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Figure 5.14 (a) Comparison of the ephrin-induced conformational ensemble shifts
between the wild type RBD (n) and the mutated RBD (n™). Residues identified to exhibit

Il 1 11" lusing MAE= 5.8% in Equation 5.1 are highlighted in red. (b) X-ray structure
of RBD (center) highlighting the subset of residues (red spheres) that exhibit! ! !
1" . Also shown are conformational ensembles of selected residues, including those

proximal to the RBD-FAD interface. Note that the RBD structures shown in the
backgrounds in grey are representative structures, and are included solely for visual
orientation.

Visualizing the identities of these residues on the X-ray structure of the RBD, it is
evident that these residues are located near the mutation site and appear to spread

across the entire RBD (Figure 5.14b). In general, one would expect that the extent of
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the shift may be inversely related to the distance from the mutation site; however, no
such relationship can be inferred from the data shown in Figure 5.12.

Figure 5.14b shows the conformational ensembles of selected residues,
including those near the RBD-FAD interface. Experiments show that the alanine-
substitution of D468 impacts the G-stimulation negatively, suggesting that it is part of
the signal transduction pathway (147). In the wild type form, ephrin induces a distinct
shift in D468’s conformational ensemble, however, this shift is missing in the event of
the triple mutation. Figure 5.14b shows the conformational ensembles of a cluster of five
other residues proximal to the RBD-FAD interface. Similar to the D468 case, these
residues are not perturbed by ephrin binding in the event of the mutation. Hence, our
MD simulations suggest that the VVG mutation abrogates the G stimulation by
suppressing the propagation of the ephrin binding signal via the RBD-FAD interface.

5.4 Summary

The results shown in this chapter investigates how the RBD-RBD interface of
NiV’s G protein is affected by ephrin binding. For the MD simulations, the initial model of
the RBD-RBD interface was templated based on the RBD-RBD interface of the
homologous G protein of the HeV virus (80). We show evidence that the ambiguity in
the templated initial model lies not in the identity of RBD’s dimerization face, but in the
relative orientation between the two RBDs, which we explore using MD, for both the
ephrin free and the ephrin bound cases.

The ephrin binding is found to induce a large change in the RBD-RBD interfacial
orientation, which is also reversible. Ephrin induces this reorientation by disfavoring

certain contacts and also preferentially favoring other inter-RBD contacts. The residues
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constituting the RBD-RBD interface do not exhibit any specific preference toward
residue chemistry or polarity, and almost all of these residues undergo some form of
conformational ensemble shift, associated either with a change in side-chain orientation
or change in fluctuation or change in backbone CoM. None of the residues undergo any
large change in its intrinsic structure. Essentially, ephrin induces large inter-RBD
reorientations mediated by minor changes in individual RBDs.

Visualizing the ephrin-induced inter-RBD rearrangement in the context of the
position of FAD, our results demonstrate that the interfacial rearrangement favours the
enhancement of solvent-exposure of the FAD. To gain further insight, we also simulated
the effect of ephrin binding on the RBD-RBD interface of a stimulation deficient mutant.
The mutation affects the interfacial arrangement in the ephrin bound state, and also
enhances the solvent-exposure of the FAD. We therefore conclude that the ephrin
induced solvent exposure of the stalk may be important to G stimulation, but is not a
sufficient condition. However, there is no experimental structure of the full length
ectodomain of the G protein, and this inference is derived purely on the basis of a model
of the ectodomain proposed by Broder and coworkers (65), which was homology
modeled using the X-ray structures of the full length ectodomains of the receptor
binding proteins of other paramyxoviruses. Our simulations clearly evidences that
ephrin induces equivalent RBD-RBD interfacial rearrangements in both wild type and
stimulation-deficient RBD dimers.

A statistical analysis of ephrin induced conformational ensemble shifts in the wild
type and stimulation-deficient mutant dimer shows that the mutation has a global effect

on the conformational ensemble of the RBD. Additionally, we show that the mutation
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suppresses ephrin induced shifts in residues located near the RBD-FAD interface,
despite the fact that the mutation is at the RBD-RBD interface. This indicates that the
mutation abrogates G stimulation by suppressing the signal that is mediated to the FAD

via the RBD-FAD interface.
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CHAPTER 6
TOWARDS CONSTRUCTION OF FULL LENGTH ECTODOMAIN MODEL
6.1 Background

Presently, we are able to obtain a molecular level understanding of signal
transduction in the RBD-RBD dimer, but in order to understand what is the form of the
signal and how it is transmitted through the RBD-FAD interface, one needs to identify
the interface which requisites knowledge of the structure of the FAD. The FAD contains
the F-activation site, which is the destination of the allosteric signal that is initiated at the
receptor binding site leading to the stimulation of the G protein makes it intriguing, since
one can use the start and end points to map the allosteric signaling pathways. An
insight into this allosteric pathway of G-stimulation is crucial for the integrated
understanding of the viral entry process that involves G-stimulation followed by F-
activation that initiates the fusion of the host and viral membranes.

Experiments suggest constitutively active nature of the FAD, where a truncated
G protein containing only a segment of the FAD without the RBD, was found to activate
the F protein leading to syncytia. However, it is not confirmed if the structure of the FAD
remains unchanged when the RBD is cleaved. It was inferred from these experiments
that the RBD is not only responsible for G-stimulation upon binding to the appropriate
receptor, but it is also important to prevent premature F-activation, which is primarily

achieved by concealing the F-activation site on the FAD (69). This implies that on ephrin
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binding there must be an inter-RBD rearrangement resulting in the solvent exposure of
the FAD. Consequently, one can infer that in the case of a G-stimulation deficient
mutant, the F-activation site should remain concealed, suggesting that there must not
be any inter-RBD rearrangements. In contrast, MD simulation in Chapter 5, indicate that
both the wild type and the stimulation-deficient G undergo similarly large RBD-RBD
rearrangements, suggesting that the solvent exposure of FAD is not the only criteria for
G-stimulation. This leads to one of the following scenarios, (i) the signal gets
progressively suppressed at the FAD, or (ii) it is not transmitted altogether beyond the
RBD-FAD interface to the F-activation site in the mutant.

Nevertheless, currently there does not exist any experimentally resolved
structure of the FAD. Hence, it becomes essential to model the FAD. As mentioned in
section 2.1 disordered regions can be involved in allosteric signaling, hence it becomes
imperative to verify the presence or lack of such disordered regions in the FAD. We
therefore use the protein disorder prediction tool PrDOS (390), which is a widely used
tool among many others (391-393), to evaluate the possibility of structural disorder.
Every residue in the sequence is assigned a binary disordered/ordered tag, in the range
[0,1], which corresponds to probability values above/below 0.5, respectively (394). A
probability above 0.5 is reserved for a disordered residue. The disorder probability for
each residue of the G protein (1 — 602 amio acids) is plotted in Figure 6.1. Although
residues in the regions 194 — 198 and 392 — 398, in the RBD (residue 177 — 602) are
predicted as disordered, we know from x-ray crystallography that it is the six-bladed [3-
propeller C-terminal region (90). The residues in the range 1 — 100 form the N-terminal

cytoplasmic tail and the transmembrane helix. Since we aim to model the FAD, we
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focus on the disorder probability of the region between residues 101 — 176,

corresponding to the FAD.

1

0.75

0.25

Disorder Probability
o
(&)

0 86 172 258 344 430 516 602

Residue Number
Figure 6.1 The disorder probability prediction for each residue. The residues with
probability higher than 0.5, marked by the black dashed line are predicted as
disordered.

The peak seen between residues 139 — 144 (NENVND), can be attributed to the
presence of a cluster of polar residues, which is known to result in disorder (298, 395,
396). However six residues are too few to establish disorder. Reports on sequence
alignment of the G to other paramyxoviruses show the presence of a similar cluster of
polar residues, which is part of the protein sequence that connect the RBD and FAD
(160, 397). Any specific contribution of this region towards the functionality of G has not
been reported (398-400).

6.2 Overall strategy

FAD of two other paramyxoviruses, namely the HN proteins of NDV and PIV5

have been crystallographically resolved (91, 92). Both of them consist of a parallel

tetrameric a-helical coiled coil structure commonly referred to as four-helix bundle (4HB)

shown in Figure 6.2 (91, 92, 146). As mentioned earlier in Chapters 1 and 2, there is no
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structural information on the FAD of the G protein, however the secondary structure
prediction and sequence alignments to existing proteins indicate that the FAD of G has

similar a-helical structure (74, 166).

(@) NDV (b) PIV5
Figure 6.2 Tetrameric architecture of the viruses belonging to the Paramyxoviridea
family (a) NDV and (b) PIV5. Each monomeric unit is shown in a different color. Due to
the high symmetry in the structure only two helices of the 4HB are distinctly visible.

Although the sequence identity of the G protein with the HN of NDV and PIV5 is very
low, precisely 17.78% and 20.30% respectively (Figure 6.3) (272), we know from
several experimental reports that the G is a tetramer with the FAD forming the 4HB
similar to the structure of the HN of NDV and PIV5 (shown in Figure 6.2). It is to be
noted that the length of FAD in the G protein is significantly longer, approximately 40
amino acids, than the other HN proteins. The difference in length especially in the
regions between residues 100-183 are visible as gaps, in the aligned sequence shown
in Figure 6.3. These extra regions lead to certain unique structural features in the G
protein, which are unseen in other paramyxoviruses, which is discussed in details in the

later sections.
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Figure 6.3 Aligned sequences of the G proteins of NiV (UniProt Q9IH62) and HN
proteins of PIV5 (UniProt P04850) and NDV (UniProt P12554).
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Our overall strategy involves constructing the constituent regions of FAD and
using the information on RBD-RBD interfaces in bound/apo states from Chapter 5 we
will compile the full-length ectodomain by mapping onto a low resolution cryo-EM
surface density. This is an established technique used to construct a full length protein
by compiling the existing three dimensional structural information of its different
constituting domains (401-405), discussed later.

6.3 Molecular modeling approach

Based on the sequence, structural similarity to other paramyxovirus host binding
proteins and data available from experiments done on the FAD of G protein, one can
identify three distinct regions and model their structures. Our aim is construct the
separate regions and then piece them together to obtain the final full length FAD. We
will assemble these regions to obtain a final model of the FAD, and eventually construct
the ectodomain (using a method discussed in section 6.3). Reports of sequence
alignment of the region between residue 101 — 145 with other paramyxoviruses, most
importantly PIV5 and NDV indicate the presence of 4 helical bundle (160). There are
three cysteine residues in FAD between the region 146-162, which are known from
mutagenesis experiments to be crucial for the maintenance of the dimer-of-dimer
architecture of the G protein by forming disulphide bonds (160). The last 14 amino
acids, residues 163-176 are known to be unique to the Henipavirus (160) and are rich in
prolines, which forms the linker between the FAD and RBD. Based on the above
information, we divide the FAD into three regions, (i) residues 101-145 constitute the
helical bundle region, (ii) the disulphide-bridged region consist of residues 146-162 and

(iii) the proline-rich linker region defined by residues 163-176. We present an elaborate
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discussion in the following sections on how the experimental results help us to obtain an
understanding of the possible structures of these individual regions, thereby, aiding in

making an appropriate choice of regions specific modeling tools.

Helical Bundle Disulphide-bridged Proline-rich linker

\ \
4
/ \ \
Vi \ \
/ \ \ \

101 IGTEIGPKVS LIDTSSTITI PANIGLLGSK ISQSTASINE NVNEKCKFTL PPLKIHECNI SCPNPLPFRE YRPQTE 176
Figure 6.4 Sequence of the FAD highlighting the residues forming the basis for dividing
the FAD into three separate regions. The hydrophobic repeat in the helical bundle
region is highlighted in blue, the cysteine residues are shown in red in the disulphide—
bridged region and the proline residues are indicated in green in the proline-rich linker
region.

-

Modeling a protein is possible by using a myriad of tools available for academic
use. As discussed in Chapter 3, the use of the tool depends upon the user's
requirements, desired end product, amount of experimental information available on the
query protein, and also on the opportunity to refine/validate the model by predicting
experimental mutations. In this section we specifically focus on modeling the three
regions mention above and discuss our approach and the rationale behind our
decisions to model each region.

6.3.1 Homology modeling of helical bundle region
In the early 1950s it was postulated that there is a range of possible sequence

periodicities in the regular packing of the helices that can favor the o-helical

configurations with the number of residues per turn, such as 4/1 (4 residues over a
single turn), 7/2 (7 residues over 2 turn), 11/3, 15/4, and 18/5, which are often

referred to as tetrad, heptad, hendecad and so on (406, 407). These repeats play a
crucial role in the determination of the packing interactions in the helices to form the

coiled coil structures. Several of these coiled coil structures are known to contain
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discontinuities in a periodically recurring pattern (408-412), suggestive of a structural
model with local changes that can possibly impact the protein functionalities. The
discontinuity can be of different forms, for example a four heptads plus a skipped
residue making a total of 29 residues of a local segment that is repeated throughout the
protein (408, 409), or four heptads followed by a skipped residues that shifts the heptad
repeat pattern in the ensuing three heptads, which is seen in the hemagglutinin
glycoprotein of the influenza virus or the HA protein (411). This disruption in the repeat
pattern is known to affect the pitch profile, which is the rate of winding of the a-helices
around each other in the coiled coil structure and is also a key determinant of both
intramolecular and intermolecular interactions (413). Such interruptions in the repeat

pattern can initiate or terminate the super-helical twists, thereby altering the pitch of the

. Hydrophobic residues

coiled coil structure.

D Hydrophillic residues
Figure 6.5 The general arrangement of hydrophobic residues in 4 helical bundle
conformation shown using a schematic of the top view. The hydrophobic residues,
shown in blue reside on the inside, away from the solvent while the hydrophilic residues
(yellow) prefer to interact with the solvent.

A four-helix-bundle or the 4HB topological arrangement is attained by proteins

when the interfaces between the helices consist mostly of hydrophobic residues such
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that the polar side chains are exposed on the surface interacting with the solvent
environment, as shown in the schematic in Figure 6.5. Often the 4HB form coiled coils,
which are bundles of a-helices that are wound into super-helical structures. (406) They
can run in the same directions called parallel or in opposite directions termed
antiparallel (414). It is the a-helices packing interactions (Figure 6.6) of the residues at
the hydrophobic core that contribute to the nature of the final coiled coil structure, which
can also be interpreted from the sequence of the hydrophobic residue repeats within
each individual helix (406, 415). Depending on the repeat motif mentioned earlier, the
hydrophobic residues can be arranged in the sequence such that every first and fourth
residue is hydrophobic in a heptad, or every first, fourth and eighth residue of the
hendecad forms the core and so on (414). The possible arrangements that can lead to
specific interactions are shown in Figure 6.6. As shown, these residues at the core of
the helical bundle can in general be classified into parallel, perpendicular or acute
interactions depending on the orientation of the side chain of the residues in an
individual helix with respect to the adjacent helices (415). These interactions are
primarily dominated by the first and fourth residues of the repeating motifs, which form
the a-layer and the d-layer respectively in the hydrophobic core of the helix. The specific
arrangements and orientations of the side chains result from the various non-covalent
interactions at the core that give the structure its stability. The nature of the a-layer and
d-layer, whether continuous or discontinuous can manifest into columnar helical bundles
or twisted super helices respectively.

The sequences of the 4HB regions of the FAD of the paramyxoviruses show a

predominant existence of the heptad or hendecad repeat pattern (146, 160). In the
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heptad repeat every first and fourth residue is hydrophobic, thereby allowing the two
turns over seven residues to form the helix, while in the case of the hendecad, every
first, fourth and eighth residue is hydrophobic leading to the three turns of a helix over
eleven residues (406). Thus identifying the appropriate motif occurring in the FAD of G
is essential in selecting the template to be used during homology modeling and is

crucial for the proper prediction of the FAD region of the G protein.
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Figure 6.6 The packing interactions at the core of the helical bundles between the
hydrophobic residues highlighting the different interactions of the side chains indicated
as blue ball and sticks.

The template for modeling the sequence can be searched by using the various
sequence comparison tools such as BLAST (270, 271) based solely on sequence
similarity. A BLAST analysis of the sequence of the FAD returned a total of eighteen
proteins with sequence identity more than 30%, of which sixteen belonged to the same

genus (Henipavirus), however none of these proteins have an experimentally resolved

three dimensional structure in the database (416). Although, there are no three
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dimensional structures with high sequence identity, we can utilize the FAD structures of
other viruses belonging to the Paramyxoviridae family as the basis to template the
structure of FAD of G. Once we identify the appropriate template, we can perform
homology modeling, which is a sequence and three dimensional structured template
based technique (273).

Here we discuss our basis for choosing an appropriate template prior to
homology modelling the FAD of G, by performing a comparative study of sequences
(Figure 6.3) and structures (Figure 6.4) of HN of PIV5 and NDV. Although the sequence
identity of the G protein of NiV as a whole to the HN of NDV and PIVS is as low as
17.78% and 20.30% respectively, it belongs to the same family of the virus; moreover
multiple experiments indicate similar conformations of the proteins and also the

conserved core mechanism of their functionalities (10, 59, 61-64, 76, 88).
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Figure 6.7 Sequence of FAD of NiV G aligned to HN of NDV and PIV5. The 4HB
heptad repeats of PIV5 are labeled a and d in grey, followed by the transition point
highlighted in red and the hendecad repeat labeled a, d and h in black. Only the repeats
common in NiV are highlighted in blue.

The isoleucine, proline, and two serines are conserved in the sequences of NiV
G, NDV HN and PIV5 HN, (indicated by stars at the bottom row in the sequence
alignment profile in Figure 6.7) however, a difference emerges when the hydrophobic
repeats are compared (417). The hydrophobic repeats for PIV5 are labeled in the top
row, while only those common to the NiV are highlighted with blue boxes in the figure.

The repeats of several paramyxoviruses are known to be shifted — the motif changes
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from a heptad repeat to a hendecad. The transition point between heptad and hendecad
is highlighted in red in Figure 6.7 (160). The first and fourth residue of the heptad repeat
are labeled on the top row as a and d respectively in grey, signifying its contribution in
forming the a-layer and the d-layer. After the transition point the first, fourth and eighth
residues are depicted as a, d and h respectively. The PIV5 HN has a serine at this
transition point which gives the 4HB a kink to initiate a slight super-helical twist (146),
while in case of the NDV HN, this transition point is occupied by a valine, which being
hydrophobic in nature renders the 4HB conformation to form a continuous and
uninterrupted coiled coil structure (92). To visualize the impact this subtle detail in the
sequence can have on the tertiary structure, we show the 4HB conformation of PIV5 in

Figure 6.8.
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Figure 6.8 The x-ray crystallographic structure of host binding protein of PIV5 4 helical
bundle FAD. The hydrophobic residues forming the a-layer and the d-layers of the

motifs at the core are shown in blue. The serine at the transition point between heptad
and hendecad repeat is highlighted in red.
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Unlike the NDV HN, the NiV G protein has a serine at the transition point.
Moreover the repeat pattern of heptad disrupted by the serine and followed by
hendecad repeat is similar to that of PIV5. Hence, we decide to use PIV5 as our
template for homology modeling.

The four helices of the PIVS structure are not identical (91, 92, 146, 160); they
have minute differences between each other as illustrated in Figure 6.9. The RMSDs
are calculated (shown in figure) for all three helices with respect to one helix. To retain

the uniqueness of each of the helices one should model them separately.

RMSD
0.8 A
1.8 A
1.1 A

Figure 6.9 Root mean squared deviation (RMSD) of the three helices shown in colors
blue, pink and green with respect to the yellow helix.

Based on the method discussed in section 3.2.1, we first aligned the sequences
of PIV5 HN and NiV G as shown in Figure 6.7 using CLUSTAL OMEGA (272). We
homology modeled the four helices by generating several structures using MODELLER
version 9.15 (273, 274). The obtained structures must be assessed to rank them and
identify the native structure. Since the native structure of a protein is generally the
lowest free energy of all states, one can argue that the assessment of the final structure

can be done by evaluating the free energy surface of a protein derived by thorough
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sampling of the potential energy surface. However, since the potential energy surface is
defined by molecular mechanics force fields, certain errors may originate from the
approximations in the force fields (105, 418). To minimize such errors, an alternate
method can be used which involves a scoring function whose global minimum
corresponds to the native structure from multiple sampled structures of different
sequences available in the database (419-425). The DOPE score, is the outcome of the
default scoring function in MODELLER (273-275). It is a statistical potential specifically
optimized to evaluate the homology modeled structure and is an acronym for Discrete
Optimized Protein Energy. Here, the reference state explicitly depends on the sizes of
the native structures, which are used to derive the statistical potential and this method
claims to improve the results leading to increased accuracy of protein structure
assessment (418). The score is so defined that the structure with the lowest value is the
one closest to the native form. Hence, we identify the DOPE scores of the helices, and
then construct the final model based on the structural alignment of the helix with the
lowest DOPE score. This is done by aligning the Ca atoms of the hydrophobic core
highlighted in Figure 6.7 of the NiV G onto the Ca atoms of the PIV5 HN 4HB structure.
We proceed by identifying a suitable approach to obtain the final model. In the
first approach, which we call the multiple sequence alignment approach, the structural
information from all four helices are utilized to generate 2000 structures. From these
modeled structures, one helix is identified corresponding to the lowest DOPE score.
Then, we superimpose it onto the four helices of the template structure. This results in a

symmetrical 4HB region as shown in Figure 6.10. However, the model obtained by this
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approach is not ideal since it does not preserve the naturally occurring difference

between the helices noticed in the 4HB of PIV5 (depicted in Figure 6.9).

Figure 6.10 The homology model obtained by the multiple sequence alignment
approach, such that a single helix is generated from the structural information of all four
helices and superimposed, which generates this perfectly symmetrical structure. The
hydrophobic core residues are colored in blue and the serine in red.

In our second approach, called individual alignment approach, each sequence is
aligned to the 4HB region of G so that the structural alignment of each helix is
individually retained. We generate 500 structures of each helix totaling to 2000
structures. The lowest score structure is then selected from the four clusters containing
the 500 structures of separate helices and templated to construct the final 4HB of G as
shown in Figure 6.11. The residues forming the hydrophobic core are highlighted to
emphasize the retention of the innate packing information of PIV5 HN (shown in Figure

6.8). Therefore, this approach provides us a reliable structure of the final model of the

4HB region of FAD.
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Figure 6.11 The structure obtained from homology modeling using structural
information of each of the helices separately. The hydrophobic residues forming the
core are colored in blue and the serine is depicted in red.

6.3.2. Ab initio structure prediction of disulphide-bridged region

As shown in the sequence alignment in Figure 6.3 there are a total of seventeen
cysteine residues of which fourteen are in the RBD and are essential for the six bladed
B-propeller forming seven disulphide bonds (86). The remaining three cysteine residues
C146, C158, and C162 lie in the FAD as shown in the Figure 6.12.

To study the functional role of these cysteine residues, their involvement in
intermolecular disulfide bond formation and their contribution to the oligomeric structure
of G, the individual cysteine residues were mutated to serine experimentally (160).
Results from Western blotting and SDS-PAGE indicate that cysteine residues 158
and/or 162 maybe involved in intermolecular disulfide bond formation. It was
undetermined whether both of these cysteine residues formed disulfide bonds or if due
to the proximity of these residues to each other, a mutation in one residue affected the

ability of the other to form a disulfide bond (160). These mutants were reported as

fusion defective after studying its effect on F activation, that was verified by an analysis
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of syncytia or multinucleated giant cell formations (160). Thus, the effect of the
mutations on fusion provides conclusive evidence that these disulphide bonds are
essential to maintain the oligomeric structure of G. Based on the above results; a
possible arrangement of the disulphide bonds was estimated as illustrated in Figure
6.12. Since, we do not have any known structure that can be used as a template to
model this region, we cannot use homology modeling as a tool here. In this regard, we
resort to ab initio methods and apply the experimentally obtained constraints in the

disulphide bond region to perform predictive modeling.

4 RBDs
::....._:’.: . .'.'.-..:'.‘.-. . c 1 6 2
C158
........... C 1 4 6

A B

S ,D, S C -

Figure 6.12 C158 and C162 form double inter-subunit disulfide bonds (dotted lines) and
the dimer-of-dimer structure is formed by the inter-subunit disulfide bond formation
through C146 (dotted line). The cylindrical barrels depict the RBD. The monomers are
labeled as A, B, C and D, to indicate the constraints implemented in the simulation
(Adapted with permission from (160). Copyright 2012 American Society for
Microbiology).

Based on the method discussed in section 3.2.2 we used the fold and dock
module of ROSETTA, that allows ab initio prediction method, symmetric protein
assembly and inclusion of constraints (293). The fold and dock module is a combination
of the symmetric assembly protocol and the ROSETTA ab initio structure prediction
protocol, where the internal degrees of freedom of a monomer, and rigid body degrees

of freedom between monomers that are symmetric are simultaneously sampled (290,
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292, 293, 426). It works efficiently for the prediction of structures of intertwined
symmetric assemblies (427-429). The implementation of the symmetric assembly
protocol allows predicting the structure of a symmetrical protein assembly based on the
structure of a single subunit, and the constraints incorporated between the subunits.
Hence, the applicability of this module suits the scenario in this region, where the single
subunits are the monomers (A, B, C, or D), and the inter-monomer constraint is
determined by the nature of disulphide bonds (see Figure 6.12).

First, fragment libraries of three and nine residue lengths are generated using the
target sequence, by matching them with various structures available in the PDB
database. We use the Robetta server that provides an automated tool to create PDB
based fragment libraries for all the overlapping fragments of three and nine residues
(426). As seen in Figure 6.4, there are seventeen residues (C146 —C162) in the
disulphide-bridged region. Prior to starting the ab initio calculations, we select the target
sequence such that it contains the entire disulphide bridge region and ten residues
(A136 — K145) from the 4HB region. By including the residues from the 4HB region, and
then performing the ab initio calculations, we essentially add another constraint that
allows us to filter out and eliminate the structures (among thousands of possible
structures generated by using ROSETTA) in which the helicity within the residues A136
— K145 are not maintained. Inclusion of these residues also allows us to connect the
two constituting FAD fragments together.

We generated 10000 structures, which were then grouped following an energy
clustering procedure using the cluster application in ROSETTA, (described in chapter 3)

yielding 15 distinct clusters. We find, that more than 50% of the total number of
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structures falls into two clusters, indicating that the final structure may belong to one of
the two. In Figure 6.13, we show the specific structures corresponding to the minimum

energy in these two clusters.

Cluster 1

/ "\‘_) J \& s d
Cluster 2

Figure 6.13 The two clusters with the lowest energies obtained after clustering the
10000 structures. The N-terminal of cluster 2 retains the helices in the 4HB region,
highlighted in yellow.
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Visualization of the two structures from the respective clusters show that while
cluster 1 appears to develop a bulge in the middle where the individual monomers bend
outwards, in the case of cluster 2, it maintains a more columnar, cylindrical conformity.
In cluster 1, we find that the individual helices which are a continuation of the 4HB
region seem to point outward, hinting an inconsistency in the structure in comparison
with the final model of 4HB obtained from homology modeling (Figure 6.11). Therefore,
it can be safely concluded that the conformation represented in cluster 2 is better
related to the final model of the 4HB region, i.e. the structure of the residues of the 4HB
region shown (yellow) in Figure 6.13 conforms in a manner to maintain continuity with
the 4HB region (Figure 6.11), and hence is more favorable.

6.3.3 Structure prediction of proline-rich linker region using accelerated
conformation sampling

In general, the proline rich region is found in certain proteins and is known to play
a crucial role in assembly and regulation of intracellular signaling (430-433). This region
is not present in the paramyxovirus family except in the Henipavirus genus, and is
known to connect the RBD and the FAD (160). As shown in Figure 6.14, there exists a
gap in the alignment profile when the sequences of G are aligned to Morbillivirus H
proteins using the conserved PP-XX-I/V motif, confirming that the proline-rich region is
unique to G. In this region, out of the fourteen residues (P163 — E176), four of them are
prolines.

The structure of a proline residue contains a nitrogen atom, which is covalently
bound within a five-membered ring, an unusual structure where the side chain is

cyclized back onto the backbone amide position (434, 435). This restricts the residue’s
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backbone conformational motion. In addition, the presence of N-CH; group restricts the
motions of the residue preceding the proline. This -CHz group prevents it from being a
hydrogen bond donor. Together these restrictions make proline a ‘helix and B-sheet
breaker’, giving the simplified view that proline disrupts secondary structure by inhibiting
the backbone to conform to a-helix or [(B-sheet conformation. Another alternate
interpretation is, proline overrides other forms of secondary structure to conform to its

own kind of secondary structure (433-435).

Henipavirus | Niv ====CKFTL{d4LK H-ECNISCINIL FREYRBQTEGVSNLVGLPNNI
P —HeV ====CKFTLZ4LKHH-ECNISCENELBFREYRBISQGVSDLVGLPNQI
MeV FRDLTWCINZHERMKLDYDQYC-=========~ ADVAAEELMNALVNS

illivi Ccbv FRDLHWCINEESTUKVNFTNYC-=========~ ESIGIRKAIASAANP
Morbilivirus PPV FRDLRWCMNLHER\UKINFDQFC-=========~ EYKAAVKSIEHIFES
_RPV FRDINWCIN[HHERHMKIDYDQYC-=========~ AHTAAEDLITMLVNS

Figure 6.14 Alignment of G proteins of Henipavirus to H proteins of Morbillivirus to
emphasize the uniqueness of the proline-rich region. The gap shown using dashed line
when the sequences of G are aligned to Morbillivirus H proteins using the conserved
PP-XX-I/V motif highlighted in red with white lettering (Adapted with permission from
(160). Copyright 2012 American Society for Microbiology).

In the case of proteins containing the proline-rich region, the sequences are
known to have specific motifs corresponding to their functional roles (434, 435). In this
regard, there exists no sequence match between the motif of G and any other protein
containing a proline-rich region. Due to this, we cannot template the proline-rich region
of G to that of another protein, thereby preventing us from the use of any template
based structure prediction technique. Therefore, for the purpose of our work, we are
interested to identify if there is a preferred distance between the RBD and FAD. This
can be done by estimating the end-to-end distance of the proline rich region in its

preferred conformation, which can be obtained my monitoring its evolution in the free

energy space.
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Figure 6.15 (a) Time evolution of Gaussian heights, and (b) shows the corresponding
free energy surface as a function of CV (distance), calculated at different intervals of the
simulations.

We apply well-tempered accelerated conformational sampling technique (section
3.1.3) to explore the various preferred energy orientations of the proline rich linker
region (436). It is a method that facilitates sampling by the introduction of an additional
bias potential or force that acts on a set of selected number of degrees of freedom
referred to as CVs. A history dependent bias potential is deposited as a function of the
CVs in the form of Gaussians. Our CV is the distance between centers—of-masses of

the C—terminal and N—terminal of this fragment. The structure corresponding to the

minimum energy can be identified as that with the preferred conformation.
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Figure 6.16 Representative preferred conformations obtained from accelerated MD
simulations of sequence containing 14 residues.

The 14 residues in the proline-rich linker region of G are such that the end
residues constitute of a non-polar proline at the N-termnal and a polar glutamic acid at
the C-terminal. We simulate the sequence containing the 14 residues by setting the
lower bound for the CV at 0.5 nm. The end-to-end distance of the residues of the N—
termini and C—termini provides the preferred conformation of the linker to connect the
RBD to FAD. Hence, an end-to-end distance of < 0.5 nm is not feasible to
accommodate the RBD and FAD. To identify the preferred conformation we calculate
the free energy at different intervals as the simulation progresses. The simulation was
continued until convergence was achieved which is evident from the time evolution of
Gaussian heights (Figure 6.15a). The convergence is indicated by the diminishing
nature of Gaussian heights. Figure 6.16b shows the free energy surface as a function of
the end—to—end distance of the proline rich linker region. In Figure 6.15b, the free
energy surface does not show a distinct minimum value for distance between 0.5 nm —
4 nm. In Figure 6.16, we show two representative conformations of the proline rich
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linker region when the end-to—end distance is 0.5 nm and 4.5 nm. Thus there is no
preferred end-to-end distance, which means that the proline rich region serves simply
as a flexible linker. Or perhaps its structure depends on interactions with the FAD and
RBD, which will be examined when combining these structures using cryo-EM.
6.4 Mapping molecular model onto cryo-electron microscopy protein surface
Cryo-EM is a form of transmission electron microscopy, where biological samples
are cooled down to cryogenic temperatures (Liq. N2), in order to minimize thermal
fluctuations. The cryogenic environment is essential to obtain an electron density map
of the molecules with reduced uncertainty in their positions. Additionally, one can
achieve atomic-resolution of complex, dynamic molecular assemblies, by integrating
cryo-EM density maps to the different modalities for structure determination, such as X-

ray crystallography and nuclear magnetic resonance spectroscopy.
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Figure 6.17 a. Electron density map of the CA tube of HIV-1 capsid. b. MDFF model of
the HIV-1 capsid assembly, superimposed with the electron density map. Three CA
hexamers, with N-terminal domains shown in blue and C-terminal domain in orange
(Adapted with permission from (405). Copyright 2013 Nature Publishing Group).
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Figure 6.17a is shown as an example of a typical cryo-EM density map obtained
for CA tube of HIV-1 capsid (437). Such cryo-EM maps can be subjected to methods
such as rigid-fragment fitting (438-440), as implemented in DireX (441), Flex-EM (442)
applications, or flexible fitting as done in Rosetta (443) and FRODA (444) to refine the
structural information. These methods use Ilow-frequency normal modes
(445) deformable elastic networks (441) and cross correlation (446) or least squares
difference between experimental and simulated maps (447) to drive the structure into
the cryo-EM density. Other methods use Molecular Dynamics Flexible Fitting (401, 402,
448) (MDFF) where molecular dynamics (MD) is performed to match structures
obtained from crystallography and electron microscopy data. Numerous structures have
been successfully resolved using MDFF, including ribosomes some(403, 449-451),
photosynthetic proteins (452, 453), chaperonins (454), myosin (455), etc. Figure 6.17b
shows an atomic model for the entire assembly of CA hexameric protein of HIV-1 capsid
(456), obtained using MDFF. In this case, Zhao et. al. built the linker and missing loops
using homology modeling, and then the atomic structures of the N-terminal domain and
the C-terminal domain were docked into the electron density, which was followed by
applying MDFF to get the final structure (405).

The discussion above highlights the reliability, utility and advantage of generating
the structure of a macromolecule by mapping its molecular model onto the protein
surface obtained from cryo-EM microscopy. Therefore, we identify this technique as a
prospective route to obtain the complete structure of the G protein at a molecular level,

which can be conveniently achieved by acquiring the cryo-EM density map from our
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collaborators. This presents the opportunity for future research to gain a comprehensive
understanding of the complete structure and allosteric signaling in G.
6.5 Summary

The FAD contains the F-activation site, which is the destination of the allosteric
signal that is initiated at the receptor binding site leading to the stimulation of the G
protein which makes it intriguing, since one can use the start and end points to map the
allosteric signaling pathways. Therefore, in order to understand how the signal from the
RBD is transmitted through the RBD-FAD interface, one needs to identify the interface
which requisites knowledge of the structure of the FAD.

We model the FAD by breaking it down into three regions. We use the protein
disorder prediction tool, to identify any residues forming structural disorder. We note
that G is structured, which allows us to use structure prediction tools to model the
regions in FAD.

The 4HB region is modeled using homology modeling, which required us to
identify an appropriate template. For this, we compare the 4HB regions of the HN of
PIV5 and NDV paramyxoviruses, and infer that HN of PIV5 is a suitable template owing
to its similarity in the hydrophobic repeat to that of the G protein. We performed
homology modeling using two approaches, namely, the multiple sequence alignment
approach and the individual alignment approach. We find, in case of the individual
alignment approach, the innate packing information of HN of PIVS is retained.
Therefore, this approach provides us a reliable structure of the final model of the 4HB

region of FAD.
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Experiments show, that the disulphide bonds in the FAD are essential to maintain
the oligomeric structure of G. There exists no known structure that can be used as a
template to model the disulphide-bridged region, hence, we cannot use homology
modelling as a tool. In this regard, we resort to ab initio methods and apply the
experimentally obtained constraints in the disulphide bond region to perform predictive
modelling. Prior to starting the ab initio calculations, we select the target sequence such
that it contains the entire disulphide bridge region and ten residues (A136 — K145) from
the 4HB region. By including the residues from the 4HB region, and then performing the
ab initio calculations, we essentially add another constraint that allows us to filter out
and eliminate the structures in which the helicity within the residues A136 — K145 are
not maintained. The predicted structures are grouped following an energy clustering
procedure, which resulted in 15 distinct clusters, of which 2 contained more than 50% of
the generated structures. We then identify one as the most favorable based on the
criteria of the constraints applied.

In the proline rich linker region, out of the 14 residues (P163 — E176), four of
them are prolines. There exists no sequence match between the motif of G and any
other protein containing a proline rich linker region. Hence, we cannot template the
proline rich linker region of G to that of another protein, which prevents us from the use
of any template based structure prediction technique. Therefore, we focus on identifying
the length of the proline rich linker region, to estimate the distance between the RBD
and FAD. We proceed by estimating the end-to-end distance of the proline rich linker
region in its preferred conformation, which can be obtained my monitoring its evolution

in the free energy space. We apply well-tempered accelerated conformational sampling
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technique to explore the various preferred energy orientations of the proline rich linker
region. We find that the location of the minimum energy is not distinct, meaning the
distance between the two ends of the proline rich linker does not have any preferred

conformation.
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CHAPTER 7
CONCLUSION AND FUTURE DIRECTIONS

This work demonstrates the applicability of molecular dynamics to identify and
characterize the details underlying dynamic allosteric stimulation of the host binding
protein of NiV, paving the way for its application to the study of other paramyxoviruses.
The research presented in this dissertation provides a new approach to model a protein
structure, and study the allosteric mechanism involved.

Figure 7.1 summarizes the findings obtained while studying the allosteric
stimulation of the host binding protein of NiV. We find, that interstitial water behave a lot
like interfacial waters and its explicit description is important for modeling signal
inception. Our study of two receptors (ephrin B2/ B3) with dissimilar sequences (< 50%
sequence similarity), indicate a quantitative difference in the dynamics of interstitial
water, but the trends in the shifts with respect to the values of bulk water are found to be
similar. Despite the high wetness of the protein-protein interfaces, the dynamics of
interstitial water is considerably slower compared to the bulk.

We find that ephrin binding induces a large change in RBD-RBD interfacial
orientation, which is reversible. Ephrin induces this reorientation by disfavoring certain
contacts and also preferentially favoring other inter-RBD contacts. The residues con-
stituting the RBD-RBD interface do not exhibit any specific preference toward residue

chemistry or polarity, and almost all of these residues undergo some form of
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conformational ensemble shift, whether it is a change in side-chain orientation or
change in fluctuation or change in backbone center-of-mass. None of the residues,

however, undergo any large change in intrinsic structure.
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Figure 7.1 Timeline representation of progress of research. The x-ray
crystallographically resolved receptor binding domain in the apo (blue) and bound (red)
states together with the proposed dimer-of-dimer architecture (schematic shown)
formed the starting point. In 2014, the crucial role of interfacial water in the inception
and propagation of allosteric signal was established. In 2015, a new model was
proposed wherein extensive inter-domain rearrangements triggered by minor structural
changes in the individual domains. In 2016, the constituent regions of the F-activation
domain were modeled.

Essentially, ephrin induces large inter-RBD reorientations through only minor changes
in individual RBDs. Visualizing the ephrin-induced inter-RBD rearrangement in the
context of the position of FAD, we find that the interfacial rearrangement is such that it
will enhance the solvent-exposure of the FAD. This finding essentially supports a
proposed model of fusion regulation of the NiV where stimulation of G by ephrin
exposes FAD, which in turn, allows G to activate F. To gain further insight, we also

simulate the effect of ephrin binding on the RBD-RBD interface of a stimulation-deficient
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mutant. We find that while the mutation does affect interfacial arrangement in the ephrin
bound state; the ephrin induced interfacial rearrangement is still such that it will
enhance the solvent-exposure of the FAD. We therefore, conclude that while ephrin
induced solvent exposure of FAD may be important to G stimulation; it by itself is not a
sufficient condition.

We model the constituent regions of the fusion protein activation domain involved
allosteric pathway in the full length ectodomain of the host binding protein, using
structural prediction tools by implementing a bottom—up approach. We use a
combination of homology modeling, ab initio structure prediction and accelerated
conformational sampling techniques to model the three regions. The full length G
protein structure can be constructed in order to extensively study the allosteric
mechanism induced by receptor binding. This can be done by mapping the developed
molecular model onto cryo-EM data of the protein surface as discussed in Section 6.3.
The outcome of this research prompts intriguing questions that need to be addressed:
(i) What is the molecular detail of the allosteric pathway in the full length ectodomain?
(i) Can we identify this allosteric communication pathway to identify specific residues as
targets to design allosteric drugs? The answers to these questions hold promise
towards advancement in the treatment of infections by NiV and other paramyxoviruses.

In general, from our analysis of interstitial water at the G-B2 and G-B3 interface,
we see that the interstitial water molecules exchange with the bulk water, and also have
lower diffusion coefficients suggesting their sluggish behavior due to the formation of
hydrogen bonds with the proteins. But, is this dynamic behavior of interstitial water

independent of the protein system to which they belong? To verify this, we simulated
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and carried out similar analyses of the interstitial water molecules in two different
complexes, namely, the BLIPII-TEM1 and BLIPII-TEM22. We justify the choice of
these two complexes and provide preliminary data in Appendix A. A more detailed
analytical approach is necessary, which can be addressed by performing simulations on
other complexes. How do the following influence the dynamics of interstitial water: (i)
topology of the protein—protein interface, (ii) volume of the protein—protein interface, (iii)
physicochemical nature of the protein—protein interface, and (iv) size of constituting
proteins? Future work in this direction will help us to gain knowledge about the global
behavior of interstitial water, if any, which may be instrumental in developing specific
solvent models to define interstitial water.

Do the water molecules on the protein-water interface at the protein surface play
any role in allosteric signaling? We establish that interfacial water at the protein-protein
interface plays a crucial role in the inception and propagation of the allosteric signal.
Explicit description of solvent at the interstitial region is essential for the proper inception
of the allosteric signal at the receptor binding site of the host binding protein. Building on
this, we use explicit solvent and identify the receptor induced allosteric stimulation of the
dimeric receptor binding domain. We find that extensive inter-domain rearrangements
are triggered by minor structural changes in individual domains. Based on our analysis,
we make testable forward predictions concerning the specific mechanism of allosteric
signaling. We also find that mutations in dynamically stimulated proteins can induce
non-local changes that extend to the entire protein.

In addition, what remain undetermined are the specific relationships between the

conformational ensemble shifts of topologically distant allosteric sites. Identifying such
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causal links between distant sites remains an area of active research in the field of
protein allostery, and such relationships are relatively unknown even for several well-
studied proteins like GPCRs and PDZ domains. This is essentially a N-body correlation
problem, but the correlation that needs to be studied is not in conformational
fluctuations, but in their ensemble shifts. It is to be noted that analytical tools to perform
such calculations are being developed in our lab, which will help to identify such causal

links between distant sites.
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APPENDIX A
STUDY OF WATER DYNAMICS AT TEM-BLIP(Il) INTERFACES

The choice of the protein complexes for this study was done based on the
following criteria; (i) the system must have comparable number of interstitial water
molecules as seen in the crystal structure of the G protein, and (ii) the nature of
interactions at the protein-protein interfaces must be different from that of the G-ephrin
complexes. By doing so, we eliminate any bias in the outcome of the analysis that may
be develop from the type of interactions. In this regard, the BLIPIl complexes were
found be suitable candidates to study the parameters like diffusion coefficient and
residence time. The BLIPII-TEM1 complex has a large number of water molecules
resolved at the protein-protein interface as evident from the crystal structure and hence
belong to the same bin as G-B2 (shown in Figure 4.2). Also, the BLIPII-TEM1 complex
has a smaller binding interface area of 2187 A? compared to the G-B2 complex (457). In
accordance with the second criteria, the type of interaction at the interface is known to
be different in the BLIPII complexes. In case of the G complexes the ephrin binds via an
induced fit mechanism with the G-H loop pushing into the cavity at the center of the [3-
propeller structure of G (90). In contrast, the BLIPII, also a B—propeller structure
interacts with the TEMs by blocking their catalytic site with the hot spot residues
arranged in congruence with the O-ring model on its binding surface (457). We also
chose a natural mutant of TEM1 that contains the mutations at the binding interface,

which will most likely alter its chemistry.
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MD simulations were carried out using the same parameters as discussed in
Chapter 3. For the analyses, we applied the same scheme used in the G complexes to
define the interstitial water as discussed in section 4.2.1. The interstitial region (Figure
A1) can be identified by the inflection point at 10 A similar to that observed in the case
of the G complexes. Hence, the interstitial region is defined as a cylinder of diameter 20
A and height determined by the average distances between the geometric centers of
the BLIPIl and the TEMs. The heights of the cylinders were calculated to be 34.4 + 0.3

A and 33.4 + 0.3 A for the BLIPII-TEM1 and BLIPII-TEM22 complexes respectively.

)
<
305
— BLIPI-TEM?
— BLIPI-TEM22
0 10 20 30 40
r(A)

Figure A1 Water distribution in the interstitial regions of the BLIPIl complexes.
Normalized density of water (p/p,) as a function of the perpendicular distance from the
axes joining the geometric centers of TEM and BLIPII.

The average number of water molecules occupying the interstitial region of
BLIPII-TEM1 and BLIPII-TEMZ22 is found to be 71.8 + 3.5 and 69.4 + 5.9 respectively.
The values are comparable to the number of water molecules present at the interstitial
region of G complexes. The diffusion coefficient values were calculated to be 0.71 +

0.08 x 10 for BLIPII-TEM1 and 0.49 + 0.04 x 10°m%s for BLIPII-TEM22 which are of

the same order as that found for the G-ephrins. This implies that the residence time and
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number of hydrogen bonds per water molecules should also be same as those
calculated for G complexes. As expected a residence time t; = 1.3 ps (shown in Figure
A2) is calculated in 92% of the water molecules is, and the remaining fraction of water
molecules have longer residence times of (1, = 54.6 ps. Consistently, a similar
distribution of the fast and slow exchanging water molecules in the interstitial region of

the BLIPII-TEM22 complex is calculated, yielding, A = 93%, 7; = 1.3 ps and 7, = 71.1

ps.
1 —
------- BLIPII-TEM1
"""" BLIPII-TEM22
E 0.5 ]
o \
o e
001 01 10 oo
T (ns)

Figure A2 Residence time correlation of the water molecules, R(z), occupying the
interstitial regions in the BLIPII-TEM1 and BLIPII-TEM22 protein complexes.

Therefore, based on the results obtained from the BLIPII complexes, we can
safely conclude that the qualitative nature of the dynamics of water at protein-protein
interfaces is similar to that seen in the G-ephrins. Thus, we find that the qualitative
dynamical behaviour of interstitial water is indeed independent of the protein system,

however, further research in this direction is needed.
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