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Abstract

Part I: Measles virus entry into cells and the inhibition of fusion
and replication

Part II: The nature of cyclostreptin’s interaction with
microtubules

By Andrew James Prussia

In recent years, resurgence in measles virus infections has occurred in the
developed world due to decreased vaccination coverage. To counter this virus and related
viruses in the paramyxovirus family, two key functions of the viral lifecycle have been
targeted: fusion of the viral and cellular membranes, mediated by viral attachment and
fusion glycoproteins; and the replication of the viral genome, mediated by the viral RNA-
dependent RNA polymerase complex (RdRp). Using a structural model of the measles
virus fusion protein, a series of fusion inhibitors were developed, yielding a compound
with 600-3000 nM activity depending on the viral strain. Viral resistance to these
inhibitors was demonstrated by mutations that were located on the fusion protein but at
positions distal to the predicted binding site. Through models of both the prefusion and
postfusion conformations of the fusion protein, a structural proposal consistent with the
experimental fusion activities was developed for both the mechanism of action and the
occurrence of resistance. Use of these models also facilitated the prediction of a fusion
protein containing an engineered disulfide bond that inhibits fusion by stabilization of the
prefusion form, but also has restored fusion activity in reducing conditions. Additionally,
a model for the interaction of the fusion and attachment proteins was proposed based on
available structural information and secondary structure predictions that is fully
consistent with experimental results. Finally, a quantitative structure activity relationship
was developed for the newly discovered, potent inhibitors of measles virus RARp.

Cyclostreptin is a recently discovered natural product with cytotoxic activity
caused by microtubule stabilization. It is the only known microtubule-stabilizing agent
(MSA) which covalently binds to tubulin, but also exhibits the fast binding kinetics seen
for other MSAs. Buey et al. found that Thr220, in the type I microtubule pore, is labeled
by cyclostreptin, leading the authors to propose Thr220 resides at the previously
predicted low-affinity site. Using structural considerations of the microtubule pore and
tubulin dimer, an alternative explanation is proposed viewing the microtubule pore as a
structural entity that presents a kinetic barrier to ligand passage to the known taxane
binding site.
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Chapter 1: Viruses and their entry into cells

Viruses represent a unique class of organism which cannot exist without more
advanced forms of life. They take advantage of the cellular machinery to accomplish a
singular goal: replication. Although viruses utilize different shapes, hosts, proteins, and
mechanisms in this goal, successful viruses persist only because they continue to
replicate. Because of this exploitation of cells, viruses, like their namesakes in computer
science, can afford to be simple, inefficient, and imprecise. They must only strike a
balance between virulence and infectivity: if they kill the infected organism before
spreading to other hosts, the virus's extinction will result.

For viruses enveloped in a lipid bi-layer, a key step in the viral life-cycle is the
fusion of the viral and cellular membranes, allowing the viral genetic material to enter the
cell and begin to utilize the cell’s resources.”? Although fusion of two membranes is
thermodynamically favorable, a ~ 40-50 kcal/mol barrier must be overcome for fusion to
occur.®>* Enveloped viruses overcome this barrier with the free energy released by
conformational changes in their fusion proteins. These fusion proteins are membrane-
bound, have large ectodomains, and fold into a metastable state. They are activated for
fusion by proteolysis of either in the fusion protein itself or another viral surface protein.
While their molecular architecture varies across the families of viruses, the core
mechanisms for catalyzing fusion are remarkably similar. These mechanisms require
lowering the transition state energies at multiple steps to enable fusion. Viral fusion
proteins accomplish this by coupling the barriers between steps in membrane fusion to
stabilizing conformational changes in the protein. The process does not require ATP and

is irreversible.®



The existence of viral fusion proteins in metastable states would not serve the
virus well if the conformational change occurred without a nearby cellular membrane to
target. Viruses thus have triggering mechanisms which allow them to sense the presence
of a nearby target membrane either through the low pH environment of the endosome or
through cellular surface proteins.! In some viruses, the triggering mechanism is a function
of the fusion protein itself; other viruses are thought to use additional viral proteins to
sense target membranes and transmit that information to the fusion protein.°

The fusion process is illustrated in Figure 1-1 for viruses which use an additional
protein for the triggering mechanism. Prior to fusion, multiple spikes from fusion
(yellow) and attachment (green) proteins decorate the viral envelope (bottom
membrane).! Both proteins are attached to the viral envelope through helical
transmembrane domains (shown as gray for the fusion protein). The fusion proteins’
conformational changes are initiated in this example by a receptor on the cell surface
(represented by X). Binding to this receptor by the viral attachment protein triggers the
fusion proteins to begin their conformational changes. In this example, a hydrophobic
fusion peptide (FP, shown as black) inserts into the target cellular membrane, in the
process forming a three helix coiled coil composed of heptad repeat region HRA (shown
as red cylinders). This movement is followed by the positioning of another heptad repeat
region, HRB (shown as blue cylinders), which is connected to the viral membrane, into
the complimentary grooves of the HRA coiled coil, and forming an extremely stable six
helix bundle. Doing so forces the viral and cellular membrane in proximity, destabilizing
their structure and causing membrane merger and ultimately pore formation. As indicated

by the far right panel, multiple fusion proteins are required for this process; 4-6 fusion



proteins are considered necessary for each pore formation. Also shown in this figure are
exogenous HRA and HRB peptides which can act as inhibitors to the fusion process by
preventing the formation of the six helix bundle. Although this basic outline for the
fusion process remains the same, different viruses vary this theme by incorporating
fusion triggering in the fusion protein itself, using structural elements other than helices
to stabilize the postfusion structure, using fusion loops instead of peptides, and varying

the oligomerization state.

6HB

—p

)+ HRA
” peptide

I

Figure 1-1: Model of the viral fusion process, adapted from Russel et al.’
1.1 Classes of viral fusion proteins

Common features seen in all viral fusion proteins are a large ectodomain, a single
transmembrane domain and a cytoplasmic tail.? Viral fusion proteins have traditionally
been classified as class 1, 2 and 3 according to structural criteria. Important differences
within classes and similarities between classes have since emerged causing some to
question its current applicability." Nonetheless, the nomenclature is retained here due for
its simplicity and pedagogic value, anticipating that the community may reassess these
classes in the future.
1.1.1 Class 1 fusion

Class 1 fusion proteins represent the largest segment of known fusion proteins in
the viral families. These proteins are synthesized as three identical polypeptide chains

which assemble into trimers. (Recent reviews are available by Harrison,! Weissenhorn et



al.® Lamb et al.,>® Earp et al., and Colman et al.*

) The uncleaved precursor is in an
inactive form and undergoes subsequent cleavage by a host cell protease or viral protein
to create the metastable form. The proteolytic step allows the protein to circumvent the
problem of initially folding a protein into a conformation that is in a metastable state
instead of the more stable, postfusion state: prior to cleavage, the energetic difference
between these two states must be much lower, allowing folding to the prefusion state.
(Initial folding and premature folding to the postfusion state are also likely, though these

proteins will not assist in fusion.™" *?

) The resulting two subunits remain associated
through only non-covalent interactions in some viruses; in other viruses the subunits are
additionally linked through disulfide bonds. The cleavage occurs at a specific site on the
protein, N-terminal to a hydrophobic stretch of residues referred to as the fusion peptide.
It is these 20-25 residues that will insert into the target cell’s membrane. Another unique
structural feature of class 1 fusion is the formation of six-helix bundles (6HB) in the
postfusion conformation of the protein. These 6HBs are formed from heptad repeat (HR)
sequences within the fusion protein with each subunit contributing an inner helix and an
outer helix. The resulting structures are characterized by their stability: they form
spontaneously with expressed peptides and exhibit melting points near 100 °C.>? In all
class 1 fusion proteins, these HR regions are sequentially located near the transmembrane

anchors for the viral and target membranes (Figure 1-2). Thus, formation of the 6HB is

thought to be closely coordinated with the merger of the membranes.
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Figure 1-2: Schematic examples of class 1 fusion proteins. All fusion proteins in this class are
synthesized as polypeptides which assemble into inactivated trimers. Activation occurs through
cellular proteolysis at sites N-terminal to the hydrophobic fusion peptide (F-pep). The cleaved
proteins are thus generated in a metastable state primed for fusion because the F-pep is released
for possible interaction with the target membrane, although it is also possible for the uncleaved
protein to spontaneously refold to a postfusion form.™* Heptad repeat (HR) regions adjacent to the
fusion peptides (HR-A) and transmembrane domains (HR-B) are distant from each other in the
prefusion form of the proteins, but form closely associated, stable 6HBs postfusion. The formation

of these 6HBs is thought to be coordinated with merger of the viral and cellular membranes.



While the basic outline of class 1 fusion proteins are similar, there is little
sequence homology between virus families, and the structures of the fusion proteins vary
considerably.® (Figure 1-3) This probably reflects the diverse stimuli needed for fusion
activation in each virus family. For example, influenza hemagglutinin has the ability to
detect and respond to the low pH environment of the endosome. Paramyxovirinae
(excepting Human Metapneumovirus, which fuses at low pH*®) can fuse at the neutral pH
of extracellular space but rely on another viral surface glycoprotein to bind to cellular
receptors and trigger the fusion protein (excepting Respiratory Syncytial Virus, which
can fuse without the aid of its partner glycoprotein, G'*). HIV also has both cellular
receptor binding and fusion activity in its envelope protein, yet can fuse at neutral pH.

For class 1 fusion proteins, prefusion and postfusion structures are known for only
two families of viruses, orthomyxoviridae and paramyxoviridae (Figure 1-3). The well-
known orthomyxovirus, influenza, was the first to have structures determined. In a
landmark study published in 1981, John Skehel and Don Wiley revealed the structure of
the prefusion form of the hemagluttinin protein (HA)." The postfusion form was finally
determined in 1994'° and the uncleaved precursor in 1998.1" These structures revealed
the large conformational changes occurring during fusion. Prior to fusion, the HAl
fragment resides at the top of the protein and surrounds the HA2 fragment. At this point,
the fusion peptides are safely packed between helices of the HA2 subunits. HA1
surrounds HA2 and contains the sialic acid-binding domain, allowing the virus to attach
itself on cellular glycoproteins or glycolipids with this sugar exposed until endocytosis
occurs. Within the low pH environment of the endosome, HA is activated for fusion. The

specific residues involved in this activation are unclear; mutagenesis shows that there is a



level of redundancy to this pH-regulated process as loss of one residue site may not
change the protein’s fitness or pH dependence. Once activation occurs, HA1 separates
from HA2 and remains connected only through a disulfide bond located near the viral
membrane. This separation releases the fusion peptides and allows them to target the
cellular membrane. Nearby the fusion peptide, the HR-A residues sequentially unravel
from their previous secondary structure and move to the top of the protein, greatly
extending HA2’s central three-helix bundle. This three-helix bundle forms the grooves
with which the HR-B residues will closely associate. HR-B, which is sequentially close
to the transmembrane domain, also unravels from its previous secondary structure and
zips up the inner three-helix bundle with outer helices and an extended coil. This zipping
up of the structure forces the membranes into proximity and to ultimately merge. While it
appears in Figure 1-3 that the postfusion protein has been moved up, this is because the
bottom of the central three-helix bundle is unraveled and moved to form the outer helix.
Residues 76-105, making up the center of the three-helix bundle, change very little from
prefusion to postfusion structure.

Both prefusion and postfusion structures for paramyxoviruses were determined
recently. The first atomic level structure was solved in 2003 by manipulating the
Newcastle Disease Virus (NDV).*® At the time it was not clear whether the NDV fusion
protein (NDV F) was crystallized in its prefusion or postfusion state, although some
evidence pointed toward the post fusion form. Although the protein had been purified as
an uncleaved precursor, proteolysis had occurred and large portions of the protein were
not resolved, particularly the fusion peptide and HR-B regions. The NDV F structure was

later revealed as postfusion by comparison to the X-ray structure for the uncleaved



ectodomain of human parainfluenza virus 3 fusion protein (hPIV3 F), which had
crystallized with a 6HB.*! The same collaboration which determined the hPIV3 F
structure, Theodore Jardetzky and Robert Lamb, later determined the uncleaved prefusion
structure of parainfluenza virus 5 fusion protein (P1V5 F).!® Through comparison of
hPIV3 F and PIV5 F, even larger conformational changes than influenza’s HA are
revealed. Prior to fusion, the HR-B domain forms a three-helix bundle with itself and is
attached to the viral membrane through the sequentially nearby TM domain. The fusion
peptide resides in the globular head, at the interface between the DI and DIl domains
maintained in both structures and the DIl domain which undergoes substantial changes.
The protein is activated for fusion through the assistance of another viral surface
glycoprotein which binds to cellular receptors (named hemagglutinin (H), hemagglutinin-
neuraminidase (HN), or simply glycoprotein (G), depending on the viral genus) and starts
the conformational changes in the fusion protein through a mechanism which is still
unclear. What is more clear are the conformational changes that must occur in the fusion
cascade: the fusion peptide and adjacent HR-A domain unravel from their positions on
the globular head and move upward, inserting the fusion peptide into the target
membrane. In doing so, the HR-A domains form the central three-helix bundle (3HB) of
the post-fusion structure. Concurrently, the 3HB formed by the HR-B domains in the
prefusion structure dissociates and disconnects from the globular head, also moving the
top of the protein and ultimately forming a 6HB with the HR-A domains. While moving
to the top of the protein, the HR-B domains remain connected to the viral membrane

through adjacent TM domains, thus forcing the cellular membrane attached by the fusion
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peptides to the HR-A domain into proximity of the viral envelope and finally causing

merger of the membranes.
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Figure 1-3 (previous page): Structural examples of class 1 fusion proteins. The prefusion forms
are shown on the left and the postfusion forms on the right. (A) Influenza hemagglutinin (PDB
codes 1HGE? and 1QUI** for prefusion and postfusion structures, respectively), shown with HA1
colored green and HA2 colored magenta, cyan, and orange by subunit. The fusion peptide (Fpep)
is colored black. The transmembrane (TM) domain is not resolved in the structure but its position
is shown with red lines. The structures are aligned by HA2 residues 76-105, which form part of
the central three-helix bundle which is retained in both conformations. During fusion, HA1
separates from HA2 and the HA2 subunit rearranges to form a six-helix bundle and coiled-coil
interaction. Although not shown in the structure, HA1 remains attached to the HA2 through a
disulfide bonds (not shown) between residues 134 and 14 on HA1 and HA2, respectively. (B)
Paramyxovirus fusion protein (PDB codes 2B9B™ and 1zTM*™ for prefusion and postfusion
structures, respectively), colored by subunit. The Fpep and TM domain are also colored black
and red, respectively. Portions of the protein that are unresolved are drawn as black and red
lines. The structures are aligned by the DI and DIl domains (~154 residues), which are
structurally conserved in both structures. During fusion, the fusion peptide and adjacent HR-A
domains move upward, forming a long, central three-helix bundle (3HB) into which the HR-B

helices will insert. PyMol version 0.98% was used to prepare this figure.
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Class 2 viral fusion proteins, as seen in members of the flavivirus and alphavirus
families, use a much different strategy for penetrating cellular membranes." % ®® These
viruses have two envelope proteins, referred to as prM and E for flaviviruses and pE2 and
E1 for alphaviruses (Figure 1-4). The E/E1 protein contains the fusion activities; the
prM/PE2 protein functions as a chaperone in the folding of E/E1, preventing misfolding
to the post-fusion conformation. After these proteins are assembled together in the
endoplasmic reticulum, furin cleaves off a portion of the ectodomain of the prM/pE2
protein, priming the E/E1 protein for low pH-induced fusion. This is in contrast to class 1
fusion proteins, which are activated for fusion by cleavage on the fusion protein directly.
After this cleavage, the PE2 protein remains associated to E1 in alphaviruses as a
heterodimer and is now named E2. The E2/E1 heterodimer is transported to the plasma
membrane for subsequent viral budding where E2 provides receptor binding activity and
E1 the fusion activity. Flaviviruses, on the other hand, bud in the endoplasmic reticulum
as immature virions with 60 trimers of prM/E. At this stage, the prM protein covers the E
protein much like the E2 does E1 in alphaviruses. As the immature virion is transported
in the exocytic pathway, cleavage of the prM protein removes most of its ectodomain,
leaving only 40 residues. The loss of inter-protein contacts causes the E protein to
reorganize as 90 E-E homodimers on the flavivirus surface. Mature flaviviruses thus have
smooth, spikeless surfaces, with their E-E homodimers providing both receptor binding
and fusion activities, lying parallel to the membrane in a manner reminiscent of a bear
trap. Mature alphaviruses, by contrast, have spikes on their viral surfaces from the E2

portion of the heterodimer that provide the receptor binding activity.
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Figure 1-4: Schematic examples of class 2 fusion proteins. Fusion proteins in this class are
synthesized with another viral envelope protein which functions as a chaperone, enabling folding
to the prefusion, metastable state. The DI and DIIl domains are beta-barrel motifs which form
stable 6-domain bundles reminiscent of the 6HB of class 1 fusion proteins. Like HR-A and HR-B,
these DI and DIll domains are loosely associated with each other prefusion, but form tight
interactions postfusion. Prior to fusion, the proteins are arranged in dimers on the viral surface,
but after activation through the low pH of the endosome, the proteins assemble into trimers,

formed by intersubunit interactions of the DIl domains.
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The prefusion and postfusion X-ray crystal structures for both virus families
reveal that class 2 fusion proteins use similar concepts in fusion, but completely different
structural elements (Figure 1-5).22 Instead of a fusion peptide, both E and E1 proteins
contain a hydrophobic fusion loop of ~17 residues which buries into the target cellular
membrane. Prior to fusion, the fusion loop is concealed at the interface of the E-E
homodimers in flaviviruses and the E2/E1 interface in alphaviruses. The fusion loop is in
the DIl domain of the protein, which consists of a long, extended beta-sheet. The DIl
domain is connected to two tight beta-barrel domains named DI and DIII. The stem
domain connects the DI domain to the transmembrane domain. In a manner reminiscent
of HR-A and HR-B, these DI and DIII domains are loosely associated with each other
prefusion, but form tight interactions postfusion. In another key divergence from class 1
fusion, class 2 proteins utilize a change in oligomeric state when activated for fusion. In
response to the acidic environment of the endosome, the fusion proteins go from E-E
homodimers and E2/E1 heterodimers to E and E1 trimers formed by interactions of the
DIl domains. In doing so, the fusion loops are exposed and bury themselves into the
target membrane. At this point, the viral and cellular membranes are tied together, but not
yet fused. Fusion is accomplished by moving the DI domain in a position in which it
stably interacts with the DIl domain, carrying with it the stem and transmembrane
domain. The stem then forms stable interactions with the DIl domain and forces the viral

membranes in proximity and ultimately promotes fusion.
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Figure 1-5 (previous page): Structural examples of class 2 fusion proteins: flavivirus E protein (A,
PDB codes 1URZ?® and 1SVB? for prefusion and postfusion structures, respectively), and
alphavirus E1 protein (B, PDB codes 1RER® and 2ALA?' for prefusion and postfusion structures,
respectively). A single monomer of the prefusion dimer is shown on the left. The post fusion
trimer is shown on the right with one monomer colored and the others gray. Their domains are
colored as in Figure 1-4. The transmembrane (TM) and stem domains are mostly unresolved in
the structures and are drawn as black and green lines, respectively. During fusion, the prefusion
dimer separates and assembles into trimers that point the fusion loops outward. The fusion loops
bury into the membrane, connecting both the viral and target membranes. The DIll domains then
move into grooves formed by the DI domains in the trimer. In the process, they carry the stem
and transmembrane domains and force the viral and target membranes in proximity. The stem
domain then zips up the DIl domain forming stable interactions and causing membrane merger.
Structurally, flavivirus and alphavirus fusion proteins are much more alike than influenza and
paramyxovirus fusion proteins, although they differ in the prefusion state by receptor binding
activities and by ut ilizing different partners in forming the dimer. Flavivirus E protein (A) forms
homo-dimers and retains both receptor and fusion activities, while the alphavirus E1 protein forms
a heterodimer with its folding partner, E2, which provides for receptor binding. PyMol version

0.98%% was used to prepare this figure.
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Class 3 viral fusion proteins represent the most recently discovered mechanism of
viral fusion, observed in rhabdoviruses such as vesicular stomatitis virus and the more
familiar rabies virus.?® Class 3 fusion is a dichotomy in many ways from other types of
viral fusion: the fusion protein, referred to as G, exhibits reversibility between its neutral
pH prefusion form and its low pH postfusion form. Instead of a single highly
hydrophobic fusion peptide or loop, the fusion protein uses two amphipathic loops which
do not associate with membranes as tightly as Class 1 or 2 fusion peptides or loops.
Consistent with the pH reversibility, the G protein does not undergo a cleavage step to
become a metastable prefusion form. In fact, this pH dependent equilibrium between
different states is a necessary consequence because the G protein is transported through
the acidic compartments of the trans-Golgi apparatus, yet it can recover its prefusion
state at the viral surface. Even with these differences, the protein still functions as a
homo-trimer with an ectodomain of ~500 residues for each subunit. It also undergoes
large conformational changes reminiscent of paramyxovirus fusion.

Prefusion® and postfusion® forms have been determined for the vesicular
stomatitis virus, revealing these large conformational changes. The protein contains four
domains: a beta-sheet rich lateral domain (domain 1), a central trimerization domain
(domain 1), a pleckstrin homology domain (domain I11, a phosphatidylinositol lipid
binding domain), and the fusion domain (domain 1V) (Figure 1-6). The fusion loops
form part of domain 1V, while the transmembrane domain is connected to the C-terminal
end of domain Il11. Prior to fusion, the protein takes the shape of a tripod. Its fusions

loops are exposed, but pointing toward the viral membrane. After the G protein binds to a
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cellular receptor and the virus is endocytosed by the cell, the low pH environment of the
endosome triggers the conformational changes. The specific cellular receptor is still
unknown, but is thought to be phosphatidylserine for vesicular stomatitis virus. For rabies
virus, several receptors have been proposed such as gangliosides and the nicotininc
acetylcholine receptor. The conformational changes occurring during fusion do not
change the tertiary structure of domains I, Il and 1V, but rather rearrange their relative
orientations because of changes in the hinge regions between domain 1V and domain I1I.
The central trimerization domain (domain I1) on the other hand does experience a major
refolding from an extension of a helix by four turns. During fusion, domain IV swings to
the top of the protein, forming contacts with the other DIV domains in the trimer and
pointing the fusion loops into the target membrane. In the process, domain 1V forms
closer interactions with domain | and the central helix of domain I11 is extended. The
conformational changes are complete when domain Il, connected to the transmembrane
domain, moves to form a six-helix bundle with the central helix of domain I11. Doing so
brings the transmembrane domain, inserted into the viral envelope, and the fusion loops,
connected to the target membrane, into proximity and causes subsequent membrane

merger.
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Figure 1-6 (previous page): Schematic (A) and structural (B) examples of class 3 fusion proteins.
The protein is colored by domains in (A) and by the same color scheme in (B) except the other
two monomers of the trimer are gray. In (B), the prefusion form (PDB code 2J6J29) is shown on
the left; the postfusion form (PDB code ZCMZ3°) is shown on the right. Unlike Classes 1 and 2,
fusion proteins in this class do not require a cleavage step in the fusion protein itself or partnering
viral glycoproteins. Also uniquely, their conformational changes are reversible and they use two
fusion loops that are part of the long beta-sheet DIV domain to enable fusion competence. DIII
contains a central helix which forms a six-helix bundle in the postfusion form with a portion of DII.
The major hinge joint is located between DI and DIV, enabling the protein to swing the fusion
loops to the target membrane during fusion. Once the DIV domain is swung up, the DIl domain
can then move into position, carrying with it the transmembrane domain and forming a six-helix

bundle with the central helix. PyMol version 0.98%% was used to prepare this figure.

As a key step in the viral lifecycle, fusion has been a desired target of inhibition.
An appropriate inhibitor needs to selectively bind a fusion protein at some step in the
fusion pathway and prevent the merger of the two membranes by blocking the
conformational changes necessary for fusion. Some neutralizing antibodies use this
method to block viral infection.® Conceptually, this could occur in two ways: stabilization
of the prefusion form of the protein, preventing the fusion conformational changes from
ever beginning, or secondly, blocking a conformational step in the middle of the fusion
by stabilizing some intermediate structure. In practice, most fusion inhibitors function by
the second mechanism and are biologics such as peptides, but recent efforts have also
been made to discover small molecules that can block fusion with varying degrees of

SUCCesS.
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Even at a time when little structural information was known for class 1 fusion
viruses, researchers discovered the anti-fusion activity of HR-A- and HR-B derived
peptides from the HIV fusion protein (Figure 1-7).2% 3% These peptides were
synthesized in part because of their highly helical predicted secondary structure in HIV
gp41 and the assumption that they may play a role in stabilizing the postfusion form of
the protein. Fortuitously, these peptides are potent inhibitors of HIV fusion, the HR-B
based peptide being more potent than the HR-A-based peptide. The HR-A-based peptide
was also observed to form coiled-coils in solution, while the HR-B based peptide was
largely unstructured in solution. These findings were corroborated when the postfusion
X-ray crystal structure of gp41 was determined, showing that HR-A and HR-B domains
formed a tightly interacting six-helix bundle. The HR-A domains form the inner three
helices; the HR-B domains form the outer three helices; thus explaining the secondary
structure of the independent peptides in solution and mechanism of inhibition. The
peptides compete with the protein’s own heptad repeat domains during the
conformational changes in fusion: the HR-B based peptide targets the inner three-helix
bundle formed by HR-A, while the HR-A-based peptide forms bundles in solution that
bind the protein’s HR-B domains.The activity of the HR-B derived peptide was exploited
by researchers at Trimeris and Roche to develop a new drug for HIV infection,
enfuvirtide (known as T20 or by its trade name Fuzeon). Enfuvirtide is a linear 36 amino
acid peptide based on the HR-B domain of gp41 (Figure 1-7). The drug won accelerated
FDA approval in 2003 and normal approval in 2004. While effective in combination with

other HIV drugs, enfuvirtide suffers from the administration and production problems



23

associated with a large peptide. Due to its lack of shelf stability, the drug must be
reconstituted by the patient with sterile water and then injected subcutaneously. Almost
all patients develop local injection site reactions in response to the drug.>* Because the
drug is synthesized through a time consuming, multi-step solid and solution phase
peptide synthesis, production cost is high, resulting in treatment cost per patient of ~ US
$20,000 a year.*® For these reasons, enfuvirtide is mainly used as a salvage treatment in
patients who have developed multi-drug resistance to other HIV inhibitors.*

There has been some progress in finding small molecules that function as fusion
inhibitors of HIV. By high throughput screening of compounds that compete with the
outer HR-B peptide in the six-helix bundle of gp41, Harrison and colleagues discovered
four inhibitors, the best of which inhibits HIV with a half maximal inhibitory
concentration (ICsg) of 5 uM (Figure 1-8).*" Thus, these small molecules are able to
block the formation of a protein-protein interface which previously required a larger
peptide. Small molecules have also been discovered that can bind gp120 in its pre-fusion
conformation, stabilizing that conformation and raising the barrier to the initial steps of
fusion (Figure 1-8).% The site for these molecules is probably a pocket in gp120 that
closes up when gp120 binds the CD4 receptor, given the change in gp120 structure
before and after binding to CD4.% The best molecule in this class is quite potent with a
median I1Cso of 12 nM against a panel of 11 HIV strains. These results seem to illustrate
that it is easier to achieve high potency with a molecule that targets the pre-fusion form of
the protein rather than a molecule that targets a short-lived intermediate in the fusion

cascade.
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Figure 1-7: Structure of the HIV fusion inhibitor enfuvirtide. The first viral fusion inhibitor,

enfuvirtide demonstrated the effectiveness of using an HR-B derived peptide to block formation of

the six-helix bundle during the conformational changes occurring in the fusion cascade.
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Figure 1-8: Small molecule HIV fusion inhibitors. (A) Molecules which block formation of the six-
helix bundle of gp41, preventing fusion using a similar mechanism as enfuvirtide. (B) A molecule

which binds to the prefusion form of gp120, preventing receptor binding induced conformational

changes.
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As in HIV inhibition, HR-B derived peptides for hemagglutinin function as fusion
inhibitors, but are less effective than enfuvirtide in HIV.* This probably reflects the
shorter six-helix bundle seen in the post-fusion HA (Figure 1-3). The post-fusion form of
the protein is likely stabilized by longer, more diffuse interaction between the helices of
the six-helix bundle and the interactions of the extended loop with the inner three-helix
bundle.

Small molecules have also been discovered which function as fusion inhibitors of
influenza HA. In an early example of structure-based design, researchers at UCSF
computationally predicted binding sites on HA which would prevent exposure of the
fusion peptide and then computationally screened a compound library at the most
promising binding site.** The best 48 molecules were experimentally tested, yielding
several leads with 1Csq’s of 1 to 20 uM, the most promising of which was tert-butyl
hydroquinone (Figure 1-9). By preventing exposure of the fusion peptide, these
molecules were proposed to function by increasing the stability of the prefusion state,
raising the energy barrier to fusion. Later, the group followed this study with further
docking at sites in influenza HA and discovered a compound, diiodofluorescein, that acts
as an inducer rather than an inhibitor of the fusion conformational changes.*?
Diiodofluorescein caused irreversible inhibition of infectivity without covalent binding
because once the protein has undergone the irreversible conformational changes, it can no
longer assist membrane merger. Structural information on the nature of tert-butyl
hydroquinone binding was realized in 2008 by X-ray crystallography, showing that tert-

butyl hydroquinone binds HA in a slightly different position than predicted by
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modeling.** ** The compound is not located adjacent to the fusion peptide, but rather in-
between two helices that form the extended HR-A helix in the postfusion structure
(Figure 1-9). To form this extended helix, the outer helix in the prefusion form must
disengage from the inner helix. The rather simple hydrophobic tert-butyl hydroguinone
stabilizes these interactions enough to function as a low micromolar inhibitor.
Interestingly, the binding site for tert-butyl hydroquinone is blocked in strains of the virus
which contain Group 1 HAs. These viruses are not inhibited by the compound. The lack
of binding site in these viruses results in resistance to the compound.*

Another panel of fusion inhibitors against influenza HA was discovered by
researchers at Bristol-Myers-Squibb. The lead compound, BMY-27709 (Figure 1-9), was
initially discovered through screening against influenza in a multicycle growth assay and
had an ICso of 3-8 uM against H1 and H2 subtypes of influenza.*”® These subtypes
encompass both Group 1 and Group 2 influenza HAs, so it is unlikely that these
compounds target the same binding site as tert-butyl hydroquinone. Indeed, a
photoaffinity labeling study identified cross-linking residues near the location of the
fusion peptides.*® Sequence analyses of drug-resistant viruses also mapped amino acid
changes responsible for resistance to this site.*” Subsequent structure-activity studies of
the BMY-27709 yielded compounds with sub-micromolar activity in cell protection

assays, but the compounds were not active against the H3 subtype of influenza.*®
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Figure 1-9: Small molecule inhibitors of influenza fusion. On the left, the X-ray crystal structure of
tert-butyl hydroquinone (TBHQ) complexed with the prefusion form of hemagglutinin. TBHQ
(shown as red spheres) stabilizes the prefusion conformation through hydrophobic interactions
between the inner and outer helices of HR-A. The predicted BMY-27709 binding site based on
resistance-conferring mutations and photoaffinity labeling is shown as a black ovals. On the right,
the structures of influenza inhibitors are shown. Diiodofluorescein inhibits the virus by acting as

an inducer of premature fusion conformational changes instead of stabilizing the prefusion form.
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Respiratory Syncytial Virus (RSV), in the pneumovirinae subfamily of
paramyxoviruses, has also been targeted by fusion inhibitors. As in other class 1 fusion
viruses, HR-B based peptides function as inhibitors, competing the fusion protein’s own
HR-B domain in th-e formation of the six-helix bundle. Extensive research has also been
performed in the pursuit of small molecule inhibitors of fusion by groups at Bristol-
Myers-Squibb,*°® Johnson & Johnson,””*® and ViroPharma.®®®? (Figure 1-10) The
mechanism of action of all these panels of compounds have been determined as fusion
inhibition acting on the fusion protein and not cellular or viral receptors. Photoaffinity
labeling studies with an analog of the BMS compound resulted in labeling of residues in
the HR-A domain.® Thus, the compound was perceived to act as an inhibitor of six-helix
bundle formation. The J&J compound showed a resistance profile similar to the BMS
compound, namely, mutations in the HR-B domain that interact with the HR-A site, and
therefore assumed to be binding at the same site. The VViroPharma compound is also
assumed to be binding at the same site based on competition assays with the J&J
compound and a tritiated analog of the VP compound. These compounds are all
nanomolar inhibitors of RSV, a surprising feat if the compounds indeed block protein-
protein interactions in a transient intermediate structure. An alternative explanation to the
assumed mode of action might be that the compound acts on the prefusion form of the

RSV fusion protein.
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Figure 1-10: Inhibitors of RSV fusion. All three compounds have been shown to target the fusion
protein and encounter similar resistance profiles. A photoaffinity analog of BMS-433771 was

shown to bind the HR-A domain. The tritiated version of VP-14637 has been shown to compete

with JINJ-2408068.



30

The measles virus, a member of the paramyxovirus family, remains among the
most lethal human pathogens and accounts for approximately 200,000 deaths annually
despite the existence of an effective vaccine.** Many of these deaths are due to low
vaccination rates in the developing world, but there have been increased incidents of
outbreaks in the developed world because of decreased vaccination compliance.®®
Parental concern with the vaccine’s safety, though widely regarded as unfounded, has
lead to immunity levels dropping below the ~ 95% level required to prevent local
outbreaks® and has resulted in the highest case numbers in over a decade in several
European countries in 2008.°"*° The high level of immunity is required because measles
virus is one of the most infections viruses identified, with reproductive number, Ry, of
12-18.%® Thus, in a population with no immunity, an average of 12-18 secondary cases
will result from a typical single infection. For comparison, the reproductive numbers for
the smallpox virus and the SARS coronavirus are only 5-7 and 2-3, respectively.®

An important contributor to the virulence of measles virus is its effective
machinery for cellular entry at neutral pH. Like other paramyxovirinae, measles
accomplishes fusion by the cooperative action of two transmembrane envelope
glycoproteins, the hemagglutinin and fusion proteins.> & 1% 1% 7073 Hemagglutinin
recognizes the cell surface receptor, CD46 or SLAM/CD150W, depending on virus

strain,"* "

and triggers the fusion protein in its metastable, prefusion state to undergo
large-scale conformational changes, ultimately concluding in a stable postfusion
conformation and membrane merger. The virus’s effectiveness at fusion is exemplified

by the cell to cell fusion that occurs both in vitro and in vivo, resulting in the cytopathic
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hallmark of multinucleated giant cells.”* Cell to cell fusion is thought to allow the virus
an alternative strategy for virus propagation as opposed to budding new virions, possibly
minimizing exposing to the immune system’s neutralizing antibodies.

Measles virus is thus an attractive model system for study, not only to gain
mechanistic insight into viral entry, but also to discover inhibitors of entry which could
yield drugs reducing worldwide human morbidity and mortality. Combining current
prophylactic (vaccination) with new therapeutic (antivirals) approaches could allow
better management of currently encountered measles virus outbreaks. Conceivable areas
of immediate use include improved case management of acute and persistent disease,
rapid control of local outbreaks before vaccines and trained personnel are available or in
cases of declined vaccination, and protection of the immunocompromised and infants
prior to vaccination. The past several years have seen a rapid evolution in the general
understanding of viral entry and its inhibition. Research described in this thesis also
evolved with and contributed to this understanding. While pioneering work on influenza
and HIV provided a groundwork to understanding the process of fusion and inhibition in
paramyxoviruses, important distinctions were found in paramyxoviruses in general and

measles virus in particular.
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Chapter 2: Early model of the measles virus fusion

protein and the discovery of fusion inhibitors

Portions of this chapter are based on “Structural features of paramyxovirus F protein
required for fusion initiation,”” published in the journal Biochemistry in 2003" and “A
target site for template-based design of measles virus entry inhibitors,” published in the
Proceedings of the National Academy of Sciences of the USA in 2004.”®

Interest in modeling the structure of the measles virus fusion protein (MeV F) was
realized by the discovery that fusion proteins from the Edmonston and wild-type strains
confer distinct cytopathic effects and strengths of interaction with its hemagglutinin
protein through a single residue difference at position 94.” Through sequence
comparison with the known structure of Newcastle Disease Virus fusion protein (NDV
F), it was predicted that this residue resides on a heptad repeat domain distinct from HR-
A and HR-B, the HR-C domain.
2.1 Model based on Newcastle Disease Virus fusion protein

To gain insight into the structural importance of the residue at position 94, a
homology model was developed for MeV F using the X-ray crystallography structure for
NDV F by Drs. Ami Lakdawala and Kim Gernert.”® At that time, the only available
structures for paramyxovirus fusion proteins were the NDV F structure™® and protein
fragments for RSV'® and SV5”° consisting of the stable 6HB. NDV is a member of a
separate genus of paraymyxovirinae from MeV, the avulaviruses (Figure 2-1). Because
NDV is not closely related to MeV, the fusion proteins share only 27% amino acid

identity and 48% similarity. However, all the cysteine residues within the fusion protein
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ectodomain are conserved, suggesting the same framework of intramolecular disulfide
bridges and an overall similar protein fold.

Using the NDV F based homology model of MeV F, the residue at position 94
(amino acid valine for the Edmonston strain, which was used to build the model) was
localized to the helical HR-C domain of F; (Figure 2-2). The residue was predicted to be
facing toward the center of the F trimer. With a Connolly surface applied to the model,
Val94 was predicted to form the bottom of a hydrophobic pocket composed of
hydrophobic residues Pro224, 11e225, Leu256, Leu257, and 11e269 with hydrophilic
residues Arg268 and Thr270 forming the upper rim of one side of the cavity. To ascertain
if the MeV F model predicted this microdomain correctly, the corresponding
microdomain of NDV F was exchanged in an MeV F chimera containing amino acids 86-
100 of NDV F; instead of the normal MeV F, amino acids. When coexpressed in cells
with MeV hemagglutinin (MeV H), the MeV F chimera was highly fusogenic. The
construct demonstrated fusion activity at least as efficient as that of unchanged
Edmonston when incorporated into the MeV genome, suggesting that these HR-C regions
are functionally interchangeable between NDV F and MeV F and lending credence to the
accuracy of the model.

Mutational analysis of the microdomain through single, double, and multiple
mutations showed that the microdomain can accommodate variations, but the general
nature of the pocket needs to be preserved to maintain fusion activity. For example, small
amino acid substitutions on one side of the microdomain can be compensated for by
larger residues on the opposite side. This effect is seen with the Leu256Ala, Leu257Ala

double mutant, which reduces the fusion capacity by 50%. However fusion activity can
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be restored by replacement of VVal94 by the larger methionine. This result was
corroborated by molecular dynamics simulations of the mutated proteins, where the
Leu256Ala and Leu257Ala double mutant is predicted to expose the base of the cavity,

but replacement of VVal94 by Met94 is predicted to shield the base of the cavity.
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|Rubulaviruses Mumps Virus
Human parainfluenzavirus 4a
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Figure 2-1: Phylogenetic tree for the paramyxovirinae subfamily of paramyxoviridae. The other
subfamily (not shown) is pneumovirinae, containing Respiratory Syncytial Virus and

Metapneumovirus.
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Figure 2-2: Homology model for MeV F based on NDV F (PDB code 1G5618). (A) The secondary
structure of the MeV F model, shown as cartoon and colored by subunit. (B) The Connolly
surface of the MeV F model, colored by lipophilic character (blue = hydrophilic, green = neutral,
brown = lipophilic), with the Val94 microdomain highlighted red. (C) Close view of the Val94
microdomain, shown as a Connolly surface and colored by residue (top frame) and lipophilic

character (bottom frame).
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The above experiments demonstrated the importance of the VVal94 microdomain
to the fusion activity of the measles virus. The shape and lipophilic character of the
microdomain suggested that this site could potentially bind small molecules capable of
inhibiting fusion.”® Inhibitors were predicted to have molecular geometries of 7-12 A in
two orthogonal directions, with a hydrophobic portion to interact with the base of the
cavity and polar functionality to interact with the hydrophilic rim. The Plemper group
performed a small screen with a panel of compounds, containing 32 ligands of six classes
(Figure 2-3). The activity of these compounds was assessed in a newly developed screen
based on a recombinant MeV strain carrying GFP as an additional transcription unit,
allowing determination of inhibition through monitoring the absence of fluorescent
infectious centers and multinucleated syncytia. The screen identified two compounds of
different classes which suppressed viral activity, OX-1 and AM-2, (Figure 2-3) while all
the other compounds lacked viral activity or were clearly cytotoxic. In a cell proliferation
assay, AM-2 revealed a 50% cytotoxic concentration (CCsp) less than 50 uM, suggesting
its antiviral effect might be attributed to cytotoxicity. OX-1, however, had CCs, greater
than 600 uM. OX-1 was also shown specifically inhibit the MeV (Edmonston strain) with

an 1Csp of 55 uM with no effect on a related paramyxovirus, human parainfluenza 2.
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Figure 2-3: Focused screen of compounds for antiviral activity. (A) 32 compounds of the six
classes shown were assayed at 600 yM against a MeV strain modified to express GFP. (B)
Resulting leads from the assay. OX-1 and AM-2 prevented infectious centers and syncytia, but

AM-2 was shown to have a CCs of less than 50 uM. OX-1, however, was not cytotoxic.
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Cells transiently transfected with expression plasmids encoding MeV F and H
undergo cell to cell fusion that can be quantified by use of a reporter-based quantitative
fusion assay. OX-1 was shown to inhibit activity in these engineered cells with an 1Cs, of
100 uM, suggesting the compound directly affects the entry process. Protein biosynthesis
and transport was ruled out as a mechanism of action for OX-1 because in vitro
evaluation of MeV F protein surface steady-state levels demonstrated biochemically that
MeV F protein biosynthesis and intracellular transport are unaffected by OX-1
concentrations up to four times the 1Cso, Though cellular entry was confirmed as OX-1’s
method of inhibition, the molecule could be interfering with the MeV hemagglutinin’s
attachment to target cells. However, time of addition studies showed that inhibition is
reversible and that receptor binding is not affected. Pretreating target cells or viruses with
OX-1 or removing OX-1 sixty minutes after infection did not reduce viral yield. Only
allowing OX-1 to be incubated with viral particles and cells reduced the viral titer.
Applying a low-pH treatment which normally inactivates the virus only works sixty
minutes after infection if used with OX-1. This suggests hat OX-1 keeps the virus
exposed in the extracellular space. Additionally, OX-1 was found to strongly suppress the
lipid mixing that results from the merging of the outer layers of donor and target

membranes in the fusion process.

OX-1 was assayed against previously described MeV recombinants that were
developed to evaluate the nature of the VVal94 microdomain, including constructs with

Val94Ala, Val94Gly, and Val94Met. In these assays, increased or complete resistance to
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inhibition was observed for the Val94Ala (ICsy = 124 uM) and Val94Gly recombinants
(ICs0 =600 uM). In contrast, the VVal94Met recombinant was more susceptible to OX-1

inhibition (ICso = 20 uM).

In silico docking of OX-1 into the VVal94 microdomain was performed by manual
docking and by application of the automated docking algorithm DOCK. The resulting
complexes were refined with SYBYL 6.9 by low temperature molecular dynamics (MD)
(20 K, TVN ensemble; 5 ps). A three-point interaction model proved consistent with both
the predicted size of the cavity and the distribution of polar and nonpolar centers (Figure
2-4). According to this model, the amino group of OX-1 engages in a hydrogen bond
with Glu339 at the top of the microdomain, the oxygen of the oxazole ring is anchored by
Arg268, and the phenyl ring is buried in the hydrophobic base of the cavity. When the
Val94Ala and Val94Gly point mutations discussed above are incorporated into the model
and refined by MD, the cavity is predicted to contract and fill the volume previously
occupied by the valine side chains, forcing the ligand out of the cavity, consistent with
the resistance observed by these mutation. The Val94Met point mutation, on the other
hand, is predicted to expand the target area for OX-1, allowing favorable docking and
corroborating the increased inhibition by OX-1 (Figure 2-4).

The activity of OX-1 analogs in the screening assay were consistent with the
three-point interactional model (Figure 2-4). For example, the analog lacking the CH,
unit between the two aromatic rings is inactive, as this flat compound cannot achieve
interaction with both the hydrophobic base of the pocket and the polar interactions. An

analog of OX-1 that lacks the amino group delivers a third of the activity of OX-1 (ICsp =
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150 uM), presumably due to loss of interaction with

Glu339.

Val94Gly, IC50 = 600pM  Val94Met, IC50 = 55uM

OX-1,1Cs50=55uM Flat analog is inactive Analog lacking -NHa, 1/3 as active

Figure 2-4: The binding model for OX-1 is supported by mutations in the Val94 microdomain and
structure activity relationships of OX-1 analogs. (A) Docking results for OX-1 to unchanged MeV
F (left panel), MeV F harboring a Val94Gly mutation (middle panel), and MeV F harboring a
Val94Met mutation (right panel). The Val94Gly mutation gives resistance to OX-1 inhibition by
shrinking the hydrophobic pocket needed for binding. The Val94Met mutation shows an increase
in OX-1 inhibition because the molecule can effectively bind in the expanded hydrophobic pocket.
(B) Analogs of OX-1 are inactive if they lack hydrophobic interaction (middle panel) and show a

decrease in activity if they lack a polar interaction (right panel).
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To increase the antiviral activity of OX-1, a variety of candidate structures were
synthesized and assessed for antiviral activity. An acyclic variant of OX-1, AM-4,
incorporating an amide and an ortho-hydroxy group, appeared favorable based on its
ability to form multiple hydrogen bonds with Arg268 and its increase in flexibility
(Figure 2-5). When tested against MeV, AM-4 had an 1Cs, of 0.26 uM, a 200-fold
increase in activity over OX-1. As with OX-1, AM-4 had no activity against hPI1V2, and
it showed a similar resistance profile to MeV with mutations of VVal94Gly and Val94Ala.
Although its CCsp was 17 uM, the increase in activity results in a high therapeutic index
ratio of 65.

Unfortunately, it was later determined that AM-4 has a half-life of less than 16
hours under physiological conditions, most likely because of facile oxidation in air.*
Although the transformation was not demonstrated, the para orientation of the OH and
NH; groups on the heterosubstituted aromatic ring suggests the molecule may readily
oxidize to a quinone analog. The compound lost partial activity after 30 minutes and
complete activity after 16 hours of pre-incubation under physiological conditions. In
NMR monitoring experiments in CDCl3 solvent and under atmospheric oxygen, AM-4
slowly darkened with some precipitation and the spectrum gradually showed the presence
of impurities. To solve this stability problem, efforts were then made to use the scaffold

of AM-4 to achieve stable, but still highly potent analogs.
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Figure 2-5: Binding model for AM-4 exhibits an ideal docking mode to the Val94 microdomain,

but degrades rapidly under physiological conditions.
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Chapter 3: Structure-based design of fusion inhibitors

Portions of this chapter are based on “Nonpeptide inhibitors of measles virus entry,”
published in the Journal of Medicinal Chemistry in 2006.%*

With a structural model of a fusion protein microdomain important to MeV entry,
evidence that small molecules designed for this microdomain were binding at the site,
and a compound with nanomolar inhibition, yet stability problems, this project seemed
ideal for a structure-based lead optimization strategy. To accomplish this aim, efforts
were made to pursue design, synthesis, and biological testing of a number of AM-4
analogs.®!

3.1 AM-4 analogs

The high level of activity of AM-4 was intriguing, suggesting that it might be
possible to design an ideal inhibitor that matched the activity of AM-4, but one stable in
storage as well as physiological conditions. AM-4 analogues were envisioned by
modification of the AM-4 scaffold in three sectors: the acetanilide phenyl ring, the distal

phenyl ring, and the intermediate linker region (Figure 3-1).
H
N
O

Figure 3-1: Three sectors of 2-phenylacetanilide envisioned as a scaffold of AM-4 and subjected

to synthetic modification.

The structure activity relationships (SAR) were developed by docking the
compounds into the cylindrical VVal94 microdomain of the previously developed MeV F

homology model. First, low energy conformations of the ligands were derived by Monte
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d®>®* in Macromodel v6.5

Carlo conformational searching using the MMFF force fiel
(Schrodinger, Inc., New York, NY) and a 7 kcal/mol energy cutoff window. Then the
ligand conformations were manually docked into the cylindrical MeV fusion protein
pocket occupied by Val94 using the assistance of Sybyl’s DOCK, a manual docking
algorithm, and visualization of the protein as its Connolly surface (Sybyl7.0, Tripos
Discovery Software, St. Louis).* % All complexes were relieved of short steric contacts
with low temperature molecular dynamics (20K, TVN ensemble; 3-5 ps, Tripos force
field) followed by active site minimization (Powell gradient,®” convergence threshold of
0.05 kcal/(mol*A), Tripos force field). Regions of the protein greater than 12 A away
from the ligand were held fixed to prevent unfolding of the protein in the absence of
explicit solvation.

The synthesis of the compounds was performed by current and former members
of the Liotta research group: Drs Aiming Sun, Weigiang Zhan, and Mr. Ernest Murray.
The biological activity of the compounds was determined by members of the Plemper
research group: Drs. Joshua Doyle, Li-Ting Cheng, and Jeong-Joong Yoon. Inhibitory
activity of the compounds was determined through two different assays. In the first of the
two assays, compound activity was quantified on the basis of a suppression of viral
induced cytopathicity. Selected compounds were then further evaluated in a more
involved cell-based viral replication assay to determine effective concentrations based on
reduction of viral yields. The cytopathicity assay was also used with selected compounds
with a MeV variant harboring resistance to the optimized inhibitor AS-48 due to a
mutation at position 462 in the F protein. (See Section 3.3 and Chapter 4) Cytotoxicity of

the compounds was determined using a cellular proliferation assay.
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The binding model of OX-1 (Figure 2-4) depicts the aniline NH, as a rather
strong hydrogen bond donor to Glu339 and the oxazole oxygen as a weak H-bond
acceptor from Arg268. As a consequence we anticipated that the monosubstituted
anilines (Table 3-1) combined with the amide carbonyl would improve activity. This
hypothesis proved correct for m-NH, substitution (4a), but not p-NH; substitution (4b).
The binding model for these molecules shows that while the m-NH; group of 4a is
positioned to interact with Glu339, the p-NH; group of 4b is not positioned for effective
interaction (Figure 3-2).

Fortunately, an intermediate in the synthesis of 4a showed the potential for
additional interaction with residues Ser45 and Arg48. This m-NO, compound (3a)
exhibits an approximate 2-fold improvement in ICsg in the anti-MeV assay by
comparison with the m-NH, analog 4a. Simplistically, it would appear that the anilino
phenyl ring adopts conformations that maximize the binding the case of 3a and 4a. Thus,
the m-NH; in 4a is directed at Glu339 as in OX-1, while the m-NO; in 3a interacts with
Arg48 and Ser45. The m-CN substituted compound (3g) shows similar inhibition to 3a,
while the p-NO; places the nitro group in a less favorable subsite and has 10-fold less
activity than the m-NO, compound. The 0-NO, completely loses activity because no low-
energy conformations can sustain these interactions. The smaller hydroxyl group in the
m-OH substituted compound (3e) falls between the H-donating arginines and serine,
achieving only weak inhibition. However, the m-OH is able to recover 4-fold, drawing
interactions from Arg268, but not surpassing the activity of the m-NH; analog 4a (Figure

3-2).
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Table 3-1: Antiviral MeV ICsq's for mono-substituted acetanilides OX-1, 3 series, and 4 series.

entry compound Y, R, 1Cs (M)’ ICsp-res’  CCs SI°
] OX-1 55 =150 =600 =10
2 3a C, m-NO, 8.5 ND >600  >71
3 3b C, p-NO, 16 ND 550 34
M 4 3¢ C, 0-NO; >100 ND >600 ND
N 5 3d C,0-COOH 60 ND >600  >10
| X 6 3e C, m-OH 25 ND >600  >24
R 7 3f C, 0-OH 13 >150 525 40
K b~ o 8 3g C, m-CN 6.5 >150 >600  >92
Y 9 3h N, 5-F 109 ND =600 >6
10 4a C, m-NH, 19 >150 >600  >32
11 4b C. p-NH, 135 ND >600 >4

®The o-, m- and p- designations refer to substitution relative to NHCO. ®|Cso concentrations were
calculated based on the suppression of virus-induced cytopathicity. °ICso concentrations of
selected compounds against a MeV variant resistant to inhibition by AS-48 due to a point
mutation at position 462 in the F protein. ND: not determined. ‘CCso: cytotoxicity concentration at

50% maximal dose. “Selectivity index (CC50/IC50).

R48 Al B C

)

| ot | A

Figure 3-2: Docking models for 3a, 4a and 3f. (A) The amide C=0 and m-NO, of 3a accept an H-

bond from Ser45, while m-NO, is likewise H-bonded to Arg48. (B) The m-NH, of 4a acts as

proton donor to Glu339. (C) The amide C=0 and 0-OH of 3f accept H-bonds from Arg268.
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Because of the activity of AM-4, a series of disubstituted benzamides bearing an
0-OH group was investigated, this time avoiding para-substituted electron donating
groups that might be amiable to oxidation. Simple substitution of the o-OH with fluorine
resulted in complete loss of activity, so a series of compounds with NH,, NO,, CONHa,
COOMe, and CF3 substitution were investigated (Table 3-2). Unfortunately, no stable
analogs bearing an 0-OH group matched the level of activity observed for AM-4 (7b, 7d,
7i, 7j, or 7k), with the most active having an ICs of 47uM. Modeling suggests that these
disubstituted analogs cannot accommodate both moieties simultaneously as exemplified
by 7i (Figure 3-3).

One way to avoid the stability issues with AM-4 is to replace the 0-OH with o-
CH,OH to give compound 8, thereby eliminating the hydroquinone moiety in the anilide
ring. The m-CH,OH analog was also investigated. Although both compounds proved to
be shelf-stable, neither had antiviral activity at concentrations up to 100 uM. Docking of
8 in the F-protein pocket suggests that the origin of inactivity is a ligand conformation
that prevents the CH,OH and the C=0 groups from simultaneously interacting with
Arg268, while shifting the structure somewhat out of the pocket. As a result, Arg48 and
Ser45 are too distant to interact with the CH,OH group. The activity of 8 also suffers
from a high internal strain energy (8.6 kcal/mol relative to the global minimum), a value
rather high in comparison to the quantity for 7a (1.7 kcal/mol relative to the global

minimum.
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Table 3-2: Antiviral MeV ICsq’s for disubstituted phenol 7 series.

entry compound R,'M, Rs ICso (uM)”  CCs¢  SI
1 AM-4 m-NH,, CH,, H 0.26 17 653
2 7b p-NH,, CH,, H 75 >600  >8
3 7e p-NH,, CH,0, H - ND ND
4 7d m-NO,, CH,, H 47 450 10
H M 5 7e m-NO,, CHy, m-OME =100 >600 ND
X X 6 7t m-NO,, CH, p-OMe ~ >100 600 <6
R 4+ T | 7 g m-NO,, CH0, H >100 600 <6
- ) X 8 7h p-NO,, CH,0, H >100 >600  ND
OH R 9 7i m-CONH,, CH,, H 127 >600  >5
5 10 7j m-COOMe, CH,, H 66 >600  >9
11 7k m-CF;, CH,, H >100 >600 ND

*The m- and p- designations refer to substitution relative to NHCO. ®|Cso concentrations were
calculated based on the suppression of virus-induced cytopathicity. “CCs: cytotoxicity

concentration at 50% maximal dose. dSelectivity index (CCs/ICsp) “Not active below the cytotoxic

dose.

Figure 3-3: Comparison between the docking models for AM-4, 7i, and 8. (A) Both polar moieties
of AM4’s acetanilide phenyl can interact with protein simultaneously. (B) The protein cannot
accommodate both moieties of 7i simultaneously. This compound has an ICsg of only 127uM. (C)
Replacement the AM-4's 0-OH with 0-CH,OH to yield 8. The protein also cannot accommodate

both moieties in this molecule and is inactive at concentrations up to 100uM.
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The activity of the monosubstituted compounds bearing nitro and amino groups
suggested that activity could be improved with the right disubstituted compound bearing
one of these groups and additional functionality. The motivation stemmed from the
observation that the m-NO; analogue 3a exhibits what appears to be productive hydrogen
bonding with Arg48 and Ser45, while the m-NH; analogue 4a shows hydrogen bonding
with Glu339. The nitro series 11 and aniline series 14 proved to be only moderately
fertile, though it did lead to analogues in the low micromolar range (Table 3-3). The
issue again appears to be the difficulty in both polar moieties interacting with the protein
in a way that fully compensates for their interaction with solvent, as seen in the example
of 11g, with a m-CONH, group and 1Csy of 3.7 uM, though this compound is an
improvement over the activity of 3a (Figure 3-4). The most active member, 11f (also
known as AS-48), with an 0-CONH; group, emerged from this study as the most potent
disubstituted compound. It appears to the best example of a disubstituted compound

gaining interaction with the protein by utilizing all of its polar groups (Figure 3-4).
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Table 3-3: Antiviral MeV ICsg values for disubstituted nitro series 11 and aniline series 14.

entry compound Rj 1Cs0 (UM)” ICspres’  CCs° SI
1 11a p-OH 63 ND =600 10
2 11b pF >100 ND 450 <5
3 e m-NO, 30 >150 =600 >20
H 4 11d o-benzyl ester 68 75 75 1
N 5 11e m-NH, 11 >150 >600  >55
a N 6 1 0-CONH, 3 >150 325 108
L o 7 11g m-CONH, 3.7 >75' 170 46
8 11h m-NHOH 6 >75" 325 54
9 11i m-COOMe 4 >150 440 110
NO. 10 11 m-COOH 5 >150 >600  >100
1 11k m-CH,0H 6 >150 >600  >100
12 14a m-CONH, 18 ND >600 >33
13 14b m-COOH 55 ND =600 >11
14 15¢ m-NH, >100 ND ND ND

%ICsp concentrations were calculated based on the suppression of virus-induced cytopathicity.
®|Cso concentrations of selected compounds against an MeV variant resistant to inhibition by AS-
48 due to a point mutation at position 462 in the F protein. ND: not determined. “CCs,: cytotoxicity

concentration at 50% maximal dose. dSelectivity index (CCso/ICsp). *Also known as AS-48.

A
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Figure 3-4: Docking models for disubstituted nitro compounds 11g (A) and 11f (B). 11f places its

polar functionality in a slightly more optimal position and achieves greater activity than 11g.

3.1.3 SAR for compounds with modifications on the distal phenyl ring and
the intermediate linker region

Modification of the phenyl group proved deleterious in every case. Several benzyl
group modifications within the active 0-NO, series were explored. Methoxy substitutions

on the benzyl group in the p- or m-positions completely lost activity (7e and 7f,
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respectively, Table 3-2). When these compounds are docked in the structural model, the
methoxy groups cause the molecule to be pushed up out of the pocket (Figure 3-5). M-
fluoro and p-fluoro analogues had ICsy’s of 47 and 9 uM, respectively, while the o-fluoro
and o,0’-difluoro derivatives are inactive at >75 uM. O-iodo, m-iodo, and p-iodo
substitutions all lead to compounds with drastic loss of activity. An attempt to introduce
polarity into the distal phenyl without adding steric bulk by substituting the phenyl ring
with pyridine analogs with nitrogens at all three possible positions also led to compounds
with drastic loss of activity. Perhaps this result is not surprising since the ring nitrogens
increase the desolvation penalty by 3.9-4.4 kcal/mol, without engaging in a productive
polar interaction. (See Section 3.2) Thus, it appears that to achieve activity, the molecule
must place a moiety in this sector no larger or more polar than a phenyl group.
Modifications to the intermediate linker region also damaged activity in every
case examined. Extending the linker between the amide and phenyl from CH, to CH,0
and beyond hurt activity, as illustrated by 7c, 7g, and 7h (Table 3-2). Replacement of the
anilide amide of 7d with NH-SO, resulted in complete loss of activity, as did other
analogous sulfonamides. The reverse amide of 11e (ICso = 11 pM) showed a 2-fold loss
of activity (ICso = 23 uM). These observations suggest that the acetanilide amide has the

best geometry to position the molecule’s functionality into the VVal94 microdomain.
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> |
Figure 3-5: Docking model for 7e with a p-OMe group on the distal phenyl group (ICso> 100 uM).
Groups such as this which extend the phenyl group or the intermediate linker region cause the

molecule to be pushed up out of the pocket, resulting in inactivity.
3.2 Balance between the polar interactions and the desolvation
penalty

A problem faced when adding polar groups to the scaffold is a higher desolvation
penalty. In order to achieve binding and subsequent activity, all the polar groups’
interaction with water must be compensated by interaction with the protein. To
investigate the relationship of the solvation energy and activity, all the compounds
assayed had their energies of solvation calculated as a single point calculation on the
ligands’ global minima by AMSOL® with the PM3 Hamiltonian®® and the SM5.4.PDP
solvent model.® This method has proved to be highly accurate, with mean unsigned
errors for the energies of solvation of 0.5 kcal/mol for 215 neutral solutes and 4.3
kcal/mol for 34 charged solutes.®® For these compounds, the results show that active
compounds generally fall in a window with energies of solvation from about -20 to -10

kcal/mol (Figure 3-6). A compound with an energy of solvation in this range is not
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necessarily active however, unless its polar functionality can interact with the protein, as

evidenced by the inactive compounds forming the top line in the graph of Figure 3-6.
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Figure 3-6: Balance between polar interactions and the energy of solvation and its effect on
activity. The most active compounds have an energy of solvation between -20 to -10 kcal/mol.

(Inactive compounds were set to an activity of 500uM to place them on the graph.)
3.3 AS-48 as a model fusion inhibitor

AS-48 (11f in Table 3-3) emerged from this study as not only the most active
compound, with an 1Csp of 0.6-3.0 uM, depending on MeV strain, but also showed
stability under physiological conditions and low cytotoxicity.® It was verified as a fusion
inhibitor using methods similar to those employed for OX-1 (Section 2.2.1). Namely, the
compound inhibited cell-to-cell fusion activity induced by plasmid-encoded MeV H and
F glycoproteins. It also caused the virus’ infectivity to be abolished by brief pH 3.0 shock

even after incubation, suggesting that AS-48 keeps the virus extracellular and exposed.
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AS-48 was also evaluated against a range of eight MeV strains currently circulating
worldwide; it was effective for all these strains with 1Csy’s ranging from 0.6 to 3.0 uM.
Additionally, AS-48 showed no activity against entry of the related paramyxovirus hPIV-
2 or the lentivirus HIV-1, demonstrating the target specificity of this compound for MeV.
As with OX-1 and AM-4, engineered mutations at position 94 that block this
microdomain in MeV F conferred resistance to AS-48, while the Val94Met mutation that
opened the microdomain caused increased sensitivity to AS-48. It is noteworthy that all
known wild-type strains carry a methionine at position 94.

However, even with these desirable properties, the level of activity of AS-48 was
still too low to be considered as a drug, and lack of further optimization of this scaffold
was somewhat discouraging. At the time, the reason for this activity limit was unclear,
but later revealed to be the result of targeting a transient intermediate of MeV F in the
fusion cascade (Chapter 5). Though limited as a potential drug, AS-48 did serve well both
as a proof of principle for paramxovirinae fusion inhibition by small molecule
compounds, and also a probe with which to investigate the conformational changes

occurring during fusion (Chapter 4).
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Chapter 4: Resistance to AS-48 fusion inhibition

Portions of this chapter are based on “Two domains that control prefusion stability and
transport competence of the measles virus fusion protein,” published in the Journal of
Virology in 2006.%

While point mutations in the VVal94 microdomain had been shown to affect the
activity of OX-1, AM-4, AS-48, and related compounds, it was not known where
spontaneous mutations resulting from inhibitor pressure might occur that would confer
resistance. One might expect these mutations to appear in the VVal94 microdomain as
primary resistance mutants, but it is also possible for resistance to be modulated by
domain changes distant from the postulated binding site, as has been demonstrated for the
HIV entry inhibitor enfuvirtide (Figure 1-6).%* °* Conceivably, secondary-site resistance
mutants like these could control the fusion protein activation or the stability of
intermediates in the fusion cascade.

4.1 Adaptation study of MeV to AS-48

To determine how MeV would spontaneously gain resistance to AS-48, an
adaptation study was performed by Joshua Doyle in the Plemper research group.* Five
escape mutants that induced extensive syncytium formation in the presence of compound
were isolated and the F-encoding genes were analyzed by reverse transcription-PCR,
followed by DNA sequencing and transfer into expression vectors. The biological activity
of these expression constructs was verified by monitoring their ability to induce cell-to-
cell fusion upon cotransfection of MeV H and F expression plasmids in the presence and
absence of compound. For the five escape mutants analyzed, resistance to inhibition was

achieved by changes in the F protein. Additionally, a more complete study of 25 primary
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MeV strains analyzed for resistance identified a single sub-Saharan strain of genotype
B3-2 that was resistant. To assess the contribution of individual mutations to the resistant
phenotype, all the changes were rebuilt individually in the Edmonston strain MeV fusion
protein (F-Edm), except for the case of the B3-2 strain, which was rebuilt in the B1 strain
MeV fusion protein (F-B1). In five out of the six resistant strains, resistance was
mediated by mutation of F residue N462, whereas mutant 111 gained resistance by a
change at position 367 (Table 4-1). In mutant V, an accompanying Met94Val exchange
in the VVal94 microdomain was found, which had previously been shown to decrease
sensitivity to inhibition as a point mutation. These mutations were also engineered into
recombinant virions and shown to have >25-fold resistance to inhibition for position 462
mutations and ~15-fold resistance to the Ala367Thr mutation, confirming the results of

the plasmid-based fusion assay.
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Table 4-1: Identification of mutations conferring resistance to compound-mediated inhibition.

Identifier ~ Strain® Compound® Passage®  Resistance’  Molecular basis®

I MeV-Edm OX-1 4 >25 F-Asn462Ser

1 MeV-KS AS-48 6 >25 F-Asn462Asp

1! MeV-KS AS-48 6 15 F-Ala367Thr

v MeV-KS AS-48 7 >25 F-Asn462Asp

V MeV-KS AS-48 7 >25 F-Met94Val
F-Asnd462Asp

VI MeV-B3-2 >25 F-462Lys

®Input strain used for each independent adaptation procedure. MeV-KS is a strain originated from
Kansas. bCompound used for adaptation (OX-1, 60 uM; AS-48, 15uM [final concentration]).
‘Passage number at which extensive cytopathic effect was observed in the presence of
compound. ‘Resistance (n-fold) to AS-48 of recombinant virions harboring the identified point
mutation compared to that of the input strain or a recombinant MeV-Edm F-B3-2 (462Asn)

variant. fNaturally resistant wild-type isolate, assessed for compounds OX-1 and AS-48.
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Structurally, the location of these mutations was puzzling. With the exception of
mutant V presenting both Met94Val and Asn462Asp mutations, all the mutations in the
mutants were located distal to the Val94 microdomain. The mutation in mutant 111,
Ala367Thr, was located in the DI domain of the NDV-based homology model of MeV F,
approximately 40A away from Val94. The 462 mutations were located on the HR-B
domain of the protein and not resolved in the NDV F structure; thus, they were not

included in the homology model for MeV F (Figure 4-1).

Fortunately, structural information was available for two paramyxovirus 6HBs,"®
% enabling development of a 6HB model structure of MeV F and evaluation of the
mutations’ effects at position 462 (Figure 4-1). The homology model was built on the
basis of the coordinates reported for SV5 F because this virus exhibits the most sequence
identity with MeV in its fusion protein. Sequence alignment was performed with
ClustalW,* using a gap open penalty of 10.0, a gap extension penalty of 0.1, and the
Gonnet matrix. When the MeV fusion protein sequence was aligned with the sequence of
the SV5 fusion protein, 35% sequence identity, 22% strongly similar, and 13% weakly
similar results were found for the portion of the protein to be modeled. Homology
modeling was accomplished with PRIME software (Schrodinger),” using the SV5 fusion
protein fragment structure’® as a template (PDB code 1sv5). This fragment (residues 132
to 195 and 450 to 487 by MeV numbering) encompasses the 6HB (both the HR-A and

HR-B domains). The MeV F sequence was modeled onto this structure, and the other two
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subunits of the trimer were generated by transposing the structure to the symmetrical
positions of the other subunits. Sections absent in the crystal structure were not modeled.
The resulting structure was refined using PRIME’s structure refinement module. The
lowest energy rotamers for all nonconserved side chains were predicted and incorporated
into the model. The final structure (Figure 4-1) was evaluated using the WHAT IF
Ramachandran-based z score and the WHAT IF z score for the local amino acid
environments.” The Ramachandran z score was 4.73, similar to the z score for the crystal
structure (4.64). The z score for the local amino acid environments was slightly better for

the model (2.22) than for the crystal structure (2.66).
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Figure 4-1: Locations of spontaneous mutations conferring resistance to fusion inhibitors. (A) In
the NDV-based homology model (PDB code 1GSGlB) of MeV F (shown as ribbons, colored by
subunit) the Ala367Thr mutation (cyan spheres) occurs on the DI domain and distant to the Val94
microdomain (Val94 displayed as magenta spheres). (B) In the SV5-based homology model
(PDB code 1SVF79) of the MeV F 6HB (shown as ribbons, colored by subunit), the Asn462

mutations occur on the HR-B domain, which form the outer helices of the 6HB.

With the new MeV F six-helix bundle model, the mutations at Asn462 were
located within the outer helices (HR-B domains) of the 6HB. Because of its high
frequency of mutation, analysis efforts were concentrated on residue 462. This residue is
localized in the vicinity of the contacting hydrophobic faces of HR-B and the HR-A
trimer and is postulated to engage in an electrostatic interaction with Glu170 in the HR-A
domain (Figure 4-2). The mutations at residue 367 were later examined in light of the
prefusion model of MeV F, but this structure was not yet available. Thus, it was difficult

to envision what role an Ala36 Thr mutation would play in a domain (D1) that did not
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appear to be important for fusion. In contrast, the Asn462 mutations were located in a
domain (HR-B) already recognized for its role in the stabilization of the postfusion
structure. Our interest in this residue was also piqued because researchers at Bristol-
Myers-Squibb had recently found that a potent fusion inhibitor for RSV bound to a
nearby equivalent residue on the HR-A domain.® It was unknown if AS-48 was acting at
two sites: one in the VVal94 microdomain and one in the 6HB, or if AS-48 was acting
solely at the 6HB and the previous mutagenesis data had been misinterpreted. A third
hypothesis, that the mutations increased fusion activation in a way that was not yet

structurally evident, was also considered.

To investigate how the mutations may perturb the structure, models of the 6HB
mutants were developed. If AS-48 directly interferes with interaction of the HR-B
domain with the HR-A core trimer, then mutations of residue 462 that confer resistance
are anticipated to increase the affinity of HR-B for HR-A. These mutants (Asn462Ser,
Asn462Asp, and Asn462Lys) were generated by mutating the residue within the model
and using PRIME’s side chain prediction feature to determine the lowest-energy rotamers
for the mutant residue. The Lovell rotamer library, derived from Protein Data Bank side
chain populations, was used to select the lowest-energy rotamer. The resulting structures
all predicted disruption of the hydrogen bonding and hence decreased rather than
increased 6HB stability due to lack of contact with Glu170 (Asn462Ser), charge

incompatibility (Asn462Asp), or steric constraints (Asn462Lys) (Figure 4-2).
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Figure 4-2: Localization of residue 462 in the MeV F core homology model. (A) Ribbon model of
the MeV 6HB; N termini of HR-B domains are facing up. For clarity, residue 462 is highlighted in
only one of the three HR-B domains. (B) Surface model of the MeV 6HB, shown with only one
HR-B ribbon for clarity. Residues Val459, Leu457, and Leu454 are predicted to interact with a
hydrophobic groove in the HR-A trimer. HR-A residue Glul70 is predicted to engage in hydrogen
bonding with residues Asn462 and Asn465. (C to F) Enlarged ribbon models of HR-A and HR-B

highlighting the interaction described above (C).

4.3 Destabilizing effect of the mutations
While the static models of the MeV F 6HB structures predicted destabilization of
the interactions between HR-A and HR-B, the complex interactions of polar groups

among each other and with water may give a different result in a dynamic system.
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Synthetic HR-B derived peptides have been shown to inhibit membrane fusion
and hence viral entry for many viruses, including MeV, most likely by competing with
endogenous HR-B for binding to HR-A, analogous to the predicted mode of action of
enfuvirtide (Section 1.2.1). A correlation between inhibitor potency and the stability of
the corresponding helix bundle complexes has been demonstrated for peptidic, helix-
derived inhibitors of HIV membrane fusion.®” Thus, a peptide competition assay was
deployed to assess the molecular modeling results predicting destabilization of the 6HB
by the spontaneously emerging mutations. In this assay, performed by Joshua Doyle in
the Plemper group, His-tagged variants of MeV HR-B derived peptides harboring either
wild-type asparagine (N) or mutant serine (S) at the equivalent of position 462 were
expressed, purified, and tested for the ability to inhibit viral entry and hence compete
with endogenous HR-B for docking to HR-A.

The peptide containing the Asn462Ser exchange was unable to inhibit MeV-Edm
even at very high concentrations of 600 pg/mL. A recombinant MeV-Edm with an F
Asn462Ser mutation was generated that, although more sensitive than the parent virus,
likewise showed only partial inhibition by this peptide (Figure 4-4). In contrast, the
unmodified peptide (462N) reduced viral loads of MeV-Edm by >99% at 300 pug/mL,
while recombinant virions containing point mutations at F residue 462 conferring
resistance to the compounds revealed even greater sensitivity to this peptide (Figure 4-4).

These findings indicate a reduced affinity of all mutant HR-B variants for the HR-A
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trimer.
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Figure 4-3: Peptide competition assay determining the efficiencies of virus inhibition by synthetic
HR-B derived peptides.92 (A) Cells infected with unmodified recombinant MeV-Edm F or mutant
MeV F (N462S) in the presence of increasing concentrations of a modified peptide containing one
of the spontaneously produced mutations (462S, shown in yellow; sequence shown above the
graph). (B) Peptide competition assay of all the recombinant MeV F variants generated, using an

unmodified synthetic peptide (462N shown in yellow; sequence shown above the graph).

4.3.2 Molecular dynamics studies of wild-type and mutated 6HB structures
To structurally investigate how the mutations may disrupt the stability of the
6HB, molecular dynamics (MD) simulations were performed of the wild-type and the
three mutated structures using the GROMACS package.?® * The structures were
simulated using the OPLS-AA force field'® and solvated with the TIP4P water model.'®*
A hydrated rectangular box (5 by 5 by 12 nm; volume, ~327 nm®) containing ~9,300
water molecules was built around each structure. Sodium cations were randomly placed
throughout the water pool to bring the total charge in each system to zero. Each hydrated
complex was energy minimized to remove any high-energy contacts and subjected to 50
ps of position-restrained MD at 300K to allow water to soak into the structure. Each
system was then subjected to 50ps of MD at 300K, followed by 50 ps of simulated

annealing MD with temperature increases of 5 K/ps (300 to 550K). Time steps of 0.002
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ps were used in all simulations. HR-A was constrained using position restrains of 1,000
kJ-mol™-nm on the backbone atoms in the simulations to account for the absence of the
remainder of the fusion protein in this model. Solvent-accessible surface areas over the
last 50 ps were calculated using the g_sas function within the GROMACS package.

In the resulting simulations, the wild-type structure maintains the interactions
seen in the static structure, whereas the mutants generally have more interaction with
solvent. Because the interactions between HR-A and HR-B are dominated by
hydrophobic interactions, one measure of the stability of the 6HB is the amount of
solvent-exposed hydrophobic surface area. When the latter were calculated over the last
50 ps of the simulations, they show that the mutants lose hydrophobic interaction
between HR-A and HR-B because more hydrophobic surface is exposed to solvent
(Figure 4-3). Over the last 10 ps of simulation, wild-type HR-B exhibits an average
hydrophobic solvent-accessible area of 78.6 nm?, compared to 80.2 nm?, 81.9 nm?, and
83.6 nm? for 462Ser, 462Asp, and 462Lys structures, respectively. In contrast, the
hydrophilic surface area is similar, indicating that the amount of polar interaction with

solvent does not differ for the four structures.
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Figure 4-4: MD simulations predict greater destabilization of the mutant 6HBs compared to the
wild type. The mutants increase the peptides’ hydrophobic exposure to water through the course
of the simulation, indicating greater dissociation. (A) Hydrophobic solvent-accessible surface
(SAS) areas are shown for 50 ps of MD simulation. (B) Hydrophilic exposures to water were
similar for the four structures, with average hydrophilic SAS areas over the last 10 picoseconds of

simulation between 91.1 nm? and 92.0 nm.

4.3.3 Mutation of the HR-A residue interacting with Asn462

To further address whether AS-48 interferes with the interaction of HR-B to the
HR-A helices, the residue Asn462 is predicted to interact with on the HR-A domain,
Glul70, was mutated to alanine in a recombinant virion. This drastic change should result
in increased resistance of these recombinants to compound-mediated inhibition if AS-48
physically engages this microdomain in HR-A. However, the Glu170Ala point mutations
elicited no change in sensitivity to inhibition compared to unmodified MeV F.
4.3.4 Coimmunoprecipitation efficiency of MeV F with a Flag-tagged
variant of the HR-B derived peptide

The final experiment by the Plemper group to test the absence of AS-48 binding
interfering with formation of the MeV F 6HB evaluated the coimmunoprecipitation
efficiency of MeV F with a HR-B derived peptide bearing a Flag tag for antibody

binding. If AS48 does bind in the HR-A domain, the coprecipitation efficiency should
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decrease when AS-48 is added under assay conditions. The results show, however, that
AS-48 actually increased coprecipitation efficiency, indicating the arrest of the F trimer

in a conformation that facilitates docking of the peptide. (See Section 5.5)

Further experiments by the Plemper group investigated the interplay between
mutations at position 94 and 462 and their effect on surface expression and fusion
activity. A series of F variants harboring mutations in both domains were generated,
coexpressed with MeV H, and their ability to induce syncytium assessed. Several variants
demonstrated interdependent effects on fusion activity: the 94V 462K and 94G 462S
combinations resulted in an approximate 90% loss of activity, while the 94G 462K
construct failed to induce any syncytium formation. Activity loss in these F variants
mostly coincided with a reduction in their intracellular transport competence as measured
by surface biotinylation.”? Some constructs were transport-competent, however, as in the
case of the 94M 462K and 94V 462S variants which reached 65% and 100% of the fusion
activity of F-Edm, respectively. Interestingly, introduction of either 94M or 462K alone
in F-Edm reduces activity while the combination of 94M and 462K restores fusion

activity.

Lack of transport competence could be based on misfolding or decreased
conformational stability of the mutant F trimers, potentially resulting in exposure of
hydrophobic domains such as the fusion peptide or internal domains. Either would
explain the reduction in surface expression of the F variants. However, if the reduced

surface expression is the result of decreased conformational stability, incubation at
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reduced temperature should restore both transport competence and fusion activity since it
reduces the likelihood of intracellular F prematurely folding to the postfusion form.
When the transport competence was assessed by the Plemper group upon incubation at
30°C or 37°C, fully restored surface expression was observed for several mutants at the
lower temperature (Figure 4-5). These mutants were also able to induce syncytium
formation upon coexpression of MeV H at 30°C, showing that they still have fusion
activity, albeit only at the lower temperature. Such a result is consistent with the
mutations decreasing the conformational stability of the prefusion F trimer if premature

refolding results in blockage of intracellular transport.
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Figure 4-5: F mutants 94G 462S and 94G 462N are temperature sensitive. (A) Surface
expression of cells expressing F variants after incubation at 37°C and 30°C. Transport to the
surface is restored at the lower temperature. (B) Fusion activity of cells expressing MeV H and
the F variants, incubated at 30°C and 37°C. Fusion activity is increased at 30°C for all the F

mutants, whereas the fusion activity of F-Edm remains unchanged at the lower temperature.

4.4.2 AS-48 stabilizes a transport-competent prefusion conformation

It was reasoned that if AS-48 stabilizes an intermediate form of MeV F in the
fusion cascade, it might be possible for the compound to restore surface expression of the
mutant F trimers if reduced conformational stability was indeed the cause for intracellular
retention of these constructs. Based on permeability predictions of AS-48 using the
QikProp package,'% we expect the compounds to be membrane permeable and thus
capable of docking to the F protein inside the host cell. Indeed, addition of AS-48
restored transport competence of the temperature-sensitive F variants at 37°C in a dose-
dependent fashion. Not only was transport competence restored, but when several double
mutants were cotransfected with MeV H in the presence of AS-48, a dose-dependent
increase in fusion activity was also observed. These findings suggest that AS-48

stabilizes the mutant F constructs, allowing them to reach the surface in a form that is still



70

capable of inducing membrane fusion. And while AS-48 can stabilize the F structure
enough to reach the surface, it does not interact tightly enough with the mutated F
proteins to prevent membrane fusion when triggered by H. However, based on this data,
the possibility that compound-facilitated F folding and fusion inhibition are

mechanistically distinct events cannot be completely excluded.

The preceding experiments indicate that residue 462 in MeV F not only influences
the stability of the 6HB in the postfusion form, but also the stability of the prefusion form
and therefore its susceptibility to activation. The destabilization effect in the 6HB did not
indicate the source of resistance: MeV F does not gain resistance simply by increasing the
stability of its 6HB and thus, its postfusion form. Perhaps this is unsurprising, as the 6HB
is known to be an extremely stable structure. Subtly changing polar interactions between
HR-A and HR-B may indeed affect a measurable response in its stability, but the change
in stability does not affect the fusion activity of the protein. What appears to matter is the
balance between stability and ease of activation of the prefusion form. While viral
pathogenesis is the result of much more than the fusion protein, it is interesting to note
that all currently circulating viral strains appear to have been selected for stability at the
expense of ease of activation (Asn at position 462), except for the one variant of the Sub-
Saharan B3-2 strain (Lys at position 462). These viral strains are susceptible to inhibition
by AS-48 (excepting the B3-2 strain), but under inhibitor pressure, will develop
spontaneous mutations at position 462, the same position at which one variant of B3-2
strain also harbors a different residue. These mutations come at price, however: the

increased possibility the protein may prematurely refold before being expressed on the



71

surface. This is consistent with the result that all the 462 mutants tested gain surface
expression and fusion activity at 30°C relative to MV-Edm F. Such a role for residue 462
is not without precedent. A similar conclusion was drawn for SV5 F residues 447 and
449, both of which are also on the HR-B domain.” Unfortunately, no structural
interpretation for this effect for either SV5 or MeV was possible at the time because of
the lack of a prefusion X-ray crystal structure, preventing the development of these

structural models.
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Chapter 5: Conformational changes in MeV F during

fusion

Portions of this chapter are based on ““Measles virus entry inhibitors: a structural
proposal for mechanism of action and the development of resistance,” published in the
journal Biochemistry in 2008.*%3

Although the community was aware that major conformational changes occurred
in paramyxovirinae fusion proteins through probing by biochemical means*® and

195 the full extent of the conformational changes was not anticipated.

electron microscopy,
Thus, when the prefusion structure of PIV5 F was determined in 2006 through joint
efforts of the Jardetzky and Lamb research groups,™ efforts were made to understand the
previous experimental and modeling data surrounding MeV fusion inhibition in light of
the additional structural information.
5.1 Limitations of the NDV based model of MeV F

The Newcastle Disease Virus (NDV) F protein was the first atomic level structure
of a paramyxovirus fusion protein and served as the template for the MeV F homology
model used for both detailing the structure of the Val94 microdomain and the structure-
based design of fusion inhibitors targeting this site. The protein used for the analysis
contained a mixture of precursor Fo and proteolytically cleaved F. It also lacked structural
information for the fusion peptide, HR-A, and HR-B domains, leading to confusion in the
literature of whether this structure was closer to the prefusion or postfusion forms of the
protein.? '° The NDV F structure was later revealed as post-fusion by comparison to the

X-ray crystal structure for the uncleaved ectodomain of human parainfluenza virus 3

fusion protein (hPIV3 F), which had crystallized with a six-helix bundle.'* Because a
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homology model in the best case can only incorporate the structural information of its

template structure, the MeV F structure also had these limitations.

The X-ray crystal structure of the hPIVV3 F protein (Brookhaven Protein Data
Bank access code 1ZTM) allowed the development of a more complete MeV F structural
model, this time known to be in the postfusion form.™ This postfusion model was
generated by performing sequence alignment of MeV F (Edmonston strain) to hPIV3
(strain 47885) by the ClustalW algorithm,* using a gap open penalty of 10.0, a gap
extension penalty of 0.1, and the Gonnet matrix. The alignment between the sequences
resulted in 26% identity and 51% similarity with all cysteines conserved. Sections of
MeV F corresponding to missing segments of the crystal structure were not modeled.
These included the amino- and carboxy-termini (residues 1-26 and 488-550) and a
section from residues 100-144 corresponding to the fusion peptide and a portion of the
HR-A domain. The homology model was then constructed with the PRIME software
package (Schrodinger).* PRIME does not allow subunits to be built simultaneously, so
each subunit was assembled and then merged into a complete trimer. The models were
refined using PRIME’s side chain prediction protocol on all residues to generate the
lowest energy rotamer for each sidechain. The quality of the structure was evaluated by
means of WHAT IF structure validation checks.®® These checks showed that the
postfusion model had Ramachandran and local amino acid environment z-scores of -4.5
and -1.1 respectively. This compares with -4.6 and -1.0 for the X-ray crystal structure of
hPIV3 F, indicating the structural quality of the model structure is comparable to the

experimental structure.
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The resulting postfusion model of MeV F is very similar to the NDV-based
model, with a root mean square deviation in backbone atom positions (RMSDpackbone) Of
3.0A. It is also similar to the 6HB MeV F model based on the SV5 fusion protein
fragment structure”, with an RMSDpacknone 0f 2.8A (Figure 5-1). These results again
confirm that the NDV-based model shows the protein in the postfusion form. Further
modeling work utilized the hP1V3-based model as the more complete postfusion

model.

MeV F

NDV-based
MeV F

hPIV3-based
MeV F

Figure 5-1: Homology models of MeV F based on different postfusion template structures. The
proteins are shown as cartoons. The far right panel shows the structural alignment between the

three models.
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The prefusion model of MeV F was built on the basis of the coordinates reported
for the prefusion PIV5 F structure®® (Brookhaven Protein Data Bank access code 2B9B)
using the same methods as the hPIVV3-based model. Namely, sequence alignment of MV
F (Edmonston strain) to PIV5 F (W3A strain) was accomplished with the ClustalW
algorithm *, using a gap open penalty of 10.0, a gap extension penalty of 0.1, and the
Gonnet matrix. A minor adjustment in the HR-C domain was performed to prevent a gap
in the helix. The proteins share 29% identity and 48% similarity, with all of the cysteine
residues conserved. Sections of MV F corresponding to missing segments of the crystal
structure, the amino- and carboxy-termini (residues 1-26 and 515 -550) were not
modeled. This homology model was also constructed with the PRIME software package
(Schradinger),*® building each subunit individually and then merging to form the
complete trimer, followed by refinement using PRIME’s side chain prediction protocol
on all residues. WHAT IF checks were again used to evaluate the quality of this structure
resulting in a Ramachandran z-score of-4.4 and local amino acid environment z-score of -

1.0, while the X-ray crystal structure of PIV5 F scores -4.0 and -0.5, respectively.

With models of both prefusion and postfusion MeV F, investigation was made

into the structural features and changes that occur during fusion.
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As seen by comparison of the template structures of Yin et al.'®, the pre- and
postfusion models are trimeric structures in which most of the residues have moved large
distances in the transition between the two conformations (Figure 5-2). The most highly
conserved regions in the pre- and postfusion models are the DI and DIl domains (residues
27-46, 289-378; and 385-431, respectively). When DI and DII of the pre- and postfusion
structures are superimposed, the resulting RMSDyackbone fOr these regions is 6.2 A (Figure
5-2C), similar to the measurement by Yin et al.'® comparing the DI and DIl domains of
PIV5 F and hPIV3 F. The RMSDyacknone fOr the entire structure (common residues 27-99
and 145-487), however, is 50 A. The greatest movement occurs in the HR-A, HR-B, and
HR-B linker domains (common residues 145-214 and 432-487) with a combined
RMSDpackbone 0F 91 A (Figure 5-2, D and E). Moderate movements in the D111 domain
with an RMSDyackbone OF 13 Aare also evident even without including HR-A (common
residues 47-99 and 215-288). These large residue displacements underscore that
paramyxovirus fusion involves extraordinarily large and deep-seated rearrangements of

protein structure.>*
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HR-B

Figure 5-2 (previous page): Secondary structure diagrams of MeV F protein homology models
highlight the domain movements occurring during fusion. Prefusion (A, based on PIV5 F [PDB
code 2B9B"?) and postfusion (B, based on hPIV3 F [PDB code 1ZTM*']) conformations are
colored by subunit. Note the 3-helical bundle on the left and the 6HB on the right. (C) Prefusion
(green) and postfusion (cyan) models superimposed by DI and DIl domains. Overall backbone
RMSD is 50A. (D) Single subunit of prefusion model colored by domains. (E) Postfusion model of

the same subunit as (D), colored by domains, and similarly oriented by DI and DIl domains.

To illustrate the refolding pathway from prefusion to postfusion structures, a
morphing simulation accomplished by applying the multi-chain mode of the Yale Morph

Server (http://molmovdb.org/morph). The morph was performed in 30 steps using CNS

adiabatic mapping.'®® Limited minimization is done for each step. The starting and
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ending structures were aligned by superimposing the backbone atoms of the DI and DI
domains. To account for experimental evidence which suggest the HR-B 3HB melts prior
to the formation of the HR-A 3HB,® the morph was broken into three sections, DIII+HR-
A, HR-B, and DI+DlII, which were then assembled back into the full structure. The final
morph thus shows HR-B and DI+DII moving in 5 steps, followed by 30 steps of
DII+HR-A, followed by 25 steps of the HR-B and DI-DII (Figure 5-3). This figure does
not represent a suggested refolding pathway for the fusion protein, but serves to illustrate

the conformational steps in a way that is consistent with current experimental data.
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Figure 5-3: A solely illustrative morphing simulation from the prefusion to postfusion structures of
MeV F. Ten frames are shown of the total 65 steps in this morph. In this illustration, the 3HB of
the HR-B domain first dissociates, followed by the release and insertion of the fusion peptides
into the target membrane (not shown). When the fusion peptides move together, the HR-A
domains are brought into proximity and form a 3HB. This is followed by the HR-B domains
swinging around the protein and inserting into the hydrophobic grooves of the HR-A 3HB,

resulting in the formation of the 6HB.
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In the prefusion structure, HR-B is predicted to form a 3-helical bundle by self-
association instead of serving as the outer coil of the 6HB as in the postfusion structure
(Figure 5-2). Other class 1 viral fusion proteins such as HIV’s gp41 and influenza’s
hemagglutinin also form 6HB structures postfusion through a similar mechanism, but
only in paramyxoviruses are the HR-B domains considered to form self-associated,
extracellular 3HBs." ° (Depending on the pathogen under investigation, the N-terminal
heptad repeat is referred to as HR-A, HR-N, or HR-1. The C-terminal heptad repeat is
referred to as HR-B, HR-C, or HR-2.)

To investigate the hydrophobic character of the HR-A and HR-B domains in the
pre- and postfusion models, lipophilicity-mapped Connolly surfaces were generated using
Sybyl’s MOLCAD module. The area of hydrophobic surfaces was calculated using only
the portion of the surface that showed hydrophobic properties. For these structures, a
lower bound of -0.04715 for the lipophilic property (as suggested in the Tripos
Bookshelf*®") was used to exclude surface with more hydrophilic character, leaving
surface contributions from only the hydrophobic atoms.

The HR-B 3-helical bundle in the prefusion model places the hydrophobic
residues inward for inter-subunit contacts, while the hydrophilic residues face outward to
solvent. However, in the postfusion model, the hydrophobic residues of HR-B face a
hydrophobic groove formed by two subunits of HR-A (Figure 5-4, A-D). HR-B loses a
turn in its helix in the transition from prefusion to postfusion and is less hydrophobic

overall than HR-A. HR-B (residues 456-487) possesses 534 Az and 477 A: of
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hydrophobic surface area in the pre- and postfusion conformations respectively, while
HR-A (residues 146-183) is measured at 1174 and 1271 Az of hydrophobic surface,
respectively (Figure 5-4, A-D). HR-A presents roughly twice the hydrophobic surface
per residue than HR-B, and, in fact, increases its hydrophobic surface upon fusion to
obtain favorable hydrophobic contacts with HR-B. HR-B’s lesser hydrophobic surface
area relative to HR-A is advantageous for the fusion protein because the HR-B 3-helix
bundle is considered to dissociate in order for the protein to achieve the postfusion

conformation.

In the prefusion form, the MV F homology model incorporates a feature similar to
that present in the X-ray structure of PIV5 F, namely a 35 A diameter spherical cavity in
the head of the protein. To investigate how solvent water molecules would interact with
this cavity in the pre- and postfusion forms, solvated structures were generated using
molecular dynamics (MD) with the GROMACS package® * and simulated using the
OPLS-AA force field'® and the TIP4P water model.’®* Hydrated rectangular boxes with
periodic boundaries were built around the two models with dimensions of 105 nm by 105
nm by 170 nm and 90 nm by 90 nm by 180 nm for the prefusion and postfusion
structures, respectively. A total of 63,000 and 49,000 explicit water molecules were
simulated for the pre- and postfusion structures, respectively. Chloride anions were
randomly placed throughout the water to bring the total charge in each system to zero.
Both hydrated complexes were subjected to 500 steps of steepest descent minimization

using the above parameters to remove any high energy contacts between water and
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protein, and then simulated for 50 picoseconds of position restrained MD at 300K and 1.0
atm of pressure to allow the waters to soak into the structure. The resulting structures
were manually analyzed to determine the number of waters in the cavities and channels.
The resulting solvated structure of the prefusion model resulted in approximately
550 water molecules in the cavity (Figure 5-4E). In the postfusion form, the latter is
replaced by a quartet of channels (one axial channel, three radial channels), but only 400
water molecules are accommodated by them when solvated in silico (Figure 5-4F). The
entropic cost of transferring a water molecule from liquid to a protein has been estimated
to be between 0 and 7 cal mol+K+, corresponding to a free energy cost between 0 and 2
kcal/mol at 300K. %8 Most of the water molecules in the prefusion solvent pool are
loosely associated with the protein. It can be expected that individual water molecules
will not contribute entropy penalties near the upper bound of 2 kcal/mol, but a sizeable
entropic penalty can be associated with the total water pool. On the other hand, water
molecules in an open channel (Figure 5-4F) are expected to experience a reduced
entropic penalty relative to water sealed in a cavity. Another useful measure for
describing this effect is the additional buried hydrophobic surface area between the
prefusion and postfusion forms. Because different fragments of the protein are missing in
the two models, a direct comparison cannot be made. However, if the solvent accessible
surface area between the common fragments (residues 27-99 and 144-487) are calculated,
the postfusion form buries 4850 A:of surface area that was exposed to solvent either in
the cavity or on the exterior of the prefusion form of the protein. It is generally thought
that buried surface area provides 25 cal mol- per Az of hydrophobic free energy gain at

300 K.2!! This yields a rough estimate of 121,000 cal/mol or 121 kcal/mol of
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hydrophobic free energy gain from prefusion to postfusion conformations. Non-
hydrophobic energy changes are not addressed here; but the contribution of buried
surface area to the relative stability of the postfusion conformation does serve to illustrate
the considerable potential energy stored in the prefusion conformation, particularly in the

large cavity in the head of the trimer.



84

Figure 5-4: Potential energy sources in fusion refolding. (A-D) Hydrophobic surfaces of one HR-A
and HR-B subunit in prefusion and postfusion models (brown = hydrophobic, green = neutral,
blue = hydrophilic). (E-F) Water-filled cavity and channels in prefusion and postfusion models.
Protein is shown as cartoon or surface, colored by subunit; water is shown as vdW spheres. (E)
Prefusion model sustains a cavity with 550 water molecules held inside. Surface representation
on the right shows that the cavity is almost completely sealed. (F) Postfusion model has an axial
channel and three radial channels filled with 400 water molecules. Surface representation shows

the openings of the channels at the top and the sides.



85

The microdomain around Val94 has been shown to be important for fusion
activity (See Chapter 2, references 71 and 72). It is formed by contacts between the DIII
and HR-C domains from one subunit and the DIl domain of a neighboring subunit.
Experiments have deduced that mutations disturbing the hydrophobic base and a
hydrophilic residue at the rim of the microdomain ablate fusion activity, but mutations to
smaller residues in the base (Leu256Ala and Leu257Ala) can be compensated by the
mutation to a larger residue at the opposite side of the base (VVal94Met) (See Section 2.1).
The resulting triple mutant maintains all the fusion activity of wild-type MeV F. These
structural observations are based on the homology model of NDV F. By contrast, this
microdomain in the prefusion form of MeV F adopts an alternative spatial arrangement
(Figure 5-5, A-B). Thus, the C, atoms of leucines 256 and 257 are separated from Val94
by 23 and 25 A, respectively, while in the new postfusion model, they are separated by
only 7 and 10 A, respectively. Accordingly, the prefusion model does not immediately
suggest a structural explanation for how the Val94Met mutation compensates for the
other mutations, restores proper folding into a transport-competent conformation, and
maintains fusion activity. We cannot rule out the possibility that the model fails to place
these residues qualitatively correctly or that long-range effects may play a role.

Another possibility is propelled by an independent line of experiments, which
show that AS-48 and OX-1 rescue intracellular transport competence and fusion activity
in a dose dependent fashion from a Val94Gly/Asn462Ser double mutant that is normally

not surface-expressed (See Section 4.4.2, reference 88). The Asn462Ser mutation gives
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resistance to AS-48, but in combination with Val94Gly, surface expression is eliminated
in the absence of compound. Taking into account that AS-48 recognizes and stabilizes a
fusion-intermediate conformation of F, this finding suggests that F VVal94Gly/Asn462Ser
spontaneously assumes an intermediate conformation with a well-formed AS-48 docking
site. The latter, if stabilized by AS-48 from premature 6HB formation, is still remarkably
transport competent. Applied to the F 94M/256A/257A situation, by analogy this triple-
mutant F variant may spontaneously assume an intermediate conformation that brings
residues 94 and 256/257 in close proximity as proposed in our previous studies, is still
transport-competent and, once matured and surface expressed, mediates fusion in
combination with MV H protein. While our experimental data support the latter
hypothesis, a definite conclusion is beyond the scope of static models and cannot be
reached with the experimental tools currently available.

For mutations that maintain surface expression but lack fusion activity, our
models do provide a structural basis. Such is the case for the Thr270Ala mutation, which
has 100% surface expression compared to wild-type, but only 55% fusion activity.” In
the prefusion model, Thr270 of the DIl domain hydrogen bonds Ser144 of the HR-A
domain directly adjacent to the fusion peptide, providing an important point of contact
that anchors the fusion peptide to the head of the protein prior to fusion activation
(Figure 5-5C). Mutating Thr270 to Ala removes this interaction and may cause the
fusion peptide to dissociate from its interface with the DIII domain without proper
activation. Such an event is expected to compel MeV F to embark on the conformational
pathway to a post-fusion structure without a cellular membrane to target. Non-productive,

irreversible conformational changes like this would reduce the ability of the virus to enter
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cells since more of its fusion proteins are wasted in “misfires.” Mutation of Thr270 to
Ser elicits no change in hydrogen bonding causing fusion activity to be maintained at

93%.”

Figure 5-5: Changes in the Val94 microdomain occurring during fusion. Prefusion (A) and
postfusion (B) models are displayed with Val94 microdomain residues as vdW spheres with the
protein shown as secondary structure. In the prefusion model the microdomain is covered by the
fusion peptide and HR-A; structural rearrangements occur in the DIl and HR-C domains to bring
the microdomain together. (C) Interaction between Thr270 and Ser144 (shown as sticks) in the
pre-fusion model. This interaction appears to anchor HR-A and Fpep to the protein head prior to

fusion.
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The structural rearrangements and occlusion of the Val94 microdomain in the
prefusion form make it clear that AS-48 and related entry inhibitors could not prevent
fusion by binding to the prefusion structure. To further test whether AS-48 is binding at
the VVal94 site and investigate which conformational form of MeV F that AS-48 is
targeting, a series of bench and molecular modeling experiments were devised or

reinterpreted in light of the prefusion model.

To further test whether AS-48 is binding at the VVal94 site, the Plemper group
developed two polyclonal antibodies against synthetic peptides including HR-C residues
88-103 and DIII residues 240-259, respectively (Figure 5-6). Both peptides encompass
residues that are near the VVal94 microdomain (Figure 5-6, B-C), but only the former
peptide covers this residue. Both peptide domains are more exposed and closer to each
other in postfusion than prefusion (337 and 79 Azincreased surface areas for residues 88-
104 and 240-259, respectively). In immunoprecipitation experiments with AS-48
performed by the Plemper group, the order of addition greatly influences the amount of
precipitated protein/antibody complex. Adding AS-48 before the antibody directed
against the epitope for 88-103 essentially eliminates subsequent antibody binding.
Adding the antiserum before AS-48 does not change the efficiency of precipitation. The
antiserum directed against the 240-259 residues confirmed the specificity of these
findings: adding AS-48 prior to this antiserum even increases the amount of precipitate,
suggesting enhanced accessibility of the epitope. Adding antiserum before AS-48 again

does not change the amount of precipitate. These results suggest that AS-48 blocks
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interaction of the 88-103 antibody to the VVal94 microdomain; while with the 240-259
antibody, AS-48 prolongs exposure of this epitope along the fusion conformational
pathway. Both results strongly suggest that AS-48 is indeed binding at this location,

albeit to an undefined conformational state of the protein.
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Figure 5-6: Co-immunoprecipitation experiments with AS-48 and two antibodies directed at
epitopes in the Val94 microdomain. (A) Ab-359, directed against residues 88-104, and Ab-361,
directed against residues 240-259 have opposing effects on the amount of complex precipitated
when added prior to AS-48. When introduced after AS-48 addition, both antibodies precipitated
amounts of complex similar to antibody-only conditions. Prefusion (B) and postfusion (C) models
are shown as surfaces with residues 88-104 and 240-259 colored red and blue, respectively. The
location of the Val94 microdomain in both models is highlighted by circles. The epitopes are
closer and considerably more exposed post-fusion (337 A%and 79 A%increased surface area for

residues 88-104 and 240-259, respectively).
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Previously, we deployed an epitope-tagged peptide from the HR-B domain of
MeV F to explore the conformational status of MeV F in the presence of AS-48 (See
section 4.3.4 and reference 88). The compound did not prevent the HR-B peptide from
binding to the HR-A coiled-coil, which would be expected if AS-48 acts through physical
docking to HR-A. Rather, it increased the co-precipitation efficiency of the epitope-
tagged HR-B peptide compared to solvent-only treated controls. These results infer that
AS-48 arrests MV F in a conformational intermediate that has formed an extended HR-A
3HB, but has not yet formed the 6HB or completed the subsequent refolding process
(Figure 5-7, A-C).

To visualize the formation of the Val94 microdomain, a morphing simulation of
the DIII domain from the prefusion to the postfusion structure was accomplished by

applying the multi-chain mode of the Yale Morph Server (http://molmovdb.org/morph).

The morph was performed in 30 steps using CNS adiabatic mapping.'%® The starting and
ending structures were aligned by superimposing the backbone atoms of the DI and DlII
domains, then truncated to residues 47-99 and 194-288 of the DIl domain. Fusion
peptide and HR-A residues encompassing residues 113-193 move dramatically from
prefusion to postfusion structure, and thus were not included to simplify analysis of the
conformational changes in the Val94 microdomain. Using MAESTRO (Schrédinger),**
AS-48 was manually docked into the VVal94 microdomain at each of the 30 timesteps to

estimate the point of fusion blockade; namely at which step the pocket opens up

sufficiently to permit the ligand to bind without steric congestion.
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Based on the morphing simulation of the DIl domain in combination with
manual docking of AS-48 to the intermediates from the morph, the binding pocket does
not form until late in the simulation. We propose that AS-48 binds an intermediate
resembling frame 25 (Figure 5-7D), and thus prevents fusion by interfering with the final
conformational rearrangements necessary to bring the HR-B domains in proximity to the
HR-A 3HB. HR-B linker residues 434-441 form beta sheet-like contacts with the defined
D11l beta sheet containing residues 48-57. Conceivably, AS-48 could prevent the beta
sheet from moving into its final position by disrupting interactions with the HR-B linker
and interfering with the placement of HR-B in the 6HB. The 240-259 peptide antibody
target exposes 1044 A? surface area to solvent in the intermediate predicted to bind AS-
48 (Figure 5-7D, frame 25), as compared with its surface in the post-fusion model (943
A?). If AS-48 inhibits this intermediate, a prolonged interaction of this epitope with its
antibody could occur, resulting in additional protein-antibody precipitated complex. This
is exactly the result of the aforementioned immunoprecipitation experiment when AS-48
is added before the antiserum directed against 240-259 epitope. The Val94 microdomain
is expected to be almost fully formed in the intermediate structure, providing the binding
site that matches the structure-activity relationships derived for analogs of the compound
(See Chapter 3, reference 77) and the experimental results obtained from F mutants

exposed to AS-48.
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Figure 5-7, previous page: Proposed fusion pathways for the entire MeV F (A-C, similar to
pathway by Yin et al.lg) and the DIll domains (D). (A) Prior to fusion, MeV F exists in a metastable
state with water-filled cavity, HR-B in a 3HB, and the fusion peptide and HR-A wrapped around
the head of the protein. (B) Activation causes fusion peptides to bury within the cell membrane,
formation of the HR-A 3HB, and dissociation of HR-B. (C) Final post-fusion structure with
completely collapsed water-filled cavity and fully formed HR-A and HR-B 6HB. (D) Results of
morphing simulation of the DIl domain, shown in 6 of the 30 frames. Residue coloring is the
same as Figure 3A-B. AS-48 (shown as sticks, colored with pink carbons and outlined in black) is
docked into frame 25 and is proposed to inhibit fusion by disrupting interactions between DIIl and
the HR-B linker. In this frame, the 240-259 epitope (shown as blue surface) is fully exposed for

interaction with the Ab-361 antibody.
5.6 Structural proposal for the development of AS-48 resistance

To better understand the role of residues 462 and 367 in conferring resistance, the
status of these residues was examined in the prefusion and postfusion models and
interpreted in light of the experimental fusion activities of MeV F 462 variants at 37 and
30°C
5.6.1 MeV Fresidues 462 and 367 are located at the critical interface
between the HR-B and DI domains in the prefusion conformation of F

In prefusion MV F, Asn462 is found near the beginning of HR-B at the
intersection of HR-A and DI domains (Figure 5-8A). However, in postfusion MeV F,
Asn462 is located on HR-B on the outer coil of the six-helix bundle formed by HR-A and
HR-B (Figure 5-8C). In both structures, Asn462 is facing ~90° away from the center of
the helical bundle, but in the postfusion form, it is predicted to hydrogen bond with
Glul70 of HR-A found in another subunit. In the pre-fusion form, it hydrogen bonds to

an adjacent residue (Gly460) on the same subunit. The second mutation, Ala367, is part
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of the DI domain and is near Asn462 in the prefusion form (C, to C, distance of 12 A),
but very distant in the postfusion form (C, to C, distance of 114 A). Ala367 goes from a
nonpolar environment in the prefusion form to a relatively solvated form in the
postfusion structure. The Asn462 and Ala367 positions in the pre-fusion conformation
suggest that mutations here may be conferring resistance by destabilizing a network of
non-covalent interactions between the top of the HR-B domains and the base of the pre-
fusion F head that must be disengaged for HR-B 3HB to dissociate (vide infra) and form
the intermediate structure (Figure 5-8B). Further experiments described below suggest
that destabilization of these interactions could accelerate the fusion kinetics, overcoming

the inhibitory effect of AS-48.

The models suggest that HR-B and the HR-B linkers are only loosely bound to the
DI domain in the head of prefusion MeV F. Most of the interaction between the HR-
B/HR-B linker domains and the rest of the protein occurs at the base of the head where
HR-B meets the DI domain. The mutations that confer resistance to AS-48 are located in
this critical region (Figure 5-8D). (Ala367 makes up part of the hydrophobic network
that holds these three domains (HR-B, HR-B linker, and DI) together. This residue, along
with Thr314, Leu354, and Leu355 are part of the DI domain residues in this network.
HR-B’s portion of the network is formed by Leu457 and Thr461, while Leu454 and
Ile452 form the HR-B linker’s portion of the network. Of the eight hydrophobic residues
of HR-B and the HR-B linker forming contacts with the head of the protein, five of these

residues (Leud57, Leud54, 11e452, Pro451, and Pro450) are from this network. The
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remaining three hydrophobic residues (Leu448, 1le446, and VVal432; not shown) are
dispersed along the length of the HR-B linker. These observations suggest that this
concentrated hydrophobic region is critical for holding the HR-B/HR-B linker domains in
the pre-fusion conformation. Mutations to more polar or smaller residues in this region
will disrupt the hydrophobic network and most likely decrease the barrier for dissociation
of HR-B/HR-B linker domains from the head of the fusion protein. Such mutations are
seen in AS-48 resistant mutants: Ser, Asp, or Lys replace Asn at position 462, and Thr
replaces Ala at position 367, implying that the virus overcomes inhibition by AS-48
through conversion of F to a less stable, constitutively more active variant.

To investigate the effect of these changes, the corresponding residues in the
prefusion model were mutated and their lowest energy rotamer using PRIME’s side-chain
prediction protocol was found (Figure 5-9).% In the resulting structures, Asp and Lys
mutations at position 462 introduce a charged species into this hydrophobic network
(Figure 5-9, B and C), increasing the attraction for water molecules which can break up
these interactions. Ser is not more polar than Asn462 (Figure 5-9A), but when mutated
in the prefusion model, the smaller residue increases the exposure to solvent (Figure 5-
9D). The Thr mutation at position 367 introduces a polar hydroxyl group into this deeply
hydrophobic area (Figure 5-9, E and F), likely inducing the same kind of effect as the

Asn462 mutations.
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Figure 5-8 (previous page): Position of resistance-conferring mutations at Asn462 and Ala367.
(A) Prefusion model shows that these residues are proximal and part of the key interactions
holding HR-B to the head of the protein prior to fusion. (B) Proposed intermediate structure
revealing that Asn462 and Ala367 must separate to achieve the conformational intermediate. (C)
Postfusion model showing that Asn462 ends up in the 6HB while Ala367 remains in the DI
domain of the MV F head. (D) View of the HR-B/HR-B linker interface with the head of MV F in
the prefusion model. Residues providing key hydrophobic interactions are shown as sticks. Eight
hydrophobic residues provide interaction of the HR-B/HR-B linker to the head. Five of the
residues (Leud57, Leu 454, lle452, Pro451 and Pro450) are from this network. The other three
hydrophobic residues (Leu448, lle446, and Val432, not shown) are located upstream on the HR-

B linker.
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Figure 5-9, previous page: Predicted structures for resistance-conferring mutations. (A-D)
Asn462 mutations at the interface of HR-B and DI domains in the pre-fusion model. The protein is
shown as secondary structure with its Connolly surface. Selected residues are shown as sticks.
In wild-type (A), Asn462 hydrogen bonds the backbone oxygen of Asp458. The Asn462 —Asp
mutant (B) introduces a negative charge into this critical hydrophobic environment. The Asn462
— Lys mutant (C) introduces a positive charge. The Asn462 — Ser mutant (D) does not introduce
a charge, but as a smaller residue, it increases the solvent exposure of the hydrophobic
interactions compared to wild-type. (E-F) Ala367 mutations at the interface of HR-B and DI
domains in the pre-fusion model. The protein is shown as secondary structure. Selected residues
are shown as sticks. In wild-type (E), Ala367 is part of the network of hydrophobic interactions.

The Ala367 — Thr mutant (F) introduces a polar hydroxyl directly into the hydrophobic network.

Fusion activities of the MeV F mutants N462S and N462K upon co-expression
with MeV H were tested at both 30 and 37°C (Figure 5-10A). In both mutant constructs,
the fusogenicity is markedly increased at 30°C. Even at 37°C, the N462K variant
experiences more fusion activity than unmodified MeV F at the same temperature.
Consistent with this, lateral spread of a recombinant MeV harboring F N462K is
increased through the cell monolayer (Figure 5-10B). The N462K variant is increased
within the cell monolayer. Such results are consistent with a decrease in the dissociation
barrier between the HR-B/HR-B linker domains and the head of the fusion protein,
assuming this barrier plays a deciding role in fusion activation. For PIV5 F, Russell et al.’
have suggested this region acts as a “conformational switch” based on mutations of PIV5
F residues L447 and 1449 (MeV F equivalent residues L457 and V459, Figure 5-8D).

Thus, aliphatic mutations attenuated fusion activity, but aromatic residues promoted
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hyperactive fusion.” A similar effect is implicated in some HIV-1 resistance mechanisms
in response to enfuvirtide.'"”> Accordingly, it appears that mutations promoting
hyperactive fusion accelerate fusion kinetics, narrowing the time window for productive

AS-48 docking and leading to resistance in MeV F.
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Figure 5-10: (A) MeV F variants N462S and N462K show enhanced fusion activity at 30°C
indicating reduced conformational stability. The 462K variant shows increased fusogenicity also
at physiological temperature. Quantification of fusion activity of F variants after co-transfection of
Vero cells with equal amounts of plasmid DNA encoding MeV H and F, and incubation at 30°C or
37°C as indicated. The values represent means of four experiments and are expressed as the
percentage of fusion activity observed for unmodified MeV F after incubation at 30°C or 37°C,
respectively. (B) In the context of infection with recombinant MeV, the F-462K variant confers
increased lateral spread through the target cell monolayer. Infected cells were subjected to

crystal violet-staining 30 hours post-infection to visualize virus-induced syncytia.
5.7 Limitations of the AS-48 molecular scaffold

Despite extensive structural modification applied to the AS-48 molecular scaffold,
the analogous compounds were never able to break the ~1 pM inhibition barrier. Prior to
the development of the pre-fusion model, it was difficult to justify the lack of increased

activity for all of the analogs produced. In light of the pre-fusion structure, it is now
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possible to understand that the specific conformation of MeV F that AS-48 and its related
inhibitors is able to target (Figures 5-7D and 3-4B) is only a brief intermediate within the
conformational cascade of the protein. Binding to the post-fusion structure would be non-
inhibitory, as the protein has already brought the viral and cell membranes together. AS-
48 increases the binding of an HR-B based peptide (see Section 4.3.4 and reference 88).
This result suggests that the intermediate protein conformation that AS-48 targets is a late
stage intermediate in which the HR-A 3HB has formed and the postulated Val94 binding
site has been exposed in contrast to being shielded by the HR-A residues (Figure 5-5).
Based on the morphing simulation of the DIIl domain, we suspect that AS-48 disrupts
interactions of the HR-B linker necessary to position HR-B near HR-A, interrupting the
formation of the 6HB; that is, not by inducing a conformational change in the protein, but
by increasing the energy barrier from an intermediate structure to the post-fusion
structure. Targeting an intermediate viral protein structure has been successful in some

114 \which achieves an ECs

cases, for example the peptide HIV entry inhibitor enfuvirtide,
in the low nanomolar range, but at the expense of a 36-residue peptide which requires
subcutaneous injection. Enfuvirtide also benefits from the relatively long lifetime
(several minutes) of the HIV-1 gp41 extended intermediate.*> Other fusion protein
intermediates may only exist for a few seconds.” For structure-based ligand design, lack
of detailed structural information for the intermediate poses a significant challenge.
AM4 has shown the greatest degree of inhibition of all entry inhibitors related to
AS-48, but is unstable at physiological conditions as this compound is essentially a

masked quinone which degrades upon facile air oxidation to uncharacterized products.®

Its high level of inhibition can likely be ascribed to the reactivity of its resulting quinone
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as a Michael acceptor in the binding site, perhaps subject to nucleophilic attack by the
hydroxyl of Ser45 (Figure 3-3A), although no attempt was made to determine the labeled
residue. Cysteine labeling seems unlikely as all extracellular cysteines are predicted to
form disulfide bonds. However, with reactivity comes instability. AM-4 loses all
inhibitory activity in 16 hours, corresponding to the loss of NMR spectrum integrity and
precipitation in deuterated chloroform.®° Although irreversible binding by AM-4 may
result in increased inhibition, such covalent interaction with proteins are undesirable for a
compound projected as a possible drug candidate, even if the compound were shelf

stable.
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Chapter 6: Fusion inhibition through stabilization of

prefusion MeV F

Portions of this chapter are based on “Reversible inhibition of the fusion activity of
measles virus F protein by an engineered intersubunit disulfide bridge,” published in the
Journal of Virology in 2007.1°

In search of a new candidate target site for antivirals in prefusion F, it was
hypothesized that fusion may be blocked by stabilizing interactions in the prefusion F
head or between the head and stalk of different subunits. To obtain proof of concept of
fusion arrest, disulfide bridges engineered to covalently link these microdomains were

d.'*® Afterwards, an attempt was made to identify a small molecule that mimics

examine
this action using a virtual screen against this site.
6.1 An engineered disulfide bridge in prefusion MeV F

Since the acquired mutations at positions 462 and 367, located in the interface of
the HR-B and head domains, appear to promote hyperactive fusion by destabilizing the
prefusion conformation, it was hypothesized that an engineered disulfide bond stabilizing
this region may have the opposite effect: elimination of fusion activity. In such a
construct, however, the fusion activity could possibly be restored by reduction of these
disulfide bonds.
6.1.1 Molecular modeling of disulfide bonds in prefusion MeV F

117
I

The prefusion model of MeV F was analyzed in silico using Sybyl™" (Tripos) and

the Lovell rotamer library*'®

to identify residues in the targeted domains with the
potential to form disulfide bonds when mutated pairwise to cysteine, without

necessitating large-scale domain movements. An intersubunit disulfide bond between
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residues 452 and 460 (1el452 and Gly460 in unmodified MeV F), postulated to link the
base of the head to the prefusion stalk, and an intersubunit bond between residues 307
and 448 (Gly307 and Leu448 in unmodified MeV F), postulated to link adjacent loops in
the head domain, appeared promising based on their side-chain geometries. All these
residues are highly conserved among F proteins derived from different MeV genotypes
and other members of the morbillivirus genus (canine distemper virus [strains examined,
Onderstepoort and Lederle]) and rinderpest virus (strains examined, RBOK and Kabete
0). Both centers were treated to mutation, bond formation and refinement by short 20K
molecular dynamics (MD) runs (using Macromodel v9.5™° [Schrédinger, Inc.]) and
subsequent force field minimization using OPLS2005 % 12% 121 and GB/SA solvation,*?

resulting in reasonable disulfide geometries for both disulfide pairs (Figure 6-1). The S-S
bonds between residues 452/460 and 307/448 display X3 angles of -103.1 and 90.8°,

respectively. While both angles are close to the disulfide ideal, the 307/448 bond perturbs
the original structure slightly more than does the 450/462 bond. The root mean square
deviations (RMSD) between the protein backbone atoms within an 8 A sphere around the
disulfide bonds are 0.73 A and 1.43 A, respectively. Thus, formation of a disulfide bond

between residues 452 and 460 was predicted to be a slightly more effective modification.
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Figure 6-1: Predicted geometries of disulfide bonds introduced into the prefusion MeV F trimer

homology model. (A, B, and C) A disulfide bond between residues 452 and 460 is predicted to
establish an intersubunit link between the top of the HR-B prefusion stalk and the base of the
globular head domain. Side view of the trimer (A), view from the dotted line in panel A up the HR-
B stalk (B), and close-up view of the intersection of stalk and head domain (C). Cysteine side
chains of engineered bonds are highlighted in blue, individual sulfur atoms are shown in orange.
(D, E, and F) A disulfide bond between residues 307 and 448 is predicted to link two loops in the
base of the prefusion head domain of the same monomer. Individual views and coloring of

engineered bonds as described for panels A through C.
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The Plemper groups realized theses pairwise changes to cysteines in expression
plasmids carrying the F gene of the MeV-Edmonston (MeV-Edm) vaccine strain. After
co-transfecting with cells, the resulting F-Edm 452C/460C variant showed efficient
proteolytic maturation of the Fq precursor, similar to unmodified F-Edm (Figure 6-2A).
In contrast, no maturation could be detected for the F-Edm 307C/448C construct,
suggesting misfolding and likely intracellular retention. This was confirmed when plasma
membrane steady-state levels of the different constructs were assessed by surface
biotinylation. The F-Edm 452C/460C mutant largely maintained intracellular transport
competence, showing a surface steady-state level of approximately 70% of unmodified F-
Edm, whereas F-Edm 307C/448C was virtually undetectable at the cell surface (Figure
6-2B). To assess fusion activity of the mutant variants, a quantitative cell-to-cell fusion
assay was employed by the Plemper group. Importantly, both mutant F variants failed to
induce cell-to-cell fusion (Figure 6-2C). Microscopic examination of the extent of
syncytium formation confirmed this observation (Figure 6-4). While this was expected in
the case of F-Edm 307C/448C considering its lack of transport competence, absence of
fusion activity of proteolytically cleaved and surface expressed F-Edm 452C/460C

provides the first evidence for successful intersubunit disulfide bond formation.
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Figure 6-2: An F-Edm 452C/460C double mutant is proteolytically activated and intracellular
transport-competent, but lacks fusion activity. (A) Immunoprecipitation (IP) of F-Edm, F-Edm
452C/460C and F-Edm 307C/448C from cleared Vero cell lysates obtained 36 hours post-
transfection. An antiserum directed against residues 127-193 in the F HR-A domain was
employed. Precipitated material was subsequently subjected to immunostaining using antibodies
directed against the cytosolic F tail. Both the F, precursor and the proteolytically matured F;
fraction of F-Edm and F-Edm 452C/460C are present, while for F-Edm 307C/448C only the
uncleaved Fq precursor is visible. (B) Only the F-Edm 452C/460C mutant but not F-Edm
307C/448C is expressed at the cell surface, based on surface biotinylation to assess plasma
membrane steady-state levels of MeV F. (C) Quantitative cell-to-cell fusion assays reveal that

both F-Edm variants lack fusion activity.

6.1.3 Oligomerization of F variants with engineered disulfide bonds.

To test the oligomerization status of F-Edm 452C/460C displayed at the cell
surface, surface immunoprecipitation was carried out by the Plemper group using an
antiserum directed against the F-Edm HR-A domain. Following immunoprecipitation,
samples were separated by gel electrophoresis under reducing and non-reducing
conditions, and F antigenic material detected on immunoblots using an F tail-specific
antiserum. Under reducing conditions, the majority of the F-Edm and the F-Edm

452C/460C antigenic material migrated at a molecular weight corresponding to the
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proteolytically cleaved F; form (Figure 6-3, left panel), confirming the initial
observations. When the same samples where examined under non-reducing conditions,
the majority of the F-Edm 452C/460C material migrated at a molecular weight
corresponding to an F trimer and only small amounts of dimeric and monomeric material
could be detected (Figure 6-3, right panel). This was in contrast to non-covalently linked
F-Edm trimers, which under these conditions completely disintegrated and migrated
exclusively as F monomers.

Stability of F-Edm 452C/460C oligomers was further assessed by the Plemper
group using sucrose gradient centrifugation. SDS-treatment had virtually no effect on the
distribution of the F-Edm 452C/460C antigenic material in the gradient. This was in
contrast to parental F-Edm, the majority of which shifted to fractions of lower density
upon disruption of non-covalent protein-protein interactions through SDS. Independent of
SDS-treatment, approximately equal amounts of lower and higher molecular weight F-
Edm 452C/460C material were detected in total cell lysates. This likely reflects a slight
delay in intracellular homo-oligomerization and is consistent with the reduction of F-Edm
452C/460C surface expression observed in our initial experiments. Taken together, these
results indicate that covalent, intersubunit bonds are present in the majority of surface

expressed F-Edm 452C/460C material.
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Figure 6-3: Disruption of F-Edm 452C/460C trimers requires reducing conditions,
indicating presence of intersubunit disulfide bonds. Surface immunoprecipitation (IP) of
F-Edm, F-Edm 452C/460C and F-Edm 307C/448C using the antiserum directed against
the HR-A domain, followed by gel electrophoresis under reducing and non-reducing
conditions and immunodetection with F-tail specific antibodies. Under non-reducing
conditions, the majority of the F-Edm 452C/460C antigenic material migrates as trimer,
while parental F-Edm migrates exclusively as monomer. Reduction of disulfide bonds
through DTT-treatment (reducing) results in migration of the majority of F-Edm and F-
Edm 452C/460C antigenic material as F; monomers.
6.1.4 Reactivation of fusion activity by DTT-treatment confirms proper
folding of F-Edm 452C/460C and arrest in a prefusion conformation

To test whether partial reduction of disulfide bonds results in reactivation of F-
Edm 452C/460C fusion activity, the Plemper group co-expressed this mutant and H-Edm
in cells treated with different concentrations of dithiothreitol (DTT), followed by

acetylation of free thiol-groups with 1 mM iodacetamide®® and assessment of fusion
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activity. Microscopic analysis revealed the highest degree of reactivation of F-Edm
452C/460C fusion activity upon treatment with 25 mM DTT (Figure 6-4A, data not
shown for other DTT concentrations). Following treatment, multinucleated cells
(syncytia) indicating cell-to-cell fusion formed, while no syncytia formation took place in
control samples not treated with DTT. Furthermore, parallel assessment of cells co-
expressing H-Edm and F-Edm revealed that treatment of unmodified F-Edm with DTT
somewhat reduces fusion activity (Figure 6-4A), presumably through reduction of
natural intrasubunit disulfide bonds present in the F ectodomain.

Fusion activity of untreated and DTT-treated samples was quantified using a
luciferase-reporter cell-to-cell fusion assay. DTT-treated cells expressing H-Edm/F-Edm
452C/460C showed fusion at 20% that of untreated cells expressing H-Edm/F-Edm
(figure 6-4B). In contrast, treatment reduced fusion activity of H-Edm/F-Edm-expressing
cells to 60% of untreated controls. This equals to an approximately 4-fold increase in
fusion activity for F-Edm 452C/460C-expressing cells upon DTT-treatment compared to
a 1.6-fold reduction upon treatment in the case of F-Edm. These findings strongly support
proper overall folding of F-452C/460C trimers and indicate reversible covalent fixation

of the trimer in a prefusion conformation.
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Figure 6-4 (previous page): DTT-treatment of cells co-expressing H-Edm and F-Edm 452C/460C
results in reactivation of F-Edm 452C/460C fusion activity. (A) Microphotographs of Vero cells co-
transfected with plasmid DNA encoding H-Edm or F-Edm, H-Edm or F-Edm 452C/460C, or
transfected with H-Edm encoding plasmids alone. Thirty hours post-transfection, cells were
treated with DTT or left untreated (w/0), followed by an iodacetamide wash to acetylate free thiol
groups and microscopic assessment of fusion activity 150 minute posttreatment. F-Edm
452C/460C expressing cells formed syncytia after treatment but not in the absence of DTT. (B)
Quantification of fusion activity of cells transfected as in (A) using the luciferase reporter assay.
While DTT-treatment reduces fusion activity of F-Edm by approximately 40% as compared to
untreated (w/0) H-Edm/F-Edm expressing cells, it restores activity of F-Edm 452C/460C to levels
corresponding to 20% of untreated F-Edm. No fusion activity was detected in untreated cells

expressing H-Edm and F-Edm 452C/460C.
6.2 Screening for small molecule inhibitors of prefusion MeV F
Since an engineered intersubunit disulfide bond successfully demonstrated that
fusion could be inhibited by stabilization of the prefusion form of MeV F, efforts were
made to identify a small molecule that could also target this site and stabilize the
prefusion conformation.
6.2.1 Computational identification of the target site in the prefusion MeV F
model
While the interface of the HR-B and head domains was the known site of the
acquired mutations at positions 462 and 367, as well as a successfully engineered
disulfide bond, it was not known if this site could potentially bind a small molecule. To

investigate this, a SiteMap**

(Schrodinger) evaluation was performed on the entire
prefusion MeV F model. SiteMap functions by a generating a grid to locate contiguous

points that lie in exterior, concave regions of the receptor that have hydrophobic and
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hydrophilic properties similar to the dataset of 157 tight-binding (<1uM) ligand-receptor
complexes. When applied to the prefusion model, the HR-B and head domain interface
was indicated as the third most favored binding site in the structure (with a SiteScore of
0.99, compared to the 157 complexes which result in an average SiteScore of 1), the first
site being located in the transmembrane domain and the second in the hollow interior
sphere of the MeV head domain (Figure 6-5). These results indicated that this site could

potentially bind a small molecule.
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Figure 6-5: Predicted small molecule binding site at the interface of the HR-B domains and the
DIl domains of the MeV F head. The SiteMap grid points for this site are shown as gray dots,

protein as ribbons colored by subunit, and Asn462 and Ala367 as spheres.

6.2.2 Further refinement of the prefusion MeV F structure

When the homology model of prefusion MeV F was developed, PRIME’s side
chain prediction protocol was implemented to determine the most energetically favored
rotamer of all the side chains. This method does not affect the backbone torsional angles,

however, which remain similar to that of the template structure. For most regions of the
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structure, this is a sufficient approximation for the model structure. However, near this
predicted small molecule binding site on the HR-B linker, two sequentially adjacent
prolines (Pro450 and Pro451) were in an unfavorable geometry (Figure 6-6). To refine
these residues as well as the rest of the protein, a molecular dynamics (MD) simulation in
explicit water was performed for one nanosecond on the MeV F prefusion model. The
MD simulation was performed using the GROMACS package.*® *° The structures were
simulated using the OPLS-AA force field'®® and solvated with the TIP4P water model.*™*
Using the solvated prefusion structure (Section 5.4.2) a 6 ps simulation was performed at
20K to remove any gross steric clashes from the structures. The simulation was then
restarted and the temperature increased to 300K over 200 ps. The simulation was then
continued at 300K for 1 ns. Simulations from 20 to 100K were performed with NVT
conditions (constant number of particles, volume, and temperature) while subsequent
simulations (from 100 to 300K and the following 1 ns simulation at 300K) were
performed with NPT conditions (constant number of particles, pressure, and
temperature). The 6 ps simulation at 20K used a time step of 1 fs; all other simulations

125

used a 2 fs time step. All simulations used the Berendsen thermostat™ and particle mesh

126 \vith a cutoff of 9A. The resulting structure after 1 ns of

Ewald electrostatics treatment
simulation was minimized using PRIME® (Schrédinger).

The prefusion MeV F structure was stable in the 1 ns MD simulation, ending with
an RMSDyackbone OF ~ 2.0A for the head domain when compared to the original structure
(Figure 6-6). Because the HR-B 3HB is not anchored in a transmembrane domain, the

bottom of this structure experiences some distortion over the course of the simulation. If

the entire protein is included in the RMSD calculation, the RMSDpackbone 1S increased to
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2.5A because of this distortion. These results suggest that the prefusion model is near
energy minima that may closely approximate the actual metastable state. During the
course of the simulation, the problematic proline residues 450 and 451 flipped their

orientation into a much more favorable geometry (Figure 6-6).
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Figure 6-6: Results of thel ns MD simulation of the prefusion MeV F model. (A) Structural
alignment of the original (cyan) and MD-structure (orange) shows that the majority of the protein
is stable in the simulation. (B) The RMSDy.cknone Calculated over the course of the simulation for
the residues of the head domain allows a metric of this stability. After initial movements early in
the simulation, the structure plateaus into a stable conformation. (C) Unlikely conformation of the
proline residues 450 and 451 on the prefusion MeV model before MD. (D) Stable conformation of
these residues after the MD simulation followed by minimization.

6.2.3 Virtual screen at the HR-B / head domain interface

127

The ~ 60,000 compound Maybridge Screening Set™" as included in the Catalyst

DB software (Accelrys) was used in the virtual screen. These ligands were prepared for

128

docking using LigPrep™ (Schrodinger), which ionized the structures for a target pH
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range of 7.0 + 1.5. The Virtual Screen Workflow*? (Schrodinger) was utilized to perform
the screen. This workflow consists of three docking stages. The first stage performs the
efficient, but relatively inaccurate High Throughput Virtual Screening (HTVS) docking.
The ligands that are retained are then passed to the next stage, which performs Standard
Precision (SP) docking; the survivors of this stage are passed on to the third stage, which
performs Extra Precision (XP) docking. In this virtual screen the top-scoring 10% in each
stage were retained for each subsequent step, resulting in ~ 600 ligands after the XP
docking step. The binding energy of each of these poses was predicted using the MM-
GBSA method,™* allowing for 12A of receptor flexibility in the minimization of the
complex. The 200 poses with the most favorable binding energies were visually
evaluated, eliminating poses with solvent-exposed hydrophobic regions, polar regions
buried in hydrophobic areas, and strained ligand conformations such as cis-esters. After
this visual inspection 117 poses appeared reasonable. To reduce the number of similar

131

compounds needing to be assayed, the Tanimoto similarity coefficient™" was calculated

between all the compounds using Instant JChem®#

(ChemAXxon); sets of compounds with
> 0.7 Tanimoto similarity were reduced to the single ligand which had the best predicted
binding energy, leaving 103 compounds. Three of these compounds, in their predicted

docking pose with MeV F, are shown in Figure 6-7.



Figure 6-7: Three examples of compounds selected by virtual screening as potential binders to

the interface of the HR-B and DIl domains. The left panel shows the structures of the ligands. The
middle panel shows the predicted pose of the ligand in the receptor with the ligand shown as grey
sticks and the protein as ribbon colored by subunit with its sidechain as lines. The right panel
shows the ligand pose with the receptor’s Connolly surface colored by electrostatic potential (red
= negative, blue = positive, white = neutral).
6.2.4 Biological testing of the compounds selected by virtual screening
The inhibitory activity of the candidate compounds was assessed by suppression
of viral cytopathic effect. In this assay cells are infected with MeV in the presence of

compound in two-fold dilutions with starting concentrations of 75 uM (concentration

range examined 0.3 uM to 75 pM). At 96 hours after infection, virus-induced cytopathic
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effect was quantified through the staining of cells with crystal violet, which allows
determination of the extent of syncytia and cell death. Unfortunately, none of the
candidate compounds inhibited viral activity in this assay.

The failure of this screening to identify potential inhibitors could be the result of
at least 3 different factors: a) The target binding site may not be correctly represented in
the refined prefusion homology model. Although it did allow the successful design of an
engineered disulfide bond, it may not be accurate enough to evaluate small molecules
binding in this site. b) The compounds were incorrectly ranked by the docking and MM-
GBSA procedure. Even in virtual screening scenarios where a high-resolution structure
and a dataset of known actives are available, a non-trivial percentage of the ranked
compounds must be tested to identify the first active compound.**® Docking programs
such as Glide typically do perform much better than a random selection of compounds.
However, in this virtual screen it not known what percentage of the dataset is active;
therefore, the minimum number of compounds that must be tested to identify an active is
uncertain, though it is likely greater than 103. It is also possible the Maybridge screening
database simply contains only a few active compounds, making them statistically very
difficult to identify. c) Binding at the interface of the HR-B and DIl domains does not
stabilize the prefusion form enough to inhibit fusion. The stabilization provided by
covalently linked subunits is much greater than that possible in small molecule binding. It
is also possible that the HR-B domains may be in a state of dynamic equilibrium between
a 3HB and an unstructured conformation such as seen in the first two frames of Figure 5-

3. The engineered disulfide bonds could eliminate this equilibrium through their covalent
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bonds but small molecule compounds would have to stabilize the 3HB state enough to

cause the equilibrium to favor this state.



122

Chapter 7: Functional interaction between

paramyxovirus fusion and attachment proteins

Portions of this chapter are based on “Functional interaction between paramyxovirus
fusion and attachment proteins,” published in the Journal of Biological Chemistry in
2008."%

While the previous chapters have focused on the fusion protein of MeV,
membrane fusion does not occur for members of paramyxovirinae without the attachment

glycoprotein (H, HN or G depending on the genus), > & % 19.70.127

(Respiratory Syncytial
Virus is the exception: it can fuse without the aid of its G protein.'*) The attachment
protein mediates receptor binding and is thought to trigger conformational
rearrangements in the metastable F protein, which ultimately results in membrane fusion.
However, the nature of this interaction between fusion and attachment proteins is unclear.
Partial structures of the ectodomain of attachment proteins have been solved for multiple
paramyxovirinae including MeV,****® and reveal a globular head domain with the
typical six-blade propeller fold of sialidase structures. Hemagglutinin-neuraminidase
(HN) attachment proteins are indeed found on paramyxoviruses that enter cells through

139-141

binding to sialic acid.”* However, viruses of the genera henipavirus and

morbillivirus (which includes MeV, see Figure 2-1) recognize protein receptors, such as

CD46 and/or SLAM/CD150w for MeV. * 73 142144 e/ H was crystallized as a

135, 137

homodimers, although other paramyxovirinae attachment proteins have been

crystallized as both homodimers and homotetramers (formed by a dimer of dimers).*3* 1%

No structural information for the attachment protein’s stalk region, which is thought to
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connect the globular head domain to the viral membrane, is revealed in any of the X-ray
crystal structures.

Multiple studies have demonstrated that specific interactions between compatible
paramyxovirinae F and attachment proteins are imperative for the formation of functional
fusion complexes.*** 1***%0 However, the molecular nature of these interactions and the
spatial organization of functional glycoprotein hetero-oligomers have remained largely
unknown. For paramyxovirus HN proteins, several studies have shown that the
structurally undetermined stalk region determines specificity for different F proteins,
suggesting that F-interacting residues may reside in this region.™**** 148 149 150 The
applicability of this finding to morbillivirus H was unknown, however, and little
information was available for the specific residues in the H stalk that mediate this
interaction. Even less information was available for the nature of F microdomains that
mediate interaction with attachment proteins. Multiple domains have been suggested to
mediate specificity of HPIV2 F for its HN,™* **> but further studies using N-glycan

shelding®® and structural information*® *®

argued against these proposed direct contacts.
Electron microscopy of viral particles showed glycoprotein spikes of apparently equal
length, leading many to suggest that the head'*® domains of both F and attachment
proteins should be laterally aligned.”* However, these images do not posses the resolution
to differentiate between H and F based spikes or to distinguish between laterally aligned
head domains and densely packaged H and F head domains of different heights above the
viral envelope.

Starting with the observation that MeV H is able to engage in productive

heterotypic interaction with F proteins derived from some but not all isolates of closely
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related Canine Distemper Virus (CDV) (Figure 2-1), efforts were made by the Plemper
group to determine the molecular basis for this differential activation, and thus, residues
involved in functional interaction between H and F. In parallel with these efforts, a model
of H and F interaction was generated to provide a structural basis for these findings. 156
Further experiments utilized structural predictions based on the model to verify and

further refine the hypothetical interaction.™’

The Plemper group discovered an interesting inconsistency in the nature of CDV
F and MeV F activation by MeV H in the literature. For these closely related viruses,
combinations of MeV and CDV-derived F and H proteins were one of the few cases
where heterotypic complexes could be functional.**® **® **° However, another study
reported that MeV cannot functionally replace CDV H in triggering CDV F.**° This could
imply that F proteins derived from some CDV strains or MeV strains might be able to
productively interact with heterotypic H, whereas those from other strains may not.
Because of the high similarity between these proteins, identification of the individual

residues responsible for this specificity was possible.

When Vero cells expressing dogSLAM (thus expressing a receptor permissive for
both CDV and MV-Edm H binding) were co-transfected with plasmids for CDV F and
MeV H of several different strains by the Plemper group, efficient cell to cell fusion
resulted for all homotypic constructs, but only some heterotypic constructs. A strong
strain preference was found in the productive interaction of CDV F with MeV H, with

CDV F-Onderstepoort (CDV F-ODP) being triggered efficiently by MeV H, whereas no
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fusion occurred upon co-transfection of cells with CDV F-Lederle and MeV H (Figure 7-
1). A quantitative cell to cell fusion assay confirmed these microscopic observations. To
test whether CDV F-Lederle is still capable of physically interacting with MeV H, the
Plemper group used a co-immunoprecipitation assay. Both F-ODP and F-Lederle were
found to form hetero-oligomers with MeV H, however, co-precipitation efficiency of F-
ODP with MeV H was substantially higher than that of F-Lederle. This result indicates
there are different degrees of heterotypic interaction and support the hypothesis that
productive heterotypic interaction of CDV F with MeV H depends on the strain

background of the CDV F examined.
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Figure 7-1: CDV F-ODP but not CDV F-Lederle is triggered by MeV H. (MeV is abbreviated MV
in this figure.) (A) Micrographs of Vero-dogSLAM cells co-transfected with plasmid DNA encoding
MeV or CDV glycoproteins as specified. (B) Quantification of cell to cell fusion activity expressed
as the percentages of activity measured for MeV F and the respective H. (C) CDV F variants
show different strengths of interaction with MeV H. Co-immunoprecipitation of CDV F-ODP and
Lederle with MeV H. The lysates of co-transfected cells were subjected to immunoprecipitation
using specific antibodies directed against an epitope in the MeV H ectodomain. Co-precipitated F
(upper panel) was detected in comparison with F present in lysates prior to precipitation (lower
panel) by immunoblotting using a specific antiserum directed against an epitope in the cytosolic

tail of CDV F.

7.1.2 Minimal domain required for heterotypic triggering of CDV F-ODP
Because F-Lederle and F-ODP share > 95% protein identity, it is likely that

chimeras derived from both proteins are fusion-competent, in contrast to heterotypic
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chimeras combining F proteins from different paramyxoviruses. To test the prediction
that there are specific regions in CDV F that effect the differential triggering, the Plemper
group generated a series of reciprocal chimeras using suitable restriction sites that are
conserved in both CDV F genes. When the fusion activity of these constructs was
determined, productive interaction of F-ODP with MeV H was traced to an N-terminal
region of F. To further narrow the domain responsible for differential triggering,
engineered restriction sites were used, revealing a fragment spanning the C-terminal 73
amino acids of the F, subunit (encompassing the fusion peptide and the HR-A domains)
as responsible for differential triggering. If a Lederle version of this fragment is
introduced into F-ODP, the ability to form functional fusion complexes with MeV H is
lost, but interaction with CDV H is fully maintained. Further shortening of this segment
reduced the degree of differential triggering. Specific changes in this 191 amino acid
domain between both CDV F variants are thus responsible for productive heterotypic

triggering of F-ODP.

There are six residues that differ between F-Lederle and -ODP in the 191 amino
acid domain. Directed mutagenesis by the Plemper group of an arginine to lysine at
position 317 was found to substantially reduce triggering by MeV H when changed in the
F-ODP background. Combining Lys317 with changes at three of the five remaining
positions (residues 164, 219, or 233) further reduced heterotypic triggering, whereas the

other two residues (159 and 178) did not. The greatest effect, closely resembling the
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fusion activity observed for the 191 amino acid chimera, was observed when the residues

164, 219, 233, and 317 were changed in conjunction.

To locate these residues in the three-dimension context of the prefusion F trimer,
a structural model of CDV F on the basis of coordinates reported for the prefusion F of
PIV5 was generated (Protein Data Bank code 2B9B).™ Primary sequence comparison
using ClustalW revealed 26% identity and 59% similarity between CDV F and PIV5 F
(the CDV F precursor sequence (residues 1-135) was excised). The homology between
these sequences is similar to that observed between hPIV3 F and Newcastle disease virus
F.1%1 X-ray crystal structures for both of the latter in the post-fusion state show very
similar three-dimensional folds, despite a slight rotation in the interface of the HR-A
coiled-coil and the DI-DII domains.™ It was thus expected that faithful models of
prefusion F could be achieved based on similar homologies. The CDV F model was

constructed using PRIME™®

(Schrodinger). Each subunit was individually built and then
combined into a trimer, which was further refined by using the PRIME side chain
prediction model on all residues. In the resulting prefusion model of CDV F, the side
chains of residues 164, 219, and 233 are each predicted to be surface-exposed, whereas

residue 317 is buried in the prefusion trimer (Figure 7-2).
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Figure 7-2: Visualization of the identified residues in a structural model of the prefusion CDV F-
ODP trimer. In the left panel, all four residues (164, 219, 233, and 317) are highlighted in red.
Residues 164, 219, and 233 are predicted to be surface-exposed; residue 317 is predicted to be
buried in the trimer (visible only in the ribbons models; center panel, side view; right panel, top
view).
7.1.5 Changes in the strength of H and F interaction due to mutations

To assess the contribution of different mutations to the strength of H-F
interaction, the Plemper group performed co-precipitation of the individual F-ODP
variants with MeV H. Co-precipitation efficiency of mature, fusion competent F variants
was somewhat reduced as compared with unmodified F-ODP, indicating a lowered
strength of physical interaction. However, no linear trend emerged between one and four
point mutation constructs, suggesting that changes in physical and functional interaction
of these ODP mutants with MeV H are not directly proportional. These findings do

indicate that four discrete point mutations modulate the physical interaction of F-ODP

and MeV H and govern the ability of both proteins to form functional fusion complexes.
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The Plemper group then performed a reversal of the previous chimera assay to
identify residues on morbillivirus H that are responsible for differential triggering of the
CDV F-Lederle and -ODP. MeV H is covalently linked into dimers by tandem
intersubunit disulfide bonds that engage cysteines at positions 139 and 154.'*° These
cysteines are conserved in CDV H, leading to the hypothesis that a fragment comprising
the cytosolic tail, transmembrane anchor, and stalk domain up to the first disulfide bond
may be transferable between CDV and MeV H as a modular unit without losing
functionality. To test this hypothesis and assess whether CDV F-specificity of MeV H is
associated with this N-terminal fragment or downstream domains, the Plemper group
generated a MeV H mutant in which the N-terminal 139 residue fragment is derived from
CDV H. Quantification of cell to cell fusion activity and microscopic assessment upon
co-expression of this H construct with MeV F or CDV F-Lederle demonstrated that the
construct is equally capable of efficiently triggering either F (Figure 7-3). These findings
indicate that residues located in the MeV H ectodomain downstream of the N-terminal
stalk region are not involved in differential F triggering, consistent with previous studies
that had only implicated stalk domains of the HN proteins of related paramyxoviruses in

mediating F specificity, 148 151-153 162,163 1 g3
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Figure 7-3: Residues in a MeV H N-terminal domain are determinants for F specificity (MeV is
abbreviated MV in this figure). (A) Quantification of fusion activity upon activation of CDV F-
Lederle or MeV F with CDV H, MeV H, or an MeV/CDV H chimera specified in the schematic
below the graph. The values are expressed as a percentage of activity observed for either CDV
F-Lederle or MeV F co-expressed with CDV H. (B) Microphotographs of Vero-dogSLAM cells co-
transfected with the constructs outlined in (A).

7.1.7 A five-residue fragment in the MeV H stalk determines specificity for
F-Lederle

To test whether individual residues in MeV H can be identified that contribute to
F-Lederle activation, a conserved region downstream of residue 90 was chosen as a base
to systematically narrow the 139 amino acid fragment. Through recombination PCR, two
additional MeV H chimeras were generated by the Plemper group that harbor either CDV
residues 1-90 (cytosolic tail, transmembrane domain, and N-terminal residues of the stalk

domain) or 98-138 (C-terminal residues of the stalk domain up to the first disulfide
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bridge). Assessment of homotypic and heterotypic F triggering revealed that only the 98-
138 construct was capable of productively interacting with F-Lederle. Further
differentiation of this 41-residue fragment through recombination PCR backed up by
directed mutagenesis highlighted a linear five-residue fragment (residues 110-114) to be
accountable for the degree of F-Lederle activation in the 98-138 construct. Although this
chimera, MeV H (110-114CDV), activates F-Lederle only 40% as efficiently as the MeV
H (1-138CDV) chimera, no other linear domain in the 138-residue stretch was found to
contribute to F-Lederle specificity when assessed individually. Further shortening of the
110-114 fragment reduced fusion activity upon co-expression with F-Lederle All but one
of the H chimeras were capable of triggering homotypic MeV F (fusion activity upon co-
expression with MeV F > 50% of standard MeV H), suggesting that other functions such
as surface expression and receptor binding are largely intact. These data demonstrate that
residues in the extracellular H stalk domain determine whether a functional interaction

can be established between MeV H and CDV F-Lederle.

To assess whether the residues individually identified in F and H act
interdependently and thus determine reciprocal specificity, the Plemper group co-
expressed the strictly CDV H-dependent F-ODP (164-, 219-, 233-, and 317-Lederle)
variant with different MeV H chimeras capable of triggering F-Lederle and examined
fusion activities (Figure 7-4). The presence of the N-terminal 138-amino acid domain of
CDV H fully restored the ability of MeV H to productively interact with the F-OPD (164-

, 219-, 233-, and 317-Lederle) variant, and co-expression with MeV H (110-114CDV)
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resulted in some fusion activity, albeit to a lesser degree than observed with MeV H (1-
138CDV). These data confirm that productive interaction is restored when mutations of
residues 164, 219, 233, and 317 in F-ODP are combined with changing the 110-114
stretch in MeV H. These residues thus act interdependently in determining reciprocal
glycoprotein specificity.
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Figure 7-4: Residues identified in F and H act interdependently. Quantitative (A) and qualitative
(B) assessment of fusion activity of cells co-transfected with CDV F-ODP (164-, 219-, 233-, and
317-Lederle) variant and CDV H, MeV H, or chimeras derived thereof (as specified). The

quantification results are expressed as percentages of activity observed for cells co-expressing

CDV F-ODP (164-, 219-, 233-, and 317-Lederle) and homotypic CDV H.

7.1.9 Role of identified F residues in homotypic fusion
To assess the importance of F residues 164, 219, 233, and 317 for the formation
of productive fusion complexes under homotypic conditions, the Plemper group mutated

the homologous residues (positions 52, 107, 121, and 205) individually in the MeV F



134

background. Changes at either position 52 or 107 had virtually no effect on F fusion
activities or surface expression. In contrast, a conservative alanine to leucine change at
MeV F position 121 resulted in nearly complete intracellular retention of the mutant
protein. Despite this block in intracellular transport, cell to cell fusion was 21% of
unmodified MeV F, indicating that the very small fraction of surface-expressed material
is sufficient to mediate detectable activity. The opposite phenotype was observed when
alanine 121 was changed to lysine. Intracellular transport was similar to unmodified F,
indicating proper folding and proteolytic maturation. Upon co-expression with MeV H,
however, no fusion activity could be detected. For MeV F residue 205, a conservative
change of the lysine to histidine or glutamine reduced fusion activity by 19% and 79%,
respectively. A more drastic change at this position (K205A) fully eliminated fusion
activity.

In contrast to MeV F residue 205, the structural model of MeV F predicts residue
121 exposed at the surface of the prefusion trimer. (Figure 7-5) To test whether mutation
of this residue to lysine physically affects homotypic interaction, co-immunoprecipitation
with MeV H was employed by the Plemper group. The F-A121K variant returned an
approximate 81% reduction in co-precipitation efficiency with MeV H as compared with

unmodified F, highlighting this residue as a determinant for physical H-F interaction.
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Figure 7-5: Residues implicated in homotypic MeV fusion. Structure shown is the prefusion
homology model based on PIV5 F (PDB code 289819). Positions 52 and 107 (blue spheres) have

virtually no effect on homotypic MeV F fusion activities or surface expression, suggesting their
functional importance is restricted to heterotypic H-F complexes. However residues 121 and 205

(red spheres) were important contributors to F triggering.

These results demonstrate that of the four candidate residues identified in the
heterotypic assay, MeV residues 121 and 205 are determinants for strength of homotypic
MeV H-F interaction (residue 121) and the extent of fusion activity (residues 121 and
205).

7.2  Structural model of morbillivirus H-F interaction

To place the residues implicated in functional H-F interaction in the context of the

available structural information, a structural model was built for MeV H in addition to the

prefusion CDV F model. With X-ray crystal structures available for the MeV H head
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domain (residues 154-607),"® **" the critical structural information missing for this
protein is the stalk domain (residues 58-153). Although the oligomeric state of native
MeV H has not formally been determined and may well resemble a tetramer'®* in
accordance with other paramyxovirus attachment proteins, 3 138 16186 homodimers were
modeled for this initial model. Section 7.4 will explore the possible structure of MeV H

tetramers.

To determine if any homologous structures to the MeV H stalk domain were
available, a BLAST search of the non-redundant Protein Data Bank database was

performed using PRIME*®

(Schradinger). Unfortunately, only small stretches of residues
had any meaningful alignment with protein structures in the database. With no available
information on the nature of the structure, efforts were turned to sequence-based
prediction of the MeV H stalk. Transmembrane domain prediction applied to the MeV H
sequence strongly indicated a TM domain in MeV F spanning residues 38-57.%" Thus, a
structural model for residues 58-153 was desired. Additionally, it was known that
disulfide bonds exist for cysteine residues 139, in addition to the disulfide bond between
cysteines residues 154, which is the first N-terminal residue resolved in the X-ray crystal
structure. Secondary structure predictions by SSpro*®® and PSIPRED*® suggested a
helical nature of the MeV H stalk, particularly residues 58-122, of which 81% were
predicted helical by SSpro (Figure 7-6). For comparison, SSpro predictions for known
helical structures, such as the HR-A domain of paramyxovirus F and the helical domains

or cortexillin are 86% and 89%, respectively. Also evident in the MeV H sequence are

clear heptad repeat regions starting at Leu60 and ending at Asp128. Other viral
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glycoproteins, such as prefusion PIV5 F,*® have globular head domains connected to the

viral membrane by long, coiled-coil stalk domains. Circular dichroism analysis of the

PIV5 H stalk domain also supports a helical coiled-coil configuration of the stalk.*”

Thus, to obtain a hypothetical model of the entire ectodomain, the MeV H stalk was
modeled as a coiled coil based on the helical cortexillin I structure (Protein Data Bank

code 1D7M).}"

58 114

a d a d a d a d a d a d a d a d
MeV H IRLHRAAIYTAEIHKSLSTNLDVTNSIEHQVKDVLTPLFKIIGDEVGLRTP QRFTDL
SSpro HHHHHHHHCHHHHHHHCHCCHHHHHHHHHHHHHHHHHHHHHHCHHCCCCCCCHHHHHH
PSIpred CEEEEEEEEEHEECCCCCCCHHHHHHHHHHHHHHHHHHHHHHCCHHCCCCCHHHHHHH

115 152
a d a d
MeV H VKFISDKIKFLNPDREYDFRDLTWCINPPERIKLDYD
SSpro  HHHHHHHCCCCCCCCCCHHCCEEEECCCCCEEEECCH
PSIpred HHHHHHHHCCCCCCCCCCCCCEECCCCHHHEEECHHH

Figure 7-6: Secondary structure predictions (H, E, and C for helical, beta-sheet, and loop
residues, respectively) for MeV H. Only the residues in the stalk domain are shown, though the
calculation was performed on the entire sequence. In the SSpro calculation, 81% of residues 58-
122 are predicted to be helical. Heptad repeat residues (a and d) are shown above the sequence.
The residue numbers are shown at the top left and right of each line.

To build this coiled coil structure for the MeV H stalk, residues 58-154 were

threaded in the cortexillin structure using PRIME™®

(Schrodinger) with the alignment
shown in Figure 7-7. A heptad repeat stutter at 199 and L105 is incorporated by
introducing a single residue gap in the alignment after P108. Proline residues 94 and 127
are also expected to introduce kinks in the helix structure, but have been modeled as

helical prolines. Prior to building the model, this alignment was determined to place

cysteine residues 139 facing each other in the resulting coiled coil in geometry favorable
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to disulfide bond formation. After building each subunit, both chains of the stalk structure
were merged, cysteine residues 139 were connected by a disulfide bond, and the model

was refined by PRIME’s side chain prediction protocol.**

58 114

a d a d a d a d a d a d a d a d
MeV H IRLHRAAIYTAEIHKSLSTNLDVTNSIEHQVKDVLTPLFKIIGDEVGLRTP QRFTDL

CTX NRLAGLENSLESEKVSREQLIKQKDQLNSLLASLESEGAEREKRLRELEAKLDETLKN
246 303
115 154
a d a d

MeV H VKFISDKIKFLNPDREYDFRDLTWCINPPERIKLDYDQYC

CTX LELEKLARMELEARLAKTEKDRAILELKLAEAIDEKSKLE
304 343

Figure 7-7: Sequence alignment of MeV H stalk (residues 58-154) to the coiled coil structure of
cortexillin | (CTX) (residues 246-343). Heptad repeat residues (a and d) are shown above the

sequence.

7.2.2 Structural model for the entire MeV H ectodomain

The refined stalk domain was attached to the MeV H x-ray crystal structure,
positioning the stalk perpendicular to the plane of the dimer, as is the case for prefusion
paramyxovirus F. This positioning orients the receptor-binding sites in the H head

domains®* 172

toward the target membrane rather than backwards toward to viral
envelope. To relieve steric contacts at the attachment site, residues within 5A of positions
154 and 155 were minimized with MACROMODEL"® (Schrodinger) using OPLS2005
100,120,121 5nd GB/SA solvation.*?
7.2.3 Hypothetical MeV H — CDV F interaction model

To juxtapose models of F and H, both structures were aligned at the termini of

their transmembrane domains (residues 609 for CDV F and 58 for MeV H, respectively).

Strikingly, this simple alignment of the transmembrane domains results in CDV F
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residues 219 and 233 predicted to be positioned at approximately the same level above
the viral envelope as the 110-114 microdomain in the helical H stalk (Figure 7-8).

Although these residues could contribute to H-F specificity through long range effects,
this observation alternatively makes direct contacts structurally conceivable. The latter
would likewise proved a straightforward explanation for the results of previous studies
showing a specific role of the paramyxovirus HN protein stalk in function and physical

interaction with F,148 151-153,163 173
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Figure 7-8: Two possible hypotheses of H-F alignment. H stalk domains are represented in
unknown (A) or helical (residues 58-122) (B) conformation. The helical H stalk places H residues
110-114 and F residues 233 and 219 at the lateral face of the prefusion CDV F trimer at an equal
distance above the viral envelope, making short range interaction structurally conceivable (B).
The ribbon models of the H and F oligomers are aligned at their transmembrane domains. Helical
modeling of H stalk residues 58-122 is based on the predictions of SSpro.168 Cysteines 139 and

154 engaging in intersubunit disulfide bonds are shown.

Direct contact of the H stalk with the prefusion F head would mandate positioning
of the globular H head domain above the F trimer to avoid steric interference and thus
require an extended H stalk as suggested in Figure 7-8B. Interestingly, an early electron
microscopy study suggests prominent spikes on the measles virus surface to correspond
to the attachment protein, whereas the fusion function was considered to reside closer to
the virus membrane.'”® Consistent with this suggestion, a recent electron cryomicroscopy
analysis of hPIV5 particles concludes that defined glycoprotein spikes, previously
observed in electron microscopy studies of paramyxovirus particles™ correspond in the

case of F to the post-fusion conformation and thus represent a product of premature F
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refolding.'? Defined spikes corresponding to prefusion F were not detected in this cryo-
electron microscopy study, but a dense corona-like surface layer was found, compatible
with a tight packaging of the glycoprotein complexes and overshadowing of the F trimers
by H as implied by the hypothetical model shown in Figure 7-8B.

The experiments by the Plemper group demonstrated that mutation of the MeV F
residue 121 (the homologue of CDV F residue 233) causes a substantial reduction in
physical interaction of matured F with homotypic MeV H. Residue 121 is part of the
fusion peptide, which is propelled toward the target membrane during F refolding.”> ? Its
predicted position on a lateral corner of the prefusion trimer renders it accessible for MeV
H. Increasing hydrophilicity of the fusion peptide could interfere with its association with
target membranes, blocking fusion, if refolding of the F-A121K variant can be triggered.
However, co-precipitation experiments performed by the Plemper group assessed the
physical interaction of proteolytically matured F with H in the absence of fusion. In
contrast to matured F, the F-A121K mutation had very little effect on the intracellular
interaction of immature Fo with H. This likely reflects that paramyxovirus F reportedly is
subject to some conformational change upon cleavage,*’* which may affect the
interaction with the attachment protein. Only matured F is fusion-competent, however,
and thus able to form functional fusion complexes with H. Importantly, the physical
homotypic interaction of these matured F proteins with H prior to fusion is impaired by
the A121K mutation.

Although the positioning of CDV F residue 317 (MeV F 205) in the model
precludes direct contact with H, residues at these positions are important contributors to F

triggering in the homotypic setting of MeV H and F complexes. This residue lies at the
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interface of HR-A domains which must be pulled out of the MeV F head during fusion
(Figure 5-2). Thus, residues at this position in the top of the F head appear ideally
located to influence the initiation of F conformational rearrangements through long range
effects.

In contrast to MeV F residues 121 and 205, mutating residues 52 and 107
(corresponding to CDV F residues 164 and 219) has only marginal effects on fusion
activity under homotypic conditions. The functional importance of these residues is thus
restricted to heterotypic glycoprotein complexes, arguing against engagement in short
range interactions in homotypic complexes. In particular for F residue 52, the predicted
positioning is fully consistent with this view (Figure 7-8B).

Additional microdomains may contribute to mediating glycoprotein specificity
but may be conserved across the MeV and CDV proteins examined and thus not be
detected by the assay. Further experiments guided by the model of H-F interaction based
on the current data are necessary to elucidating the nature of these domains and with the

ultimate goal of leading to an interaction model with residue level accuracy.

To further elucidate the organization of functional paramyxovirinae fusion
complexes, the central predictions of the proposed H-F interaction models were subjected
to experimental analysis. By employing carbohydrate shielding, directed mutagenesis,
and variation of the lengths of the H stalk domain, the proximity of different regions of
the H stalk to F was examined, the role of individual residues in the H stalk 110-114

microdomain clarified, and the interaction between H and F head domains explored.
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These experimental data are interpreted in the light of the hypothetical H-F interaction

model.

The juxtaposition of H and F in the interaction model (Figure 7-8) suggests that
membrane proximal regions of the H stalk are not in direct contact with the F trimer.
Membrane distal regions, however, could mediate a short-range interaction with the F
head. Carbohydrate shielding though insertion of additional N-glycosylation sites is

175, 176 and

reportedly capable of examining the contribution of protein domains to activity,
has been used in a study to test candidate contact zones between NDV HN and F.**® The
Plemper group used this strategy to probe the proximity of F from the H stalk domain at a
membrane proximal and membrane distal position. Since the exact rotational orientation
of the H stalk is unknown, N-glycosylation sites were introduced by the Plemper group at
three consecutive residues: residues 70-72 were chosen as target sites for membrane
proximal N-glycans guided by molecular modeling, which suggested a large glycan
structure could be accommodated at this position (Figure 7-9). Residues 110-112 were
chosen as candidates for membrane distal N-glycans because these residues were
implicated in functional H-F complexes and molecular modeling predicted that there

could be short-range interactions between these residues and the F head. Thus,

incorporating a glycan at this position was predicted to disrupt H-F interaction.
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Glycan-72

Figure 7-9: Ribbon representation of a hypothetical envelope glycoprotein interaction modes. H
and F are colored cyan and green, respectively; with H stalk disulfides, F111/L114, and N-
glycans shown as orange, blue, and red spheres, respectively. In this staggered alignment, N-
glycans only added at a membrane proximal (residue 72) but not distal position (residue 111) are
compatible with the formation of functional fusion complexes. A lateral alignment (Figure 7-8A)

suggests both N-glycan positions should be accommodated.

To generate structural models of N-glycans attached to the MeV H stalk, a

carbohydrate with the following structure was built using MAESTRO? (Schrédinger):
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NeuNACM Ga'm GIC,Q/A\Cm Man a(1,6)

Man £l GleNAc B GleNAc —£- Asn
NeuNAc %29 Gal 804 GIcNAC B2 Man ~(12)

To find a reasonable, low-energy conformation of the carbohydrate attached to an
asparagine amino acid, a Monte Carlo conformational search of 1,000 steps was
performed with MACROMODEL™® (Schrédinger) using OPLS2005 1% 120121 gng
GB/SA solvation.'? A low energy conformation was attached to the proteins by
superimposing the backbone atoms of Asn to the target glycosylation position on the
MeV H stalk.

For the membrane proximal N-glycans, only the engineered site at position 72
was recognized efficiently without effecting intracellular transport competence. Such a
result is consistent with the MeV H stalk model which directs this residue away from the
interface of the helices, whereas positions 70 and 71 are predicted to face each other in
the coiled coil. All three engineered glycosylation sites at the membrane distal positions,
110, 111, and 112 were fully surface-expressed and efficiently glycosylated, despite the
fact that residues 111 and 112 are predicted to partially face the interior of the coiled coil.
This may imply that interaction of the helices is modeled incorrectly for this portion of
the stalk, or perhaps there is more flexibility in the helix at this position distal to both the
viral envelope and the Cys139 disulfide bond.

Quantification of plasma membrane steady-state levels and SLAM binding by the
Plemper group revealed intracellular transport competence and ability to interact with
soluble SLAM cellular receptor for all four H variants with engineered N-glycans.
Quantification of cell to cell fusion demonstrated that fusion activity and hence F

triggering was only minimally affected by the addition of an N-glycan at H stalk position
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72 (the membrane proximal site). In striking contrast, N-glycans at all three membrane

distal sites, 110, 111, and 112, caused a complete block of F triggering (Figure 7-10).
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Figure 7-10: Assessment of surface expression, SLAM-binding capacity and cell-to-cell fusion

activity of H variants. Additional N-glycans at H stalk position 72 but not 110, 111, or 112, allow

the formation of functional H-F fusion complexes.

To assess if this lack of functionality is due to an altered physical interaction of
the H and F proteins, a co-immunoprecipitation assay was employed by the Plemper
group. Because removal of the stabilizing lipid bilayer may trigger refolding of
metastable prefusion F, potentially distorting results, the chemical cross-linker DTSSP
was applied prior to membrane extraction, immunoprecipitation of H, and detection of
co-precipitated F. This assay revealed that N-glycans at stalk position 111 essentially
block the formation of functional fusion complexes, while carbohydrates at position 72
still allow 54% of the interaction compared to standard complexes.

These data demonstrate that insertion of N-glycans at a membrane proximal or
distal position of the H stalk does not result in loss of receptor binding capacity or gross

protein misfolding and intracellular retention. Interference of N-glycans at the membrane
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distal position with F triggering and H-F hetero-oligomerization indicates close proximity

of this stalk section to F.

To assess whether a subset of residues in the previously identified 110-114 H
stalk domain determine effective F triggering, the Plemper group subjected this domain
to alanine-scanning mutagenesis, mutating all five residues, the first three, or the last two
residues. These H variants had unchanged surface expression and SLAM-binding ability,
but none were capable of triggering F in cell to cell fusion assays. Subsequent single-
residue mutagenesis revealed a complete loss of F triggering by H-F111A and a
significant reduction by H-L114A, while changes at each of the other three positions
(110, 112, or 113) did not affect fusion activity. H-F111A and L114A showed unaltered
surface expression and SLAM binding.

Such a three-residue distance between individual positions determining F
triggering supports the predicted helical character of the paramyxovirinae attachment

protein stalk domains,** 1"

since a helical configuration posits residues 111 and 114 in
immediate proximity on consecutive turns of the helix (Figure 7-11). To explore whether
neighboring residues on preceding or subsequent turns likewise engage in F triggering,
the Plemper group extended the alanine mutagenesis to stalk positions 108, and 117 and
118, respectively, which are predicted to be located at the same face of the helix as
residues 111 and 114. None of these changes resulted in a significant reduction of F
triggering or SLAM binding, although the P108A mutation cause an approximately 50%

reduction in surface expression. In addition to impairing F triggering, mutation of residue

114 or 111 to alanine resulted in > 75% reduction in H-F physical interaction at the
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plasma membrane as measured by the co-immunoprecipitation assay. Taken together,
these data identify H stalk positions 111 and 114 but not residues 112 and 113 as
determinants for the formation of functional fusion complexes between MeV H and F.
This is consistent with a helical configuration of the stalk domains in situ, supporting the
secondary structure predictions and in vitro analysis of soluble attachment protein

fragments.*® 17
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Figure 7-11: H stalk residues 111 and 114 are determinants for physical and functional
interaction of MeV H and F. (A) Characterization of H variants harboring individual alanine point
mutations. Only mutation of residues 111 or 114 substantially reduces F triggering activity. (B)
Co-immunoprecipitation of surface-exposed MeV F with MeV H after DTSSP cross-linking. (C)
Surface model of the H stalk domain from position 103 to 125 is shown as transparent (left panel)
and opaque (right panel) solvent accessible surfaces with residues displayed at tubes. In a-
helical configuration an of the H stalk, residues 108, 111, 114 and 117/118 are predicted to be

located adjacent to each other on consecutive turns of the helix.
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The proposed H-F interaction model (Figure 7-8) implies that shortening the stalk
domain will likely disturb hetero-oligomerization to due sterical interference of a lowered
H head with F, while elongation of the stalk membrane distal, but not proximal, of
residues 111 and 114 may be tolerated. Deleting or inserting complete heptad repeat (HR)
domains are not anticipated to compromise the predicted overall helical conformation of
the stalk, but should alter its length by approximately 11A. To test these predictions, two
HRs in the H stalk (residues 84-90 or 118-124, respectively) that flank the 111/114
section and are distinct of H residues 91 to 105 were identified. Mutation of residues 91
to 105 reportedly results in reduced or abolished F triggering but increased H and F co-
precipitation efficiency, (16) suggesting that this section of the stalk likely contributes to
proper H-F interaction through long-range effects and should thus remain unaltered.

Four constructs were generated by the Plemper group: deletion of HR 84-90 (H-
A(84-90)) or 118-124 (H-A(118-124)), or insertion of an additional copy of HR 118-124
before residue 84 (H-84V7x) or HR 84-90 before residue 118 (H-118V7x), respectively.
All H variants reached the surface, although plasma membrane steady levels of H-
118V7x and H-A(84-90) were reduced by approximately 30-50%. Also, all four
constructs were fully capable of SLAM binding. However, microscopic analysis and
quantitative fusion assays revealed that both HR deletions and the membrane proximal
insertions (H-84V7x) completely eliminated F triggering. In contrast, stalk elongation

membrane distal of the 111/114 section still allowed the formation of functional fusion
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complexes, since co-expression of H-118V7x with F resulted in approximately 50% of
the fusion activity of standard H and F (Figure 7-12).

Structural models of these MeV H stalk deletions were generated by removing
HR regions from the H stalk model, save for one flanking residue on either side of the
deletion (residues 85-89 for heptad repeat 84-90 and residues 119-123 for heptad repeat
118-124). The flanking residues were then used to superimpose the backbone atoms of
the downstream structure to the upstream structure, generating one construct (H-A(84-
90)) with residues 58-83 attached to 91-607 and another construct (H-A(118-124)) with
residues 58-117 attached to 125-607. MeV H stalk insertions were modeled by
duplicating the desired section of the stalk plus one flanking residue on either side for
superimposing (residues 83-91, 117-125, and 83-118). These duplicate sections were
inserted into the downstream structure and aligned by superimposing the backbone atoms
of the overlapping residues. The upstream structure was then superimposed in the same
manner to the C-terminal end of the newly extended stalk, generating the following
constructs: H-84V7x, residues 58-83 + 118-124 + 84-607; and H-118V7x, residues 58-
117 + 84-90 + 118-607.

In these new H-F interaction models, only the stalk elongation downstream of
111/114 (H-118V7x) is compatible with H-F interaction, positing a slight increase in the
height of the H head over F (Figure 7-12). Both HR deletions, however, are predicted to
lower the H head in relation to F, causing steric interference consistent with their lack of
fusion activity. The membrane proximal HR insertion construct (H-84V7x) is predicted
to increase the height of the H head over F the same distance as the membrane distal

insertion construct (H-118V7x), but lacks fusion activity. This result is consistent with its
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predicted disruption of the interaction of H stalk residues 111 and 114 with the F protein
head. These results demonstrate that the overall stalk lengths can be increased, but the
distance between the transmembrane domain and stalk section 91-117 must be preserved

for effective H-F interaction and F triggering.
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Figure 7-12: Insertion of a heptad repeat element into the H stalk downstream of position 117 still
allows functional glycoprotein interaction. (A) Graphic representation of predicted consequences
of H stalk deletions or insertions in a hypothetical H-F interaction that involves short-range
contacts between the prefusion F head and the H stalk. Ribbon models of prefusion MeV F and H
were aligned at the transmembrane domains as previously described. Heptad repeat elements
118-124 (magenta), and 84-90 (red) are either individually deleted (H-A(118-124) or H-A(84-90))
or inserted as additional copy before residue 84 ((H-84V7x) or 118 (H-118V7x)). The position of
residues 110 and 114 (blue, black alignment bars) and alignment guides (horizontal lines) are
shown. (B) Characterization of the stalk deletion and insertion variants for surface expression,
SLAM binding, and fusion activity. (C) Co-immunoprecipitation of surface-exposed MeV F with

MeV H after DTSSP cross-linking.
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F triggering by H-118V7x makes it conceivable that H domains downstream of
residue 117 may not engage in direct protein-protein contacts in prefusion hetero-
oligomers. Alternatively, structural flexibility of the carboxy-terminal third of the stalk
(residues 118-154) could compensate for a single HR insertion. To explore these
hypotheses, the Plemper group further extended the stalk domain membrane distal of
position 117. Insertion of a second HR domain generated variant H-118V14x with a
predicted additional length of 22 A. Compared to H-118V7x, the second additional HR
domain returned very similar surface expression, was fully capable of SLAM binding,
and improved F triggering to approximately 80% of standard H in cell to cell fusion
assays. Further extension of the stalk domain was implemented by the Plemper group
through staggered-priming mutagenesis, yielding two additional H variants, that harbor a
41-residue (H-118V41x) or 55-residue (H-118V55x) stalk elongation, respectively. Both
constructs were fully capable of SLAM binding and showed plasma membrane steady-
state levels of approximately 65% and 45% of standard H, respectively. Remarkable, co-
expression of F with H-118V41x, featuring a stalk extension of nearly 50%, returned
approximately 50% fusion activity of standard H. A drastic reduction in F triggering was
found for H-118V55x, with residual activity equivalent to approximately 10% of
standard H. As suggested by these fusion activities, all three H variants are capable of
physically engaging F in co-immunoprecipitation assays. Hetero-oligomers of F and H—
118V7x or H-118V55x were closer to standard H, while a weaker interaction was found

between F and H-118V55x.
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In aggregate, these findings demonstrate that inserting a supposedly rigid, heptad
repeat-rich domain of 41 amino acids, which is equivalent to a pitch of approximately 75
A in a helical conformation, is largely compatible with the formation of functional fusion
complexes. A structural model for the H-118V41x construct was also generated, using
the same procedure as in section 7.3.3. In the context of the H-F interaction model, the
head of the H-118V41x structure is predicted to tower over the F head, precluding any

possible interaction between these two domains (Figure 7-13).
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Figure 7-13: Membrane distal insertion of multiple heptad repeat elements is compatible with F
triggering. Graphic representation of the predicted consequences of H stalk insertion H-84V41x,

shown in the same configuration as Figure 7-12. In this structure the H head is predicted to tower
over the F head. The fusion activity and physical H-F interaction of this construct suggests that
direct H-head to F-head contacts are not required to trigger fusion.

7.3.5 Overall consistency of the H-F interaction model with experimental
evidence

The H-F interaction model presented here, while not conclusively proven with a
high-resolution structure, is strikingly consistent with experimental modifications

designed to test its applicability. The main limitation of the model, the assumed coiled
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coil structure of the H stalk, and by extension, the positioning of the H head over F, has
been explored through multiple means. Firstly, N-glycan shielding at H stalk position
111 blocks both functional and physical glycoprotein interactions, suggesting a close
proximity of F to this section of the stalk. While this could alternatively derive from a
long-range, indirect effect of the added glycans, efficient H-111-N-glycan surface
expression, unchanged receptor binding capacity, and a rigid helical configuration of the
stalk supported by secondary structure predictions and circular dichroism analysis of the
related PIV5 HN stalk!™® render this unlikely. Nearly undisturbed physical interaction and
F triggering capacity of H-72-N-glycan underscore this conclusion. It is noteworthy that
additional N-glycosylation sites are efficiently recognized at three consecutive positions
starting with residue 100, but only at position 72 of the more membrane proximal 70-72
sites. This may imply that interaction of the helices is modeled incorrectly for this portion
of the stalk. Alternatively, perhaps there is more flexibility in the helix at this position
distal to both the viral envelope and the Cys139 disulfide bond.

The second piece of experimental evidence for the H-F model is that mutagenesis
of individual residues 110-114 highlighted two residues (111 and 114) as determinants of
both F triggering and H-F interaction. These two residues are predicted to be located on
consecutive turns of the MeV H stalk helix. Although other protein structures are possible
that would face these two residues the same direction, this result is entirely consistent
with a coiled coil for this portion of the H stalk. A previous study has demonstrated that
mutation of MeV H stalk residues 84, 92, 98, or 99 blocks F triggering but increases H-F
interaction by 1.4-fold or greater. (16) It is possible these and the 111/114 changes

introduced into the MeV H stalk residues impair F triggering through long-range effects,
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but the direct correlation between glycoprotein association and fusion activity observed
for residues 111 and 114 makes it conceivable that these two residues engage in short-
range interactions, while the other residues affect fusion through a repositioning of
interacting microdomains that increases the physical interaction of H to F, but perturbs its
fusion triggering ability.

The final piece of experimental evidence for the H-F interaction model is the
effect that shortening or lengthening the H stalk has on H-F physical interaction and
fusion triggering. Shortening the H stalk either before or after residues 84-117 blocks
both hetero-oligomerization and triggering. This is compatible with both a lateral and a
staggered alignment of the H and F head domains. However, increasing the length of the
H stalk before residue 84 by 11 A disrupts H-F physical interaction and F triggering,
while increasing the length after 117 the same amount still allows the formation of
functional fusion complexes. This demonstrates that the position of section 84-117
relative to F is critical for productive hetero-oligomerization. While the H-F interaction
model does suggest that the membrane-facing side of the H head may be proximal to the
top of F, stalk elongation after residue 117 argues against precise protein-protein contacts
between these two portions of the proteins, in particular when considering that an
insertion of 41 HR residues is compatible with the formation of functional fusion
complexes. Extension is not completely unlimited, of course, as the insertion of a 55 HR

residues causes a drop in both F triggering and H-F physical interaction.

The presented model of H and F interaction, although consistent with the

experimental testing, does not immediately suggest a structural mechanism for triggering
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F. Additionally, while it does posits the H head towers over F, it does not suggest a
particular arrangement of the H head in relation to F. Interestingly, no major
conformational changes were observed between X-ray crystal structures of monomeric
PIV5 HN, hPIV3 HN, and henipavirus G solved alone or in complex with their
receptor.’®**"" 178 Since the dimer-of-dimer interface of PIV5 HN is substantially smaller
than the dimer interaction, a possible mechanism for F triggering has been suggested to
be that receptor binding effects the intersubunit interface, resulting in a partial
disassembly of the tetrameric head of the HN attachment protein, changing its the
interaction with F and inducing triggering. By analogy, a change in the intersubunit
interface a MeV H homo-tetramer upon receptor binding would not require complex
signaling through the stalk domain and thus be consistent with the maintained
functionality of the H-118V41x variant. To date, MeV H head domain fragments have
only been crystallized as monomers** and homo-dimers.**" It is not known, however,
whether crystals of soluble head domains accurately reflect the oligomeric state of native,
membrane-embedded MeV H. Reorganization of a hypothetical dimer of dimers would
provide a straight-forward explanation of how engagement of distinct binding site in the
H head domain by CD46 and SLAM results in effective F triggering.'’* "

To structurally investigate the oligomeric state of MeV H, a tetrameric model was
generated through computational protein-protein docking. The predicted tetrameric
model is consistent with the tetrameric structures of known paramyxovirus attachment
proteins and its own glycosylation sites. When positioned in relation to MeV F, a
reasonable interaction model is generated and provides a basis for experimental

verification.
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To test the ability of computation protein-protein docking algorithms to predict
accurate oligomeric MeV structures, these programs were evaluated in the test case of
dimeric MeV H head domains. MeV H head fragments have been crystallized as a dimer
and in functional MeV H are linked by two disulfide bonds, one between Cys139
residues, and another between Cys154 residues.**® The X-ray crystal structure of MeV H
(Protein Data Bank code 2ZB5),**’ contains coordinates for residues 154-607. Structural
information is missing for some intervening portions, including residues 169-186, 239-
247, and 502-504. The protein-protein docking programs were evaluated by moving one
subunit out of position in the dimer, submitting the structure for prediction, and the
measuring the root mean square deviation in the positions of the backbone atoms
(RMSDyacknone) Of the predicted structures with the experimental X-ray crystal structure.
Three protein-protein docking servers were tested, SymmDock,'®® PatchDock,*®° and

RosettaDock. '8

Of these three, only RosettaDock predicted the dimer structure within
10A RMSDpacknone Of the experimental structure in the top-scoring pose (Figure 7-14).
None of the other programs even predicted a pose with < 10A RMSDyackbone in the top 10
scoring poses. The RosettaDock pose, with an RMSDhpacksone 0F 9.7 A, was deemed a
satisfactory level of performance for this difficult test case which only has 710 A? of
buried surface area between the dimers. The performance of RossettaDock is likely
attributed to its flexible docking approach, combined with accurate scoring.*®®* The

procedure first removes the side-chains, simulating the proteins as coarse-grain models.

This is followed by a variable number of Monte Carlo steps displacing the protein from
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its starting position, replacement of the sidechains with rotamer searching, and finally,

minimization and scoring.
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Figure 7-14: Predicted MeV H head domain dimer structure by RossettaDock versus the
experimental X-ray crystal structure. This was the top-scoring result and had an RMSDyackpone Of

9.7A compared with the experimental structure.

RosettaDock was then applied to prediction of the MeV H tetramer, docking a
duplicate of the dimer to the experimental dimer structure. The duplicate dimer was
initially positioned ~10 A away from the experimental dimer. RosettaDock was directed
to perform 5,000 Monte Carlo steps, generate starting positions by translating the
duplicate dimer by Gaussian random distances and angles of 5-10 A and 10°,
respectively; creating a diffuse cloud that covers a large interaction area between the
dimers (Figure 7-15A). Subsequently, RosettaDock replaced the sidechains, minimized,
and scored the structures (Figure 7-15B). Each point in Figure 7-15B represents a pose
refined and scored by RosettaDock. Poses scoring better than -1426 were visually
evaluated for C, symmetry. Within these high-scoring poses only two poses with C,
symmetry were found, each the reflection the other (Figure 7-15C).

This pose posits an interesting arrangement of the dimers, with protrusions that fit
into complementary pockets on both sides of the interface (Figure 7-15C). The N-
terminal helices of both dimers are correctly predicted to face the viral envelope.

Interestingly, this pose also exhibits the propeller-like interface between dimers seen in
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the PIV5 H tetramer. This initial pose from RosettaDock lacks structural information for
residues 169-186, 239-247, and 502-504: these portions of the protein were modeled as
loops using PRIME’s** loop refinement module (Schrédinger). These loops were not
included in protein-protein docking because they were unresolved in the X-ray crystal
structure and could bias the results with the particular conformation of the loops used in
the docking. By adding the loops after protein-protein docking, only the resolved portions

of the protein influence the result.
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Figure 7-15: RosettaDock results for MeV H tetramer prediction. (A) Pose positions for 50 of the
5,000 Monte Carlo steps, shown on the left; experimental dimer shown on the right. Protein is
shown as backbone lines, colored by pose. (B) Plot of each of the 5,000 pose’s deviation from the
starting structure in backbone RMSD versus the Rosetta docking score for that pose. Poses
below the blue line were visually evaluated. (C) Highest scoring pose with C, symmetry, shown

as ribbons colored by subunit.
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The MeV H tetramer was predicted based on the structure of the MeV H dimer
without carbohydrates attached to the natural N-glycosylation sites. Because these
carbohydrates are unresolved in the experimental structure, including them in protein-
protein docking would bias the results the same way the unresolved loops would. It is
possible, however, that the large carbohydrate structures would sterically prevent
tetramer formation. To test this possibility, N-glycans were attached to the MeV H
tetramer model at 16 N-glycosylation sites (4 per subunit, positions 168, 187, 200, and
215) and minimized by MACROMODEL™ (Schrédinger) using OPLS2005 0 120121
and GB/SA solvation.'? The resulting glycosylated structures fit tightly with the
carbohydrates (Figure 7-16A) but are no more congested than the carbohydrates attached

to the N-glycosylation sites of tetrameric PIV5 HN (Figure 7-16B).
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Figure 7-16: Compatibility of N-glycosylation sites in the MeV H tetramer model (A) and X-ray
crystal structure for tetrameric PIV5 HN (B). The proteins are shown in their solvent accessible
surfaces, colored by subunit. N-glycans are shown as spheres. Membrane distal face, side view,

and membrane proximal face are shown in the left, center, and right panels, respectively.

7.4.3 Incorporating tetrameric MeV H in the H-F interaction model

To apply the tetrameric MeV H structure to the H-F interaction model, two H
stalk domains were attached to the MeV H head domains using the same procedure as in
section 7.2.2. Because the propeller-like interface between the H dimers in the tetramer, a
slight kink in the attachment of the stalks to the head domains is necessary to maintain a
perpendicular positioning of the stalks and the plane of the head domains in relation to
the viral membrane.

The resulting model of the complete MeV H ectodomain was manually positioned
relative to prefusion MeV F structure and aligned by their transmembrane domains,

envisioning an x-y plane at the viral membranes surface. Because both these proteins are
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embedded in the viral membrane, the “z” translational degree of freedom is removed.
Both proteins were modeled perpendicular to the viral membrane, eliminating the “x” and
“y” rotational degrees of freedom. This procedure leaves only translation in the x-y plane
and rotation in the z-axis as variables in the positioning of MeV H. With these
restrictions, MeV H was oriented such that the best possible interaction with CDV F
could occur, namely minimum steric contacts but maximum van der Waals and
electrostatic interactions.

In the resulting model of F and tetrameric H (Figure 7-17), the section of the F
head domain housing the key residue 121 fits naturally into the cleft formed by the pair of
coiled coils in the association of H dimer of dimers. Strikingly, the two key H residues,
111 and 114, are predicted to directly face F residue 121 in nearby proximity. Though the
MeV H structure is built on two critical assumptions, a coiled coil stalk and tetrameric
oligomeric state, this is not a contrived result, but follows from a straightforward
juxtaposition of the two structures. It also fully consistent with engineered N-glycans and

H stalk extension and deletions studies.
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Figure 7-17 (previous page): Hypothetical interaction model of tetrameric MeV H and trimeric F.
H and F are colored cyan and green, respectively; with H stalk disulfides, F111/L.114, and
F121/205 shown as orange, blue, and red spheres, respectively. (A) Side view. (B) Rotated side

view. (C) View from viral envelope.

If this model is close to the actual structure of the H-F hetero-oligomers, there are
important implications for fusion function. Prior to F triggering, the fusion peptide
(containing F residue 121) could be contained by interactions with H stalk residues 111
and 114. Receptor binding by the H head would perturb these interactions by disrupting
the interface of the tetramer, causing the H stalks to move relative to each other and F.
With the fusion peptide no longer restricted by the H stalk, it is free to move toward the
target membrane, beginning the fusion conformational cascade.

In the absence of a high-resolution structure of a functional H and F complex,
further experimental evidence is needed to verify this hypothetical interaction model.
Proof that functional H acts as a tetramer with a structure as proposed is required. Also,
residues postulated to interact between H and F but not identified in the chimera assays
should be assessed for their significance in fusion activity and physical H-F interaction.
Cryo-electron microscopy studies currently underway may further reveal the nature of the
H and F head arrangements, allowing an evaluation of the rough distances between H and
F heads individually, as well as between each other. These will be interpreted to

determine if the H-F interaction model is consistent.
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Chapter 8: RNA-dependent RNA polymerase inhibitors

Portions of this chapter are based on ““Potent non-nucleoside inhibitors of the measles
virus NRA-dependent RNA polymerase complex,” published in the Journal of Medicinal
Chemistry in 2008.*%

The search for MeV inhibitors was broadened by turning to cell-based high
throughput screening (HTS) to capture small molecules capable of entry inhibition as
well as compounds operating against other proteins critical for viral infection and
reproduction. The exercise identified compound 16677 (ECso = 250 nM) as a well-
behaved, target-specific inhibitor of MV replication (Figure 8-1).*% Bypassing the fusion
protein, 16677 (heretofore referred as 1) was demonstrated by the Plemper group as the
first-in-class non-nucleoside inhibitor of the MeV RNA-dependent RNA polymerase
(RdRp) complex. Following re-synthesis of the hit compound 1 by Drs. Aiming Sun and
Maina Ndungu, preliminary structural modifications focused on the right side of the
molecule as depicted in Figure 8-1B."®" Further optimization of antiviral activity for the
1 scaffold was desired and achieved by manipulation of the pyrazole (A) and pyrrolidine
(D) rings by Drs. Aiming Sun and Jaeki Min.'®® Biological evaluation of these
compounds was performed by members of the Plemper group. In the absence of any
structural information RdRp complex for any paramyxoviruses, a ligand-based
guantitative structure activity relationship (SAR) was developed for the analogs of 1 and

used to understand the antiviral activity of these compounds.*®®
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2a-0
Figure 8-1: (A) Sectors of compound 1 utilized as an SAR template. (B) Aromatic ring analogues

of the compound 1 pyrazole ring, 2a-0.
8.1 Qualitative SAR for compound 1 analogs

Disappointedly, all attempts by the synthesis team to replace the pyrazole ring
with five- or six-membered aromatic rings'®’ or to alter substituents on the pyrazole ring
(e.g., 4, 13, and 14) led either to a decrease or to a complete loss of activity. A striking
example is the inactivity of the series of N-alkyl analogues of 1 (ECs, 30—150 nM™®").
Replacement of the N-methyl with N-isopropy! or N-benzyl (9b and c, respectively) leads
to disappearance of potency in the virus titer reduction assay. While the N-ethyl pyrazole
9a demonstrates good activity in (ECso = 55 nM), the compound is highly toxic. In a
previous limited exploration of the SAR of 1, the synthesis team learned that installing a
piperidine ring instead of the pyrrolidine ring on the left side of the molecule (Figure 8-
1A, D ring) provided a 100-fold boost in activity while simultaneously delivering very
low toxicity.'®” To exploit this potency advantage, a variety of alicyclic heterocyclic rings
(15a—1) or dialkyl amines (15m-—r) were employed as pyrrolidine replacements while

retaining the remainder of compound 1 structure (Table 8-1).
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Table 8-1: Antiviral MeV ECsq’s, Cytotoxicities, and Selectivity Indices for 1 analogues
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24t 28a 28b 28¢ 28d 28e 28e
ECso (uM) (MV-Alaska) CCso (uM) Vero cells) SI (CCsy/ECsp)
entry ID no. . CPE u Virus t.ltef MTT. d Tryp_an blue . CPE + MMT Titer + trypan
inhibition reduction cytotoxicity exclusion assay’
4 >75 ND 95420 ND <13 ND
9a <23 0.055+0.013 30+2.4 ND ND ND
9b >75 ND >300 ND ND ND
9¢ >19° >19" ND 19+1 ND ND
13 >75 >75 ND >300 ND ND
14 >75 >75 ND >300 ND ND
15a <23 0.014+0.02 >300 199+27 >130 14214
15b <23 0.029+0.031 >300 5443 >130 1862
15¢ <23 0.035+0.035 >300 53+4 >130 1514
15d <23 0.014+0.013 >300 328428 >130 23429
15e <23 0.087+0.116 >300 1442 >130 160.9
15¢f <23 0.005+0.0003 >300 425465 >130 85000
15¢g <23 0.045+0.034 16+0.8 ND >7 ND
151 1442 ND 100 ND 7.1 ND
157 23+10 ND >300 ND >13 ND
15§ >13° ND 1340.7 ND ND ND
15k 2.340.7 0.02+0.02 159+12 ND 69.1 ND
151 >75 ND 92+9.3 ND <12 ND
15m 6.3+0.6 ND >300 ND >47.6 ND
15n <23 0.019+0.019 >300 280+90 >130 14737
150 3.5:0.4 0.53+0.02 >300 ND >85.7 ND
15p <23 0.19+0.32 >300 ND >130 ND
15q >13.8" ND 13.840.7 ND ND ND
15r 3.3+14 ND 34+0.9 ND 10.3 ND
16 >15" ND 15+0.6 ND ND ND
17 >75 ND >300 ND ND ND
18 >75 ND 286+17 ND <3.8 ND
19 >75 ND 84423 ND <1.1 ND
20 >75 ND >300 ND ND ND
234/ 43424 ND >300 ND >7 ND
23b >75 ND >300 ND ND ND
23c¢ >75 ND >300 ND ND ND
23d 14.1+6.6 ND >300 ND >21.3 ND
24e 2849 ND 126+7 ND 4.5 ND
24f >75 ND >300 ND ND ND
28a 10+5.6 ND 13643 ND 13.6 ND
28b >38" ND 38+1 ND ND ND
28¢ <23 0.85+0.05 159+40 ND >69 ND
28d 6.8+0.9 0.57+0.04 274419 ND 40.2 ND
29e >75 ND >300 ND ND ND

29f >75 ND >300 ND ND ND
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Table 8-1 (previous page) footnotes: aEC50 not determined (ND) when CC50 < 15 pyM. Values

represent averages of four experiments + SD; highest concentration assessed 75 pM, lowest

concentration assessed 2.3 uM. ®No virus inhibition detected at CC50 concentration. “Determined
only when CPE inhibition-based EC50 concentration <2.3 yM. Values represent averages of two

to four experiments + SEM; highest concentration assessed 1 uM. (ND: not determined) values
represent averages of at least three experiments + SD; highest concentration assessed 300 uM.
°Determined only when virus titer reduction was assessed and MTT-assay based cytotoxicity

>300 yM. (ND: not determined)

Piperidine analogues 15a—e and 15k exhibit significant potency improvements by
comparison with the original hit. All yield ECs’s in the low nM range. The 2-ethy!l
substitution on the piperidine ring in 15e elicits 2—6-fold less activity than methyl
substitution (15b—15d). The seven-membered ring variant 15f is 10-fold more potent
than the azacyclooctane analogue 15g and about 3-fold more active than the piperidine
15a. However, C2-substitution of the pyrrolidine ring with either an ester or a carboxylic
acid (15h and 15i, respectively) greatly decreases activity by about 100-fold as does
introduction of an indole ring (15j). Interestingly, while the open-chain diethyl amine
compound 15n is highly active, the alkyl-enhanced di-isopropyl, dipropyl, and diallyl
variants 150, 15p, and 15r lose 10—20 fold potency by comparison. Similarly, 15m and
15q, the dimethyl and di-isobutyl analogues, respectively, exhibit drops in activity.

Additional structural modifications of compound 1 by the synthesis team included
synthesis of 16—20, compounds that examine structural environments around a six-
membered ring (Figure 8-2). Analogue 16 moves the nitrogen out of the piperidine ring
of 15a and introduces a secondary amine as an H-bond donor, while 17 incorporates a

sulfonate moiety instead of a sulfonamide group. Compound 18 incorporates a methyl
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group on the amide and eliminates possible hydrogen bonding of NH with a nearby
amino acid residue. All three compounds 16, 17, and 18 occasion a complete loss of
activity. Compounds 19 and 20 switch the sulfonamide para-amide linker in sector C to
the meta- and ortho-positions, respectively. Both compounds 19 and 20 similarly show
no detectable activity below 75 uM (Table 8-1).
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Figure 8-2: Variation scaffolds of piperidine analogues

Discovery of four highly active piperidine analogues in the D-sector of 1 (15a—d,
see Table 8-1 for biological data) encouraged the synthesis team to further examine this
center in an effort to retain nM potency while improving solubility within the series.
Thus, morpholine derivative 23a, piperazines 23b—d, 24e, and piperidine rings decorated
with hydrophilic groups 24f, 28a—d, and 29e—f were prepared by the synthesis team.

Unfortunately, with the exception of 28c bearing a CHZOH group alpha to nitrogen (ECsg

850 nM), none of the compounds are significantly active. Clearly, the incorporation of a
hydrophilic group in this sector is detrimental to MV blockade (Table 8-1). This may
reflect impaired passive diffusion through the plasma membrane because inhibitors of the

RdRp complex activity need access to the cytosol of the infected cells.
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The SAR discussion in the previous section is based on qualitative observations.
In an effort to put this on a more quantitative footing, the Molecular Field Topology
Analysis (MFTA) method developed by Palyulin et al.®® % was applied to the MeV
RdRp complex inhibitor series to generate a quantitative structure-activity relationship
(QSAR). MFTA performs a topological analysis for a compound series, generates a
molecular supergraph with descriptor values for each compound mapped at each atom
vertex, and finishes with PLS-based correlation statistics to generate predictive QSAR
models.

MFTAWin software (version 3.0 betal7) was applied by first performing a
topological alignment of the training set structures (compounds 1, 2j, 20, 9a, 13, 14, 15a,
15¢—15i, 15k, 15m, 150, 15p, 15r, 2343, 23d, 28c, and 28d, plus 3s, 5, 7, and 8 from
reference 192) to construct a molecular supergraph, providing a common reference
framework for the chosen descriptor set. Then MFTA’s PLS (partial least-squares)
regression function was used to build statistical models, the predictivity of which was
assessed by the leave-25%-out cross-validation procedure. A variety of descriptor sets
were examined; the best results (high R and Q? values, low PLS factor count, small
errors) were obtained with descriptors for Gasteiger—Marsili atomic charge (Q), the
effective environment van der Waal radius (R.), and group lipophilicity based on the sum
of the Ghose—Crippen atomic contributions for an atom and attached hydrogens (Lg). The
veracity of this model was checked by means of an explicit test set (compounds 2n, 2k,
15b, 15n, 24e, and 28a, plus 6 from reference 192). These compounds were selected

based on their range of activities and diversity of structures. MFTA was used to map the
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test set to the previously generated molecular supergraph and to calculate their descriptor
values. Then these values were applied to the previously generated QSAR equation and
the test set activities predicted. The validity of the correlation was further checked by
randomizing the data and structures. MFTA was also used to generate color-coded
molecular supergraphs, reflecting the quantitative effect on activity of each descriptor in
each position.

For these analogues of compound 1, the log(1/ECso) values for CPE inhibition
without standard deviations were used as the numerical biological end points. To
incorporate the virus titer data into the correlation, the titer values of compounds with
CPE inhibitory activities less than 2.3 uM were scaled to an equivalent CPE ECs by a
conversion factor of 10 uM ECs per 1 uM virus titer. The latter was based on the ECsq’s
and virus titers for 150 and 28d. Where compounds exhibit activities greater than 75 uM,
a value of 150 uM was assigned. Compounds with a cytoxicity greater than 300 uM or a
theraputic index greater than 4 were selected for MFTA. To simplify the analysis within a
congeneric series, only compounds with a scaffold similar to the pyrazole ring A, amide
linker B, and sulfonamide linker C were included. Thus, the training set consisted of 26
compounds. Five compounds, 9b, 23c, 24f, 29e, and 29f were inactive and consistent
outliers. Thus, these compounds were excluded from the training set. For the test set,
seven compounds were used.

A variety of single local descriptors and sets of local descriptors were applied to
the training set, generating a series of different models with varying predictive Q? values
based on MFTA’s leave-25% cross-validation. The best results were obtained with

descriptors for Gasteiger—Marsili atomic charge (Q), the effective environment van der
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Waal radius (Re), and group lipophilicity based on the sum of the Ghose—Crippen atomic
contributions for an atom and attached hydrogens (Lg). This QSAR model generated a
correlation (Figure 8-3) with the following statistics: N = 26, number of PLS factors Ng =
2, R =0.88, R? = 0.77, RMSE = 0.49, and Q* = 0.66. Adding additional descriptors did
not substantially improve the correlation. To verify that MFTA has not simply

fortuitously found a nonpredictive model, a Y-randomization test'*°

was performed on
the training set data in ten separate trials. In each trial, the activity data was randomly
reordered, and a QSAR model generated. Each random data set delivered the same mean,
variance, and molecular supergraph, but no real correlation of activity to structure. The
resulting QSAR models generally had a good correlation (Ravg = 0.83, Rmax = 0.92) but
poor predictive ability (Q%yg = 0.21, Q%max = 0.42). This lends confidence that the
experimental model with Q® = 0.66 is not an artifact of the method.

Predictions for the seven compound test set with the QSAR model were made by
first using MFTA to map the test set compounds with assigned descriptor values to the
previously generated molecular supergraph, followed by prediction with the PLS model
based on the training set (Figure 8-3B). Test set activities are predicted reasonably well
with R = 0.67 and R? = 0.45. For three of the compounds, the errors are somewhat
substantial (about 30—40% of the training set activity span in log units), but for the other

four compounds, the error is less than 20%. The mean absolute error for the complete test

set is 0.74 log units, and the RMS error of prediction is 0.86 log units.
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Figure 8-3: QSAR results for RdRp inhibitors. (A) MFTA molecular supergraph (left) formed by
the 26 compounds of the training set. The superposition of compound 1 (right) is highlighted to
exemplify the alignment. (B) MFTA correlation for the 26 compounds of the training set (blue) and
the seven compounds of the test set (red) based on charge (Q), effective vdW radius (R.), and
lipophilicity (Lg) descriptors. (C) Descriptor impact on activity shown on the molecular supergraph.
The QSAR model predicts that increasing the descriptor property at the red and blue positions

results in an increase and decrease in activity, respectively.
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MFTA was used to visualize the descriptors’ contributions to the correlation by
means of a color-coded molecular supergraph (Figure 8-3C). Positions colored brown
and red suggest that an increase in descriptor property in that part of the molecule would
increase activity, red positions having more effect than brown. Conversely, light blue and
blue positions suggest that an increase in descriptor property would decrease activity,
blue positions having more effect than light blue. At uncolored positions, either the
descriptor property is not correlated to activity or there is insufficient diversity in the
training set for MFTA to develop correlation to activity. The reader should note that the
attempt to display the range of substituents in 2D in sector D in (Figure 8-3C) leaves the
impression of disorder around the sulfonyl amine group. This is inaccurate and
misleading because the correlation of descriptor property to activity is limited by the
property range of the substituents in the training set. The graph accurately reflects how
subtle changes in the atoms’ properties affect activity within the bounds of diversity in
the training set.

Interpreting the descriptor impact graphs supports qualitative trends in the
structure—activity data. Substituted rings and alkyl chains attached to the sulfonamide
have a positive impact on activity if they increase the lipophilicity and decrease the
charge on this part of the molecule. However, the QSAR model is able to parse some
additional complexity in the structure—activity data by noting that increasing charge in
the 3- and 4-positions of the pyrrolidine ring, as well as the para-position of the six-
membered ring, has a favorable effect on activity. In general, substituents connected to

the pyrazole ring have a favorable impact on activity if they contribute an increase in size
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and lipophilicity. Increasing charge at the pyrazole ring can either positively or

negatively affect activity, depending on the substituent position.

Synthetic modification of the 1 lead reveals that both potency gains and structural
diversity resides primarily in sector D (Figure 8-1A). This behavior is captured by a
three-descriptor QSAR model developed using molecular field topology analysis
(MFTA) and implies the sector D sulfonyl amines reside in a rather tight hydrophobic
cavity. Behavior at the other end of the molecule (sector A) suggests that the pyrazole-

CF, most likely sits in a pocket housing cationic Arg, His, or Lys based on comparison

with CFs-containing ligands in known protein-ligand complexes. These speculations can
be further pursued in an effort to identify MV blockers that maintain potency but carry
improved solubility and bioavailability properties suitable for evaluating various MeV

strains and closely related viruses in animal models.
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Chapter 9: Conclusions and future directions

Structure based drug design using a structural model of the fusion protein was a
successful approach for designing antiviral compounds. However, by inadvertently
targeting an intermediate in the fusion conformational cascade, the activity of the
compounds was ultimately limited to the low micromolar range. A similar effect is seen
in a case of HIV gp41 inhibitors which block the formation of the postfusion six helix
bundle: the best of this compounds has an ICs; of only 5 uM (Figure 1-7).5” Much more
potent, sub-micromolar inhibitors of fusion have been discovered which stabilize the
prefusion form of fusion protein, such as those which bind HIV gp120,*® Influenza HA,*®
and perhaps RSV F.**2 (Figures 1-7, 1-8, and 1-9) The RSV F inhibitors are of
particular interest as these were presumed to block six helix bundle formation based on a
photo-affinity labeled analogue which bonded to the HR-A domain. The nature of this
domain in the prefusion form was not considered, however, and may represent the actual
form of the target site capable of providing this high level of activity. The assessment of
the binding site is also convoluted by the nature of mutations conferring resistant to the
RSV F inhibitors, some which are located on the complementary portion of the HR-B
domain in the six helix bundle, but others on the distal DI domain. This resistance profile
is remarkably similar to that observed for AS-48 and MeV F, suggesting that fusion
inhibition of RSV is also countered by prefusion F destabilization.

Coincidently, one of the residues identified as important to functional MeV H-F
triggering (Lys205) but distal to possible H interaction was also located in this portion of

the HR-A domain. Further investigation into this target domain is therefore warranted.
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Although the first attempt at discovering a ligand that can target the MeV F prefusion
structure was unsuccessful, other sites, such as the aforementioned Lys205 prefusion
microdomain, may prove more viable. Finally, the cell-based high throughput screening
that revealed the potent RdRp inhibitor 16677 also revealed several fusion inhibitors,

186

some of which are similar to AS-48 but others that are quite different.” The potential

target sites of these ligands should be investigated.

The proposed H-F interaction between dimeric H and trimeric F (Figure 7-8) has
been shown to be remarkable consistent with experimental evidence, but this interaction
model lacks predictive ability of both the arrangement of the H head hovering over F and
physical basis for fusion triggering. The model with tetrameric H and trimeric F does
provide a basis of prediction (Figure 7-17), but the structural implications of this model
need to be investigated, such as sensitivity of the predicted H tetramer interface to
mutations and the significance of residues postulated to interact between H and F but not
identified in the chimera assays. Additionally, the higher order oligomeric states of
multiple F and H proteins should be structurally predicted in anticipation of ongoing

cryo-electron microscopy studies that should yield low-resolution structural information.

A guantitative structure-activity relationship was developed for the analogues of
the potent RdRp inhibitor 16677 *®with a respectable predictive ability. The analysis also
revealed some subtlety in the structure activity relationships such as noting that instead of
increased lipophilicity always being beneficial, increasing charge in the 3- and 4-

positions of the pyrrolidine ring, as well as the para-position of the six-membered ring,
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actually has a favorable effect on activity. However, the method is of limited use toward
understand how the ligands interact with the receptor. While no structural information for
paramyxovirus polymerases exists, the conserved catalytic domains in other viral RNA
polymerases of known structure may provide a template for building a structural model.
The veracity of this model could be evaluated with its placement of known mutations that

confer resistance to 16677 and its analogs.
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Part 2. The nature of cyclostreptin’s
Interaction with microtubules
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Perhaps no other disease has been on researchers’ minds than cancer, yet much
remains unknown. Research into microtubule stabilizing agents (MSAS) as anti-cancer
drugs began in early 1980°s with the isolation, structural determination, and biological
evaluation of paclitaxel (PTX) (Figure 1), a compound isolated from the Pacific Yew
tree.’®" 1% PTX subsequently moved into the clinic and became a blockbuster drug. In the
presence of such selection pressure, however, cancers have evolved effective mechanisms
of resistance through mutations in tubulin and over-expression of P-glycoprotein
pumps.'®® PTX also exhibits significant systemic toxicity endured by cancer patients and
their families.’** % Thus, the search for novel and improved MSAs has continued and
led to such diverse structures as the epothilones (Figure 1), dictyostatin, and
discodermolide **°

The continuing search for new MSAs has been aided by significant gains in
understanding of microtubule structure, assembly and tubulin interaction with MSAs. In
1998, the tubulin dimer structure in paclitaxel-stabilized zinc sheets was solved by
electron crystallography and finally revealed the PTX binding site.*®® Four years later, an
8 A resolution microtubule structure was solved by cryoelectron microscopy.*®” The
higher resolution tubulin dimer structure could be fitted into the microtubule, revealing
that the PTX binding site was actually located on the interior of the microtubule. More
recently, Buey et al. showed that the binding kinetics of PTX fluorescent analogs (Figure
1) were extremely fast and reduced by microtubule-associated proteins.*® Both of the
latter results were interpreted as inconsistent with an interior and inaccessible binding

site. Such kinetic data, along with evidence that the PTX site is not present in the free
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dimer but can induce polymerization, led the authors to postulate the presence of a
second, low-affinity binding site in both tubulin dimers and oligomers, although its
location was unknown.**

The location of this second postulated binding site might never have been
determined except for the appearance of a relative newcomer to the family of MSAs,
cyclostreptin (Figure 1). Cyclostreptin (CS), isolated from the bacterium Streptomyces,
has an unusual ring structure with a highly-strained o,B-unsaturated lactone susceptible to
nucleophilic attack.***** This new MSA only weakly increases microtubule
polymerization, but has potent cellular activity.?? It is the first MSA to irreversibly bind
to B-tubulin in microtubules (in 1:1 stoichiometry), and the only known MSA to bind to
the free tubulin dimer.?%® Clever mass spectrometry analysis revealed two sites of
covalent attachment: Asn228, near the taxane binding site, and Thr220 located in
microtubule type | pore. (For the sake of continuity, we will use the structure-based
numbering for Thr220, Asn228, and His229 as in reference.'*® These same residues are
sometimes specified according to sequence numbers Thr218, Asn226 and His227.) The
binding sites are exclusive and both sites seem to effectively block other MSAs when
microtubules are first treated with cyclostreptin.?®® No explanation is apparent for the
ability of Asn228 to function as a nucleophile, but the mass spectrometry clearly
indicates labeling at this position based on tandem MS peptide fragmentation. Further
studies by Bia et al.?* with a radioactive analog of CS showed that the binding kinetics
are fast, but also characterized by a two-step reaction with differing activation energies.

Bia et al. logically concluded that the Thr220 site is the location of the low-affinity
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binding center and suggested that drugs such as paclitaxel which potently induce

assembly might engage in more robust chemistry at this site in the protein than does CS.
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Figure 1: Structures of microtubule stabilizing agents. Cyclostreptin (CS, left panel), with its
highly-strained a,3-unsaturated lactone shown in red. Paclitaxel (PTX) and its analogs, 282 and

the fluorescent Hexaflutax (middle panel). Epothilone (right panel).

Prior to this work, the Snyder group published models for the binding
conformation of PTX?* and epothilone?® in tubulin based on electron microscopy and
conformations derived from deconvoluted 2D NMR data using NAMFIS methodology.
Such bioactive conformations led to the design and testing of new bridged analogs.?*" %
The new series of the taxane analogs is characterized by a non-linear relationship
between binding affinity and microtubule polymerization, exemplified by analog 282,
which has 3-fold higher affinity than PTX, but is 14-fold more effective than PTX at
inducing polymerization.”® This draws an interesting contrast with CS, which covalently

binds, but only weakly induces microtubule polymerization.?®® The structural basis for

the increase in polymerization with the bridged analogs is based on their effect on the M-
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loop conformation, which provides most of the interaction between adjacent
protofilaments.**” 22 PTX has long been argued to stabilize microtubules through
reshaping of the M-loop,™" 2% 2% byt only recently has the effect been demonstrated in

silico.?®®

Molecular dynamics simulations revealed that in the apo-tubulin dimer, the M-
loop collapses into the taxane binding site, while PTX causes the loop to move outward
and closer to an adjacent protofilament. The rigidity of the bridged analogs causes even
more outward movement of the M-loop and further hinders the loop’s mobility,
eliminating conformations which lack strong lateral interactions. The ability of the
bridged analogs to reshape the M-loop correlates directly with promotion of increased
tubulin polymerization. Such results strongly suggest that MSAs induce filament
assembly by reshaping the M-loop conformation to enhance lateral interactions between
adjacent protofilaments in the microtubule.?®® A more recent molecular dynamics study,
using a 6-subunit model of the microtubule instead of the free dimer, also concluded that
PTX increases tubulin polymerization through effecting the M-loop’s interaction with a
neighboring protofilament, as well as influencing more distant loops that form the
binding interface for the o -monomer with the next dimer.?**

The wealth of experimental data surrounding cyclostreptin and other fluorescent
MSA interactions with tubulin is certainly sound, but structural evidence for the proposed
low-affinity binding site is lacking. Two disparities are troubling: a) the absence of any
defined binding site in the microtubule pore, and b) CS only weakly increases
microtubule polymerization in spite of covalent attachment. In the study presented here,

a combination of molecular modeling methods have been used to propose a different

structural model of MSA binding consistent with the experimental findings. To this end,
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molecular docking of cyclostreptin to tubulin, constrained molecular dynamics
simulations of MSAs with a model of the microtubule pore, and a new evaluation of the
previously reported molecular dynamics simulation of the apo-tubulin dimer have been
used.” In light of these and previous findings, the following is proposed: a) the
microtubule pore acts as funnel which slows MSA diffusion into the pore without explicit
binding, b) cyclostreptin bound to Thr220 effectively blocks MSA diffusion across the
pore, and c) CS only weakly increases polymerization in the free dimer because most

binding occurs at Thr220 incurring little effect on the M-loop conformation.

The model of the microtubule developed previously was improved by adding
residues missing in the a-subunit by fitting them to lower-resolution data.”*? These
residues do not form the core of the microtubule pore, but were added to prevent artifacts
in the subsequent molecular dynamics (MD) simulations. Mapping the lipophilic surface

17 shows that the pore is

onto the microtubule pore using Sybyl’s MOLCAD module
primarily hydrophilic (Figure 2a) unlike the known taxane binding site (Figure 2b) and
MSA ligands like PTX, epothilone and CS (Figure 2, ¢, d, and e, respectively). The
surface within the microtubule pore also lacks a defined cleft the size of an MSA like
PTX, while the known taxane binding site possesses an evident concave feature roughly
the size of MSA molecules (Figure 2f). Comparing the shape and lipophilic character of

the microtubule pore to MSAs, a second binding site for MSAs in this region seems

unlikely. Current MSAs, including CS, are characterized by their hydrophobicity (Figure
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2, c-e), which complements the hydrophobic cleft forming the taxane binding site

(Figure 2b).

Figure 2: Shape and lipophilic character of tubulin and taxane site ligands viewed as solvent
accessible surface colored by lipophilicity (brown, hydrophobic; green, neutral; blue, hydrophilic).
(a) Microtubule pore, viewed from outside the microtubule with the protofilament axis horizontal.
(b) Taxane binding site; portions of the tubulin dimer are shown as cartoon. (c-e) Ligands
paclitaxel (PTX), epothilone, and cyclostreptin (CS), respectively, are shown as sticks with mesh

surface. (f) Binding conformation of paclitaxel (shown as sticks) in the taxane binding site.

1.2.2 CS binding most favorable at the taxane binding site

To evaluate the possible binding locations for CS in the microtubule pore and
dimer, blind docking using AutoDock4?** was performed by Yutao Yang on the entire
microtubule pore and adjacent dimers with CS as the ligand (Figure 3a). The type |
microtubule pore model was used to perform this blind docking across a microtubule
pore consisting of two tubulin dimers. Non-polar hydrogens were merged with their
attached heavy atoms (i.e. united atoms) for both the microtubule pore and CS.

AutoGrid4 was used to calculate a grid for the entire protein aggregate consisting of two
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dimers, followed by flexible ligand docking with AutoDock4. Docking calculations were
carried out using the Lamarckian genetic algorithm, a population of random individuals
(population size: 150), a maximum number of 2,500,000 energy evaluations and 27,000
generations, a mutation rate of 0.02 and 50 output poses.

The docking results show that CS binding is clustered at three centers: the taxane
binding site (13 poses), the microtubule pore (7 poses) and the GDP binding site (5
poses). Predicted CS binding at lateral or dimer-dimer interactions of the microtubule are
not shown as these sites are not truly available in the microtubule. CS docking at the
taxane site is favored relative to the pore or GDP site as these 13 poses are the highest
scoring in this docking experiment.

Autodock4 and Glide induced fit docking were further applied by Yutao Yang to
execute focused docking of CS at these three sites with flexible residues. Two different
methods of flexible protein-ligand docking were used: flexible residue docking with
AutoDock4?*? and Prime 2.0 induced fit docking protocol within the Schrodinger 2007
Suite.?* For the flexible residue AutoDock4 calculations, three independent docking runs
were performed in which residues close to CS in the blind docking results were selected
as flexible (12 residues in the taxane site, 12 residues in the GDP site, and 4 residues in
the microtubule pore). The same algorithm and parameters employed in the blind docking
were used here. For the Schrddinger induced fit docking protocol with Prime 2.0, three
independent docking runs were performed at the three sites. For all three runs, Glide was
used to generate 20 initial poses in the first stage of the protocol using Standard Precision
docking and 50% reduced vdW radii. The second stage performed protein refinement of

residues within 5 A of the initial poses, followed by minimization of the complex. The
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final stage of the induced fit procedure evaluated the poses by re-docking CS using
Standard Precision Glide docking and scoring to generate the final 20 poses at each of the
three sites.

The results of this focused docking (Figure 3, b-g) show that although all three
sites could potentially bind CS, the taxane binding site presents a well-defined cluster of
poses (Figure 3, d and g), while poses in the pore are scattered around the walls that
make up the pore (Figure 3, b and e), reflecting the mismatch in the lipophilic surfaces of
CS and the microtubule pore. This mismatch is illustrated by comparing the lipophilic
surfaces of the microtubule pore and the highest-scoring pose of CS in the pore from
flexible residue docking using Autodock4 (Figure 4). CS binding in the GDP site
(Figure 3, c and f) seems unlikely based on the low interaction scores of even the best

poses in the blind docking experiment.
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Figure 3 (previous page): Results of docking cyclostreptin (CS) in the microtubule. The proteins
are shown as cartoons colored by subunit; GDP is shown as orange space-filling spheres; CS
poses are shown as sticks, colored by pose. (a) Top 25 poses resulting from a blind docking of
CS to the entire microtubule structure. 13 poses (including the 7 highest-scoring) were placed in
the taxane site, 7 poses in the microtubule (MT) pore, and 5 poses in the GDP site. An enlarged
view of these three areas is shown on the right. (b-d) Highest-scoring 20 poses from Autodock4
flexible residue docking of CS in the microtubule pore (b), GDP site (c), and taxane site (d). (e-g)
Highest-scoring 20 CS poses from Glide induced fit docking protocol in the microtubule pore (e),

GDP site (f), and taxane site (Q).
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Figure 4: Comparison of the lipophilic character of CS and the microtubule pore based on solvent

accessible surface colored by lipophilicity (brown, hydrophobic; green, neutral; blue, hydrophilic).
(a) Highest-scoring pose of CS in the microtubule pore using flexible residue Autodock4 docking.
CS is shown as capped sticks, the microtubule pore is viewed laterally as a lipophilic surface with
portions of the protein closet to the reader clipped from view. (b) CS pose viewed from the same

angle, except shown as a lipophilic surface.
1.3 Constrained molecular dynamics of MSAs in the microtubule
pore
1.3.1 MSA diffusion across the microtubule pore

To investigate the nature of interactions at the pore for cyclostreptin and other
MSAs, a MD protocol was devised to simulate MSA diffusion across the microtubule
wall through the pore. The protocol begins with the ligand placed outside the pore and
places a small distance constraint on the ligand that passes through the center of the pore.
MD is run with these conditions for 4 ps. The distance constraint is then removed, and
MD is run for another 4ps. In this manner the MD alternates between a constrained MD
and an unconstrained MD for 200 ps. The purpose of such a protocol is to gently pull the

ligand through the pore along a pathway which mimics the diffusion of MSAs across the
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pore, but in a tractable timescale for MD. Details for this protocol are as follows: the type

leO, 120, 121 and

I microtubule pore model was first refined with the OPLS2005 force fiel
GB/SA water solvation'?? in Macromodel 9.1.%° Protein residues within 20 A from
Thr220 were allowed unrestricted movement, surrounded by a 5A shell with harmonic
distance constraints with a force constant of 200 kJ/mol-AZ?. The structure was minimized
in 500 steps with the PRCG method.?*® % Then a series of 1 ps molecular dynamics
(MD) simulations were performed using a 0.5 fs timestep. The first was simulated at

20K, the second at 100K, the third at 200K, and the fourth at 300K. Finally, the resulting
structure was refined by another 500 steps of geometry optimization. Only slight changes
in the microtubule pore model resulted from this treatment. Namely, the backbone RMSD
with the original structure is 0.4 A. This microtubule structure was used as a starting
point for the MD protocol which gently pulled MSA ligands through the microtubule
pore. The protocol begins with the MSA ligand positioned on the exterior of the
microtubule pore; while a methane molecule was positioned ~1,000 A away from the
interior of the microtubule. A very small harmonic distance constraint of 0.064kJ/mol-A?
was applied between the methane and an atom on the MSA ligand. The purpose of such a
setup was to apply a small but linear constraint on the ligand even though the only
available constraints in Macromodel are harmonic. The MD simulation began with 4 ps at
20K and a 0.5 fs timestep, applying the distance constraint. Then 4 ps were simulated
without the distance constraint, allowing the system to relax. The simulation was

continued in this manner for 200 ps, alternating every 4 ps between constraint and no

constraint.
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The resulting trajectories for PTX, epothilone, and hexaflutax (Figure 5) reveal
that the pore’s center is not large enough to allow MSAs to freely traverse. Side chain
rearrangement and slight backbone movements for the protein are required for all of the
MSAs to move through the pore. Predictably, the smaller, more flexible epothilone
traverses the pore more easily than larger, more rigid molecules like PTX and hexaflutax.
Epothilone escapes the pore in 40 ps, while PTX and hexaflutax require 160 and 200 ps,
respectively. One feature evident from the trajectories for all the MSAs simulated is a
momentary blockage of the ligand in the center of the pore while the conformations of
both protein and ligand adjust. This pause in diffusion across the pore could be the basis
of the fast binding kinetics seen for MSAs. Kinetic experiments in such a situation would
appear to suggest rapid binding, since the environment of the ligand’s fluorophore would

change to a similar extent as in binding to a discrete site.
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Figure 5: Molecular dynamics (MD) trajectories of microtubule stabilizing agents through the
microtubule pore viewed laterally. The protein is shown as cartoons, colored by subunit.
Microtubule axis is horizontal. (a) Paclitaxel (PTX) trajectory. PTX traverses the pore in 160 ps.
(b) Epothilone trajectory. Epothilone traverses the pore in 40 ps. (c) Hexaflutax trajectory.

Hexaflutax traverses the pore in 200 ps.

1.3.2 Blockage of MSA diffusion by cyclostreptin

The effect of CS attachment at Thr220 on MSA diffusion across the microtubule pore
was investigated using the same MD protocol outlined above, but applied to a version of
the microtubule pore with CS covalently attached to Thr220. The best conformation for
CS in the latter pore was determined by a conformational search similar to that performed
by Buey et al. using Monte Carlo searching with the AMBER™* force field and
GBSA/H.0 solvation model.?® Thus, the resulting microtubule pore structure was

relaxed and subjected to the above-described MD protocol alternating between
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constrained and unconstrained MD runs. In these trajectories (Figure 6), the diffusion of
the MSAs is blocked by CS floating in the center of the pore. This presents a much larger
barrier to diffusion across the microtubule pore than the native microtubule pore. Both
PTX and hexaflutax are blocked from passing through the pore in the 200 ps simulation.
Epothilone is able to traverse the pore in 80 ps, twice the time required for passage
through the native microtubule pore. The results are consistent with a previous
competitive binding assay in which MSA binding was substantially reduced if the MSA

was added subsequent to the addition of CS.%
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Figure 6: Molecular dynamics (MD) trajectories of microtubule stabilizing agents (MSAs) through
the cyclostreptin-attached microtubule pore, viewed as in Figure 5. Cyclostreptin (CS) and
Thr220 are shown as green sticks. (a) Paclitaxel (PTX) trajectory. PTX does not escape in 200
ps. (b) Epothilone trajectory. Epothilone is blocked until 80 ps. (c) Hexaflutax trajectory.

Hexaflutax is also blocked during the simulation.

1.3.3 CSlabels Thr220 due to its exposure in the microtubule pore

Many other potential nucleophiles are present in the microtubule, but CS
selectively labels only Thr220 and Asn228. CS labeling at residues in the taxane site
could in principle result from a proximity effect caused by classical noncovalent ligand
binding at this site (Figure 3, d and g). If there is no defined docking mode in the
microtubule pore, however, no such proximity effect can operate to cause reaction with
Thr220. To investigate how CS might interact with the microtubule pore, the previously

described MD protocol was once again applied to the native microtubule pore, this time
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with CS as the ligand. Force field based MD does not allow inquiry into reaction
mechanisms, but can be used to understand molecular geometry and the potential
intermolecular interactions that may lead to chemical reaction. In this case, the trajectory
of CS through the pore positions the drug in an interesting alignment with Thr220 after
38 ps of simulation (Figure 7). The Thr220 side chain is directed to the center of the pore
and is located at its narrowest point. Thus, as CS travels to the microtubule lumen, it
approaches Thr220 closely, exposing its electrophilic a,B-unsaturated lactone proximal
(3.8 A) to the residue’s hydroxyl group. Another feature that may facilitate reaction with
Thr220 is the proximity (3.4 A) of Lys326 with the carbonyl oxygen of CS’s a.,f3-
unsaturated lactone. A positive charge at this position will stabilize the oxyanion
intermediate resulting from nucleophilic attack by the Thr220 hydroxyl, lowering the

barrier to reaction.
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Figure 7: Snapshot of cyclostreptin (CS) after 38 ps of molecular dynamics (MD) through the
microtubule pore. CS, Thr220, and Lys326 are shown as sticks. The hydroxyl oxygen of Thr220 is
positioned 3.8 A from the electrophilic a,B-unsaturated lactone of CS. The positive charge of
Lys326 could stabilize the resulting oxyanion intermediate and is positioned 3.4 A from the

carbonyl oxygen of CS'’s lactone.
1.4 Molecular dynamics simulation of the apo-tubulin dimer
1.4.1 CS binding at the taxane site is blocked by the M-loop

As described previously,?®®

simulations of the tubulin dimer in explicit aqueous
solvent predict variation in the conformation of the M-loop as a function of the structure
of the compound bound at the taxane binding site (Figure 8). The displacement of the M-
loop from its initial position also occurs in the unliganded protein simulation (Figure 8b).

For the latter, the M-loop shifts over the taxane binding site, covers the hydrophobic

pocket (Figure 8, c-d) and presents a more hydrophilic surface to solvent. Since these
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simulations take place in the absence of lateral interactions or constraints that might
mimic those present in an assembled microtubule, this movement of the M-loop is
predicted to reflect the actual conformation of a free dimer in solution. The predicted
native tubulin M-loop conformation prevents access to the taxane binding site and
provides a structural hypothesis for both the lack of PTX binding to the free tubulin
dimer and the availability of Thr220 to binding by CS. Thr220 has 72 A? total of solvent-
exposed surface area, more than all other threonines in the apo-tubulin dimer. Thr335
shows the second-most with 70 AZ; all others are less than 70 A% This accessibility could

account for the selective labeling in the free dimer state.
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Figure 8 (previous page): Displacement of M-loop and exposure of Thr220 in simulations of the
free tubulin dimer. (a) With paclitaxel (PTX) bound, the M-loop is stabilized in a conformation able
to form lateral interactions with a dimer in an adjacent protofilament. (b) In apo-tubulin dimer, the
M-loop occludes the hydrophobic taxane binding site, preventing PTX and cyclostreptin (CS) from
binding at this site. (c) Lipophilic character of the solvent accessible surface in the PTX bound,
and (d) apo-tubulin dimer. Displacement of the M-loop covers the hydrophobic pocket and
presents a more hydrophilic surface to solvent. (e) Position of Thr220 in PTX bound and (f) apo-

tubulin dimer. In both simulations, Thr220 remains exposed and capable of reaction with CS.

1.4.2 Thr220 remains exposed in apo- and MSA-bound tubulin dimer

Comparison of the MD simulations of unliganded tubulin and the PTX-bound
complex reveals that, in spite of the displacement of the M-loop in the latter, the exposure
of Thr220 remains unchanged (Figure 8, e-f). In both simulations the residue side chain
is directed away from the protein and into solvent; the two side chains found in very
similar locations in both situations. The presence of an MSA within the binding site is
predicted to neither modify the position nor block the solvent exposure of the residue.
These observations imply that the accessibility of Thr220 to modification by CS should
not be altered by conformational changes in the M-loop of the free tubulin dimer, nor
changed by binding of compounds within the taxane binding pocket under free dimer
conditions.
1.5 Conclusions on the nature of MSA binding to microtubules
1.5.1 Weak microtubule polymerization by CS is explained by its limited
effect on the M-loop

Although CS binds covalently to both free dimer and polymerized tubulin, its
effect on microtubule polymerization is weak compared to other MSAs. This

phenomenon can be understood by recalling that certain bridged analogs of PTX can
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enhance microtubule polymerization without increasing binding affinity, if the ligand
exerts a stabilizing effect on the M-loop to provide more effective lateral interactions
between protofilaments.?® While CS binding at the taxane site might affect the M-loop
conformation and increase microtubule formation, Thr220 labeling is not positioned to
modify the M-loop. Furthermore, CS has little ability to induce polymerization at lower
temperatures (< 20°C) and less affinity relative to PTX for the taxane site at 4°C versus
30°C.?* This is consistent with less diffusion across the pore at lower temperature, fewer
CS molecules binding to the taxane site, and less stabilization of the M-loop. Bai et al.
found that a radioactive analog of CS reacts almost immediately after interacting with
microtubules,”® suggesting most of the labeling occurs at Thr220 with little effect on
microtubule polymerization. Experiments with tubulin and the radioactive analog of CS
showed that both at 0°C, in the absence of assembly, and at 20°C, prior to the onset of
assembly, covalent reaction occurs only at Thr220 in tubulin dimers or small
oligomers.?** Consistent with these results, our simulations suggest the M-loop blocks the
taxane site in tubulin dimers, although Thr220 remains exposed. These results again
infer that binding at Thr220 does not effect microtubule polymerization. It seems that
only under conditions where tubulin can form higher-order oligomers can CS bind the

taxane site and increase polymerization.

The binding of CS in the taxane binding site is further complicated by the fact that
labeling occurs at Asn228. Primary amides such as the side chain of asparagine are poor
nucleophiles. It is difficult to understand how labeling at this residue can occur. It is also

evident that Asn228 is not available for interaction with CS when docked in the taxane
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pocket. Asn228 is located on Helix 7, a secondary structure element forming part of the
site, but its side chain points in the opposite direction, forming a bifurcated hydrogen
bond with GDP (Figure 9). We suspect that labeling of Asn228 is an artifact arising from
the tandem MS/MS peptide fragmentation conditions. An effective nucleophile, His229,
is adjacent to Asn228 and resides within the taxane binding site. Docking of CS into the
site revealed several poses which situate the a,p-unsaturated lactone near the His229 side

chain (Figure 9).
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Figure 9: One of the docking poses which places cyclostreptin (CS) in the taxane site with its
electrophilic a,B-unsaturated lactone positioned near the nucleophilic nitrogen of His229. Thr220
is shown on the nearby H6-H7 loop. Asn228 is also shown with its bifurcated hydrogen bond to

the guanosine ring of GDP.

It is therefore proposed that His229 may be the actual site of CS labeling,
followed by a molecular rearrangement that transfers CS to Asn228 while the peptide
fragment corresponding to peak 6 is ionized in the mass spectrometer. Peptide
rearrangements occurring under fragmentation conditions are well known, such as N- and

C- terminal rearrangements,?*® 2*° |oss of internal amino acids,**°

and scrambling of
peptide sequences.?”® Complex rearrangements also occur in modified peptides such as
cyclic pyoverdins,??* as well as in carbohydrates,??? and glycoconjugates.??* By analyzing
total ion chromatograms of six overlapping peptides resulting from chymotrypsin

digestion, Buey et al. narrowed the two sites of CS attachment to two sequences: 220-
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TTPTYGDLNHL-230 (peak 5) and 228-NHLVSATM-235 (peak 4).2%® The specifically
labeled residues were determined by peptide fragmentation of peaks 2 and 5, revealing
Thr220 as the first site of attachment. The second site was determined by fragmentation
of peak 6, corresponding to residues 225-GDLNHLVSATM-235. This result suggested
Asn228 as the site of attachment based on the b4 fragment gaining the mass of CS.
Conceivably, the experimental outcome arose by migration of CS from His229 to Asn228
prior to the b4 fragmentation of the peptide (Figure 10). Migration may be
thermodynamically driven by steric hindrance around the CS quaternary center caused by
His229/imidazole attachment to CS versus the less rigid and more accessible primary
amide of Asn228. Asp226 is another potential nucleophile directed into the taxane
binding site, but this residue can be excluded as the peak 4 peptide in the total ion
chromatogram does not contain Asp226, although it does possess the additional mass of
CS. If labeling occurs at His229, the action of CS can be interpreted in the context of
other taxane-site ligands: binding at a common site and influencing the conformation of

the M-loop to favor productive interactions with neighboring protofilaments.
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Peak 6 peptide/chymotrgpsin cleavage sites, CS labeled at His.

Sequence is GDLNHLVSATM
LeuValSerAlaThrMet
0 (/N NH HN—LeuAspGly
N/ 0
O (o]
) NH,
O ‘o
His is protonated in MS-- ’
most basic N in peptide other than N-ter Tandem MS/MS conditions
|7| LeuValSerAlaThrMet
((: N+ NH HN—LeuAspGly
(N o]
N 0
' NH,
His leaves CS, resulting in a carbocation ﬂ
0 N
] /
Y N LeuValSerAlaThrMet
HoN HN
HN_
Attack by nearby amide N, although a poor LeuAspGly
nucleophile, it can react with the carbocation
H
N
I/
N LeuValSerAlaThrMet
H+ HN
N MO
HN_
2 LeuAspGly
Charge returns to His ’ ﬂ
H
r N
Iy /
HN LeuValSerAlaThrMet
HN
Fragment observed in MS N Mo
HN_
LeuAspGly

Asn is only primary amide in peptide--CS attachment to amide NH may be more stable than to the N of the His
imidazole ring due to steric congestion at this quaternary center.

Figure 10: Proposed mechanism of CS migration in the peak 6 peptide from His229 to Asn228

under tandem MS/MS conditions.
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Bai et al. reported that two reactions occur in the binding of the CS radioactive
analog to microtubules with two separate activation energies, 27 kcal/mol and 8 kcal/mol,
the lower of which was surprisingly observed at higher temperatures. Since this unusual
phenomenon is not consistent with two competing reactions, it was explained in terms of
consecutive reactions occurring at similar rates but with different activation energies;
namely, binding followed by covalent reaction.”®* In order for such a rate reversal to be
observed, however, the rate of the lower activation process would need to increase 10™-
fold over the higher energy process, a highly unlikely event over a 20 °C change in
temperature.”* Typical solution-phase organic reactions at room temperature exhibit
activation energies of 12-27 kcal/mol.?*%*° By contrast, activation energies for ligand
binding fall in the considerably lower 7-15 kcal/mol window. Thus, binding of the Kazal
peptide to trypsin has been measured to be 8.6 kcal/mol.?*! Likewise, Arrhenius plots
based on published data for small molecule inhibitors of carbonic anhydrase Il and the
human adenosine A; receptor reveal activation energies for binding from 7-11
kcal/mol.?** %33 Addition of an allosteric modulator to the human adenosine A; receptor
increases the activation energy to 14.9 kcal/mol.?*? Finally, cyclostreptin itself is isolated

and purified in methanol*®

and is stable in methanol and ethanol for extended periods of

time at room temperature.?®* Consequently, the activation barrier to conjugate addition by
primary alcohols, and presumably secondary alcohols like Thr, is certainly well above 20
kcal/mol. These results seem at odds with the rather high barrier for binding and low

barrier for reaction observed by Bia et al.?®* Further kinetic experiments are needed to

clarify these issues.
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1.5.4 Implications for the design of new MSAs
Mysteries still surround CS and its activity, such as why it reacts with selected

1, or how the poor

nucleophilic residues in tubulin, but can stably be stored in ethano
nucleophile Asn228 ends up being labeled by CS.2%® However, the suggestion of a
second, low-affinity binding site for taxane ligands seems an artifact of their slow

diffusion across the pore. And while the prospect of a new druggable site in tubulin is

welcome, targeting the microtubule pore might well be a futile exercise.
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