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ABSTRACT: Here, we examine and compare different types of glycan-based
binders to lectins, a class of carbohydrate-binding proteins involved in many
biological recognition processes. We use atomistic molecular dynamics
simulations to model metallosupramolecular glycoassemblies of different
topologies, core charges, and linker lengths binding in a multivalent manner
to glyco-recognizing domains in Concanavalin A (ConA), a well-studied
plant lectin with specific affinity for mannose and glucose. We also designed
and modeled a small peptidoglycan specifically bound to ConA. The obtained
results reveal that despite their small size, simple peptidoglycans can have
strong affinities to lectins, comparable to large multivalent supramolecular
binders.

I. INTRODUCTION
Lectins, a class of carbohydrate-binding proteins, mediate a wide
range of biological processes in humans, such as intercellular
communications, immune responses, and pathogen recogni-
tion.1−3 The biological activities of lectins arise from their ability
to recognize and bind specific glycans in their carbohydrate
recognition domains (CRDs).4 This glycan binding can trigger
or modulate immune signaling, cellular adhesion, endocytosis,
and inflammatory responses.5,6 Disruption of lectin−glycan
interactions has been implicated in numerous pathological
conditions, including chronic inflammation, cancer progression,
and infectious diseases.7,8 Consequently, CRDs are attractive
targets for therapeutic modulation by lectin binders.9−13

In order to target lectin-CRDs, glycan-functionalized
polymers,14,15 peptides,16,17 dendrimers,18,19 nanoparticles,20,21

and other structures have been developed. Multiple glycans
attached to these scaffolds can provide multivalent binding to
individual or grouped lectins in biological systems.22−24 The
multivalent binding of these glycan-holding constructs is
affected by their many structural and chemical parameters.25

The preparation of such constructs with suitable characteristics
remains a significant challenge.26,27

Supramolecular metal−organic cages have shown promise
across a wide range of biomedical applications, such as drug and
gene delivery, or medical imaging.28−31 Similar metallic
complexes with suitable attached ligands can also provide
multivalent binding to various receptors.32−34 When glyco-
functionalized, these constructs can act as powerful binders to
lectins.35,36 Recently, metallosupramolecular assemblies of
different topologies, core charges, and methyl α-D-mannopyr-
anos-functionaled ligands of different lengths (MSGAs) were
shown to bind to Concanavalin A (ConA), a plant lectin derived

from jack bean seeds.37−39 However, these chemically hybrid
constructs are relatively large and complex for the required
activity.
Here, we use atomistic molecular dynamics (MD) simulations

to compare multivalent ConA binding of MSGAs with many
nonspecific linkers and a highly specific ConA binding of a much
smaller peptidoglycan (PG). These studies could reveal when it
might be suitable to replace large multivalent binders of limited
specificity with small specific binders based on a more
homogeneous chemistry.

II. SIMULATED SYSTEMS
First, we simulate multivalent binding of different MSGAs to
ConA. In order to keep ConA in a dimeric form and avoid the
formation of cross-linked aggregates, MSGAs-ConA coupling
was experimentally studied at low protein concentrations of 82
μM, salt concentrations of c = 0.01 M NaCl, and acidic pH =
4.8.39 Here, we simulate MSGAs-ConA binding at both the
experimental and physiological ionic strengths to figure out the
effect of shielding on this binding. To account for the overall
nature of MSGAs-ConA coupling, these simulations are done at
two coupling settings: when either one of the MSGA-glycans is
docked in ConA, or when neither of its glycans is docked. Next,
we design a suitable PG and simulate its specific binding to
ConA when its glycan is bound in the docking site.
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II.I. Metallosupramolecular Glycan Binders of ConA

Figure 1 shows schematics of simulated MSGAs based on multi-
Fe2+ cages with ligands attached at eachmetal. TheMSGAs have
different topologies, charges, and ethylene glycol (EG) linker
lengths. They are denoted asm[I(n)]q, wherem is the number of
Fe2+ ions, I is the (0−2) metal linker, n is the number of the EG
monomer ([e]: n = 0, [f]: n = 1, [g]: n = 2, and [h]: n = 3), and q
is the total charge of MSGA. The ConA monomer was derived
from a natural tetramer pdb structure (Section III). The
MSGAs-ConA coupling is simulated at (1) the experimental
conditions (EC)39 of c = 0.01MNaCl and pH = 4.8, and (2) the
physiological conditions (PC) of c = 0.15 MNaCl and pH = 7.4.
At EC and PC, the total charge of ConA monomer is 0 and 7e−,
respectively (Section III). In both conditions, two metal cations,
Mn2+ and Ca2+, are present in ConAwithin≈1 nm distance from
the glycan binding site and affect the binding of chargedMSGAs.
We can perform a qualitative estimation of MSGAs

Coulombic coupling to these two ConA metals. In ionic
solutions, the Coulombic coupling energy between the charged
MSGAs and the two metal ions in ConA can be estimated from
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Here, q1,2 are the total charges of MSGAs and ConA metal ions,
r12 is the average distance of these charges, ε0 and εr are the
permittivity of free space and water, respectively, k is the
Boltzmann constant, T is the temperature, ρi and zi are the
number density and the valency of species i, respectively, and e−

is the elementary charge of an electron. Debye lengths of λD ≈
3.04 nm (EC) and ≈7.8 Å (PC) are used in eq 1.

Figure 2 shows the Coulombic coupling energies calculated
between the centers of mass (CMS) of differently charged

MSGAs and the two ConA metal ions. At a typical separation of
2.5 nm (docked glycan, Figure 4A,B) between CMS of MSGA
with qMSGA = 4e− (−8e−) and the ConA metal ions with qmetals =
−4e−, the Coulombic coupling energy drops by an order of
magnitude, from −1.2 to −0.11 kcal/mol (2.4−0.23 kcal/mol),
when EC are changed to PC. Therefore, MSGAs are reasonably
coupled to both metal ions in EC, but this coupling is largely
screened in PC. This means that at physiological conditions, the
overall MSGA charges are much less relevant for the ConA
binding. During the simulations, the coupling is correctly

Figure 1.Chemical structures of (A) bimetallic binders (two Fe2+ ions, total charge of 2e−) and (B, C) tetrametallic tetrahedral binders (four Fe2+ ions,
total charges of 4e− and−8e−). (top) The (0−2) metal linkers used in (A−C)MSGAs, respectively, are connected to 3 ligands, which are coordinated
to Fe2+ as depicted. The visualized MSGA structures can be denoted by the formula (A) 2[0(e)]2−, (B) 4[1(e-h)]4−, and (C) 4[2(e-h)]−8ed

−
(see text).

Figure 2. Coulombic coupling energies between differently charged
MSGAs (CMS) and twometal ions, Mn2+ andCa2+, that are close to the
glycan binding site in ConA. The energies are calculated at EC and PC
using a screened Coulombic coupling (eq 1) at different distances
between the CMS of each MSGA and the two metals (see text).
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accounted for by the Particle Mesh Ewald (PME) method
(Section III).
II.I.I. Distance Distribution Analysis�Docked MSGAs.

Next, we simulate the MSGAs-ConA coupling at EC and PC
when oneMSGA-glycan was docked in the ConACRD. Figure 3
shows typical snapshots of the systems simulated for 200 ns. The
first and second columns show negatively and positively charged
MSGAs coupled to ConA at the EC, respectively. The third and
fourth columns show the same at the PC. At EC, Coulombic
coupling has a moderate effect on the MSGA-ConA distances.
Negatively charged cages are attracted to the two metal cations
in ConA, whereas positively charged cages are repelled. This is
reflected in the different distances between MSGAs and ConA,
depending on the cage charge. However, at PC, the positive and

negative MSGAs are at very similar distances from ConA
depending on the ligand lengths.
To better understand theMSGAbinding of ConA observed in

these simulations, shown in Figure 3, we calculate the spatial
distributions of MSGAs and their ligands. In Figure 4, we show
(left-EC, right-PC) the distributions ofMSGA-CMSs (first row)
and their glycans (second and third rows) as a function of their
distance d from the glycan-docking site. The distributions were
averaged over 200 ns trajectories or the actual docking time of
the glycan if it undocked sooner.
In Figure 4A,B, we can see that in both solutions, the CMS

distances appear arranged according to the MSGA-ligand
lengths ([e]−[h]). Moreover, in EC (poor screening), there is
a clear difference between oppositely charged MSGAs, where

Figure 3. Snapshots of MSGAs glycan-docked to ConA monomer after 200 ns of equilibration (see text). The left two columns display snapshots at
EC, with the first column showing negative MSGAs and the second column showing positive ones. The right two columns depict the same at PC.
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the negative MSGAs are closer to the docking site (attracted)
and the positive ones are further away (repelled). However, in
PC (good screening), oppositely chargedMSGAs with the same
lengths of ligands have very similar distributions. In some
MSGAs with longer ligands, the CMS distributions have several
peaks that can be associated with a temporary partial docking of
additional glycans.
In Figure 4C−F, we show glycan distributions for MSGAs.

The distributions of the docked glycan centered around d ≈ 2.5
Å are nearly identical. However, the distributions of the
undocked glycans (d ≈ 5−55 Å) are different, but they appear
similar in both solutions. MSGAs with shorter ligands have
typical two-peak glycan distributions. The first smaller peak (d≈
14 Å) originates from ligands positioned at the same MSGA-
metal as the docked glycan, while the second larger peak (d ≈ 30
Å) originates from the remaining ligands (other metal centers).
In MSGAs with longer ligands, which can reach further, the
glycan distributions appear more smeared and linearly
increasing in size toward the position of the second peak caused
by many glycans (shifted to d ≈ 35 Å). Moreover, at PC,
multiple peaks appear within d ≈ 5−20 Å, revealing that besides
the docked glycan, other glycans can be partially docked in a
relatively stable manner to the ConA surface.
II.I.II. Binding Energy Analysis�Docked MSGAs. The

MSGA−ConA coupling strength can be described by its free

energy of binding,ΔG, related to the dissociation constant, Kd =
exp(ΔG/kBT). The experimental Kd values, shown in Figure 5C
(bottom),39 indicate that negatively charged MSGAs bind more
strongly to ConA than positively charged ones, with the weakest
binding observed for positively charged MSGAs.
The free energies of binding, ΔG, could be obtained by

umbrella sampling methods, but it might be difficult to
implement them precisely for these large and complex binders,
with a gradual detachment of the docked glycans and the rest of
MSGAs from ConA. Therefore, we examine the coupling in a
two-step approach, where we first calculate the direct MSGAs−
ConA binding energies when one glycan is docked in ConA
(Figures 3 and 4), and then we separately calculate the residence
times of MSGAs on ConA, once the glycan is undocked.
We first calculate the binding energies in the above

simulations (Figures 3 and 4), where in each MSGA one glycan
ligand is docked on ConA, while the rest of MSGA is freely
attached to ConA surface around the docking site. Given a
relatively weak nonspecific coupling of the rest of MSGA to
ConA, its initial configuration does not play any role since the
related phase space can be fast explored. In each simulated
system, the frames within t = 20−200 ns are used to calculate the
direct nonbonded energies (electrostatic, van der Waals
contributions) by the NAMD Energy Plugin (Section III).

Figure 4.Distributions of MSGA-CMSs (A, B) and MSGA-glycans (C−F) as a function of their distance d from the glycan-docking site, calculated at
EC (left) and PC (right). The docked glycan peaks (0−5 Å) need to be multiplied by 5.
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Figure 5C (top) displays these energies, where the (red)
horizontal lines show the glycan docking energies of Ed ≈ −14
kcal/mol. Since Ed is the main contributor, these energies are
relatively indifferent to MSGAs charging, except for several
negative MSGAs. Figure 5D (top) reveals that slightly larger but
still very similar energies are obtained for MSGAs at PC, where
the repulsion or attraction of charged MSGAs to ConA is
screened, allowing the formation of a better contact between
them through the multivalent binding of many MSGAs-ligands
(Figure 3). This may arise from slightly more stable multivalent
contacts in PC, together with reduced PEG solubility relative to
water (EC), which can promote solvent-mediated stabilization
at the protein surface, and contribute to prolonged residence
times.
The large similarity of direct binding energies (Figure 5) for

these MSGAs might seem to contradict their very different
experimental Kd values. These energies only represent the
binding enthalpies obtained from microstates where one
MSGA-glycan is docked in ConA, close to the docking site
area (Figure 4). Once the docked glycan is released, MSGAs can
stay or leave the site, depending on their coupling with ConA.
These energies do not describe such decoupled microstates and
do not cover other mostly entropic contributions to ΔG. Such
contributions can be partly appreciated from MSGA-ConA
residence times when all glycans are undocked.
II.I.III. Residence Time Analysis�Undocked MSGAs.

Here, we calculate the MSGA-ConA residence times once the
docked glycan is released from the docking site (starting position
of the simulations). At EC, the residence time flow was
terminated when MSGAs separated from ConA by more than

the screening length, λD ≈ 3.04 nm, while at PC, it was stopped
when they separated by more than 3 Å. The averaging is done
over three replicas.
Figure 5A shows that negatively charged MSGAs exhibit

longer residence times on ConA, whereas positively charged
MSGAs dissociate more rapidly. This trend reflects the
underlying Coulombic attraction or repulsion between
MSGAs and ConA, in agreement with the corresponding Kd
values shown in Figure 5C. Figure 5B also shows these residence
times at PC. They practically do not depend on the overall
MSGA charges, but MSGAs with more valency and longer
ligands have longer residence times. They also appear somewhat
enhanced, even with respect to the attractive cases in EC.
II.II. Peptidoglycan Binder to ConA

While MSGAs provide a multivalent platform with good
binding, their structural complexity and overall size might be
less attractive for applications. The same might be true for other
supramolecular constructs with glycan-functionalized peptide
ligands.40−43

Here, we design and test a much simpler PG binder to ConA
formed by a glycan EG-linked to a 10-residue-long peptide. The
peptide is optimized by Rosetta44−46 to achieve a highly specific
binding to a ConA region near the glycan docking site. After
identifying a sequence that interacted with this region in a stable
manner, the peptide was connected through two EG monomers
to the terminal glycan, as shown in Figure 6A. In this PG
(glycan-EG-EG-CO-NH-SDNSSDRSCG-COOH), the N-ter-
minus of the first residue (S1) was conjugated via a covalent
amide bond to two EG monomers and the α-D-mannopyranos

Figure 5.Residence times ofMSGAs (undocked glycan) at ConA simulated at (A) EC and (B) PC. (C) (Top) Averaged nonbonded energies for each
MSGA interacting with ConA, while one of its glycan is docked at EC from 20 to 200 ns. (D) The same was calculated at PC. Single glycan docking
energy contributions are shown in horizontal lines. (C) (Bottom) Experimental Kd values obtained for MSGAs at EC.

38,39 Black error bars indicate
histogram uncertainties.
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glycan. The C-terminus is deprotonated under physiological
conditions [COO−].
This peptidoglycan was docked on ConA and simulated at PC

for 200 ns (Section III), as shown in Figure 6B. The root-mean-
square deviations (RMSD) of the PG components (glycan,
linker, and peptide) indicate that the peptide interacts in a very
stable manner with ConA (Figure 6C). The glycan is tightly
docked, exhibiting the lowest RMSD, while the flexible linker
shows a large RMSD, as expected. The whole peptide also has a
relatively large RMSD. However, this is not true for many of the
residues, separately presented in Figure 6D. In particular, the
N3, D6, and C9 residues show a high stability.
These observations are supported by the direct binding

energies of PG components to ConA, presented in Figure 6E.
The data reveal a dominant role of van der Waals interactions in
stabilizing the PG-ConA complex with a total binding energy of
E ≈ −58.36 ± 1 kcal/mol (averaging over 20−200 ns) (Section
III). This value is larger than the biggest binding energy of E ≈
−50.55 kcal/mol acquired by 4[2(h)]−8e d

−
. In this strong PG-

ConA binding, the glycan contributes by E ≈ −13 kcal/mol, the
peptide with a highly specific binding contributes by E ≈ −32.5
kcal/mol, and the polar EG linker contributes by E ≈ −5 kcal/
mol. Further analysis indicates that the largest contributions
come from N3 and C9, revealing that this binding is largely
driven by a steric complementarity and favorable packing of

small polar residues. Given the small size of PG, the interaction
energy per unit of mass would be larger than in MSGAs. To
relate further the results obtained by MSGAs and PG, we have
separately simulated PG starting from its glycan-undocked
configuration. The peptide part of PG remained localized at the
specific ConA binding site for at least 1 μs, comparable to the
longest MSGA residence times shown in Figure 5.

III. METHODS
The studied MSGAs were simulated at EC/PC with NAMD3.0.47

ConA and ligands were described by the CHARMM36 force field.48,49

At PC (pH = 7.4 and 150 mM NaCl), the ConA monomer (PDB ID:
1GKB)50 carries a 7e− net charge. At EC (pH = 4.8 and 10 mMNaCl),
some residues in ConA (H24, H51, H121, H205, D10, D28, and E102)
were protonated based on their pKa values and their occurrence in
ConA, using CHARMM-GUI,51,52 making ConA overall neutral. The
force-field parameters for the metallic core of the MSGAs were
obtained in first-principles calculations at the MP2/def2-TZVP level
using Gaussian.53 Electrostatic potential (ESP)-derived partial charges,
obtained at the same level of theory, were also used in the force field.
During the simulations, each MSGA-Fe2+ ion and its six neighboring N
atoms were arranged in an octahedral geometry, with all bond angles set
to 90° and bond lengths fixed at 1.86 Å relative to one another using a
harmonic potential with a spring force of k = 400 N/m. This angle
fixation is based on the octahedral Fe2+ coordination, so the MSGA
geometries should be reasonable.

Figure 6. (A) Chemical structure of the glycan conjugated to EG units and the designed peptide. (B) Snapshot of this PG, docked on ConA, and freely
simulated for 200 ns. Colors are based on residue types (red: acidic, blue: basic, green: polar, white: nonpolar). (C) Total RMSD of peptide, EG, and
glycan. (D) RMSD for all PG residues, EG, and glycan. (E) Average energies for each residue, EG, and glycan.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.6c01091
J. Phys. Chem. B XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.jpcb.6c01091?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c01091?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c01091?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c01091?fig=fig6&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.6c01091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The systems were simulated in an NPT ensemble (p = 1 bar and T =
298 K) by the Langevin dynamics with a damping constant of γLang = 4
ps−1, preserving a realistic viscosity of water during the MSGA motion.
The simulation time step was 2 fs. The van der Waals (L-J potential)
and Coulombic interactions had cutoffs of 10 Å. The long-range
Coulombic interactions were calculated by the PME method when
periodic boundary conditions were applied.54

Initially, eachMSGAwas equilibrated in the proper solution. Then, it
was placed on the top of ConA, where, in the docked simulations, one of
the MSGA-ligand glycans were initially placed in the ConA receptor
binding site (PDB ID: 4PF5)55 Although one glycan was initially placed
in the binding site to define a docked starting state, no restraints were
applied, so the binder remained free to dissociate and sample alternative
binding modes, allowing unbiased sampling of interaction dynamics. In
the undocked simulations (residence time studies), one glycan was
positioned near the binding site of ConA to examine how MSGA
explores the protein surface once the glycan exits the binding site. The
equilibration began with a 2 ns long initial phase (ion redistribution) in
which MSGA and ConA were placed in separate harmonic potentials
with a force constant of k = 1 kcal/mol Å2, while the metal ions in ConA
were placed in a harmonic potential with k = 10 kcal/mol Å2.
Subsequently, the constraints on the system were released, except for
the ConA backbone and its metal ions. Then, the systems were
simulated for 200 ns (docked cases) or until MSGA leaves ConA
(undocked cases). Three independent replicas of each simulation were
performed.
Initially, the PG peptide was designed using a simplemethod.56 Since

the initial 10-residue peptide, KPRLDFGRCF, did not exhibit strong
binding around the glycan binding site, it was refined using Rosetta. The
initial structure was first subjected to constrained relaxation using the
Rosetta relax protocol57 to remove potential steric clashes and optimize
local backbone and side-chain conformations, while preserving the
overall binding geometry. Then, further sequence optimization was
performed using a fixed-backbone design protocol (fixbb),58 with
enhanced rotamer sampling (-ex1, -ex2) and input side-chain
preservation. To further refine peptide−protein interactions and
improve interface packing, high-resolution flexible peptide docking
was carried out using the FlexPepDock refinement protocol59 with
expanded side-chain sampling (-ex1, -ex2aro), generating 50 refined
models per design. All models were ranked based on Rosetta energy
scores, and top-scoring conformations were selected for subsequent
analysis. Output structures and score files were saved for structural and
energetic evaluation. The final peptide sequence was selected from
Rosetta design as the lowest-scoring candidate, corresponding to the
most favorable predicted binding and structural stability among the
sampled sequences.
The PG energy was calculated in the same way as that for MSGAs.

The RMSDwas calculated using the PG atoms belonging to the specific
segment of interest (backbone for the peptide and heavy atoms for the
linker and glycan). In all cases, the initial docked structure of the
corresponding segment was used as the reference structure.

IV. CONCLUSION
We have simulated glycoconjugate lectin binders of different
topologies, charges, and linkers. First, we simulated metal-
losupramolecular-glycans binding to ConA. The simulations
have revealed that the strength of multivalent binding increases
with the length of PEG ligands used in these MSGAs, which can
reach more distant regions of ConA. However, in physiological
solutions, the overall charge of each MSGA practically does not
play any role. Next, we designed and simulated significantly
smaller peptidoglycan binders to ConA, and found that their
highly specific binding strengths are comparable to MSGAs.
These examples illustrate that larger and less specific multivalent
binders can have similar avidities to target receptors as smaller,
more-specific binders. These results demonstrate that highly
specific small-peptide-based binders can match much less
specific multivalent binders. Therefore, PGs can serve as

effective and tunable binders of lectins and other receptors.
These observations could be implemented in the design of
therapeutics60 and other biomedical applications.61,62
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