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Abstract

Human parainfluenza virus 3 (HPIV3) and respiratory syncytial virus (RSV) cause lower
respiratory infection in infants and young children. There are no vaccines for these pathogens, and
existing treatments have limited or questionable efficacy. Infection by HPIV3 or RSV requires
fusion of the viral and cell membranes, a process mediated by a trimeric fusion glycoprotein (F)
displayed on the viral envelope. Once triggered, the prefusion form of F undergoes a series of
conformational changes that first extend the molecule to allow for insertion of the hydrophobic
fusion peptide into the target cell membrane and then refold the trimeric assembly into an
energetically stable postfusion state, a process that drives the merger of the viral and host cell
membranes. Peptides derived from defined regions of HPIV3 F inhibit infection by HPIV3 by
interfering with the structural transitions of the trimeric F assembly. Here we describe lipopeptides
derived from the C-terminal heptad repeat (HRC) domain of HPIV3 F that potently inhibit
infection by both HPIV3 and RSV. The lead peptide inhibits RSV infection as effectively as does a
peptide corresponding to the RSV HRC domain itself. We show that the inhibitors bind to the N-
terminal heptad repeat (HRN) domains of both HPIV3 and RSV F with high affinity. Co-crystal
structures of inhibitors bound to the HRN domains of HPIV3 or RSV F reveal remarkably
different modes of binding in the N-terminal segment of the inhibitor.

"Corresponding Author: am939@cumc.columbia.edu.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI: https://doi.org/10.1021/jacs.9b04615
Additional figures, synthetic procedures, and characterization data for all synthesized peptides, as well as protocols for fusion
inhibition, plaque reduction, and thermal denaturation assays (PDF)


https://doi.org/10.1021/jacs.9b04615

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Outlaw et al. Page 2

Introduction

Acute respiratory infection is the leading cause of mortality in young children. Most cases of
childhood croup, bronchiolitis, and pneumonia, the most common manifestations of acute
respiratory infections in infants, are caused by two viruses— human parainfluenza virus 3
(HPIV3) and respiratory syncytial virus (RSV).12 HPIV3 is a paramyxovirus that is
responsible for 30-40% of all acute respiratory tract infections in infants and children.3 RSV
is a pneumovirus that, as recently as 2015, infected approximately 33.1 million children
under five, resulting in an estimated 3.2 million hospital admissions and nearly 60,000 in-
hospital deaths.# However, no antiviral agents are available to treat HPIV3 or RSV
infections. Those at highest risk for severe infection can be treated prophylactically with a
humanized monoclonal antibody against RSV, but this approach is costly and ineffective
against existing infections.®> Given the similarity of symptoms caused by HPIV3 and RSV,
antigen detection or PCR analysis is often required to identify the pathogen. Therefore,
administration of an antiviral drug directed at one of these viruses would be delayed by the
time required for diagnosis. An ideal drug would be effective against both HPIV3 and RSV,
which would enable treatment at the onset of disease. Here we describe a single agent that
blocks infectivity by both HPIV3 and RSV, which could provide a foundation for future
therapeutic development efforts.

HPIV3 and RSV employ trimeric fusion (F) proteins to mediate merger of the viral envelope
with the host cellular membrane, the first step of infection.-8 F-induced membrane fusion is
thought to proceed via a regulated sequence of structural transitions, as shown in Fig. 1.
Prior to activation, the F protein trimer is anchored to the viral envelope by the
transmembrane (TM) segments, each of which is adjacent to the C-terminal heptad repeat
(HRC) domain. In this prefusion state, the N-terminal heptad repeat (HRN) domains and
adjacent hydrophobic fusion peptide (FP) segments are folded into the head region of the
trimeric assembly. For HPIV3, F protein activation is mediated by the receptor-engaged
attachment protein HN; for RSV, the activation mechanism is unknown. Activation causes
the HRN domains to extend, and the FP segments are inserted into the host cell membrane to
form a transient “prehairpin” intermediate. An extensive structural change in the trimeric F
assembly then brings the HRC and HRN domains together to form a compact and very
stable six-helix bundle (6HB), which drives membrane fusion.

Because viral entry is the essential first step of infection, the inhibition of F protein
structural transitions is a potential strategy for the development of antiviral therapies.® In
several cases, a peptide based on a specific HRC domain has been shown to inhibit fusion
mediated by the F protein from which the peptide was derived but not fusion mediated by F
proteins of any other virus (e.g., enfuvirtide, an FDA-approved peptide drug derived from
the HRC domain of the HIV fusion glycoprotein gp41, is effective against HIV but not
effective against other viruses).10-14 Peptides derived from the HRC of HPIV3, however,
exhibit activity against not only HP1V3 but also other paramyxoviruses including Nipah
virus (NiV), parainfluenza virus 5 (P1V5) and measles virus (MeV).15-19 Antiviral potency
requires that the peptide be conjugated to a hydrophobic moiety, such as cholesterol, which
is thought to cause partitioning into membranes. These fusion-inhibitory peptides are
hypothesized to act by binding to the exposed HRN domains of the F protein trimer in the
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extended prehairpin state.19-21 Despite the conserved fusion mechanism, the F proteins of
different viruses possess distinct primary sequences; therefore, the surprising ability of
HPIV3 HRC-derived peptides to disrupt the fusion machinery of multiple paramyxoviruses
is potentially important from a therapeutic perspective. The potential benefit of HPIV3
HRC-derived peptides could be enhanced if the scope could be expanded to include potent
inhibition of RSV, a member of the Pneumovirus family that often causes clinical
presentation indistinguishable from that of HPIV3 in young children.

Here we report a cholesterol-conjugated peptide that inhibits infection of human cells by the
major pediatric pathogens HPIV3 and RSV. The sequence is based on the HRC domain of
HPIV3 F and contains five substitutions: E459V, A4631, D466Q, Q479K and K480l (residue
numbering here and below based on the full-length HPIV3 F protein). This peptide is
designated “VIQKI” below. X-ray co-crystal structures have been determined for the six-
helix bundle assembly formed by VIQKI with a peptide derived from the HPIV3 HRN
domain and the six-helix bundle assembly formed by VIQKI with a peptide derived from the
RSV HRN domain. These structures reveal that the N-terminal segment of VIQKI adopts
profoundly different conformations in these two assemblies. Alanine-scanning data support
the conclusion that the crystal structures represent the binding modes responsible for
inhibition of HPIV3 or RSV infectivity. Thus, our results offer unprecedented molecular-
level insight on the mechanism by which a single peptide can adapt itself to distinct
pathogen targets.

Design and synthesis of sequence-optimized fusion inhibitory peptides

The fusion-inhibitory activity of HRC-derived peptides is hypothesized to result from
inhibitor binding to the HRN domain of F in the prehairpin intermediate. We therefore
sought an HRC-derived sequence that could engage the trimeric HRN assembly from both
HPIV3 and RSV. We have previously reported that a 36-mer peptide corresponding to
residues 449-484 of the HPIV3 HRC domain with two mutations, E459V and A463l
(designated “VI”, Fig. 2), inhibits fusion by several paramyxoviruses, but not RSV.2% The VI
peptide was used as a starting point for development of a fusion inhibitor active toward both
HPIV3 and RSV. HRC-HRN association is primarily driven by hydrophobic interactions.
Therefore, we made the change K480l to increase the local hydrophobicity of the HRC
peptide at a site expected to be buried in the six-helix bundle formed with the HRN peptide.
Other changes were intended to stabilize a-helical secondary structure, as required for six-
helix bundle formation. Substitution D466Q was intended to remove a potentially repulsive
i,i+3 Coulombic interaction with E469. Substitution Q479K was intended to encourage an i,i
+3 salt bridge with D482. This last mutation increases the net charge of the peptide at
neutral pH, which could counter the effects on peptide solubility of increased
hydrophobicity at other sites.

Inhibitors form stable assemblies with HRN domains of HPIV3 and RSV F

When combined in solution, HRC- and HRN-derived peptides form a six-helix bundle
assembly that is believed to mirror the helix-bundle within the postfusion state of F.19 We
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used circular dichroism (CD) spectroscopy to characterize assemblies that form between the
native HRN and HRC domains of HPIV3 and RSV F, and to determine whether the VI and
VIQKI peptides co-assemble with the HRN domains. At 50 uM in PBS, each of the four
HRC peptides (HPIV3 HRC, RSV HRC, VI and VIQKI) exhibited minimal a.-helical
content. However, 1:1 mixtures of the native HRN/HRC partners (i.e., HPIV3 HRN+HPIV3
HRC and RSV HRN+RSV HRC) displayed intense minima at 208 and 222 nm (Fig. S33-
S34), indicating a large increase in a-helical secondary structure relative to the individual
peptides. This behavior indicates helix-bundle co-assembly of the HRC and HRN peptides.
Heterotypic combinations of HRN and HRC peptides (i.e., HPIV3 HRN+RSV HRC or RSV
HRN+HPIV3 HRC) exhibited double minima that are generally characteristic of helical
assemblies. However, the minima observed for heterotypic pairings were significantly lower
in intensity relative to the minima observed for native pairings, which suggests a smaller
extent of a-helix formation for the cross-species pairs (Fig. S35-36, S41-42). The RSV
HRN+HPIV3 HRC spectrum also showed a slight shift of the lower wavelength minimum to
~206 nm, and this minimum was significantly more intense relative to the 222 nm minimum
(Fig. S42). These features suggest that some portions of the polypeptide backbone may be
non-helical and perhaps unfolded in this assembly. Heating causes a relatively modest
change in the intensity of the minimum at 222 nm (Fig. S45), with a transition presumed to
reflect assembly disruption between 30 and 50 °C. The RSV HRN+VIQKI spectrum has a
shape similar to that of RSV HRN+HPIV3 HRC (Fig. S42), but the minima are more intense
(more negative) for the RSV HRN+VIQKI spectrum. This combination gives rise to a
clearer thermal transition and a substantially higher temperature relative to the RSV HRN
+HPIV3 HRC pairing (Fig. S50 vs. Fig. S45). These data indicate that the assembly formed
by RSV HRN+VIQKI is more stable than the assembly formed by RSV HRN+HPI1V3 HRC.
Most importantly, these data suggest that VIQKI, an HPIV3-based peptide, can form six
helix bundle assemblies with the HRN domains of the two distinct viral F proteins.

Variable-temperature CD studies were undertaken to compare stabilities among the co-
assemblies. Each of the HRN+HRC pairs showed a highly cooperative thermal transition at
222 nm, which allowed determination of the apparent midpoint of thermal denaturation
(Tm,app) Values shown in Table 1. The thermal transitions are attributed to the disruption of
the 6HB assembly with concomitant loss of a-helical secondary structure. Each Ty, app
value, therefore, is a measure of the stability of the HRN+HRC co-assembly. To compare the
designed inhibitors to the HPIV3 HRC from which they were derived, we calculated AT app
values. In this case, AT app™ is the difference between Tp, app for the inhibitor peptide in
question co-assembled with the HPIV3 HRN peptide and the Ty app for the native HPIV3
HRC peptide co-assembled with the HPI1VV3 HRN peptide. ATm,appJr is the difference
between Ty, app for the inhibitor peptide in question co-assembled with the RSV HRN
peptide and the Ty, app for the native HPIV3 HRC peptide co-assembled with the RSV HRN
peptide. Positive values indicate that the co-assembly of a particular inhibitor with either
HPIV3 or RSV HRN is more stable than that of HPIV3 HRC. Negative values indicate the
co-assembly is less stable than that of HPIV3 HRC.

The native HPIV3 and RSV HRC peptides formed very stable assemblies with the natural
HRN peptide partner (Tm, app = 86.8 and 82.4 °C, respectively). In contrast, the unnatural
pairings, HPIV3 HRN+RSV HRC and RSV HRN+HPIV3 HRC, formed much less stable
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assemblies (Tm app = 48.2 and 42.2 °C, respectively). The designed peptides VI and VIQKI
formed assemblies with HP1VV3 HRN that were comparable in stability to the HPIV3 HRC
+HPI1V3 HRN assembly. In contrast, the assemblies formed by VI and VIQKI with RSV
HRN were substantially more stable (T app = 56.9 and 64.3 °C, respectively) than the
HPIV3 HRC+RSV HRN assembly. Thus, the substitutions that generate VI and VIQKI from
HPIV3 HRC maintain co-assembly propensity with HPIV3 HRN while enhancing co-
assembly propensity with RSV HRN. The behavior of VIQKI is particularly promising and
suggests that this designed peptide could function as a dual inhibitor of HPIV3 and RSV
infection, a hypothesis that is tested in the experiments described below.

Inhibition of fusion mediated by HPIV3 and RSV F

We prepared cholesterol-conjugated derivatives of HRC peptides (Fig. 3C) in order to
explore the potential for antiviral activity in cell-based assays. Lipid conjugation has been
previously shown to provide substantial increases in fusion-inhibitory potency for peptides
based on viral fusion proteins, a trend that is attributed to lipid-promoted localization in
membranes.20 A cell-cell fusion assay based on beta-galactosidase complementation was
used to evaluate the inhibition of fusion mediated either by HP1VV3 F co-expressed with
HPIV3 HN or by RSV F (Table 2). Two VIQKI conjugates with different linker lengths
(PEG4 and PEG»4) were evaluated. As a control, we prepared an RSV HRC derivative with a
PEG, linker to a cholesterol moiety. Fusion mediated by HPIV3 F and HN was inhibited by
the VIQKI conjugates but not the RSV HRC conjugate, even at the highest concentrations.
VIQKI-PEG,—Chol and VIQKI-PEG,4—Chol exhibited similar activities (IC5q ~ 20-100
nM). In contrast, fusion mediated by RSV F was inhibited by all three cholesterol-
conjugated peptides with similar activities (ICsg ~ 1-3 pM). These results highlight the
unique ability of VIQKI-derived peptides to inhibit fusion by both pediatric respiratory
viruses.

Inhibition of HPIV3 and RSV entry

We determined the ability of cholesterol-conjugated VIQKI to inhibit HPIV3 or RSV
infection using plaque reduction assays. We used recombinant HPIV3 that expresses
enhanced green fluorescent protein (rHP1VV3 CI-1-EGFP) and recombinant RSV that
expresses red fluorescent protein (rRSV-RFP) so that the progression of infection could be
quantified by fluorescence. As shown in Fig. 3A, the two VIQKI-derived conjugates blocked
HPIV3 entry, but RSV HRC-PEG,4—Chol was ineffective. For both VIQKI-PEG4—Chol and
VIQKI-PEGy4—Chol, >80% inhibition of plaque formation was observed at the lowest tested
concentration (7.8 nM). In contrast, all three peptide conjugates were effective in the RSV
plaque reduction assay (Fig. 3B), with VIQKI-PEG,4—Chol (IC5q ~ 60 nM) somewhat more
effective than VIQKI-PEG4—Chol (ICsq ~ 200 nM). This linker length trend is consistent
with previous observations for HP1V3 and HIV.21:22 \VIQKI-PEG,,—Chol was as effective
as RSV HRC-PEG4—Chol in this assay. It is possible that an RSV HRC peptide with a
longer linker (e.g., RSV HRC-PEG,4—Chol) would be more potent against RSV than either
RSV HRC-PEG4—Chol or VIQKI-PEG,4—Chol. However, given the very weak activity of
RSV HRC-PEG4-Chol against HPIV3, it is very unlikely that simply lengthening the PEG
linker would generate a potent inhibitor of HPIV3 entry. The key conclusion from the data in
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Fig. 3 is that an RSV HRC-derived agent is effective at inhibiting entry by only RSV, while
VIQKI-derived agents are effective at inhibiting entry by both HPIV3 and RSV.

Inhibition of RSV infection in human airway epithelium

We and others have shown the value of assessing antiviral compounds in models that reflect
the natural host. Such models are more likely to provide insights relevant to human medicine
than other in vitro and in vivo animal models. We use human airway epithelium (HAE)
cultures that form a multi-layered, polarized, differentiated tissue culture that closely
resembles the airway epithelium in vivo. This model has been used to study RSV infection.
23-28 Since VIQKI-PEG,,—Chol demonstrated the best dual inhibitory activity in both
fusion and plaque reduction assays, we tested the efficacy of this agent against RSV
infection in HAE cultures (Fig. 4). HAE cultures were infected at the apical surface with
rRSV-RFP in the presence of 10 uM of VIQKI-PEG24—Chol (blue) or untreated (black).
After 90 min, the liquid from the apical surface, containing residual virus and peptide, was
aspirated. The titer of virus emerging from the apical surface was measured at 1, 2, 3,5, 7, 9,
and 12 days post-infection. High viral titers were detected for the untreated cultures
beginning at day 2 and were sustained until the study concluded at day 12. However, a single
dose of VIQKI- PEG4—Chol led to no detectable virus until day 9, and the viral titers
remained significantly lower than the untreated cultures at day 12. These observations
strengthen the conclusion that use of the novel VIQKI sequence, which is based on the
HPIV3 HRC sequence, can generate a potent inhibitor of RSV infection.

Structural characterization of VIQKI bound to HRN domains of HPIV3 and RSV F

We determined co-crystal structures for VIQKI paired with either HPIV3 HRN (PDB
6NRO) or RSV HRN (PDB 6NTX). In addition, we determined the VI+HPIV3 HRN (PDB
B6NY X) co-crystal structure. All three structures revealed six-helix bundle assemblies with
helical HRN trimers at the core and three copies of VIQKI or VI on the periphery. The
structures of VI or VIQKI co-assembled with the HRN domain of HPIV3 F are shown in
Fig. 5A (1.85 A resolution) and Fig. 5B (1.75 A resolution), respectively. The structure of
VIQKI co-assembled with the HRN domain of RSV is shown in Fig. 5C (2.20 A resolution).

The two structures containing HPIV3 HRN resemble the six-helix bundle portion within the
structure of the postfusion form of the HPIV3 F ectodomain (PDB 1ZTM?2°). Each of the
inhibitory peptides, VIQKI and VI, displays two regions with distinct secondary structure:
the first 8 residues (corresponding to 449-456 of HPIV3 F, Fig. 5D), which display an
extended conformation, and the remaining 28 residues (corresponding to 457-484 of HPIV3
F), which form an a-helix. The structure of VIQKI co-assembled with RSV HRN bears a
general resemblance to the six-helix bundle assembly formed by RSV HRN and RSV HRC
(PDB 1G2C39). The RSV HRC segment is largely a-helical in this assembly, with the first
five residues (corresponding to 480- 484 of RSV F) adopting an extended conformation.
Similarly, VIQKI is largely a-helical when co-assembled with RSV HRN (Fig. 5G);
however, in this structure the three most N-terminal residues could not be resolved.

Polypeptide segments that engage in helix-bundle assemblies typically display a “heptad
repeat” (HR) sequence pattern, with heptad positions designated by the letters abcdefg. The
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seven residues of a heptad can form approximately two a-helical turns. Sequences prone to
helix-bundle assembly present aliphatic side chains (Leu, Ile or Val) at most aand d
positions, which align to form a hydrophobic “stripe” in the helical conformation. In the six-
helix bundle assemblies comprised of HRN and inhibitor peptides (Fig. 5E-F, 5H-I), the
mostly hydrophabic residues at aand d positions of the inhibitors pack against mostly
hydrophobic residues at @ and o positions of either HPIVV3 or RSV HRN. For the HRN
segments, residues at eand g positions, which flank the stripe formed by the aand ¢
residues, also contribute to the core of the six-helix bundle assembly. Some of the buried
residues bear polar but uncharged side chains that form specific H-bonds within the
assembly core. For example, in the VIQKI+HPIV3 HRN assembly, Ser470 (a) forms a H-
bond with GIn162 (), while Ser477 (a) forms H-bonds with Thr154 (@) from one molecule
of HPIV3 HRN and with Asn155 (¢) from a second molecule. In the VIQKI+RSV HRN
structure, Ser477 forms a H-bond with Thr174 (d) from one molecule of RSV HRN and
with Asn175 (e) from another molecule within the HRN trimer. Thr174 and Asn175 of RSV
HRN align with Thr154 and Asn155 of HPIVV3 HRN in the primary sequences. The Ser470
side chain of VIQKI does not appear to form any H-bond with RSV HRN.

While residues 459-484 of VIQKI form an a-helix that engages the HRN trimers of both
HPIV3 and RSV, as expected based on the heptad repeat motif, the co-crystal structures
revealed that the N-terminus of VIQKI (residues 449-458) adopts markedly different
conformations when engaged by the different HRN domains. In the assembly with HPIV3
HRN, Asp455 of VIQKI forms an intramolecular H-bond with the backbone amide N-H of
Ser457. This i,i+2 interaction, characteristic of a helix-capping motif, is associated with the
transition from the a-helical conformation displayed by most of the inhibitor to an extended
conformation of residues near the N-terminus.3! The change in conformation positions
hydrophobic residues Leu451, 1le454 and 11e456 of VIQKI towards hydrophobic cavities on
the surface of the HPIV3 HRN trimer (Fig. 6A). In contrast, when co-assembled with RSV
HRN, VIQKI displays a longer a-helix that starts at the fifth residue from the N-terminus. In
this case, the backbone of the N-terminal segment of VIQKI curves away from the RSV
HRN trimer. lle454 and Ile456 of VIQKI project away from the RSV HRN trimer surface, in
contrast to the intimate association of these Ile side chains with the HPIV3 HRN trimer
surface. In place of these hydrophaobic interactions, the N-terminal segment of VIQKI
appears to engage in favorable Coulombic interactions with the RSV HRN trimer: the
carboxylate side chains of Asp452 and Asp455 from one molecule of VIQKI form salt
bridges with Lys191 from one molecule of RSV HRN and Lys196 of another molecule of
RSV HRN (Fig. 6B). The “curving away” of the VIQKI backbone evident in Fig. 5C and 5I
is necessary to allow these Coulombic contacts with the Lys residues of the RSV HRN
trimer.

Contributions of inhibitor N-terminal residue side chains to assembly stability

The crystal structures discussed above suggest that VIQKI adapts itself to two distinct viral
targets, the HPIV3 HRN trimer or the RSV HRN trimer, by a profound conformational
adjustment in the N-terminal segment of the inhibitor. In order to test this structure-based
hypothesis, we used variable-temperature CD measurements to compare the stabilities of
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six-helix bundle assemblies formed by either HPIV3 HRN or RSV HRN with derivatives of
VIQKI.

Initial studies involved truncated derivatives of VIQKI that lacked either the first three N-
terminal residues (corresponding to residues 449-451 of the HPIVV3 HRC domain) or the
first eight N-terminal residues (corresponding to residues 449-456 of the HPIV3 HRC
domain). Both of these truncated VIQKI peptides formed highly helical assemblies upon
mixing with either HRN peptide, and each of the assemblies displayed a cooperative thermal
transition, as monitored at 222 nm, that enabled us to determine a Ty app Value based on the
transition midpoint (Table 3). In this case we calculated ATy, 5pp Values relative to VIQKI
since we are comparing VIQKI analogues to VIQKI itself. Therefore, ATmyapp* is the
difference between Ty, 5pp for the VIQKI derivative in question co-assembled with the
HPIV3 HRN peptide and the Ty, app for the original VIQKI peptide co-assembled with the
HPIV3 HRN peptide. ATm,app§ is the difference between Ty, 5pp for the VIQKI derivative in
question co-assembled with the RSV HRN peptide and the Ty, app for the original VIQKI
peptide co-assembled with the RSV HRN peptide. Positive values indicate that the co-
assembly of a particular VIQKI derivative with either HPIV3 or RSV HRN is more stable
than that of VIQKI itself. Negative values indicate the co-assembly of a particular VIQKI
derivative is less stable than that of VIQKI itself. Removal of the first three N-terminal
residues, to generate VIQKI 452-484, caused very little change in the stability of the helical
bundle assembly with either of the HRN peptides. In contrast, removal of the first eight N-
terminal residues, to generate VIQKI 457-484, led to a profound decrease in the stabilities
of both helix bundle assemblies. These latter observations are consistent with our hypothesis
that contacts between the N-terminal segment of VIQKI and each HRN trimer are critical to
the affinity with which the inhibitor peptide engages its viral target.

A second study involved an “alanine scan” of the N-terminal segment of VIQKI. Thus, a set
of eight derivatives was prepared in which each of the N-terminal residues, in turn, was
replaced by alanine. This experimental design allows one to assess the contribution of
individual side chains to helix bundle stability (Table 3). Mutations D455A and 1456A
significantly destabilized the helix-bundle assembly with HPI1VV3 HRN. These observations
are consistent with the structure of VIQKI assembled with HPIV3 HRN. The side chain
carboxylate of Asp455 forms an H-bond with the backbone amide of Ser457, a helix-
capping interaction that prevents extension of the helix toward the N-terminus of the
inhibitor. This structure shows the side chain of 11e456 extended into a hydrophobic pocket
on the surface of the HPIV3 HRN trimer. Trimming the native isobutyl side chain to a
methyl group likely results in the loss of favorable hydrophobic interactions. The crystal
structure suggests that the side chains of Leu451 and lle454 might contribute similarly to
helix-bundle stability, and the L451A and 1454A mutation both caused decreases in Ty app.

Among the helix-bundles formed with RSV HRN, the greatest destabilizations were
observed for the mutations D452A and D455A. These observations are consistent with the
structure of VIQKI assembled with RSV HRN, which indicates that the side chains of
Asp452 and Asp455 form salt bridges with the side chains of Lys191 and Lys196 of RSV
HRN. Changing either Asp to Ala would be expected to disrupt these favorable ionic
interactions, which would account for the destabilization that results from either Ala
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mutation. Thus, even though the image in Fig. 51 suggests that the backbone of the N-
terminal segment of VIQKI curves away from the binding groove on the RSV HRN trimer,
this N-terminal segment retains thermodynamically favorable contacts with the RSV HRN
trimer through the Asp-Lys contacts.

Discussion

Inhibition of the membrane fusion process that is required for viral entry is a promising
strategy for combating infection.14 32 We have previously described peptides derived from
the HRC domain of HPIV3 F that inhibit fusion mediated by several paramyxoviral F
proteins, including those of HPIV3, NiV and MeV.17-19 |n those systems, we showed that
conjugating a hydrophobic unit to the peptide significantly enhanced antiviral activity,
presumably by promoting partitioning of the peptide inhibitor into the target membrane. The
resulting lipopeptides were effective in vivo, blocking fusion by NiV in hamster and non-
human primate models and by HPIV3 in a cotton rat model.18:19:33 Other lipopeptides have
been safely and effectively used in humans for a variety of purposes, including as antibiotics,
such as daptomycin, and as antivirals, such as a recent anti-HIV agent.34:35

The present study describes a substantial advance in the development of antiviral peptides
with therapeutic potential: we have identified a new sequence based on the HRC domain of
HPIV3 F, designated VIQKI, that displays potent inhibitory effects toward HPIV3 and the
quite different pneumovirus RSV. The cholesterol-conjugated derivative VIQKI-PEG4—
Chol potently blocked HP1VV3 and RSV infection in plaque reduction assays and effectively
reduced viral titers in mucociliary-differentiated HAE cultures that closely simulate in vivo
human respiratory tissue. Because HPIV3 and RSV are major sources of pediatric morbidity
and mortality, this new dual inhibitor represents an important step toward clinical
application.

Crystal structures of six-helix bundle assemblies formed by VIQKI with the HRN domain of
HPIV3 or RSV F show that the inhibitor binds along a groove formed by adjacent helices
within an HRN domain trimer. These structures suggest that inhibitory activity results from
VIQKI binding to a comparable surface within the extended prehairpin intermediate formed
by the F trimer during the proposed membrane fusion mechanism. The prehairpin
intermediate is a transient, high-energy state that is thought to precede the conformational
transition to a more stable postfusion form that features a six-helix bundle assembly of HRN
and HRC domains. The thermodynamic favorability of this structural transition is believed
to drive the fusion of the viral envelope with the target cell membrane. Binding of VIQKI to
the exposed HRN domain of the prehairpin intermediate would stabilize this otherwise
transitory species, thereby blocking rearrangement to the postfusion form and preventing
fusion of viral and cell membranes.

Our crystal structures provide a molecular explanation for the surprising ability of a peptide
derived from the HRC domain of HPIV3 F to potently inhibit infection by RSV. VIQKI is
largely helical in both structures, but the data show that VIQKI adapts itself to two different
binding surfaces by accessing two distinct conformations in its N-terminal segment. The
natural conformation, as seen in the postfusion form of the HPIVV3 F ectodomain (PDB
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1ZTM) and recapitulated in the assembly of VIQKI with HPIV3 HRN, features an extended
backbone that allows HRC domain residues 1le454 and 1le456 to engage hydrophobic
pockets on the surface of the HPIV3 HRN domain trimer. The thermodynamic importance of
interactions involving 11e456 is indicated by our finding that the 1456 A modification of
VIQKI significantly destabilizes the helical assembly formed with the HPIV3 HRN domain.
The 1454A modification, however, exerts only a small destabilizing effect.

The crystal structure of VIQKI co-assembled with the RSV HRN domain reveals that the
helical portion of VIQKI extends further toward the N-terminus relative to VIQKI co-
assembled with the HPIV3 HRN domain. This conformational change alters the set of
residues that make contact with the RSV HRN trimer, relative to the HPIV3 HRN trimer. In
the assembly with the RSV HRN domain, key N-terminal region contacts are made by
Asp452 and Asp455 of VIQKI, which participate in salt bridges with Lys191 and Lys196
from the RSV HRN trimer. In the previously reported structure of RSV HRC co-assembled
with RSV HRN (PDB 1G2C) Lys191 forms an H-bond with Ser491 of RSV HRC, while
Lys196 interacts with Ser485 and Asp489 of RSV HRC.

Conclusions

We have designed a peptide, VIQKI, that binds to the HRN domains of both HPIV3 and
RSV F. Modifying VIQKI by appending a cholesterol moiety, to generate VIQKI- PEGy4—
Chol, enabled potent inhibition of fusion mediated by both HPIV3 and RSV F, and the
lipopeptide blocked infection by both viral pathogens. This dual-inhibitory activity is
noteworthy given how different HPIV3 is from RSV. Our findings raise the prospect of a
single therapeutic agent for treatment of acute respiratory tract infections in infants and
children, without the need for identifying the pathogen. Structural insights on the
mechanism of dual inhibition developed in this study should provide a basis for
improvements in broad-spectrum antiviral activity.

Supplementary Material
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Mechanism and inhibition of Class | fusion proteins. (A) Schematic of the protein with
domains indicated: fusion peptide (FP, red); N-terminal heptad repeat (HRN, orange); C-
terminal heptad repeat (HRC, green); transmembrane (TM, gray); cytoplasmic tail (CT,
yellow). (B-D) Class | fusion mechanism depicting prefusion (B), prehairpin intermediate
(C), and postfusion (D) conformations of F and the inhibition of fusion by peptide inhibitors

(dark green).

JAm Chem Soc. Author manuscript; available in PMC 2020 August 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Outlaw et al.

Page 15

heptad position cdefgabcdefgabcdefgabcdefgabcdefgabcdefgabcdefgabcd
HPIV3 HRN (139-189) QARSDIEKLKEAIRDTNKAVQSVQSSIGNLIVAIKSVQDYVNKEIVPSIAR
RSV HRN (159-209) HLEGEVNKIKSALLSTNKAVVSLSNGVSVLTSKVLDLKNYIDKQLLPIVNK

heptad position - ------- efgabcdefgabcdefgabcdefgabcd
HPIV3 HRC (449-484) VALDPIDISIELNKAKSDLEESKEWIRRSNQKLDSI
RSV HRC (481-516) LVFPSDEFDASISQVNEKINQSLAFIRKSDELLHNV
\] VALDPIDISIVLNKIKSDLEESKEWIRRSNQKLDSI

VIQKI VALDPIDISIVLNKIKSQLEESKEWIRRSNKILDSI

Figure 2.
Aligned HRN- and HRC-derived peptide sequences. Peptide sequences of the aligned HRN

and HRC domains of HPIV3 and RSV F and designed fusion inhibitory peptides VI and
VIQKI are shown. Heptad repeat pattern for the sequences are indicated in italics.
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-e- VIQKI-PEG,~Chol
—~ VIQKI-PEG,,~Chol
RSV HRC-PEG,~Chol
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-~ VIQKI-PEG,~Chol
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RSV HRC-PEG,~Chol

10 100 1000 1 0(.)00
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Peptide-PEG,—Chol

Inhibition of viral entry by VIQKI—-cholesterol conjugates. Peptide activity against HPIV3
(A) or RSV (B) was determined by plaque reduction assay in infected cell monolayers. Cell
monolayers were inoculated with 100 PFU of GFP-expressing HPIV3 or RFP-expressing
RSV in the presence of various concentrations of peptides. After 90 min, overlay was added,
and the plates were incubated at 37 °C for 24 h. Data were expressed as mean * standard
deviation (= 3 separate experiments). (C) General structure of cysteine-linked peptide-

cholesterol conjugates.
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Figure 4.

Days post infection

Efficacy of VIQKI-PEGy4-chol against RSV infection in human airway epithelial (HAE)
cultures. HAE cultures were infected by applying 100 pl of EpiAirway medium containing
4,000 PFU of RSV to the apical surface for 90 min at 37 °C. The cultures were inoculated
with a single dose of VIQKI-PEGy,4—Chol (10 uM, blue) or untreated control (black). The
medium containing the inoculum was removed, cultures were placed at 37 °C and fed each
day with 0.9 ml medium via the basolateral surface. Viruses were harvested by adding 200
pl medium per well to the HAE cultures’ apical surface and allowed to equilibrate for 30
min at 37 °C. The suspension was then collected, and viral titers were determined. Viral
collection was performed sequentially with the same wells of cells on each day post

infection.
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Figure 5.
Crystal structures of inhibitors bound to the HRN domains of HPIV3 and RSV F. (A) VI

(dark green) + HPIV3 HRN (orange). (B) VIQKI (light green) + HPIV3 HRN (orange). (C)
VIQKI (light green) + RSV HRN (salmon). (D) In the HPIV3 HRN+VIQKI co-assembly,
the N-terminus of VIQKI adopts extended conformation with Leu451, 1le454, and 11e456 at
the hydrophobic interface and Asp455 making an i,i+2 sidechain-to-backbone helix-capping
interaction. (E) 6HB helical wheel diagram model. (F) Residues 457-484 follow the 6HB
helical wheel model with aand d'residues of the inhibitor interacting with &, @, ¢ and g
residues of HPIV3 HRN. (G) In the RSV HRN+VIQKI co-assembly, the N-terminus of
VIQKI adopts a-helical secondary structure with D452 and D455 engaged in salt bridge
interactions with Lys191 and Lys196 of RSV HRN. (H) 6HB helical wheel diagram model.
(1) Residues 463-484 follow 6HB helical wheel model with aand d'residues of the inhibitor
interacting with &, d, ¢, and g residues of RSV HRN.
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lle456

lle454

RSV HRN+VIQKI

Figure 6.
Electrostatic potential maps of six-helix bundles assemblies for VIQKI with HPIV3 HRN

(A) or RSV HRN (B). Locations of anionic (red), neutral (gray), or positive (blue) charge
density are depicted.
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Table 1.

Apparent melting temperatures (T 7, 5pp) Of coassemblies formed between HRC + HRN peptide pairs

HPIV3 HRN RSV HRN
Inhibitor Tmapp CC)  ATmapp*  Tmapp (°C) ATm,appT

HPIV3HRC 86.8 - 42.2 -

RSV HRC 48.2 —-38.6 82.4 +40.2
VI 88.1 +1.3 56.9 +14.7
VIQKI 88.6 +1.8 64.3 +22.1

ATm,app* = Tm,app (HPIV3 HRN+Inhibitor) - Tm,app (HPIV3 HRN+HPIV3 HRC)

ATm’appT = Tm’app (RSV HRN+Inhibitor) - Tm’app (RSV HRN+RSV HRC)
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Table 2.
Inhibition of fusion mediated by HPIV3 or RSV F

Peptide HPIV3 ICso (UM) RSV ICsq (UM)
RSV HRC-PEG,~Chol  >10 3.05+1.27
VIQKI-PEG,~Chol 0.02:0.04 1.44:0.64
VIQKI-PEG,,~Chol  0.100.08 3.31+1.65
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Apparent melting temperatures (T ; 5pp) Of coassemblies formed between VIQKI variants and either HPIV3
HRN or RSV HRN

HPIV3 HRN RSV HRN
Inhibitor Tmapp (°C) ATm,app* Tmapp (°C) ATm,app§
VIQKI 88.6 - 64.3 -
VIQKI 452-484  87.2 -14 62.7 -1.6
VIQKI 457-484  63.8 -24.8 36.8 =275
VIQKI V449A >90.0 >+1.4 66.5 +2.2
VIQKI L451A 85.4 -3.2 66.0 +1.7
VIQKI D452A >90.0 >+1.4 61.3 -3.0
VIQKI P453A 89.9 +1.3 67.6 +3.3
VIQKI 1454A 86.9 -1.7 66.4 +2.1
VIQKI D455A 82.1 -6.5 60.2 -4.1
VIQKI 1456A 80.7 -7.9 62.3 -2.0
VIQKI S457A 87.4 -1.2 67.9 +3.6

ATm’app* = Tm’app (HP|V3 HRN+Inhibitor) - Tm’app (HP|V3 HRN+V|QK|)

ATm’app§ = Tm‘app (RSV HRN+Inhibitor) - Tm'app (RSV HRN+VIQKI)
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