig. 1E, ranks second
in both Pop and AGg. The highest Pop predicted structure instead shows the B-D-Galactose
slightly displaced and rotated ca. 60 degrees, from the reference structure, as shown in Figure
ID. Similar results are obtained, when the receptor grid was built using a random selected
snapshot from the CBM32 ligand free MD simulation (See SI Figure 1). Although for the
WSBDM the correct structure still ranks second (and this time with even lower population), it

performs significantly better than the CADM.

We now turn our attention to CBM40, presenting six well defined WS in its CBS region, as
characterized in our previous work and shown in Table 1. The three sites with highest WFP,
WS1, WS3 and WS6 are all three displaced by the ligand O8, C6 and the acid carboxylate
respectively. Figure 2 shows the population vs. binding energy plots for Sialic Acid docking to
CBM40 crystal structure using the CADM. The results show that the method ranks first the
wrong complex structure (both in energy and population, with a RMSD of 4.7 A compared to the
reference), but correctly predicts the complex as the second best choice. The WSBDM, using all
six sites to modify the grid, shows better results. The first energy ranking and highest population

cluster is now the best predicted complex, with a RMSD of only 0.9 A. The predicted structure
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(shown in SI Fig. S2) shows the sugar ring correctly placed and oriented, with its main side chain

only slightly shifted. It should be noted however, that its population is similar to clusters
showing wrong predicted structures. As for CBM32 similar results are obtained using random

selected snapshot from the ligand free protein MD simulation (data not shown).
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Figure 2. Results for docking of Sialic Acid to CBM40 using the protein complex X-ray
structure. Population vs. Binding Energy plot for the Docking of Sialic Acid to CBM40 using
the CADM (panel A) and using the WSBDM (panel B). Values next to the dots represent the
ligand heavy atom RMSD between the predicted complex structure and the reference complex

structure PDB ID 2v73

In summary, the results for monosaccharide docking to the CBM modules show that the
WSBDM significantly improves the docking predictions. However, the correct result is still not
always clearly standing apart in terms of predicted binding energy and population, compared to

wrong predictions (i.e. false positives).

2.2 Galectin-3
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Gal-3 displays a CBS that usually hosts a disaccharide, which can be either lactose or N-Acetyl-

Lactosamine. As analyzed in our previous work and shown in Table 1, seven clear WS can be
identified in the CBS of Gal-3. Three WS are clearly found in the Galactose (Gal) binding site,
three in the N-Acetylglucosamine (GlcNAc) binding site, and one more WS is between both. The
two WS displaying the highest WFP are clearly replaced each by one hydroxyl group O3 of the
GlcNAc, and O6 of Gal respectively. All other WS are also shown to be close to hydroxyl
groups of the ligand except for WS7 which is closer to the CH; of the acetyl group. In the real
case it is very difficult to know which monosaccharide binds where. Therefore, even for a
monosaccharide docking the whole CBS and its associated WS could be used and analyzed.
Keeping this in mind we will now compare the conventional and biased docking methods in their
ability to correctly determine Gal-3-Disaccharide complex. We begin the analysis by

individually docking each monosaccharide (Gal and GlcNAc) to the whole CBS of Gal-3.

2.2.1 Galactose docking to Gal-3. The results for docking of Gal to Gal-3, with the CADM and
WSBDM, and using the crystal structure to build the corresponding receptor grid, are shown in
Figure 3. The data from Figure 3A, shows that using the CADM a low energy high population
cluster (46%) is clearly identified (marked as an arrow), having a RMSD 3.3 A with respect to
the reference complex structure. This is the closest prediction to the reference, and thus puts in
evidence that the prediction is not very good. Using the WSBDM (Figure 3B), considering all
seven WS found in the CBS, the results are much better, since the low energy high population
cluster is clearly apart from other predictions, it has a high population (ca. 90%) and very low
RMSD against the reference structure. A closer look at the predicted structures (Figure 3B and
3C), shows that for the CADM best prediction the Galactose ring is correctly positioned in the

corresponding binding site (and not in that of GIcNAc), but it appears shifted and rotated about
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180 degrees; while the WSBDM predicted complex shows a perfect match against the reference.

In summary the results clearly show that WSBDM is able to correctly predict the Gal-3:Gal

structure, while CADM is not.
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Figure 3. Results for docking of Galactose to Gal-3 using the protein complex X-ray
structure as the receptor. Population vs. Energy plot for the Docking of Gal to Gal-3 CBS
using the CADM (Panel A) and the WSBDM (Panel B). Values next to the dots represent the
ligand heavy atom RMSD between the predicted complex structure and the reference complex
structure, PDB ID 1A3K. Lower panel shows the structures for the predicted Galactose:Gal-3

complexes, superimposed onto the reference structure. Panel C shows the structure
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corresponding to the highest population CADM prediction with an RMSD of 3.3A, Panel D,

shows the lowest energy WSBDM prediction with RMSD of 1.1A. Predicted structures are
shown in balls and stick representations, while the reference ligand position is shown as sticks.

Atom labels marked with an * correspond to the predicted structures.

2.2.2 N-Acetylglucosamine Docking to Gal-3.

The same calculations as described above for Gal were now performed but using GlcNAc as the
ligand. The results (shown in SI Figure S3) for the CADM are not as good as those shown in the
case of Gal. There is not a clear low energy high population cluster. The highest population
cluster (22%) is close to the lowest energy one and it has an RMSD to the reference structure of
ca. 5 A. While the lowest RMSD cluster, that closest to the correct structure, is not easily
recognizable. The results with the WSBDM are slightly better but still not satisfactory. Although
in this case two structures stand out, they show RMSDs of 3.8 A and 5A with respect to the
reference structure. So both methods fail to correctly dock GlcNAc inside Gal-3 CBS. The
reason for this failure possibly originates in the fact that GIcNAc tends to be docked closer or
even inside the galactose binding site, as evidenced by the RMSD of ca 2.5-2.6 A observed for
the best clusters when the galactose position in the x-ray complex structure is used as the
reference. This observation prompted us to test whether the docking of GIcNAc into Gal-3 could
be improved, when Gal is already placed in its binding site. Thus we performed the
corresponding docking simulation with both methods, and the additional restraint imposed by the
GlcNAc-Gal glycosidic bond. The corresponding results, shown in SI figure 7, show that the
CADM still fails to place the GlcNAc correctly. The WSBDM performs better, correctly
identifying in this case the complex structure (RMSD of 1.0 A) as the highest population cluster,

ranking second in energy (less than 0.5 kcal/mol difference to the best binding cluster).
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In summary, although galactose can be reasonable well docked in the Gal MBS and the results
slightly improve with the WSBDM including all WS, this is not the case for GIcNAc.We now
turn our attention to the results obtained using as ligand the whole N-Acetyl-Lactosamine

disaccharide.

2.2.3 Disaccharide (N-Acetyl-Lactosamine) docking to Gal-3

The results for Docking of the disaccharide N-Acetyl-Lactosamine to Gal-3, with the CADM and
WSBDM using all seven WS, and using either the crystal structure or a random selected
snapshot from the free protein MD simulation to build the corresponding receptor grid, are
shown in Figure 4. The results clearly show that the CADM (Panels A, C and E) is unable to
dock the disaccharide, even if a re-docking is performed (i.e. if the grid is built using the protein
structure from the complex crystal). No clear cluster stands out, and the highest population or
lowest energy clusters show an RMSD of more than 5A compared to the reference system. The
superimposed structure (Figure 4E) shows that the CADM predicted complex is shifted placing
the N-Acetylglucosamine over the galactose binding site. On the other hand, the WSBDM is
clearly able to correctly fit the ligand in place in both cases (Panels B and D). Either with the
crystal structure, or a random selected snapshot taken from the free protein MD simulation, a
complex structure stands out in the population vs. energy plot, showing a ligand heavy atom
RMSD against the reference structure of less than 1A. The corresponding predicted structure
superimposed on the reference, shown in Figure 4F, is striking because of its perfect fit. The
WSBDM places both sugar rings correctly, and even the N-Acetyl side chain is correctly

oriented.

2T0Z ‘TZ JequanoN uo weybuiwlig e eurde|y jo Aisioaiun e /Hio'sfeuinolpioxo qoaA|fy/:dny woiy papeojumoq


http://glycob.oxfordjournals.org/

16

A 100 T T T T T T T B 100 T T T T T T T T ' T
80 . 80F .
S, g
= B 1= 60 =7
g g o#RMSD: 0.5 A |
= =
2, 40F 1 2 40} |
o o
= [
201 A . 20} A _
| RMSD: 5.6 ) ] eRMSD: 5.9
0 0 L1 T 9 e P, o 0®%mOfume. o
-4 -3 -2 -1 0 9 -8 -7 -6 -5 -4 3
AGy; ding (Kcal/mol) AG,. .. (Kcal/mol)
2 binding
C 100 T T r T T T T DIOO T T T T T T
80 . 80 .
‘5 601 1 S 60 .
g 12
E; N 4= B _
& 40 g 40 p;
- 1~ *’RMSD: 0.7 A
201 N 201 .
i RMSD.‘ 46 A . RMSD: 3.7 A RMSD: 3.5 A
0 R -.- & : N ./ fanes | 8. 8 0 . L 5 R . 1 ® e La &
-4 -3 -2 -1 0 -7 -6 -5 -4 -3
AGbin ding (Kcal/mol) AGbi" ding (Kcal/mol)

Figure 4. Results for docking of N-Acetyl-Lactosamine to Gal-3. Population vs. Binding
Energy plots for the docking of N-Acetyl-Lactosamine to Gal-3 using the CADM to either the
complex X-ray structure (Panel A) or a random selected snapshot from the ligand free MD
simulation (Panel C); and using the WSBDM to either the complex X-ray structure (Panel B) or

a random selected snapshot from the ligand free MD simulation (Panel D). Values next to the

2T0Z ‘TZ JequanoN uo weybuiwlig e eurde|y jo Aisioaiun e /Hio'sfeuinolpioxo qoaA|fy/:dny woiy papeojumoq


http://glycob.oxfordjournals.org/

17
dots represent the ligand heavy atom RMSD between the predicted complex structure and the

reference complex structure (PDB ID 1A3K). Lower panel shows the structures for the predicted
N-Acetyl-Lactosamine-Gal-3 complexes, superimposed onto the reference structure. Panel E
shows the structure corresponding to the first ranking CADM prediction with an RMSD of 4.6A,
Panel F, shows the lowest energy WSBDM prediction with RMSD of 0.5A. Predictions are

shown in balls and stick representations, while the reference ligand position is shown as sticks.

The excellent performance of the WSBDM using all seven WS shown above, prompted us to
analyze the impact on the predicting capability of the method in relation to the number of WS
chosen to be included to build the modified grid. Based on our previous work, where it is shown
that the replaced water sites are usually those with highest WFP and smaller Rgo,35 a clear
rationale emerges for selecting the WS to be used in the WSBDM. Figure 5 shows the results for
docking N-Acetyl-Lactosamine to Gal-3 CBS, including in the WSBDM either, one
(corresponding to either WS4 or WS2 the two highest WFP regions), two (WS2 and WS4) or

three WS, corresponding to WS1, WS2 and WS4.
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Figure 5. Results for docking of N-Acetyl-Lactosamine to Gal-3 using different number of
WSs to build the receptor grid. Population vs. Energy plot for the Dockingd of N-Acetyl-
Lactosamine to Gal-3 CBS using the WSBDM. In panel A, the WSBDM grid was built using
just WS2. In Panel B, the WSBDM grid was built using just WS4. In panel C, the WSBDM grid
was built using WS2 and WS4. In panel D, the WSBDM grid was built using WS1, WS2 and
WS4. Values next to the dots represent the ligand heavy atom RMSD between the predicted

complex structure and the complex reference structure PDB ID 1A3K.

The results show that when only one site is used the results are highly dependent on which WS is
used. For example using only WS4 the highest population cluster (ranking second in terms of
energy) is able to correctly predict the complex structure (the RMSD with respect to the

reference structure is only 0.5A). On the other hand when only WS2 is used the highest
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population and lowest energy cluster does not correctly predict the complex structure. The

correct structure appears as the second highest population and with higher energy than several
other structures. Using both WS the results improve, with a clear complex standing out (30%
population and the lowest energy) and an RMSD with respect to the reference structure of only
0.6 A. Finally, using three WS the results are slightly, but not significantly better. Therefore, it
seems that at least one WS for each monosaccharide is needed, in order to allow significant
improvement of the prediction. In summary for the present case the WSBDM significantly
improves the prediction quality, and docking of the disaccharide seems to be a better strategy

than docking of each monosaccharide independently.
2.3 Trimannoside Docking to Concanavaline-A

Concanavaline-A (ConA) is a thoroughly studied lectin that binds a trimannoside ligand.67’44—As
described in our previous work,” and shown in Table 1, eleven WS with high WFP can be
identified in the ligand binding site. Three WS, namely WS7, WS8 and WS9 are replaced by the
first mannose OS5, O6 and O3, which also establish a total four strong HB with the protein. The
second mannose O2 clearly displaces WS1, and O4 possibly displaces WS11. Finally, the third
mannose O3 must displace WS5, while O4 must displace WS6. Based on the previous results for
disaccharide docking to Gal-3 we decided to dock directly the trimannoside. The results for
CADM and WSBDM for docking of the 3,6-di-O-(a-D-Mannopyranosyl)-a-D-Mannopyranoside

(trimannoside) into ConA are shown in Figure 6.

2102 ‘T2 JoqUISAON Uo Weybuiluilg e ewege|y Jo AlseAun e /B1o'seunolpioxo qoaA|6/:dny wo.j papeojumoq


http://glycob.oxfordjournals.org/

20

A 100 T T T T B 100 T T T T r T r T
80 - 80 .
8 oor 1g T rusp:r1a .
=N E 1 ¥
2 401 1% 40 ° i
=] o
A o
o ~
S0l RMSD:69 A |
RMSD: 3.4 A 20f , i
ey 1 | RMSD: 7.5 A
0 * L 2% Nt nelncnte. o L, ® o $o
a 7 ac? (Kcz{15/mol) - A T R 5T s
binding AG, iine (Kcal/mol)

Figure 6 Results for docking of the Trimannoside to ConA. Population vs. Binding Energy plots
for the docking of the trimannoside to ConA using the CADM (Panel A) and the WSBDM
(Panel B). Values next to the dots represent the ligand heavy atom RMSD between the predicted
complex structure and the reference complex structure (PDB ID 10ONA). Structures for the
predicted trimannoside-ConA complexes, superimposed onto the reference structure. Panel C
shows the structure corresponding to best (in terms of RMSD) CADM prediction with an RMSD
of 3.4A, Panel D, shows best ranking WSBDM prediction with RMSD of 1.1A. Predictions are

shown in balls and stick representations, while the reference ligand position is shown as sticks.
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The results show that with the CADM the highest population-lowest energy cluster does not

yield the correct result. The RMSD to the reference complex is 6.9 A. Only the second
population ranked cluster, which also displays low binding energy values, predicts a close to
correct structure, with an RMSD of ca. 3.4 A. This structure, shown in Fig 6C, shows the
trimannoside considerable shifted and closer to the protein, although it is correctly oriented (each
monosaccharide is closest to its binding site). Again, the results are significantly improved with
the WSBDM, the highest scoring lowest energy cluster is clearly separated from other results
and displays an RMSD of only 1.1 A with respect to the reference structure. As shown in Figure
6D the structure is very similar to the crystallographic one, with two mannoses perfectly in place

and the third only slightly shifted.

As for Gal-3, we performed the same calculations using a random selected snapshot from the
MD simulation, instead of the crystallographic structure to build the grid. The results shown in
SI figure S4, similarly show that the CADM is unable to correctly predict the complex structure.
The results for the WSBDM are better, but not as good as those obtained with the crystal
structure. Instead of a clear best prediction, three cases stand out, two with lowest energy having
fairly low RMSDs of roughly 2A. Visual inspection of the predicted structures show that the
trimannoside is nonetheless very well positioned, and probably the slightly higher RMSD
(compared to the results obtained with the crystallographic structure) has partial contributions
from the protein motions during the MD, that do not allow a perfect alignment between crystal

structure and the MD selected snapshot, since they display a backbone RMSD of 2.1 A.

Again as for Gal-3, we used Concanavilne A to analyze the relation between the number of WS
that are used to build the WSBDM grid and the accuracy of the results obtained. It is important

to choose the WS in a straightforward way that is not biased by our knowledge on the structure
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of the complex. The first choice, as previously mentioned, should fall in those WS having the

highest WFP and lowest Rg9. However, for large CBS that bind tri and tetrasaccharides, selecting
WS that cover the whole CBS seems also a good choice. The data from our previous work and
Table 1 shows that the five WS with high WFP (ca 10 times that of the bulk or more) are located
in two groups, each at one extreme of the CBS. The first group harbors WS7, WS8 and WS9,
while the other WS3 and WS6. Thus we performed trimmanoside docking calculations using the
WSBDM, building the grid either with one WS (selecting the best WS of each group, i.e. WS8 or
WS3), with two WS (combining both of them), with three WS (selecting the best WS of each
group, WS3, WS8 and WS1) and also with the five highest WS. The results are shown in Figure

7.
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Figure 7 Results for docking of the Trimannoside to ConA using different number of WS.
Population vs. Binding Energy plots for the docking of the trimannoside to ConA using the
WSBDM. Panel A the grid was built using solely WS3. In panel B the grid was built using only
WS8. In panel C the grid was built using WS3 and WS8 and in panel D the grid was built using

WSI1, WS3 and WSS. Finally, in panel E the grid was built using WS3, WS6, WS7, WSS, and
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WS9. Values next to the dots represent the ligand heavy atom RMSD between the predicted

complex structure and the reference complex structure (PDB ID 10NA).

The results show that when only one WS is used the method still could be able to correctly
predict the complex structure, but that the results are strongly dependent on which WS is used. If
only WSS is used the best ranking complex displays a very low RMSD of 0.9A against the
reference, but if only WS3 is used, the final results are not satisfactory. The results with two and
three WS are clearly better than those obtained with CADM, but when using two WS the best
complex has higher RMSD against the reference, compared to the case where only WS8 was
used to build the grid. With three WS, although the best binding energy result is wrong, the
second ranking cluster corresponds to the correct complex. Finally, when using the five highest
scoring WS the results are very similar (even better in terms of RMSD) to those obtained with all
the WS, with the best ranking prediction clearly standing out and a very low RMSD against the
reference of 2.1A. Altogether these results suggest when only few WS are used, the predictions
vary a lot. This is not unexpected since not all WS are replaced by OH groups from the ligand.

Thus it seems to be a better choice to use many WS and at least one for each monosaccharide.
2.4 Maltotriose docking to SPD

As another test case of trisaccharide binding we selected the SPD protein. This protein has a C-
type lectin carbohydrate binding domain whose complex structure with its ligand maltotriose has
been structurally characterized,”® but where no previous information on the solvent structure in
relation to the ligand is available. MD simulations in explicit water of the uncomplexed protein
allowed identification of five WS in the CBS (Table 1), two of them showing very high WFP.
The results for docking of maltotriose to the SPD CBS using the CADM and WSBDM (Shown

as SI Figure S5) show that the CADM lowest energy structure has an RMSD of 4.1A against the
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reference structure, with only one of the three monosaccharides (number 3) correctly placed.

Very close in energy and population to this structure, is a second predicted complex which is
closer to the correct structure (RMSD of 1.8A), which places all three monomers correctly. The
WSBDM on the other hand clearly ranks the closest to the reference structure (with an RMSD of
1.8A) first, and with significant lower energy and higher population than other predictions.
Visual inspection of the predicted complex structure in relation to the reference clearly show that
all three monosaccharides are correctly positioned and oriented in their respective binding sites,
with the third displaying a perfect match and the first and second, slightly shifted. Clearly the
WSBDM allows the correct prediction of the complex structure even when no detailed

knowledge and analysis of the WS is performed.

2.5 Tetrasaccharide docking to CD44

As the final test case we selected CD44, a cell surface receptor that binds hyaluronic acid. The
crystal structure of the corresponding complex shows the carbohydrate recognition domain of
CD44 bound to an octasaccharide. However, only four monosaccharides are in contact with the
protein, and where thus used for the docking calculations, resulting in the following two
repeating disaccharide subunit as ligand: B-D-Glucuronic acid and B-D-N-Acetylglucosamine,
linked via alternating B-1,4 and B-1,3 glycosidic bonds. Moreover, since both the complex
structure and ligand free (apo) CBS structures are available, we tested the variability of the
results using these two and several random selected snapshots from the apo protein MD
simulation to build the grids. To perform the WSBDM calculations, as for the previous case, we
firstly determined the solvent structure adjacent to the ligand binding site. The MD simulation of
the apo protein in explicit solvent shows that the CBS harbors five WS (as shown in Table 1),

two with very high WFP and two with medium WFP (ca. 5 times that of the bulk). The results
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for docking of the hyaluronan tetrasaccharide on CD44:HAg complex crystal structure, CD44

apo protein crystal structure, and five random selected snapshot of CD44 apo protein MD
simulation, using the CADM and the WSBDM (using the five identified WS) are shown in

Figure 8 and SI Figure 6.
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Figure 8. Results for docking of hyaluronan tetrasaccharide to CD44. Population vs. Energy
plot for the Docking of the hyaluronan tetrasaccharide to CD44 using the CADM (panel A) and
the WSBDM (panel B) Values in parenthesis represent the ligand heavy atom RMSD between
the predicted complex structure and the complex reference structure PDB ID 2JCP. The lower

panel shows the structures for the predicted hyaluronan tetrasacharide complexes, superimposed
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onto the reference structure. Panel C shows the structure corresponding to the bnest ranking

CADM prediction with an RMSD of 11.4 A, Panel D, shows the best ranking WSBDM
prediction with RMSD of 0.7 A. Predictions are shown in balls and stick representations, while

the reference ligand position is shown as sticks.

The results for the CADM show that there is a moderate variability in the quality of the results
depending on which structure is used to perform the docking. Re-docking in the complex
structure correctly allows identification of the correct complex (RMSD of only 1.0A) with the
lowest energy and highest population (ca. 40%), also docking to some of the MD snapshots
allows prediction of the correct structure. Interestingly, for the apo structure the lowest energy
complex shows the ligand upside down (see Figure 8C) and an RMSD of 11 A, the correct
structure coming second. Results for other MD snapshots gave results that were in the range as
those presented, and are thus not explicitly shown. The WSBDM performs significantly better in
all cases, yielding higher populations for the best ranked structure, and lower RMSDs values
against the reference structure. Even for the docking of the apo structure the WSBDM ranks the
correct structure first, although the upside down structure is second, and still displays high
population. The best ranked structure of the WSBDM as shown in Figure 8D has an almost

perfect match with the reference, for the whole tetrasaccharide.

In summary the results for ConA, SPD and CD44 show that the WSBDM is able to correctly
predict and clearly identify the protein-carbohydrate complexes using as ligands three and even
tetrasaccharides as ligands, a challenging task given the ligand size and flexibility. The CADM
on the other hand is not always able to predict the correct complex, and best structure is usually

mixed with false positives. Concerning the use of different structures, the results show that the
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CADM presents more variability in the results (when compared to the biased method), and their

quality strongly depends on the receptor structure used to build the grid. WSBDM results are
more homogeneous (i.e less dependent on the selected receptor structure), especially concerning

the best ranking complex.

3. Discussion

The aim of the present work was to analyze whether the information of the solvent structure
adjacent to the ligand binding sites of carbohydrate binding proteins, as derived from explicit
water Molecular Dynamics simulation and described by the identification and characterization of
the Waters Sites, could be used to improve the performance of molecular docking methods for
the prediction of protein-carbohydrate complex structures. For this sake, we compared the
conventional docking method, with the presently developed and presented WS biased method, in
their capacity to correctly predict the complex structures of five different known protein-
carbohydrate structures, with ligands ranging from the mono to the tetrasaccharide. Overall we
performed over thirty different docking calculations varying the size of the ligand, the receptor
structure and the number of WS used to bias the scoring function, an overall summary and

analysis of these results is presented below.

Overall analysis of the results. Table S1 shows a summary of the results obtained for both the
CADM and WSBDM. For each docking calculation (characterized by the method, receptor,
ligand structure and WS used) the following parameters are shown: i) the RMSD to the reference
(i.e. crystal structure) of the best ranked (lowest energy) complex, together with its binding

energy and population: and ii) The predicted complex with the lowest RMSD to the reference
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structure, together with its ranking, binding energy, and population. To analyze the results we

performed the following analysis shown in Figure 9A. First, we plotted the computed RMSD
against the reference complex for the highest ranked (i.e. lowest energy) prediction, as predicted
with the CADM (Black Columns) and WSBDM (Red column). Second, we plotted the RSMD
for the prediction with the lowest RSMD among all predicted clusters, with CADM (Grey

columns) and WSBDM (orange column).
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Figure 9. Panel A. For the docking calculations shown in Table S1, Black column shows the
RMSD of the highest ranked (i.e. lowest energy) prediction, and grey column the lowest RMSD
among all predicted clusters obtained with the CADM. Red column shows the RMSD of the
highest ranked (i.e. lowest energy) prediction, and orange column the lowest RMSD among all
predicted clusters obtained with the WSBDM. Panel B. AAGg vs. APop plot for the docking
calculations performed with the CADM (Black dots) and WSBDM (Red dots). For the definition

of AAGg and APop see text.

Results from figure 9A show that there is a clear and significant difference in the predictive
power of both methods. While the CADM ranks first (Black columns), almost always predicted

structures that are completely wrong (with RMSD above 4A), the WSBDM first ranked
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predicted complexes (red columns) are close (between 2-3A) or even very close (less than 1 A)

to the reference structure. Moreover, for most cases in the WSBDM the complex that has the
lowest RMSD value with respect to the crystallographic structure used as the reference (i.e. the
best predicted complex) usually ranked first (compare red and orange columns). Interestingly,
comparison between the highest ranked and best predicted structure for the CADM shows big
differences, but the best predictions are in many cases close to those obtained with the WSBDM.
Thus the main difficult of AutoDock4 seems to be not the capacity for predicting the correct
protein-ligand complex structure, but correctly ranking different possibilities according to the

13:23:57 13 Thig observation

predicted binding energy, a fact that was also observed in others works.
is consistent with the general result of the present work, which shows that by modifying the

AutoDock4 scoring function that determines the binding free energy, significant improvement of

the results can be achieved.

As a final analysis of the method predictive capacity in relation with its precision, we measured
the difference in the predicted binding free energy (AAGg), and in the cluster population (APop)
of the best complex (that with the lowest RMSD) and the best ranked of the remaining
complexes. Thus a negative AAGg value, implies that best obtained complex has better binding
energy than any other predicted complex, and the magnitude of AAGg measures, the difference
in energy between the best obtained prediction and the first false positive. On the other hand, a
positive AAGg means that the best complex has less binding energy than the first ranking
complex, i.e the best prediction is wrong. Similarly, a positive APop means that the best
prediction has higher population compared to any other prediction, while a negative value in
APop means that best prediction has a smaller population compared to wrong predictions. The

results located in the upper-left corner of the plot, correspond to those cases where the best
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obtained complex is correctly ranked (has the lowest predicted AGg and highest Pop), and since

as previously shown the method usually is able to correctly dock the ligand inside the CBS
(RMSD of less than 1 A to the reference structure), they correspond to successful calculations, in
the sense that they would have yielded a correct prediction of the corresponding protein-

carbohydrate complex. The resulting AAGg vs. APop plot is shown in Figure 9B.

A first glimpse on the plot undoubtedly shows that the WSBDM performs significantly better
than the CADM, with almost all results falling in the upper left corner (groups A and B). Only
two WSBDM calculations fall in the lower right corner (group C), corresponding to the
discussed case of CBM32 using either the X-ray or an MD simulation structure to build the grid.
More detailed analysis of the WSBDM results, allows identification of a first group of results
(group A) where the correct results are predicted to have at least 1 kcal/mol AAGg and over 25%
APop, thus clearly standing out against wrong predictions. These results correspond to all re-
docking calculations, i.e. using the receptor structure to build the grid taken from complex X-ray
structure (except the monosaccharide binding modules). Group B harbors most of the WSBDM
results obtained when a structure taken from the MD simulation is used to build the grid, a result
which is not unexpected. For this cases the difference in binding energy and population are

smaller. The only results obtained with the CADM that fall in this group are those for CD44.

Effect of the ligand size.

When comparing altogether the results in relation to the ligand size, correctly predicting

monosaccharide binding seems to be more difficult than larger ligands. This is evidenced in
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CBM32 where even the WSBDM fails to rank the correct structure first, and in Gal-3 where

docking of the disaccharide is clearly a better option than docking each monosaccharide
separately. Also important, the results for docking of the tri and tetrasaccharides are fairly
accurate, with the predicted complexes having low RMSD against the reference and with the
right complex always ranking first. Thus docking of large sugars seems to be a better idea than
docking of individual monosaccharides. It should be noted however, this might not be always the
case, especially as sugars become increasingly larger. The AutoDock4 genetic algorithm that
explores possible ligand configurations starts to fail when an increasing number of torsional
degrees of freedom are included. Considering that each additional monosaccharide adds at least
two more torsional degrees of freedoms, for tetrasacharides or even larger ligands docking
separately smaller parts of the sugar (di or tri-saccharides) would be a better idea than docking

the whole polysaccharide.

Effect of the number and characteristic of the considered WS. Considering the number of
WS the results show that the use of all identified WS seems to be a better choice than using only
a few. And although it is possible to correctly predict the complex structure with only one WS,
the results vary depending on both the system and the WS choice. However, in order to
determine how many WS should be determined, characterized and used to bias the docking
method for a particular case, a simple rule of thumb could be to use one or two WS per ligand
monosaccharide subunit. However, it is important to select them distributed along the whole
CBS. Finally, it should be noted that although selecting those WS having higher WFP seems a
reasonable choice, the inclusion of other WS with lower WFP does not significantly affect the
predictions. This is not unexpected since the modified functions already scales the bias according

to the WFP.
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How should we use the WSBDM? Although the results presented in the present work, are

focused on the performance of the modified docking protocol, using the solvent structure
information (i.e the definition and characteristics of the WS) derived from our previous work,
3336 except for the SPD and CD44 cases. We will briefly describe how to apply the WSBDM to a
particular problem starting from the separate structures of the receptor and ligand. The protocol
has 4 steps. 1) determining the WS, ii) selecting the WS to built the receptor grid, iii) perform the
WSBDM iv) analyze the data. Scripts and programs to perform these tasks are freely available

under request.

1) First, the receptor protein structure should be subjected to explicit water MD simulations
during 20 to 40ns. From this simulation, WS adjacent to the proteins CBS should be determined

and characterized using previously described protocol.>>>°

i1)) WS should be analyzed and those having significant WFP (usually higher than 5 times that of
bulk solvent) should be selected. The selected WS should be well distributed along the whole
CBS. The number of WS should be in the range of 1 to 2 per monosaccharide of the ligand.
Grids should be built onto different receptor structures taken from the simulation, and using if

possible different number of WS.

iii)) For each grid, 100-200 individual docking runs should be performed and clustered, as

described in methods.

iv) To analyze the data, binding energy vs. population plots should be built looking for clusters
clearly standing out, thus having significantly lower energy and higher population than other
results (AAGg > 1 kcal/mol and APop > 25%). If no cluster stands out, a different snapshot or

number of WS should be tried to build the grid. A trustable complex, should appear best (or
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highly) ranked using several snapshots, and once found, it should remain top scoring with an

increasing number WS used to build the modified grid.

As a final remark, it is important to discuss the computational time required to use the WSBDM
compared to the CADM. Once the grid is built, performing the docking calculations itself takes
the same amount of time to utilize both methods. However, while building the grid with the
conventional method requires only having a structure for the receptor, to build the WS biased
grid, prior explicit water MD simulation of the receptor protein needs to be performed and
analyzed. However, the computational time required to perform MD simulation is not extensive,
requiring for the medium size proteins Gal-3, CBM30 or ConA, ca. 8 hs for each nanosecond on
an 8 core cpu machine. Thus using 32 cores, where the amber code has been shown to scale

linearly, it takes less than 1 week to perform over 50ns MD simulation.

In summary, analysis of the solvent structure adjacent to the binding sites of carbohydrate
binding proteins, allows the identification and characterization of specific regions of space,
called water sites, with significantly higher probability of finding a water molecule when
compared to the bulk solvent. This information was used to modify the AutoDock4 scoring
function, favoring those ligand conformations where the carbohydrate-OH groups match the
position of the water site, resulting in the development of a Water Sites Biased Docking Method.
The method is able to correctly predict the complex structures of several protein-carbohydrate
complexes, with ligand ranging from the mono to tetrasaccharide. Altogether, the method
performance shows that it significantly outperforms the non modified AutoDock4 in both its
accuracy, measured as the capacity to predict the complex structure close to the one obtained by
X-ray crystallography, and also its capacity for differentiating the correct complex among wrong

predictions. The resulting solvent structure biased docking protocol thus results in a powerful
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tool for the design and optimization of glycomimetic drugs development, and for the basic

understanding of protein carbohydrate complexes and their interactions. Moreover, the achieved
improvement also underscores the relevance of the solvent structure for the protein carbohydrate

recognition process.
4. Computational Methods
4.1 Set up of the systems and Molecular Dynamics parameters

Protein coordinates were retrieved from the Protein Data Bank, corresponding codes are: 1ONA
for Con-A,”” 1A3K for Gal-3,”” 2JCP for CD-44,” 2GGU for SDP*® and 2V73 and 2V72 for the
modules CBM40 and CBM32,°* respectively. For each system, only one monomer
corresponding to the carbohydrate recognition domain harboring the CBS without the
carbohydrate ligand was simulated, in order to determine the solvent structure adjacent to the
CBS. No MD simulations of the protein-carbohydrate complexes were performed. Standard
protonation states were assigned to titratable residues (Asp and Glu are negatively charged; Lys
and Arg are positively charged). Histidine protonation was assigned favoring formation of
hydrogen bond in the crystal structure. Each protein was then solvated by a truncated octahedral
box of TIP3P waters, ensuring that the distance between the biomolecule surface and the box
limit was at least 10A. Each system was first optimized using a conjugate gradient algorithm for
2000 steps, followed by 200 ps. long constant volume MD equilibration during which the
temperature of the system was slowly raised from 0 to 300 K. The heating was followed by a 200
ps. long constant temperature and constant pressure MD simulation to equilibrate the system
density. During these temperature and density equilibration processes, the protein backbone
atoms were restrained by 1 kcal/molA force constant using an harmonic potential centered at

each atom starting position. No restraints were applied during the following production
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simulations. For small mono and disaccharide binding proteins (CB32, CBM40 and Gal-3) 20ns

long production MD simulations were performed, while 50ns long production MD simulations
where performed for the systems harboring larger ligands (ConA, SPD and CD44). All
simulations were performed with the amber package™ of programs using the ff99SB force
field”" for all aminoacidic residues. No ligands were included in the MD simulations. Pressure
and temperature were kept constant using the Berendesen barostat and thermostat’® respectively,
using the Amber default coupling parameters. All simulations were performed with periodic
boundary conditions using the particle mesh Ewald (PME) summation method for long range
electrostatic interactions. The SHAKE algorithm was applied to all hydrogen-containing bonds,
allowing the use of a 2 fs. time step. These explicit water MD simulations were used to define

and compute the water site properties (see below).
4.2 Water Sites definition, identification and characterization

Water sites (WSs) correspond to specific space regions, adjacent to the protein surface, where the
probability of finding a water molecule is significantly higher than that observed in the bulk

solvent. As shown in our previous works,>?*%

these regions can be readily identified by
computing the probability of finding a water molecule inside the correspondingly defined region
during an explicit solvent MD simulation. The region volume used to identify the WS is
arbitrarily set to 1A°, and the WS center coordinates correspond to the average position of all the
water oxygen atoms that visit the WS along the simulation. In other words, a water molecule is
considered as occupying that WS, as soon as the distance between the position of its oxygen
atom and the WS center is less than 0.6 A. Once identified, for all putative WSs, we compute the

following parameters: i) The Water Finding Probability (WFP), corresponding to the probability

of finding a water molecule in the region defined by the WS (using the arbitrary volume value of
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1A%) and normalized with respect to that of the bulk water which is considered to be the water

density at the corresponding temperature and pressure values; thus the WFP is actually used as a
cut-off value, to decide which putative WS are considered for further characterization. Only the
WSs with a WFPs > 2 are retained. ii) Rog, corresponding to the radius the WS should have for a
water molecule being found inside it 90% of the simulation time. This value is a measure of the
WS dispersion, and is related with the mobility of the water molecules inside the WS. iii) Ry,
computed as the distance between the WS position and the nearest heavy atom of the ligand in
the superimposed structures of the free protein (where the WS have been identified) and the
protein-ligand complex structure. Therefore, this parameter can be computed only in cases where

the protein-ligand complex structure is previously known.>

4.3 Conventional AutoDock4 Docking Method (CADM) and Protocol. To perform conventional
docking calculation we used the AutoDock4.2 program.”’ Briefly, the protocol employed for
docking calculations is as follows: based solely on the protein receptor structure, the program
firstly builds an energy grid for each ligand atom type, where the non-bonded protein-ligand
interaction (including electrostatic and van der Waals contributions) are computed. Thus, during
the docking calculation, the ligand binding energy estimations are calculated for each ligand
position/conformation directly with the grid. Secondly, an initial set of ligand
position/conformations are placed on the grid, and for each one the binding energy is computed.
Bad conformations displaying poor interaction energy are eliminated, while best conformations
are retained. New possible docking solutions are created from these best binding structures
varying structural degrees of freedom. This Lamarckian type of genetic algorithm is continued
until the best conformation or pose is obtained, corresponding to a putative ligand-protein

complex. This procedure is called a docking run. Usually, for each protein-ligand pair hundreds
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of runs are performed and the results are clustered according to their resulting ligand

position/conformation, leading to a population parameter value for each putative complex
structure (the population being the percentage of times an individual docking run results in a
given binding mode for the used grid)."”****® For the present calculation we kept all genetic
algorithm parameters of the conformational search at their default values (150 for initial
population size, 2.5 x 10° as the maximum number of energy evaluation, 2.7 x 10 as the
maximum number of generations). For each protein-ligand pair we built the corresponding grids
that represent the AutoDock4 scoring function using the ligand free protein structure, as provided
either from the corresponding protein-ligand complex crystal structure (i.e. a re-docking
calculation, or best case), or a random selected snapshot of the protein, taken from the explicit
water MD simulation. The grid size and position were chosen so that they include the whole
CBS. For this sake the grid center was placed in the geometric center of the CBS, computed as
average coordinates (x, y and z) of all heavy atoms of all residues that compose the
corresponding CBS. Residues that compose the CBS were defined as those residues with at least
one heavy atom closer than 5A from any heavy atom from the ligand in the corresponding
protein-ligand complex reference structure. The grid size was then build extending 20 (for the
mono and disaccharide binding proteins) and 25 A (for the tri and tetra saccharide binding
proteins) in each direction. The chosen grid spacing was 0.375 A. For each structure 100
different docking runs were performed and the results were clustered according to the ligand-

heavy atom RMSD using a cut-off of 2.0, as computed by the AutoDock4.2 program.
4.4 Water-Site-Biased Docking Method (WSBDM) and Protocol

In order to make use of the fact that carbohydrate -OH groups tend to occupy or replace the

position of tightly bound waters, as characterized by the WSs on the protein surface, we
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modified the AutoDock4 energy function, adding an additional energy term for each

carbohydrate-ligand oxygen (OA type in AutoDock4's atom type nomenclature) to the original

function, as described by equation 1 shown below.

T

:'.. . -'; 1 "; 1 ';:
TSy g TR Py MBSl

4

wEl

AGY = 8GR — R Zm-: AT
=1 Equation (1)

Where, AG™ corresponds to the resulting modified scoring function, AG* corresponds to the
original function, WFPi is the above defined water finding probability of the “i™ WS
considered, Xws ,Yws and Zws are the corresponding WS position coordinates, X, y and z each
grid point coordinate, and Ry is the above defined volume for the corresponding WS. Therefore,
each WS considered provides an interaction energy between the center of the WS position, and
every OA atom (i.e. any carbohydrate oxygen), with a magnitude that is proportional to the
Ln(WFP) and an amplitude that related to the WS size characterized by the Rgo. The function is
inspired in the fact that the likelihood that carbohydrate oxygen replaces the corresponding WS
(measured by the R, value) correlates with the WFP and the Rgy, as shown in our previous
work.” A comparative energy map of the resulting function can be shown in Figure 10 for Gal-3
CBS. The Figure clearly shows that conventional and biased energy grids are very similar at an
isoenergetic value of -0.5 kcal/mol, although for lower energy values WS-biased grid shows the

presence of energy wells in the places of the best WSs, which are not present in the original grid.
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Figure 10. Conventional and WS biased interaction energy grids for the ligand Oxygen
atoms in Gal-3 CBS. Ligand oxygen atom interaction energy grids drawn as isosurfaces with
energy values of -0.5, -1.0 and -1.5 kcal/mol in top, middle and bottom panels respectively.
Grids corresponding to the CADM and WSBDM are shown in left and right panels, respectively.
The CBS corresponds to Gal-3. WS used to compute the biased grid are shown as small yellow

spheres in the right panel.
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The WSBDM is then employed in the same manner as the CADM but introducing the biased

function computed with a given number of WS and their corresponding parameters when
creating the grid. For strict comparison purposes, all other docking parameters, like grid size,
position and number of docking runs were the same as those used in the CADM. Thus the
computational time needed to perform a docking calculation with the WSBDM is exactly the
same as that required by the CADM once the modified grid is built. All characterized WS used to
build the modified grids are presented for each protein in Table 1. WFP, Rgy and Ry, values

were computed as described previously.

WS numbering is arbitrary. WFP corresponds to the probability of finding a water molecule in
the region defined by the WS and normalized with respect to that of the bulk water; Ry,
corresponds to the radius the WS should have for a water molecule being found in its region 90%
of the time. Ry, 1S computed as the distance between the WS position and the nearest heavy
atom of the ligand in the corresponding protein-ligand complex structure. Data for CBM32,
CBM40, Gal-3 and ConA have been already reported”> while data for SPD and CD44 were

computed in the present work.
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Table 1. WS number and characteristics for each protein CBS. The table shows the protein

name, Ws number and WFP in the three first columns respectively, while in the last two columns

the Rgg and Ry, value are summarized for all WSs of the proteins.

Protein WS WEFP R90 Rmin
1 18.9 1.6 1.5
CBM32 2 2.4 4.4 2.5
3 6.2 2.1 0.9
4 11.5 1.7 1.2
1 17.8 1.8 0.8
2 8.5 3.1 1.7
3 13.6 1.7 0.7
CBM40 4 7.5 2.1 1.4
5 6.5 3.5 1.3
6 18.8 1.7 0.8
1 7.0 2.2 1.6
2 9.1 1.5 0.4
3 4.1 33 1.8
Galectin 3 4 18.5 1.5 0.3
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1 16.0 0.8 0.7
2 5.7 0.8 1.0
CD44 3 5.4 0.6 0.5
4 12.7 1.0 0.8
5 2.7 0.4 2.1

4.5 Data analysis

Results comparing both the CADM and WSBDM were analyzed in terms of their capability to
correctly predict the protein carbohydrate complex. Two issues were considered: First, how close
to the reference complex structure does the method dock the corresponding ligand, thus resulting
in a measure of the method accuracy. Secondly, what is the method capability to distinguish the
right complex from wrong predictions, a parameter that may be thought as the method precision.
To determine the accuracy of the prediction, we computed the ligand heavy atoms RMSD of
each predicted complex using the CADM or WSBDM, with respect to the position of the ligand
in the corresponding complex crystal structure. For the cases where the receptor structure is
taken from the crystal structure of the complex (i.e. a re-docking calculation) no prior structural
alignment of the receptor structure to the reference is needed, while for those cases where the
docking was performed on a MD snapshot, the predicted complex structure was first structurally

aligned to the reference complex structure considering the protein CBS heavy atoms.
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To analyze the method precision, it is important to remember that for each predicted complex

AutoDock4'”*% software yields two parameters, namely the predicted binding energy (AGg)
and the cluster population (Pop). The AGg is defined as the free energy difference for the binding
process, therefore the more negative (larger absolute) values, correspond to better binding
conformations. %Pop is the percentage of individual docking runs that resulted in the same
binding mode for a particular receptor structure (that defines the grid) ligand pair. The predicted
complexes are ranked according to the predicted AGg. However, several times, low population
clusters appear close, and have even lower (i.e better) binding energies than higher population
clusters which resemble more closely the real complex. Therefore, both parameters should be
taken into account in order to have a reliable prediction. In other words, an optimal result should
give a high population and low binding energy cluster, which significantly differs in both
parameters from the others. As will be shown in the results section, this can be easily analyzed
by plotting population vs. binding energy for all obtained predicted complexes in the given

docking calculation.

Supplementary Information

A summary of all the obtained results, and the Population vs. Energy plots for the data not shown
in the manuscript can be found in the supplementary information. Scripts and programs to
determine and compute Water Site properties and to modify the AutoDock4 grid are freely
available under request. This material is available free of charge via the Internet at

http://pubs.acs.org.
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