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Abstract: Noroviruses are the main cause for acute gastroenteritis disease. They infect the host cell via interaction with HGBA
receptors on the cell surface. Virus makes complex with cell surface receptors through its capsid protein VP1 to enter the cell.
Although the protein has been successfully crystallized in the presence of some common glycans, the dynamic change in the
protein structure when interacting with sugar moieties has yet to be fully elucidated. This is critically important since it leads
to understanding the protein’s recognition mechanism of HBGAs and develop therapeutic strategies against the gastroenteritis
disease. Here, we computationally assessed the dynamic features of wild type VP1 envelope protein to get insights into the
interactions that can be important for virus infectivity. We have found that the binding of sugar moiety does not cause noticeable
dynamic changes in the binding region. However, interestingly, a drastic change occurs in a distant loop lying at the residue
numbers of 395-400, which might be indication of an allosteric effect.

Key words: Norovirus, therapeutic antibody, HBGA blockage, molecular dynamics.

Ozet: Akut gastroenterit hastaligmin énemli nedenlerinden biri noroviriislerdir. Konakg1 hiicreye, hiicre yiizeyindeki goklu
seker halkalarindan olusan HGBA reseptorleri ile etkileserek enfekte olurlar. Hiicreye girmek icin viriise ait kapsid proteini
hiicre ylizeyi reseptorleri ile komplekslesir. Her ne kadar protein bazi ortak glikanlarin varliginda kompleks olarak basarili bir
sekilde kristalize edilmis olsa da, seker kisimlarinin baglanmasindan kaynaklanan protein yapisindaki dinamik degisim heniiz
tam olarak aydinlatilamamustir. Viriis proteinin HBGA'lara baglanma mekanizmasini anlama ve gastroenterit hastaligina karsi
tedavi stratejileri gelistirmesine yardimci olmasi nedeniyle bu dinamik degisimi anlamak kritik derecede 6neme sahiptir. Bu
caligmada, viriis enfeksiyonu i¢in dnemli olabilecek etkilesimler hakkinda bilgi edinmek i¢in yabanil VP1 kapsit proteininin
dinamik 6zelliklerini molekiiler dinamik metotlarla hesapladik. Seker kisminin baglanmasinin, baglanma bélgesinde gozle
goriiliir dinamik degisikliklere neden olmadigini tespit ettik. Bununla birlikte, ilging bir sekilde, allosterik bir etkinin gostergesi
olabilecek 395-400 numarali sekansa ait amino asitlerinde ihmal edilemeyecek bir hareketlilik meydana geldigini gézlemledik.

Introduction

Gastroenteritis disease is one of the greatest health
problems among all infectious diseases. The annual
number of people suffering from gastroenteritis
worldwide is about 90 million of which the number of
deaths is close to 2.5 million (Kotloff et al. 2013, Belliot
et al. 2014, Kambhampati et al. 2015). The disease is also
the major reason for deaths of 1.8 million children and
infants every year (Hoa Tran et al. 2013, Karst et al. 2014,
Rocha-Pereira et al. 2014). All populations are
susceptible to the causing virus, but elders and children
constitute the highest risk group. The infection mostly
starts with the ingestion of contaminated food and water
and can also be transmitted from person to person during
outbreaks. The virus specifically binds to the antigens on
the surfaces of red blood cells (erythrocytes) and
epithelial cells in the gastrointestinal tract. This binding
initiates the infection in these cells. The infectivity of
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noroviruses is responsible for sporadic gastroenteritis and
severe childhood diarrhea. Despite the tremendous
scientific efforts, an approved vaccine or an effective
antiviral drug has not been developed yet (Tan & Jiang
2014, Aliabadi et al. 2015).

Noroviruses are classified in six genogroups (GI-GV1)
and each group contains several genotypes. The notation
used to categorize Norwalk viruses (NV) is given by
“GI.1”, where “G” stands for genogroup, “I” refers to the
1% genogroup, and “1” to genotype 1. The GI, GII and
GV are principal groups that are responsible for infecting
human (Patel et al. 2009, White 2014).

The entrance of Human Noroviruses (HUNoVs) into
the cell is initiated by the interaction of the virus
protein’s domain 1 (VP1) and histo-blood group
antigens (HBGASs) (Caddy et al. 2014, Shanker et al.
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2014, de Graaf et al. 2016). This has attracted great
scientific attention to develop therapeutics that will
block the interaction between VP1 and HBGAs as a cure
for virus infection (Lochridge et al. 2005, Garaicoechea
et al. 2015, Sapparapu et al. 2016, Tamminen et al.
2016). Thus, several crystal structures that show atomic
details of interactions among residues residing in the
complex interface are solved (Choi et al. 2008, Kubota
etal. 2012, Shanker et al. 2014). Even though the crystal
structures have rich information about the interaction,
they lack the dynamic features of this interaction.
Moreover, so far studies have shown that the interaction
is rather weak and binding regions of HBGAs are varied
(Ishida 2018).

Here, in order to understand the dynamic properties
of residues on the VP1-HGBA complex, we
computationally investigated the interaction of an H-
type HBGA antigen with VP1. We probed dynamic
changes in the VP1 capsid protein that may be visible
upon sugar binding. Given the fact that the manipulation
of the possible changes can be harnessed for designing
new therapeutic agents, our findings can offer
opportunity for opening new avenue for treatment of
norovirus dependent gastroenteritis disease.

Materials and Methods

MD Preparation

The starting structures of the wild type unliganded
(VP1) and liganded (VP1 HBGA complex) were
retrieved from the Protein Data Bank (PDB id=2ZL5 and
2ZL6, respectively) (Choi et al. 2008). The protein
preparation wizard utility of Maestro (Schrodinger
2015) was used to add the H atoms, assign bond orders,
remove steric clashes and optimize hydrogen-bonding
network. The protonation states of acidic and basic
amino acids were calculated using Propka 3.1 (Olsson et
al. 2011) at pH=7. According to that, negatively charged
side chains of Asp and Glu (unprotonated) and positively
charged side chains of Arg and Lys (protonated) residues
were presumed. The amber99sh-ildn (Lindorff-Larsen et
al. 2010) force field was used for the VP1 protein. The
pentasaccharide ligand was first optimized using G09
software at B3LYP/6-311++G(d,p) level by freezing the
heavy atoms at the x-ray coordinates. Then, the RESP
charges and GAFF parameters were generated using
antechamber software (Wang et al. 2004, Wang et al.
2006).

Simulation Protocol

The molecular dynamics simulations were carried out
using Gromacs 5.1 software package (Abraham et al.
2015). The system (either containing unliganded or
liganded VP1) is placed in the center of a dodecahedron
box and solvated in a water box of ~1500 nm? with the
TIP3P model (Toukan & Rahman 1985) with a cell
margin distance of 14 A for each dimension. Each system
consisting of ~145,000 atoms was neutralized and salted
by 0.15 M NaCl. Bonds with hydrogen atoms were
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restrained to their equilibrium length with LINCS
algorithm.

As in our former studies (Kocak et al. 2016, Kocak &
Yildiz 2017), the system was very gently energy minimized
within 13 steps, each consisting of 5000 cycles of two
subsequent integrators, Steepest Descent and Conjugate
Gradient. In the first step, only hydrogen atoms were
relaxed while keeping all heavy atoms including water at
4000 kJ.mol2.nm™2. In the second step, the water molecules
were relaxed. Next, the side chains were gradually relaxed
by reducing the force constants in the order of 4000, 2000,
1000, 500, 200, 50 and 0 kJ.mol™~.nm2. At the last step of
the minimization process, the backbone atoms were also
released in the same gradual order.

After minimization, each system was equilibrated
within six steps. The first step is a 5 ns of canonical
ensemble. At this step, the system was heated to 310 K
(with time constant of 0.1) with a simulated annealing
fashion. This temperature was reached in the first 500 ps
by linearly heating and kept constant for the next 4.5 ns.
The V-rescale thermostat was used as the temperature-
coupling group separately for the protein-ligand complex
and surroundings. In the subsequent steps, the system was
equilibrated to 1 atm pressure in a stepwise isobaric-
isothermal ensemble. During this stage, the heavy atoms
were smoothly and progressively released. MD
simulations were run for ~70 ns at constant pressure using
Langevin Dynamics.

Results and Discussion

The comparison of molecular dynamics simulations
belonging to unliganded (bare VP1) and liganded
(complexed VP1) P domain structures reflect the nature
of the interaction between the VP1 and HBGA, along
with dynamic changes upon binding. Thus, we
investigated the RMSD and radius of gyration values of
bare and complexed VP1 over time course of MD
simulation. These values are lower in complexed VP1
and shows different trend from the complexed structure
(Fig. 1), suggesting that the dynamic feature of VP1
varies when the HBGA is attached to it. In order to pin
down the specific dynamic variations due to ligand
binding, we specifically monitored the distances and
fluctuations among residues in the interaction region that
were already observed in the crystal structure.

According to the x-ray structures, the residues GIn342,
Asp344, His329, Ser377, Asp327, Pro378 and Trp375 are
involved in the interaction with H-type 1 pentasaccharide
receptor. Among these, the first three residues interact with
a-fucose and the remaining with B-Galactose (Fig. 2). The
last three sugar moieties are not involved in the interaction.
Although the sugar moieties have high degrees of freedom
due to multiple torsions, the residues in the interacting
region maintain in a stable state throughout the MD
simulation. The structures from x-ray and MD simulations
were superimposed in Fig. 3. The weak binding nature of
the receptor to the VP1 protein does not perturb the rigid
structures of the residues in this region.
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Fig. 1. The RMSD of Calpha atoms in liganded (blue) and unliganded (red) VP1 protein. The unliganded values are steadier and less
fluctuated.
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Fig. 2. Interacting pairs with residues labeled in the complex interface. The residues GIn342, Asp344, His329 interact with a-fucose
and Ser377, Asp327, Pro378 and Trp375 with B-Galactose of the ligand.
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Fig. 3. Superimposed residues in the binding region for x-ray crystal structure (green) along with the most populated MD clusters of
liganded (blue) and unliganded (red) VP1.
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The distances among proximal residues in the
interaction region and fluctuations of these residues
showed no significant changes upon ligand binding.
This impose the fact that the presence of some other
dynamic entities is involved in the variations of the
RMSD values of VP1 upon sugar binding. Fig. 4a-f
shows some of the change of the selected pair distances
among the residues in the interaction region throughout
MD simulations. Almost all the distances monitored
showed similar pattern of a steady H-bonding
interaction with < 3.5 A. There is only one exception to
this on the pairs of 3270D2-3800G where the distance
in unliganded VP1 is too large for H-bonding (Fig. 4b).
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Not only the distances among the pairs in the
interaction region, the fluctuations of those residues also
showed no significant changes upon pentasaccharide
binding (Fig. 5). On the other hand, the RMSF of the
residues in the 395-405 region showed dramatic change
upon binding. This is interesting given the fact that the
ligand binding site is quite away from these residues. This
cannot be simply explained by random loop motions.

The covariance analysis (also called principal
component analysis, PCA) is a useful tool for
investigating correlated dynamic movements in
macromolecules.
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Fig. 4. Critical distances among residues in the sugar binding site for liganded (blue) and unliganded (red) VVP1 protein. The notation
in distance is as follows: the first 3 digits show the residue number, rest shows the atom name in that residue (e.g, 375NE1 refers
to Nel atom of 375" residue). All data were smoothed using a Gaussian smoothing function of 10k fold.
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Fig. 5. The RMSF of liganded (blue) and unliganded (red) VP1 residues. The insets are the zoomed of the residues in the sugar binding
site. Data show no noticeable rmsf difference at the binding site. The dashed arrows are not part of the data and only meant to show
the location of zoomed insets (sugar binding site).
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dominant collective motions) and c) RMSF of residues involved in the most dominant collective motion (eigenvector 1).
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Fig. 7. The significant loop motion upon ligand binding is evident in the comparison of the first and last frame of MD simulations

belong to liganded and unliganded structures.

Eigenvectors sorted by descending eigenvalues from a
covariance matrix provide the essential collective
motions. Therefore, the first eigenvector with the greatest
eigenvalue shows the most dominant correlated motion.

Thus, we further dissected changes in the collective
motion of VP1 by means of PCA. The first eigenvector
for liganded spans over 1 nm? space whereas it is only
0.25 nm? for unliganded structure (Fig. 6a). The rest of
the eigenvectors follow the same trend with the same
values. The two-dimensional (2D) projection of the first
two eigenvectors is very compact and mostly centers
around a single cluster for unliganded while it is
distributed (less-compact) and another distinct cluster
starts to appear for the liganded structure (Fig. 6b). The
RMSF value corresponding to the eigenvector 1 shows
drastic changes in the 395-405 region of VP1 upon
ligand binding (Fig. 6c). The overall analysis clearly
shows that a significant motion become more visible and
dominant upon ligand binding in VP1 protein structure.
Since this motion is very far from the binding region, an
allosteric effect might be involved in ligand binding
mechanism. However, this needs to be validated by
further experimental studies.

We also explored the structural changes that is
suggested by covariance analysis with superimposing the
last and first frames of MD simulation for both liganded
and unliganded VP1. We have found that the ligand
binding triggers a substantial mobility in the 395-405 loop
that is distant to sugar binding site. The loop moves by 14
A in liganded VP1(Fig. 7a) while it moves only 3 A in
unliganded VP1, (Fig. 7. The significant loop motion
upon ligand binding is evident in the comparison of the
first and last frame of MD simulations belong to liganded
and unliganded structures. The significant loop motion
upon ligand binding is evident in the comparison of the

first and last frame of MD simulations belong to liganded
and unliganded structures over the course of MD
simulations. This motion is not random as the repetitive
MD simulations showed the same loop movements. The
drastic motion of the loop upon ligand binding is clearly
visible in compared representative structures of the first
and last frame of MD simulations for liganded and
unliganded structures. This data may be an indication of a
cross talk between the sugar binding site and this loop
which suggests an allosteric effect.

Conclusion

In this study, we investigated the dynamic changes
occurred on the structure of wild type VP1 capsid protein
upon binding to an H-type 1 HBGA antigen by means of
molecular dynamic simulations. The data suggested very
little dynamic changes in the binding region. This is in
complete agreement with the experimental studies which
showed the weak binding nature of the sugar. Data also
showed a very interesting loop movement at a distal
location from the ligand binding region, suggesting an
allosteric communication between sugar binding site and
this loop. Further experimental tests would be
complementary and confirmative to this study. In
addition to the experimental studies, molecular
dynamics simulations could be extended to the
interaction between VP1 and other antigen receptors
such as A-type HBGA.
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