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Abstract

Glycosaminoglycans (GAGs) are key natural biopolymers that exhibit a range of biological
functions including growth and differentiation. Despite this multiplicity of function, natural
GAG sequences have not yielded drugs because of problems of heterogeneity and synthe-
sis. Recently, several homogenous non-saccharide glycosaminoglycan mimetics (NSGMs)
have been reported as agents displaying major therapeutic promise. Yet, it remains unclear
whether sulfated NSGMs structurally mimic sulfated GAGs. To address this, we developed
a three-step molecular dynamics (MD)-based algorithm to compare sulfated NSGMs with
GAGs. In the first step of this algorithm, parameters related to the range of conformations
sampled by the two highly sulfated molecules as free entities in water were compared. The
second step compared identity of binding site geometries and the final step evaluated com-
parable dynamics and interactions in the protein-bound state. Using a test case of interac-
tions with fibroblast growth factor-related proteins, we show that this three-step algorithm
effectively predicts the GAG structure mimicking property of NSGMs. Specifically, we show
that two unique dimeric NSGMs mimic hexameric GAG sequences in the protein-bound
state. In contrast, closely related monomeric and trimeric NSGMs do not mimic GAG in
either the free or bound states. These results correspond well with the functional properties
of NSGMs. The results show for the first time that appropriately designed sulfated NSGMs
can be good structural mimetics of GAGs and the incorporation of a MD-based strategy at
the NSGM library screening stage can identify promising mimetics of targeted GAG
sequences.
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Introduction

Glycosaminoglycans (GAGs), major constituents of the extracellular matrix, participate in reg-
ulating many different physiological and pathological processes by targeting a broad spectrum
of proteins [1,2]. These negatively charged polymers recognize target proteins on the basis of
number, density and distribution of sulfate groups. Because the biosynthesis of GAGs is a tem-
plate-less process, nature tends to produce a large number of sulfation patterns in GAGs. Fur-
ther, conformational biases of individual saccharide residues, e.g., 'C, and S of iduronic
acid, introduce additional diversity to the GAG scaffold. This implies that a GAG sequence as
small as a hexasaccharide can exist in thousands of possible distinct topologies [3] Although
not all of these sequences are likely to induce a biological function, the massive heterogeneity
present in a typical GAG population appears to be important for ensuring a higher probability
of functional success, e.g., cell growth and migration, morphogenesis, inflammation and
immunity [2,4].

A key feature of majority of GAG-protein systems is that the affinity and specificity of
interaction relies primarily on the surface exposed sulfate groups and minimally on backbone
atoms of GAGs. Some time ago we hypothesized that it may be more advantages to develop
homogeneous, synthetic molecules containing appropriate number of sulfate groups as func-
tional mimetics of GAGs because of the well-known difficulties with synthesizing or prepar-
ing/purifying GAG sequences [5]. This hypothesis then led to the synthesis of several
homogeneous non-saccharide glycosaminoglycan mimetics (NSGMs, see Fig 1), which dis-
played major promise in modulating a number of biological processes [6-9]. The NSGMs
studied so far have been found to engage their protein targets by means of hydrophobic,
hydrogen bonding and Columbic forces, thereby affording considerable selectivity of recogni-
tion [5].

NSGMs prepared to date possess an aromatic backbone, whereas GAGs are based on the
saccharide scaffold. NSGM:s bear sulfate groups on phenolic groups, whereas GAGs bear sul-
fates on alcoholic or amine groups. NSGM:s are generally achiral, whereas GAGs possess multi-
ple chiral centers. These diametric differences bring forth a fundamental question on whether
NSGMs are structurally equivalent or similar to GAGs. In fact, the number of NSGMs being
studied in the literature is growing fast [6-12] and there is a strong possibility of developing
drugs and/or chemical probes based on the promising NSGM leads identified to date. Further,
the future of NSGM:s as a technology is also promising because of their easier synthesis
[5,7,9,11,13] and ability to apparently mimic GAG sequences at will. Thus, it is important to
address the question on whether NSGMs structurally mimic GAGs effectively. Yet, tools for
addressing this have not been established. In fact, availability of such tools may catapult the
design of better NSGMs.

Recently, we studied a small library of NSGMs for inhibition of cancer stem cells (CSCs)
[11]. Screening a library of 53 NSGMs from 12 different scaffolds resulted in identification of
G2.1 and G2.2 (Fig 1) as inhibitors of CSCs. Interestingly, neither G1.1 nor G4.1 (Fig 1) were
found to exhibit this activity suggesting a high level of selectivity. Why do G2.1 and G2.2 func-
tion as CSCs inhibitors but not G1.1 and G4.1? Is it possible that G2.1 and G2.2 mimic a GAG
sequence of defined chain length, e.g., a heparan sulfate (HS) hexasaccharide (HS06)? This
may be the case because HS sequences are known to regulate growth by binding to fibroblast
growth factor 2 (FGF2) and/or its receptor (FGFR1) [14,15]?

A traditional approach to evaluate structural equivalence of GAGs is to compare similarity
of sulfate groups in static structures [16,17]. However, sulfate moieties, especially present on
GAGs, exhibit considerable dynamism, which is likely to be important in inducing functional
properties. Thus, we utilized molecular dynamics (MD) to study the behavior of NSGMs (i.e.,
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Fig 1. Structures of heparan sulfate (HS) sequences of varying lengths (HS02 to HS08) and non-saccharide glycosaminoglycan

mimetics (NSGMs) G1.1, G2.1, G2.2 and G4.1. G1.1 can be considered as monomeric NSGM; G2.1 and G2.2 are approximately dimeric
and G4.1 can be thought of as tetrameric NSGM.

doi:10.1371/journal.pone.0171619.9001

G1.4, G2.1, G2.2 and G4.1) and compared it with HS06 in free and protein-bound states This
led to a three-step algorithm that helped predict GAG mimicking ability of different NSGMs.
The algorithm predicted that although G2.1 and G2.2 have very similar structures, G2.2 mim-
ics HS06 better than G2.1 in solution, while G1.1 and G4.1 exhibit a completely different pro-
file. In the protein-bound form (FGF2 and FGF2-FGFR1 complex), G2.2 is predicted to
interact with residues that engage HS06 and these complexes are better stabilized than equiva-
lent ones with G2.1. These results provide a structural foundation for the literature report on
the functional activity of NSGMs as anti-CSC agents. This is the first report on the develop-
ment of a detailed computational algorithm for assessing equivalence of NSGMs with natural
GAG sequences. We posit that this algorithm, or variants thereof, can now be implemented on
a high-throughput scale for discovering/designing novel NSGMs.

Methods
Molecular dynamics (MD) of NSGMs

The initial models of NSGMs were built using SYBYLX2.1 (Tripos Associates, St. Louis, MO).
Gasteiger-Hiickel charges were assigned to the molecules and then each NSGM was mini-
mized using conjugate gradient method for 10,000 iterations. Explicit MD simulations were
then carried out using the AMBER14 package [18,19], using periodic boundary condition and
long range interactions were calculated using particle Mesh Ewald method, which utilizes a
generalized Amber force field (GAFF) for small organic molecules [20]. This force field has
been optimized for a diverse range of organic scaffolds by employing a semi-empirical
AM1-BCC charge model [21]. Initial models of NSGMs were loaded to the antechamber mod-
ule of AMBERI14 to assign appropriate charge and torsional angle parameters [22] and then
neutralized by Na* counter ions to give a net charge of zero. The solute molecules were set in
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center and were solvated in a cuboid periodic box of TIP3P water molecules [23] with a mini-
mum distance of 10 A between the wall and any atom of the solute. Initial parameters and co-
ordinates files were generated followed by a two-step minimization process. In first step the
solute and the Na" ions were restrained using a harmonic potential of 100 kcal/(mol A?). The
water molecules were relaxed using 500 cycles of steepest descent and 1500 cycles of conjugate
gradient method. In the second step the whole system was relaxed to 2500 cycles of conjugate
gradient minimization. Following this the system was brought to constant temperature

(300 K) using the Berendsen temperature coupling with time constant 2 ps and then brought
to constant pressure (1 atm). Finally the system was equilibrated (at NPT) without any
restraints. All these phases were performed for a total time period of 1 ns with 2 fs integration
time step. The NPT MD simulation was carried out after equilibrating the system, with inte-
gration time step of 1 fs for a total time period of 20 ns, during which the ensemble coordinates
were collected at every 1 ps. The covalent bonds involving hydrogen atoms were constrained
using SHAKE algorithm throughout the simulation.

MD of heparan sulfate hexasaccharide (HS06)

The exploration of HS06 dynamics in explicit water was performed using AMBER14 with
GLYCAMO6h force field parameters [24]. Two independent initial HS06 starting structures
for this simulation were taken from the experimental NMR structure (PDBID: 1HPN) [25].
This structure has a repeating sequence of (IdoA2S-GIcNS6S); with IdoA2S existing in either
chair 'C, or skew boat S, conformations, as shown in (Fig A in S1 File). The initial structures
were loaded in Leap and the system was neutralized with appropriate number of Na* counter
ions. The molecules were solvated in a periodic box of TIP3P water molecules [23] with a dis-
tance of 10 A between the box edge and solute surface. A protocol similar to that of NSGM
simulations was followed here (see the section above), except for an additional weak torsional
restrain to keep the pyranose ring of IdoA2S in either >Si or 'C4 conformation throughout the
simulation [26,27].

Molecular docking of NSGMs binding to proteins

GOLD v5.2 (from Cambridge Crystallographic Data Center, Cambridge, UK) was employed
to study the interaction of NSGMs with proteins [28]. The three dimensional structures of
FGF2 (PDBID: 1BEFC) [29] and FGF2-FGFR1 (PDBID: 1FQ9) [30] complex were obtained
from Protein Data Bank (http://www.rcsb.org). Protein preparation was carried out using
SYBYL X2.1, which included addition of hydrogen and missing atoms, protonation of resi-
dues, removal of steric clashes and energy minimization. The centroid of the GAG-binding
sites in these proteins (FGF2 and FGF2-FGFR1 complex) was taken as the center and 18 A
radius was defined as the binding site. Docking was performed for 300 genetic algorithm runs
with 100,000 iterations and early termination option was disabled. The GOLD fitness score
was calculated from the contributions of hydrogen bond and van der Waals interactions
between the protein and ligand [28]. From the GOLD based docking, the best sampled pose
(highest GOLD score) with <2.5 A root mean square deviation (rmsd) were selected for fur-
ther studies.

MD of NSGM—protein complexes

The best docked structures of the FGF2 and FGF2-FGFR1 complexes with NSGM obtained
following GOLD-based docking were prepared for MD using the Leap module of the
AMBERI14 suite [18]. The molecules was parameterized using the antechamber module, in
which AM1-BCC was used to assign the atomic charges [22]. Force field parameters for the
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NSGMs were generated using GAFF [20]. The total charge of the complex was brought to zero
by adding an appropriate number of the Na* counter ions. AMBER-{f99SB force field [31] was
utilized for the protein receptors (FGF2 and FGF2-FGFR1 complex). The charge-neutralized
NSGM-protein complex was placed in the center of a TIP3P cuboid water box [23] with mini-
mum distance of 12 A between the box wall to any atom of the comple. MD simulations were
performed using AMBER14 and periodic boundary conditions were applied to avoid the edge
effects. Particle Mesh Ewald module was employed for calculating long-range interactions.
The covalent bonds involving hydrogen atoms were constrained using SHAKE algorithm. The
NSGM-protein complexes were energy minimized in two steps with the non-bonded cut off
10 A to remove steric hindrance. In the first step, the solute atoms including the Na* counter
ions were restrained using a harmonic potential with the force constant of 100 kcal/(mol A?).
The water molecules were relaxed using 500 cycles of steepest descent and 2000 cycles of con-
jugate gradient method. In the second step, the whole system was relaxed to conjugate gradient
minimization of 2500 cycles without any restrain.

For MD simulations, the system was equilibrated in three phases including i) raising tem-
perature to 300 K using the Berendsen temperature coupling with time constant 2 ps, ii) equili-
brating pressure to 1 atm, and iii) equilibrating all atoms at the NPT without any restrains. All
of these phases were performed with in 1 ns. Following this equilibration, a production run of
20 ns was initiated in explicit solvent environment using NPT ensemble with the integration
time step of 1 fs. The trajectory files were collected at every 1 ps for further analysis by amber-
tools14 [32] and VMD software [33]. Clustering analysis was carried out using MMTSB [34].

HSO06-protein complex docking

To study the interaction of HS06 with FGF2 and FGF2-FGFR1 complex, we utilized a compu-
tational protocol developed earlier called combinatorial virtual library screening (CVLS) strat-
egy [35]. Protein molecules prepared for docking NSGMs were used for this simulation. For
each protein target, a 300 genetic algorithm run was employed in triplicate and the best 6
docked poses were scored using GOLD score, a measure of strength of interaction between the
two. Co-ordinates for HS06 containing IdoA2S in both 'C, and 2Sg conformations were first
generated followed by simulation of interactions using Discovery studio visualizer (Accelrys
Software, Cambridge, England).

MD of HS06-protein complexes

The best docked structures of the FGF2 and FGF2-FGFR1 complexes with HS06
(IdoA2S-GIecNS6S); sequences were prepared for MD using the Leap module of the AMBER14
suite. The ff99SB force field was used for the parameterization of protein and HS06 force field
parameters were created based on GLYCAMO6h [24]. The simulation protocols were similar
to those used for NSGMs complexes (see section above). In addition weak torsional restraints
were applied to keep the pyranose ring of IdoA2S in the preferred puckering conformation in
HS06.

MM/PB(GB)SA binding free energy calculations

Binding free energy calculation of each NSGM-protein complex and HS06-protein complex
was computed using the MM/PB(GB)SA method [36]. The ensembles of conformers from

10 ns to 20 ns in equal interval of time (10 ps) of total 1000 conformers were selected for the
MMPBSA calculations. MMGBSA method employing single residue energy decomposition
(SRED) was used to estimate the free energy contributions of the each residue contributing to
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binding. Both the energy calculations were performed with the default parameter settings by
employing the Python version of MM/PB(GB)SA module from ambertools14 [32,36].

Results and discussion

Rationale for MD-based algorithm to assess GAG mimicking potential of
NSGMs

Many reports support the concept that sulfated NSGM:s appear to be functionally mimicking
GAGs [6,8,11]. Nearly each of these studies has propagated this concept on the observation
that NSGMs target the same binding sites on proteins as those targeted by GAGs. For example,
the heparin-binding site of thrombin, factor XIIIa, factor XIa and plasmin is targeted by dis-
tinct sulfated NSGMs [6,13,37-39] Likewise, the heparin-binding site of antithrombin is the
site of binding of another group of sulfated NSGMs [40,41]. Yet, whether NSGMs’ functional
mimicking property arises from their close structural resemblance to GAGs has remained an
open question.

Traditionally, NSGMs have been discovered either through functional screening or molecu-
lar modeling-based approaches [40,41]. In the latter category, design strategies have relied on
assessing three-dimensional surface equivalence of sulfate groups on NSGMs and GAGs in
vacuo [16,40,41]. NSGMs that display good overlap of sulfate groups in the static state with
those of GAGs were deemed interesting and pursued for functional screening. Whereas such
simple overlaps of one or more sulfate groups is useful for first approximations, true structural
equivalence implies equivalence of static as well as dynamic states. More importantly, true
mimicking properties can only arise if dynamic equivalence is present in the protein-bound
state. Thus, we reasoned that a MD-based algorithm should be developed for assessing GAG
mimicking potential of sulfated NSGMs. This algorithm would compare dynamic ensembles
of the target NSGMs and GAG in water in both the free form as well as the protein-bound
form.

Unfortunately, MD of highly sulfated molecules, e.g., GAGs and NSGMs, is challenging. In
fact, very few studies have been performed involving MD of GAGs [42-46] and no studies
have been undertaken for NSGMs. Key reasons for this include the difficulty of parameteriza-
tion of sulfate group atoms, the significant flexibility around glycosidic linkage and conforma-
tional puckering of the pyranose rings [47,48]. Apart from this, a number of stereo-electronic
effects also arise adding to the complexity of dynamical calculations [49]. Finally, it has been
challenging to build a reliable force field that simulates interactions of all possible disaccharide
pairs. Recently, GLYCAMO6 force field has been implemented to resolve these challenges and
aid application of MD to GAGs [24]. Here we exploit this recent advance in assessing GAG
mimicking property of NSGMs.

Rationale behind the selection of discrete group of NSGMs for
comparison with GAGs

As discussed in the introductory section, from a library of 53 NSGMs, only two NSGM:s con-
taining the flavonoid scaffold, i.e., G2.1 and G2.2 (Fig 1), were found to selectively inhibit
CSCs [11]. In contrast, G1.1 and G4.1 did not inhibit CSCs even at very high concentrations.
Structurally, the four NSGMs are closely related to each other. G1.1 can be thought of as a
monomer, G2.1 and G2.2 resemble a dimeric structure, and G4.1 is equivalent to a trimer.
Between the two dimeric entities, G2.2 displayed higher potency than G2.1 suggesting a sensi-
tive structural dependence of function.
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The rationale behind screening NSGMs for modulation of CSCs was that GAGs are known
to interact with several factors involved in growth and/or differentiation signaling [50-54]
including fibroblast growth factor 2 (FGF2) and its receptor (FGFR1). These signaling proteins
play critical roles in deciding the fate of a stem cell. Both interact with HS, a known regulator
of stem cell growth. Although the exact mechanism of how HS modulates stem cell growth
remains unclear, it is known to facilitate ternary complexation of FGF2 and FGFR1, thereby
affecting growth and/or differentiation. In fact, HS06 was recently found to modulate CSCs
with nearly equal potency as G2.1 and G2.2 [55]. Thus, soluble NSGMs, if mimicking HS, were
expected to interfere with HS signaling, thereby inducing inhibition. This simplistic reasoning
was supported by the discovery that G2.2 (and to a slightly lower extent G2.1) potently and
selectively inhibited CSCs. However, whether G2.2 and G2.1 optimally mimic HS remained
unestablished. Likewise, it is a bit counterintuitive that G4.1, which can be thought of as an
overlapped combination of two G2.1 units, was found to be essentially inactive.

To understand this structure-activity relationship, we hypothesized that G2.2 and G2.1, but
not G1.1 and G4.1, mimic HS06, which is already known to optimally engage FGF2-FGFR1
complex [30,56]. Implicit in this hypothesis is the idea that despite containing the dimeric
G2.1-like structure, the trimeric G4.1 scaffold displays some feature that prevents recognition
of the G2.1 structure embedded within it.

MD reveals considerable conformational sampling by NSGMs and
GAGs

To evaluate GAG mimicking property of the four structurally related NSGM:s (Fig 1), we first
performed all-atom MD of each agent in explicit water. Over a 20 ns MD run, 20000 confor-
mations were collected so as to enable a comprehensive profile of the dynamic reorganization
sampled by each NSGM. These conformations were clustered by K-means clustering method
to group all conformations with RMSD of less than 2 A [34]. The four NSGMs displayed a
wide range of clusters suggesting widely different conformational dynamism (Fig B in S1 File).
Whereas G1.1 and G4.1 were the least and most flexible of the four NSGMs, respectively, G2.1
and G2.2 displayed intermediate, but distinctly different, flexibility. A priori this flexibility
appeared to arise from the various torsions sampled by the linker(s) between flavonoid moie-
ties as well as combinatorial orientations sampled by the sulfate atoms. This implied that con-
formational dynamism of NSGMs, which is typically never factored into static interaction
study (e.g., sulfate group overlap), is likely to be a major contributor to affinity, selectivity and
function of NSGMs. Moreover in G2.2 the lowest energy structure and the centroid from max-
imum cluster are structurally similar as evidenced by an RMSD of only 2.40 A (Fig C in S1
File), which is lower than that for other NSGMs.

The considerable conformational sampling induces a change in shape of the molecule,
which can be partially captured by measuring the end-to-end distance (EED) for each NSGM
(Fig D in S1 File). G2.1 and G2.2 always tended to exhibit extended conformations with an
EED of ~25 A shown in Fig 2A and Fig E in S1 File. In contrast, G4.1 displayed a tendency to
fold into a globular structure (Fig 2A), which alludes to the possibility of hydrophobic interac-
tion between aromatic rings. Finally, monomer G1.1 exhibited minimal change in shape (Fig
2A), as expected on the basis of its least number of flexible bonds. Apart from the EED, the
conformational entropy of these four NSGMs was analyzed using principal component analy-
sis (Fig F in S1 File) [57]. PCA is used to reduce the multidimensional coordinate space to a set
of orthogonal vectors to clarify key variance of the coordinate space. We used PTRA]J/
CPPTRA]J program to perform this analysis [57]. The collected ensemble of NSGM:s coordi-
nate space was subjected to covariance matrix calculations followed by diagonalization and
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Fig 2. Molecular dynamics (MD)-based structural equivalence of NSGMs to HS06 in free solution using end-to-end distance (EED)
as one of the comparable parameters. A) shows EED of each MD frame for all four NSGMs; B) shows EED for HS06 sequence containing
IdoA2S in 2Sg and 'C, conformations; and C) compiles the results across the MD simulation in a box plot.

doi:10.1371/journal.pone.0171619.g002

projections to obtain the first three PCAs. This analysis indicated that the conformational
diversity of G2.1 and G2.2 are almost similar and equally distributed in the coordinate phase
space. G4.1 has the highest conformational entropy among the four due increased degrees of
freedom associated with the additional two linkers.
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Opverall, the NSGMs G2.1 and G2.2 exhibited considerable similarity in conformational
entropy of possessing extended and near extended conformers. In contrast, monomer G1.1
was essentially invariant, while G4.1 possessed much greater conformational entropy, despite
having a similar core. These differences can be expected to induce differences in function, e.g.,
inhibition of CSCs.

G2.1 and G2.2 in solution are similar to HS06

The above conformational analysis showed that G2.1 and G2.2 always tend to be in more
extended form. Owing to additional degrees of freedom G4.1 tended to have mixed conform-
ers. We were further interested in comparing these EEDs to those of the natural GAG heparan
sulfate (Fig D in S1 File). Hexasaccharide HS06 (IdoA2S-GIcN2S6S); containing the most
common sequence present in polymeric heparin possessed a distance of ~26 A based on its
NMR structure (PDBID: 1HPN), in which the IdoA2S residue displays both chair and boat
forms. We studied the EED fluctuations of HS06 in explicit water and found a much more
consistent overall 3D conformation (Fig 2B). Comparison of the dynamics over 20 ns shows
that G2.1 and G2.2 tend to be in line with the HS06 dynamics, irrespective of whether IdoA2S
is in the chair or boat form (Fig 2C). In contrast, G4.1 displays much more dramatic oscilla-
tions (Fig 2C).

To further assess structural similarity, we calculated the minimum volume enclosing ellip-
soid (MVEE) for each molecule in the static form (Figs G and H in S1 File), as described earlier
[58]. MVEE calculations were performed for HS chains from dimer through dodecamer. Ellip-
soids based on NSGMs G2.1 and G2.2 contain an average MVEE of ~630 A, which is just
slightly lower than that of HS06 (674 A® (*So-form) or 678 A ('C4-form)). Further, all mole-
cules studied here presented ellipsoids that are of scalene-type (all three axial lengths are differ-
ent). The longest axial lengths displayed by G2.1 and G2.2 were 15.3 and 15.5 A, respectively,
which were similar to that of HS06 in its conformational forms, *Sg (16.7 A) and 'C, (15.1 A),
respectively. Likewise, the semi-minor axial lengths for the two series of molecules were also
very similar (not shown). Thus, NSGMs G2.1 and G2.2 were deemed to be close mimetics of
HSO06 in free solution than monomer G1.1 and trimer G4.1.

To further evaluate the structural equivalence of NSGMs with HS oligosaccharides in the
dynamic state, MVEE program was automated to analyze each MD ensemble for both HS06
and NSGMs (see S2 File). Fig 3 shows the fluctuation of the MVEE with time. The data show
that G2.1 and G2.2 display fluctuations similar to HS06 (Fig 3A and 3B), whereas G1.1 and
G4.1 present MVEE below and above, respectively, the range sampled by HS06 (Fig 3A).
Quantitative comparison using the mean and range of MVEE shows that dimers G2.1 and
G2.2 structurally mimic HS06, irrespective of IdoA2S pucker (Fig 3C). The free solution results
suggest that majority of sulfate groups in NSGMs and GAGs are oriented equivalently in
three-dimensional space (not shown).

Equivalence of NSGMs and HS06 on binding to FGF2

A key part of assessing structural equivalence of G2.1 and G.2 with HS06 is comparison of
dynamic properties in the protein-bound state. Although it is not clear how the two NSGMs
exhibit their CSC inhibition properties, we reasoned that one of the growth factor receptor
pathways may be targeted by NSGMs. As described earlier, several growth factor receptor
pathways, including FGF-FGFR, play key roles in CSC self-renewal [53,59]. Thus, we hypothe-
sized these ligands G2.1 and G2.2 interact with either FGF2 or with FGF-FGFR complex in a
manner similar to the ligand HS06. The reason for studying the interaction with FGF as well as
FGF-FGFR complex was that ligands G2.1/G2.2 may induce cell signaling modulation by
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regulating either FGF interaction with FGFR or by directly affecting the conformational state
of FGF-FGFR complex. It is important to note that HS06 and longer HS chains bind to both
FGF alone as well as FGF/FGFR1 family of proteins and initiate/modulate cell signaling [54].
Several X-ray co-crystal structure studies show that HS06 and other anionic molecules bind
to FGF2 because of the presence of multiple basic residues on its surface (PDBID: 1BFC, 1BFB,
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2FGF, 4FGF [29,60,61]). An overlay of these structures indicates the common region where a
sulfated saccharide could bind (Fig I in S1 File). G2.1 and G2.2 were hence docked onto this
heparin-binding site of FGF2 using a GOLD, a genetic algorithm-based docking tool, as
described in our earlier work [62]. Each docked pose was scored using GOLD score. The best
pose of G2.1 and G2.2 displayed scores of 108.6 and 109.8, respectively, which indicated good
interaction in comparison to the prototypical heparin-antithrombin system (GOLD score
120-140), which is recognized as a high specificity GAG-protein system [35]. In comparison
to NSGMs, the GOLD score of the best pose for HS06 with 'C, and %S, forms was 100.8 and
99.3, respectively.

Although the GOLD scores appeared to show that G2.1 and G2.2 bind to FGF2 in a manner
similar to HS06, the interactions were not identical. The orientation of G2.2 in the
FGF2-bound form was different from that of G2.1, especially near Asn102 (Figs J and K in S1
File), which is known as the low affinity region [29,63]. To better elucidate the recognition
profiles, we studied dynamical behavior of each co-complex in a box of explicit water
molecules.

MD simulations for FGF2-G2.1 and FGF2-G2.2 co-complexes showed an overall stable
structure with minimal root mean square deviation (RMSD) from the average structures (only
1.01 A and 1.02 A, respectively). Likewise, the two HS06-FGF2 co-complexes displayed devia-
tions in the similar range (Fig L in S1 File). In a manner similar to the parameters used for
studying equivalence of NSGMs and HS06 in free form, we calculated the EED and MVEE in
the bound form (Fig 4A and 4B, and Fig M in S1 File). The results show that both NSGMs
marginally differ in these parameters when compared to the bound HS06. The small differ-
ences appear to arise from the differences in the orientation of G2.1 and G2.2 when compared
to that of HS06 as shown by the x-ray crystal structure of the co-complex (Fig 4C and 4D).

To further parse the similarities and differences, hydrogen bond (H-bond) formation was
evaluated by the VMD tool using a donor-acceptor distance cutoff of 3.5 A and angle cutoff of
60°, as described earlier [33]. Fig 5 shows the consistency of H-bonding between FGF2 and
ligands for the final 10 ns of simulations that display highest level of co-complex stability. The
analysis shows that some H-bonds, e.g. with Argl21, Lys126 and Lys136, occur in nearly every
frame for G2.1, G2.2 as well as HS06 highlighting similarity of interactions. By contrast, other
H-bonds are consistent only for one or two of the three molecules, e.g., Arg45 for G2.2, or
GIn135 and Asn28 for G2.2 and HS06, or Asn102 for G2.1 and HS06 (Fig 5), suggesting micro-
scopic differences in interactions.

A quantitative analysis of the ability to form intermolecular H-bonds was deduced by calcu-
lating the percent H-bond occupancy, which is the proportion of time an amino acid residue
forms H-bond with its ligand (Fig N in S1 File). The analysis revealed that Lys136 contributed
most H-bonds for G2.1, whereas it was Argl21 for G2.1. Similar analysis for the dynamics of
HS06-FGF2 co-complex shows that both Arg121 and Lys136 contribute nearly equal H-bond
occupancy.

Another tool to assess structural equivalence is the dynamism of ligands in the protein
bound state. When RMSD from the average structure of a ligand at each time frame was calcu-
lated, G2.1 displayed an RMSD of ~3 A whereas it was <2 A for G2.2 (Fig O in S1 File). K-
means clustering of conformations occurring in the bound state showed that G2.1 sampled 5
clusters, whereas G2.2 sampled only one cluster (Fig O in S1 File) [34]. This implied that
although G2.2 and G2.1 interacted with similar set of residues, the motion of G2.2 within the
site of binding was much more restricted than G2.1.

Finally, we calculated the theoretical free energy of binding (AG) using MM/PB(GB)SA
method implemented in Ambertools14 [36]. The binding energies calculated for FGF2-G2.1
and FGF2-G2.2 co-complexes were -73.5+10.0 and -68.6+5.8 kcal/mol, respectively. These
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binding energies are in line with that of the HS06, which displayed -74.0+11.1 and -67.3+£9.4
kcal/mol for IdoA2S in *Sq and 'C, forms, respectively and these values are in agreement with
recent computational studies on HS06 [64]. Yet, the overall similarity in binding energies does
not imply identical interactions at individual residue level. For example, Lys126 (-12.0+3.7
kcal/mol) and Argl21 (-11.1+1.4 kcal/mol) were identified as the prime contributors of affinity
for G2.1 and G2.2, respectively, whereas GIn135 (-10.2+1.6 kcal/mol) and Argl21 (-9.0+2.8
kcal/mol) were the dominant residues for HS06 in the *S and 'C, forms, respectively (Fig P

PLOS ONE | DOI:10.1371/journal.pone.0171619  February 9, 2017 13/23



®PLOS | on

GAG mimicking potential of small molecules

in S1 File). In addition, differences in binding energy contributions from several other residues
were evident between NSGMs and HS06 (e.g., Lys120, GIn135).

Equivalence of NSGMs and HS06 on binding to FGF2—FGFR1 complex

It is well established that the receptor FGFR1 dimerization is a decisive step in FGF2-FGFR1
signaling and HS proteoglycan plays an important role in this action by engineering a ternary
complex in the extracellular matrix [65]. The crystal structure of the FGF2-heparin-FGFR1
ternary complex shows a canyon in which the anionic molecule binds [30,57]. We studied
dynamics of G2.1 and G2.2 bound to this region to assess their structural equivalence with
HSO06.

Docking studies were performed for G2.1, G2.2 and HS06 in a manner described above for
FGF2 using the 1FQ9 crystal structure [30]. The GOLD scores for G2.1 and G2.2 ternary com-
plex with FGF2-FGFR1 were 119.5 and 144.7, respectively. The GOLD scores for HS06 in 'Cy
and *Sg, forms were 113.7 and 122.3, respectively (Fig K in S1 File). Analysis of binding poses
suggested geometries that were similar for both NSGMs (Fig ] in S1 File). Following docking,
we performed explicit MD simulations for the FGF2-FGFRI ternary complexes with the two
NSGMs and HS06. In all four simulations, the protein exhibited equivalent RMSD fluctuations
with respect to corresponding average structure (Fig Q in S1 File). Calculation of the EED and
MVEE in the bound form indicated that G2.2 more closely matches HS06 (either forms) than
G2.1 in interacting with FGF2-FGFR1 binary complex (Fig 6A and 6B) and (Fig M in S1 File).
This is further supported by the almost identical orientation of NSGMs G2.1 and G2.2 in the
binding cavity as that of HS06 (Fig 6C and 6D).

We also evaluated the inter-molecular H-bond formation for each ternary co-complex. Fig
7 shows consistency of H-bonds across 10 to 20 ns (10,000 frames) of MD experiments. At a
qualitative level, both G2.1 and G2.2 forms multiple stable H-bonds throughout the simulation
in a manner similar to HS06. For example, Lys26, Asn27, Argl120, Lys125, Lys135, and Lys175
form fairly consistent H-bonds with all three molecules [30,66]. These interactions span almost
the entire canyon formed by the two interacting proteins. Differences do arise including G2.2
interacting well with additional residues such as Ala167, Tyr103, Arg44, and Gly28, while G2.1
not displaying comparatively equal consistent H-bonds (Fig 7). At a quantitative level, the H-
bond occupancies confirm the above interactions (Fig R in S1 File). In combination, MD stud-
ies show that FGFR1 binding region was more important for G2.2 recognition than G2.1 (Fig
S in S1 File). With respect to fluctuations in the bound form, G2.1 displayed three prominent
clusters in the ternary complex, which is much less than that noted for FGF2 binary complex.
In contrast, G2.2 gave a single cluster (Fig S in S1 File), as also observed with FGF2 alone.

Finally, calculation of the AG for 1,000 MD structures spaced 10 ps apart from 10 ns to 20
ns for the ternary complex showed energies of -95.0+8.9 kcal/mol and -116.7+12.0 kcal/mol
for G2.1 and G2.2, respectively. This implies that addition of a CH, linker in G2.2 contributed
~22 kcal/mol more energy than G2.1. Likewise, HS06 displayed energies of -130.7+11.9 kcal/
mol and -144.3+14.3 kcal/mol for IdoA2S in the *Sg and 'C, forms, respectively. At an individ-
ual residue level, Lys163 (-14.9+2.2 kcal/mol) and Argl120 (-16.1+3.3 kcal/mol) contributed
most for binding to G2.2, whereas Lys175 (-7.1£1.9 kcal/mol) and Lys135 (-12.7+1.6 kcal/mol)
were important for G2.1. It is important to note that these key residues belong to FGFR1 and
FGF2 binding regions, which should play key role in organization of the ternary complexes
(Fig T in S1 File). The simulations for HS06 show that irrespective of the IdoA2S puckering,
Lys135 and Lys125 from the FGF2 binding region and Lys163 and Lys160 as from the FGFR1
binding region contribute the most energy (Fig T in S1 File).
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doi:10.1371/journal.pone.0171619.9007

Concluding compilation of results—development of algorithm

The above MD studies in free and protein-bound states can now be compiled in the form of an
algorithm that aids evaluation of structural equivalence of NSGMs and GAGs. Our studies can
be described in terms of a generic three-step MD-based algorithm (Fig 8). In the first step,
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parameters related to the range of conformations sampled by an NSGM and a target GAG in
water should be compared. In the second step, the similarity of their binding site geometries
should be evaluated. In the final step, conformational dynamics and atomic interactions in the
protein-bound state should be evaluated. This algorithm is completely different from the sim-
plistic comparison involving overlap of sulfate groups in the static state, which has been tradi-
tionally employed in the design/development of NSGMs [7,16,17,39].

In terms of results on NSGMs and HS06 studied here, the free solution MD of four NSGMs
demonstrated an extended nature of the dimeric agents G2.1 and G2.2, which compared favor-
ably with HS06 in terms of EED and MVEE (Figs 2C and 3C). Both molecules were essentially
equivalent to HS06 in terms of free solution dynamics. By contrast, G1.1 and G4.1 could be
completely ruled out. In the second leg of the algorithm, we utilized two target proteins FGF2
and FGFR1. G2.1 and G2.2 were docked onto the anionic binding site of the two proteins,
which demonstrated binding geometries that were reasonably similar to that of HS06.

In the third leg, MD starting with the most optimal geometries observed in the second leg
was performed. In studies with FGF2, whereas the EED more closely resembled HS06 for G2.2
(Fig 4A), the MVEE equivalence was better for G2.1 (Fig 4B). The similarity of these two
parameters did not automatically equate to similarity in interactions with residues of the bind-
ing site. In fact, many residue level interactions were found to be different. To quantify these
differences, the overall average H-bond occupancies were calculated. Interestingly, using this
parameter G2.2 was found to be closer to the 'C, form of HS06 (Fig 9A), whereas G2.1 was
more aligned with *Sg form of HS06 (Fig 9A). Likewise, the overall AG of interaction showed
that both G2.2 and G2.1 were similar to HS06 in the FGF2-bound state (Fig 9B). Similar analy-
sis for complexes with FGF2-FGFR1 demonstrated that both G2.1 and G2.2 could simulta-
neously bind FGF2 and FGFRI1 in the co-complex in the manner of HS06. In terms of EED
and MVEE, G2.2 was slightly better at structurally mimicking HS06 than G2.1 (Fig 6A and
6B). Yet, notable differences in atomic interactions with the FGF2-FGFR1 co-complexes were
observed. Overall, the H-bond occupancies for G2.2 and G2.1 were similar but lower than that
for HS06 (Fig 9A). Likewise, overall AG calculation showed that G2.2 was closer to mimicking
HSO06 in comparison to G2.1 (Fig 9B). In Because FGF2-FGFR1 co-complex is likely to be the
key signal transduction mediator with respect to CSC function, we give more weightage to
results on this protein target. Thus, these results imply that G2.2 could be expected to mimic
HS06 better than G2.1. In turn, these two NSGMs are much better than G1.1 and G4.1.

Significance

Our success with selective inhibition of CSCs, but not cancer bulk cells [11], by G2.2 and G2.1
from a library of 53 NSGMs prompted us to posit that the fine structure of these molecules was
mimicking the action of heparin/heparan sulfate. A priori the molecule mechanism of CSC
inhibition by HS oligosaccharides has not been elucidated as yet, although we have recently
identified that HS06, but not shorter or longer HS sequence, is the optimal chain length for
inhibition [55]. In this work, we has also elucidated that CSC inhibition by HS06 is mediated
by activation of p38 MAPK [55]; however, how the signal is transduced from the cell exterior
to MAPK activation remains to be deciphered. Thus, our hypothesis that G2.2 and G2.1 pref-
erentially bind FGF2 and/or FGF2-FGFR1 is just one of the many growth factor/growth factor
receptor (GF/GFR) related possibilities. Other GF/GFR pathways that could be targeted by
G2.2 and/or G2.1 include EGF/EGFR, HGF/HGEFR, and others, which have also been impli-
cated in CSC growth and differentiation processes [67,68]. The focus of this work was not elu-
cidation of mechanism of action of NSGMs and/or HS06 by comprehensively screening all
such pathways. Our focus was much more limited. Considering that NSGMs had been found
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doi:10.1371/journal.pone.0171619.9009

to functionally work as GAG mimetics in a number of cases [7,9,13,16], we wanted to assess
whether NSGMs are structurally equivalent to distinct sequences of HS. As a test case, we
selected CSC inhibition by G2.2 and G2.1, but not by G1.1 and G4.1 [11], and develop an algo-
rithm to more comprehensively test for structural equivalence in recognition of putative pro-
tein targets.

This work shows that structural equivalence of a NSGM and GAG in the static state may be
useful but is likely to insufficient. We propose that evaluation should be performed in two
dynamic states-the free and the bound-to more comprehensively assess structural equiva-
lence. We developed an algorithm based on quantitative analysis of the dynamic ensembles of
free and bound states and incorporated similarity of recognition and interactions in the bound
state. This algorithm can be automated to elucidate the rank order of GAG mimicking poten-
tial of NSGM-like molecules. We also propose that it may be possible to elucidate the preferred
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protein binding targets of specific NSGMs. These studies are being performed and will be
communicated in due course.

Finally, the major significance of this work is to help identify and/or design lead NSGM(s)
that mimic the action of synthetically inaccessible, heterogeneous natural GAG sequences,
which may be discovered in the future to modulate biological functions. Thus the algorithm
contributes to the continuing efforts of developing clinical relevant candidate agents based on
highly sulfated, non-saccharide scaffolds [5].

Supporting information
S1 File. This file contains 20 supporting figures from Fig A to Fig T.
(PDF)

S2 File. Automated code for measuring minimum volume enclosing ellipsoid (MVEE).
(PDF)

Acknowledgments

We thank Prof. Glen Kellogg and Prof. Neel Scarsdale of VCU for computational support. We
also thank the availability of research resources from National Center for Research Resources
(510 RR027411) to VCU. This work was supported in part by grants from the NIH including
HL107152, HL090586 and HL128639.

Author contributions
Conceptualization: BN NVS URD.
Formal analysis: BN NVS.

Funding acquisition: URD.
Investigation: BN NVS.

Software: NVS BN.

Supervision: URD BBP.

Validation: NVS BN.

Writing - original draft: BN NVS URD.
Writing - review & editing: URD BBP.

References

1. Mulloy B, Hogwood J, Gray E, Lever R, Page CP. Pharmacology of heparin and related drugs. Pharma-
col Rev. 2016; 68: 76—141. doi: 10.1124/pr.115.011247 PMID: 26672027

2. Pomin VH, Mulloy B. Current structural biology of the heparin interactome. Curr Opin Struct Biol. 2015;
34: 17-25. doi: 10.1016/j.sbi.2015.05.007 PMID: 26038285

3. EskoJD, Selleck SB. Order out of chaos: assembly of ligand binding sites in heparan sulfate. Annu Rev
Biochem. 2002; 71: 435—-471. doi: 10.1146/annurev.biochem.71.110601.135458 PMID: 12045103

4. Raman R, Sasisekharan V, Sasisekharan R. Structural insights into biological roles of protein-glycos-
aminoglycan interactions. Chem Biol. 2005; 12: 267—-277. doi: 10.1016/j.chembiol.2004.11.020 PMID:
15797210

5. Desai UR. The promise of sulfated synthetic small molecules as modulators of glycosaminoglycan func-
tion. Future Med Chem. 2013; 5: 1363—1366. doi: 10.4155/fmc.13.117 PMID: 23919545

PLOS ONE | DOI:10.1371/journal.pone.0171619  February 9, 2017 20/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171619.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171619.s002
http://dx.doi.org/10.1124/pr.115.011247
http://www.ncbi.nlm.nih.gov/pubmed/26672027
http://dx.doi.org/10.1016/j.sbi.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26038285
http://dx.doi.org/10.1146/annurev.biochem.71.110601.135458
http://www.ncbi.nlm.nih.gov/pubmed/12045103
http://dx.doi.org/10.1016/j.chembiol.2004.11.020
http://www.ncbi.nlm.nih.gov/pubmed/15797210
http://dx.doi.org/10.4155/fmc.13.117
http://www.ncbi.nlm.nih.gov/pubmed/23919545

®PLOS | on

GAG mimicking potential of small molecules

10.
1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Al-Horani RA, Desai UR. Designing allosteric inhibitors of factor Xla. lessons from the interactions of
sulfated pentagalloylglucopyranosides. J Med Chem. 2014; 57: 4805-4818. doi: 10.1021//m500311e
PMID: 24844380

Karuturi R, Al-Horani RA, Mehta SC, Gailani D, Desai UR. Discovery of allosteric modulators of factor
Xla by targeting hydrophobic domains adjacent to its heparin-binding site. J Med Chem. 2013; 56:
2415-2428. doi: 10.1021/jm301757v PMID: 23451707

Al-Horani RA, Ponnusamy P, Mehta AY, Gailani D, Desai UR. Sulfated pentagalloylglucoside is a
potent, allosteric, and selective inhibitor of factor Xla. J Med Chem. 2013; 56: 867—-878. doi: 10.1021/
jm301338q PMID: 23316863

Raman K, Karuturi R, Swarup VP, Desai UR, Kuberan B. Discovery of novel sulfonated small molecules
that inhibit vascular tube formation. Bioorg Med Chem Lett. 2012; 22: 4467—-4470. doi: 10.1016/j.bmcl.
2012.04.014 PMID: 22627041

Coombe D, Kett W. Heparin mimetics. Handb. Exp. Pharmacol. 2012; 207, 361-383.

Patel NJ, Karuturi R, Al-Horani RA, Baranwal S, Patel J, Desai UR, et al. (2014) Synthetic, Non-saccha-
ride, Glycosaminoglycan Mimetics Selectively Target Colon Cancer Stem Cells. ACS Chem Biol. 2014;
9: 1826—1833. doi: 10.1021/cb500402f PMID: 24968014

Ferro V, Dredge K, Liu L, Hammond E, Bytheway |, Li C, et al. PI-88 and novel heparan sulfate mimetics
inhibit angiogenesis. Semin Thromb Hemost. 2007; 33: 557-568. doi: 10.1055/s-2007-982088 PMID:
17629854

Al-Horani RA, Gailani D, Desai UR. Allosteric inhibition of factor Xla. Sulfated non-saccharide glycos-
aminoglycan mimetics as promising anticoagulants. Thromb Res. 2015; 136: 379-387. doi: 10.1016/j.
thromres.2015.04.017 PMID: 25935648

Ibrahimi OA, Zhang F, Hrstka SC, Mohammadi M, Linhardt RJ. Kinetic model for FGF, FGFR, and pro-
teoglycan signal transduction complex assembly. Biochemistry. 2004; 43: 4724—4730. doi: 10.1021/
bi0352320 PMID: 15096041

Sterner E, Meli L, Kwon SJ, Dordick JS, Linhardt RJ. FGF-FGFR Signaling mediated through glycos-
aminoglycans in microtiter plate and cell-based microarray platforms. Biochemistry. 2013; 52: 9009—
9019. doi: 10.1021/bi401284r PMID: 24289246

Argade MD, Mehta AY, Sarkar A, Desai UR. Allosteric inhibition of human factor Xla: discovery of
monosulfated benzofurans as a class of promising inhibitors. J Med Chem. 2014; 57: 3559-3569. doi:
10.1021/jm5002698 PMID: 24666186

Sidhu PS, Abdel Aziz MH, Sarkar A, Mehta AY, Zhou Q, Desai UR. Designing allosteric regulators of
thrombin. exosite 2 features multiple subsites that can be targeted by sulfated small molecules for
inducing inhibition. J Med Chem. 2013; 56: 5059-5070. doi: 10.1021/jm400369q PMID: 23718540

Case DA, Babin V, Berryman JT, Betz RM, Cai Q, Cerutti DS, et al. AMBER 14, University of California,
San Francisco. 2014.

Case DA, Cheatham TE Ill, Darden T, Gohlke H, Luo R, Merz KM Jr, et al. The Amber biomolecular
simulation programs. J Comput Chem. 2005; 26: 1668—1688. doi: 10.1002/jcc.20290 PMID: 16200636

Wang J, Wolf RM, Caldwell JW, Koliman PA, Case DA. Development and testing of a general amber
force field. J Comput Chem. 2004; 25: 1157—1174. doi: 10.1002/jcc.20035 PMID: 15116359

Jakalian A, Jack DB, Bayly Cl. Fast, efficient generation of high-quality atomic charges. AM1-BCC
model: Il. Parameterization and validation. J Comput Chem. 2002; 23: 1623-1641. doi: 10.1002/jcc.
10128 PMID: 12395429

Wang J, Wang W, Kollman PA, Case DA. Automatic atom type and bond type perception in molecular
mechanical calculations. J Mol Graph Model. 2006; 25: 247—260. doi: 10.1016/j.jmgm.2005.12.005
PMID: 16458552

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential
functions for simulating liquid water. J Chem Phys 1983; 79: 926-935.

Kirschner KN, Yongye AB, Tschampel SM, Gonzalez-Outeirifio J, Daniels CR, Foley BL, et al. GLY-
CAMOB6: A generalizable biomolecular force field. Carbohydrates. J Comput Chem. 2008; 29: 622—655.
doi: 10.1002/jcc.20820 PMID: 17849372

Mulloy B, Forster MJ, Jones C, Davies DB. N.m.r. and molecular-modelling studies of the solution con-
formation of heparin. Biochem J. 1993; 293: 849-858. PMID: 8352752

Samsonov SA, Gehrcke JP, Pisabarro MT. Flexibility and explicit solvent in molecular-dynamics-based
docking of protein—glycosaminoglycan systems. J Chem Inf Model. 2014; 54: 582—-592. doi: 10.1021/
€i4006047 PMID: 24479827

Sattelle BM, Hansen SU, Gardiner J, Almond A. Free energy landscapes of iduronic acid and related
monosaccharides. J Am Chem Soc. 2010; 132: 13132—13134. doi: 10.1021/ja1054143 PMID:
20809637

PLOS ONE | DOI:10.1371/journal.pone.0171619  February 9, 2017 21/23


http://dx.doi.org/10.1021/jm500311e
http://www.ncbi.nlm.nih.gov/pubmed/24844380
http://dx.doi.org/10.1021/jm301757v
http://www.ncbi.nlm.nih.gov/pubmed/23451707
http://dx.doi.org/10.1021/jm301338q
http://dx.doi.org/10.1021/jm301338q
http://www.ncbi.nlm.nih.gov/pubmed/23316863
http://dx.doi.org/10.1016/j.bmcl.2012.04.014
http://dx.doi.org/10.1016/j.bmcl.2012.04.014
http://www.ncbi.nlm.nih.gov/pubmed/22627041
http://dx.doi.org/10.1021/cb500402f
http://www.ncbi.nlm.nih.gov/pubmed/24968014
http://dx.doi.org/10.1055/s-2007-982088
http://www.ncbi.nlm.nih.gov/pubmed/17629854
http://dx.doi.org/10.1016/j.thromres.2015.04.017
http://dx.doi.org/10.1016/j.thromres.2015.04.017
http://www.ncbi.nlm.nih.gov/pubmed/25935648
http://dx.doi.org/10.1021/bi0352320
http://dx.doi.org/10.1021/bi0352320
http://www.ncbi.nlm.nih.gov/pubmed/15096041
http://dx.doi.org/10.1021/bi401284r
http://www.ncbi.nlm.nih.gov/pubmed/24289246
http://dx.doi.org/10.1021/jm5002698
http://www.ncbi.nlm.nih.gov/pubmed/24666186
http://dx.doi.org/10.1021/jm400369q
http://www.ncbi.nlm.nih.gov/pubmed/23718540
http://dx.doi.org/10.1002/jcc.20290
http://www.ncbi.nlm.nih.gov/pubmed/16200636
http://dx.doi.org/10.1002/jcc.20035
http://www.ncbi.nlm.nih.gov/pubmed/15116359
http://dx.doi.org/10.1002/jcc.10128
http://dx.doi.org/10.1002/jcc.10128
http://www.ncbi.nlm.nih.gov/pubmed/12395429
http://dx.doi.org/10.1016/j.jmgm.2005.12.005
http://www.ncbi.nlm.nih.gov/pubmed/16458552
http://dx.doi.org/10.1002/jcc.20820
http://www.ncbi.nlm.nih.gov/pubmed/17849372
http://www.ncbi.nlm.nih.gov/pubmed/8352752
http://dx.doi.org/10.1021/ci4006047
http://dx.doi.org/10.1021/ci4006047
http://www.ncbi.nlm.nih.gov/pubmed/24479827
http://dx.doi.org/10.1021/ja1054143
http://www.ncbi.nlm.nih.gov/pubmed/20809637

®PLOS | on

GAG mimicking potential of small molecules

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Jones G, Willett P, Glen RC, Leach AR, Taylor R. Development and validation of a genetic algorithm for
flexible docking1. J Mol Biol. 1997; 267: 727-748. doi: 10.1006/jmbi.1996.0897 PMID: 9126849

Faham S, Hileman RE, Fromm JR, Linhardt RJ, Rees DC. Heparin structure and interactions with basic
fibroblast growth factor. Science 1996; 271: 1116-1120. PMID: 8599088

Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, Yayon A, et al. Crystal structure of
aternary FGF-FGFR-heparin complex reveals a dual role for heparin in FGFR binding and dimerization.
Mol Cell. 2000; 6: 743-750. PMID: 11030354

Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, Simmerling C. Comparison of multiple Amber
force fields and development of improved protein backbone parameters. Proteins Struct Funct Bioinf.
2006; 65: 712-725.

Case DA, Darden TA, Cheatham TE Ill, Simmerling CL, Wang J, Duke RE, et al. 2012 AMBER 13, Uni-
versity of California, San Francisco.

Humphrey W, Dalke A, Schulten K. VMD: Visual molecular dynamics. J Mol Graph. 1996; 14: 33-38.
PMID: 8744570

Feig M, Karanicolas J, Brooks CL lll. MMTSB Tool Set: enhanced sampling and multiscale modeling
methods for applications in structural biology. J Mol Graph Model. 2004; 22: 377-395. doi: 10.1016/.
jmgm.20083.12.005 PMID: 15099834

Sankaranarayanan NV, Sarkar A, Desai UR, Mosier PD. Designing "high-affinity, high-specificity" gly-
cosaminoglycan sequences through computerized modeling. Methods Mol Biol. 2015; 1229: 289-314.
doi: 10.1007/978-1-4939-1714-3_24 PMID: 25325961

Miller BR, Mee TD, Swails JM, Homeyer N, Gohlke H, Roitberg AE. MMPBSA.py: An efficient program
for end-state free energy calculations. J Chem Theory Comput. 2012; 8: 3314-3321. doi: 10.1021/
ct300418h PMID: 26605738

Al-Horani RA, Karuturi R, Lee M, Afosah DK, Desai UR. Allosteric inhibition of factor Xllla. non-saccha-
ride glycosaminoglycan mimetics, but not glycosaminoglycans, exhibit promising inhibition profile.
PLoS One. 2016; 11: e0160189. doi: 10.1371/journal.pone.0160189 PMID: 27467511

Mehta AY, Thakkar JN, Mohammed BM, Martin EJ, Brophy DF, Kishimoto T, et al. Targeting the GPI-
balpha binding site of thrombin to simultaneously induce dual anticoagulant and antiplatelet effects. J
Med Chem. 2014; 57: 3030—-3039. doi: 10.1021/jm4020026 PMID: 24635452

Al-Horani RA, Karuturi R, White DT, Desai UR. Plasmin regulation through allosteric, sulfated, small
molecules. Molecules. 2015; 20: 608—624. doi: 10.3390/molecules20010608 PMID: 25569517

Gunnarsson GT, Desai UR. Designing small, nonsugar activators of antithrombin using hydropathic
interaction analyses. J Med Chem. 2002; 45: 1233-1243. PMID: 11881992

Gunnarsson GT, Desai UR. Interaction of designed sulfated flavanoids with antithrombin: lessons on
the design of organic activators. J Med Chem. 2002; 45: 4460—-4470. PMID: 12238925

Sattelle BM, Shakeri J, Aimond A. Does microsecond sugar ring flexing encode 3D-shape and bioactiv-
ity in the heparanome? Biomacromolecules. 2013; 14: 1149-1159. doi: 10.1021/bm400067g PMID:
23439078

Mufioz-Garcia JC, Corzana F, de Paz JL, Angulo J, Nieto PM. Conformations of the iduronate ring in
short heparin fragments described by time-averaged distance restrained molecular dynamics. Glyco-
biology. 2013; 23: 1220—-1229. doi: 10.1093/glycob/cwt058 PMID: 23903025

Gandhi NS, Mancera RL. Can current force fields reproduce ring puckering in 2-O-sulfo-a-Il-iduronic
acid? A molecular dynamics simulation study. Carbohydr Res. 2010; 345: 689-695. doi: 10.1016/j.
carres.2009.12.020 PMID: 20097328

Pol-Fachin L, Verli H. Depiction of the forces participating in the 2-O-sulfo-a-I-iduronic acid conforma-
tional preference in heparin sequences in aqueous solutions. Carbohydr Res. 2008; 343: 1435-1445.
doi: 10.1016/j.carres.2008.04.016 PMID: 18452898

Becker CF, Guimaraes JA, Verli H. Molecular dynamics and atomic charge calculations in the study of
heparin conformation in aqueous solution. Carbohydr Res. 2005; 340: 1499-1507. doi: 10.1016/j.
carres.2005.03.018 PMID: 15882850

Imberty A, Pérez S. Structure, conformation, and dynamics of bioactive oligosaccharides: theoretical
approaches and experimental validations. Chem Rev. 2000; 100: 4567—-4588. PMID: 11749358

Woods RJ, Tessier MB. Computational glycoscience: characterizing the spatial and temporal properties
of glycans and glycan—protein complexes. Curr Opin Struct Biol. 2010; 20: 575-583. doi: 10.1016/j.sbi.
2010.07.005 PMID: 20708922

Tvaroska |, Bleha T. Anomeric an exo- anomeric effect in carbohydrate chemistry. Adv Carbohydr
Chem Biochem. 1989; 47: 45—123.

PLOS ONE | DOI:10.1371/journal.pone.0171619  February 9, 2017 22/23


http://dx.doi.org/10.1006/jmbi.1996.0897
http://www.ncbi.nlm.nih.gov/pubmed/9126849
http://www.ncbi.nlm.nih.gov/pubmed/8599088
http://www.ncbi.nlm.nih.gov/pubmed/11030354
http://www.ncbi.nlm.nih.gov/pubmed/8744570
http://dx.doi.org/10.1016/j.jmgm.2003.12.005
http://dx.doi.org/10.1016/j.jmgm.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15099834
http://dx.doi.org/10.1007/978-1-4939-1714-3_24
http://www.ncbi.nlm.nih.gov/pubmed/25325961
http://dx.doi.org/10.1021/ct300418h
http://dx.doi.org/10.1021/ct300418h
http://www.ncbi.nlm.nih.gov/pubmed/26605738
http://dx.doi.org/10.1371/journal.pone.0160189
http://www.ncbi.nlm.nih.gov/pubmed/27467511
http://dx.doi.org/10.1021/jm4020026
http://www.ncbi.nlm.nih.gov/pubmed/24635452
http://dx.doi.org/10.3390/molecules20010608
http://www.ncbi.nlm.nih.gov/pubmed/25569517
http://www.ncbi.nlm.nih.gov/pubmed/11881992
http://www.ncbi.nlm.nih.gov/pubmed/12238925
http://dx.doi.org/10.1021/bm400067g
http://www.ncbi.nlm.nih.gov/pubmed/23439078
http://dx.doi.org/10.1093/glycob/cwt058
http://www.ncbi.nlm.nih.gov/pubmed/23903025
http://dx.doi.org/10.1016/j.carres.2009.12.020
http://dx.doi.org/10.1016/j.carres.2009.12.020
http://www.ncbi.nlm.nih.gov/pubmed/20097328
http://dx.doi.org/10.1016/j.carres.2008.04.016
http://www.ncbi.nlm.nih.gov/pubmed/18452898
http://dx.doi.org/10.1016/j.carres.2005.03.018
http://dx.doi.org/10.1016/j.carres.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15882850
http://www.ncbi.nlm.nih.gov/pubmed/11749358
http://dx.doi.org/10.1016/j.sbi.2010.07.005
http://dx.doi.org/10.1016/j.sbi.2010.07.005
http://www.ncbi.nlm.nih.gov/pubmed/20708922

®PLOS | on

GAG mimicking potential of small molecules

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Ailles LE, Weissman IL. Cancer stem cells in solid tumors. Curr Opin Biotechnol. 2007; 18: 460—466.
doi: 10.1016/j.copbio.2007.10.007 PMID: 18023337

Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer stem cells. Nature.
2001;414:105-111. doi: 10.1038/35102167 PMID: 11689955

Reya T, Clevers H. Wnt signalling in stem cells and cancer. Nature. 2005; 434: 843—-850. doi: 10.1038/
nature03319 PMID: 15829953

Dvorak P, Dvorakova D, Hampl A. Fibroblast growth factor signaling in embryonic and cancer stem
cells. FEBS Lett. 2006; 580: 2869—-2874. doi: 10.1016/j.febslet.2006.01.095 PMID: 16516203

Ornitz DM, Itoh N. The fibroblast growth factor signaling pathway. Wiley Interdiscip Rev Dev Biol. 2015;
4:215-266. doi: 10.1002/wdev.176 PMID: 25772309

Patel NJ, Sharon C, Baranwal S, Boothello RS, Desai UR, Patel BB. Heparan sulfate hexasaccharide
selectively inhibits cancer stem cells self-renewal by activating p38 MAP kinase. Oncotarget. 2016;
Advance Online Publications.

Pellegrini L, Burke DF, von Delft F, Mulloy B, Blundell TL. Crystal structure of fibroblast growth factor
receptor ectodomain bound to ligand and heparin. Nature. 2000; 407: 1029—-1034. doi: 10.1038/
35039551 PMID: 11069186

Roe DR, Cheatham TE Ill. PTRAJ and CPPTRAJ: software for processing and analysis of molecular
dynamics trajectory data. J Chem Theory Comput. 2013; 9: 3084—3095. doi: 10.1021/ct400341p PMID:
26583988

Moshtagh N. Computes the minimum-volume covering ellipoid that encloses N points in a D-dimen-
sional space. 2006; https://www.mathworks.com/matlabcentral/fileexchange/9542-minimum-volume-
enclosing-ellipsoid

Haley EM, Kim Y. The role of basic fibroblast growth factor in glioblastoma multiforme and glioblastoma
stem cells and in their in vitro culture. Cancer Lett. 2014; 346: 1-5. doi: 10.1016/j.canlet.2013.12.003
PMID: 24333730

Zhang JD, Cousens LS, Barr PJ, Sprang SR. Three-dimensional structure of human basic fibroblast
growth factor, a structural homolog of interleukin 1 beta. Proc Natl Acad Sci U S A. 1991; 88: 3446—
3450. PMID: 1849658

Eriksson AE, Cousens LS, Matthews BW. Refinement of the structure of human basic fibroblast growth
factor at 1.6 A resolution and analysis of presumed heparin binding sites by selenate substitution. Pro-
tein Sci.1993; 2: 1274—1284. doi: 10.1002/pro.5560020810 PMID: 7691311

Sankaranarayanan NV, Desai UR. Toward a robust computational screening strategy for identifying gly-
cosaminoglycan sequences that display high specificity for target proteins. Glycobiology. 2014; 24:
1323-13383. doi: 10.1093/glycob/cwu077 PMID: 25049239

Ori A, Free P, Courty J, Wilkinson MC, Fernig DG. Identification of heparin-binding sites in proteins by
selective labeling. Mol Cell Proteomics. 2009; 8: 2256—-2265. doi: 10.1074/mcp.M900031-MCP200
PMID: 19567366

Samsonov SA, Gehrcke JP, Pisabarro MT. Flexibility and explicit solvent in molecular-dynamics-based
docking of protein—glycosaminoglycan systems. J. Chem. Inf. Model. 2014; 54: 582-592. doi: 10.1021/
€i4006047 PMID: 24479827

Presta M, Mitola S, Dell’Era P, Leali D, Nicoli S, Moroni E, et al. Fibroblast growth factor-2 in angiogene-
sis. In: Figg WD, Folkman J, editors. Angiogenesis: An Integrative Approach From Science to Medicine.
Boston, MA: Springer US. pp. 2008;77-88.

Yeh BK, Eliseenkova AV, Plotnikov AN, Green D, Pinnell J, Polat T, et al. Structural basis for activation
of fibroblast growth factor signaling by sucrose octasulfate. Mol. Cell. Biol. 2002; 22: 7184—7192. doi:
10.1128/MCB.22.20.7184-7192.2002 PMID: 12242295

Feng Y, Dai X, Li X, Wang H, Liu J, Zhang J, et al. EGF signalling pathway regulates colon cancer stem
cell proliferation and apoptosis. Cell Prolif. 2012; 45: 413—419. doi: 10.1111/j.1365-2184.2012.00837 .x
PMID: 22925500

Mizuno S, Nakamura T. HGF-MET cascade, a key target for inhibiting cancer metastasis: The impact
of NK4 discovery on cancer biology and therapeutics. Int J Mol Sci. 2013; 14: 888—919. doi: 10.3390/
ijms14010888 PMID: 23296269

PLOS ONE | DOI:10.1371/journal.pone.0171619  February 9, 2017 23/23


http://dx.doi.org/10.1016/j.copbio.2007.10.007
http://www.ncbi.nlm.nih.gov/pubmed/18023337
http://dx.doi.org/10.1038/35102167
http://www.ncbi.nlm.nih.gov/pubmed/11689955
http://dx.doi.org/10.1038/nature03319
http://dx.doi.org/10.1038/nature03319
http://www.ncbi.nlm.nih.gov/pubmed/15829953
http://dx.doi.org/10.1016/j.febslet.2006.01.095
http://www.ncbi.nlm.nih.gov/pubmed/16516203
http://dx.doi.org/10.1002/wdev.176
http://www.ncbi.nlm.nih.gov/pubmed/25772309
http://dx.doi.org/10.1038/35039551
http://dx.doi.org/10.1038/35039551
http://www.ncbi.nlm.nih.gov/pubmed/11069186
http://dx.doi.org/10.1021/ct400341p
http://www.ncbi.nlm.nih.gov/pubmed/26583988
https://www.mathworks.com/matlabcentral/fileexchange/9542-minimum-volume-enclosing-ellipsoid
https://www.mathworks.com/matlabcentral/fileexchange/9542-minimum-volume-enclosing-ellipsoid
http://dx.doi.org/10.1016/j.canlet.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24333730
http://www.ncbi.nlm.nih.gov/pubmed/1849658
http://dx.doi.org/10.1002/pro.5560020810
http://www.ncbi.nlm.nih.gov/pubmed/7691311
http://dx.doi.org/10.1093/glycob/cwu077
http://www.ncbi.nlm.nih.gov/pubmed/25049239
http://dx.doi.org/10.1074/mcp.M900031-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/19567366
http://dx.doi.org/10.1021/ci4006047
http://dx.doi.org/10.1021/ci4006047
http://www.ncbi.nlm.nih.gov/pubmed/24479827
http://dx.doi.org/10.1128/MCB.22.20.7184-7192.2002
http://www.ncbi.nlm.nih.gov/pubmed/12242295
http://dx.doi.org/10.1111/j.1365-2184.2012.00837.x
http://www.ncbi.nlm.nih.gov/pubmed/22925500
http://dx.doi.org/10.3390/ijms14010888
http://dx.doi.org/10.3390/ijms14010888
http://www.ncbi.nlm.nih.gov/pubmed/23296269

