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Influenza therapeutics with new targets and mechanisms of action are urgently needed
to combat potential pandemics, emerging viruses, and constantly mutating strains in
circulation.We report here on the design and structural characterization of potent peptidic
inhibitors of influenza hemagglutinin. The peptide design was based on complementarity-
determining region loops of human broadly neutralizing antibodies against the hemagglutinin
(FI6v3 and CR9114). The optimized peptides exhibit nanomolar affinity and neutralization
against influenza A group 1 viruses, including the 2009 H1N1 pandemic and avian H5N1
strains. The peptide inhibitors bind to the highly conserved stem epitope and block the low
pH–induced conformational rearrangements associated with membrane fusion. These
peptidic compounds and their advantageous biological properties should accelerate the
development of new small molecule– and peptide-based therapeutics against influenza virus.

T
he influenza drug therapies that are cur-
rently available worldwide target only two
viral proteins—the M2 channel and neur-
aminidase (NA)—both of which function at
critical stages of the virus life cycle. M2 is

involved in proton-conducting activity in the early
and late stages of replication, and NA is involved
in the release of nascent virions (1, 2). However,
escape mutations have resulted in drug-resistant
viruses against which the therapeutic effects of
these drugs are diminished or ablated (3, 4). There-
fore, therapeutics with different mechanisms of
action are urgently required to combat the persist-
ent global threat imposed by influenza virus. Ther-
apeutic strategies aimed at targeting the highly
conserved functional regions on influenza hemag-
glutinin (HA) that are involved in viral entry should
be highly effective andmay reduce the likelihood
of generating escape mutants.
Infection by influenza virus is initiated by HA

receptor binding at the cell surface and then by
HA-mediated fusion of viral and host cellular
membranes in the low pH of endosomal com-
partments (5). HA is the major glycoprotein on
the influenza virus surface and is a homotrimer,
with each monomer composed of two subunits,

HA1 and HA2, linked by a single disulfide bond
(6). TheHA1 subunit forms themembrane-distal
globular head that contains the receptor binding
site (RBS), as well as the highly variable immuno-
dominant regions that surround the RBS. HA2
and the N- and C-terminal regions of HA1 form
the highly conserved, membrane-proximal stem.
HA1 interacts first with sialylated receptors on
the host-cell epithelial surface, after which the
bound virus is internalized by endocytosis. At the
low pH of endosomes, the fusion potential of HA
is activated, and HA dramatically rearranges to
release its fusion peptide, which anchors to the
endosomal membrane, thereby triggering events
that lead to fusion of the viral and host mem-
branes (7 ).
Recent breakthroughs in isolation and charac-

terization of human broadly neutralizing anti-
bodies (bnAbs) [reviewed in (8, 9)] against HA
have raised hopes for a more universal vaccine,
as well as the possibility of designing therapeutics
that target this region and may be less prone to
resistance. Such bnAbs target the HA membrane-
proximal stem region and block the large conforma-
tional rearrangements associatedwithmembrane
fusion, thereby neutralizing the virus. Structural
characterization of their epitopes identified a
highly conserved site of vulnerability at the HA1/
HA2 interface in the HA stem that is present on
influenza A group 1 and group 2 serotypes—which
encompass 18 HA subtypes (H1 to H18)—and on
both influenza B lineages (10).
This relatively recent structural information

from bnAb-HA complexes has already inspired
and guided the design of nonimmunoglobulin
protein scaffolds against the HA stem (11, 12).
Small proteins, such as HB80 and HB36, were
engineered de novo on the basis of the paratope

of bnAb CR6261 and its interactions with the
HA stem. Particular amino acid side chains were
designed tooccupy conservedhydrophobic pockets
in the HA stem and then displayed in the appro-
priate configuration and conformation on selected
scaffold proteins. These small proteins show com-
parable affinity, mode of binding, and neutraliza-
tion breadth toCR6261, and they inhibit the low-pH
conformational change in HA. Improved variants
of HB36 also protect mice against lethal challenge
from the 2009 H1N1 pandemic virus (13).
The success of these effective protein scaffolds

encouraged us to explore the feasibility of engi-
neering even smaller ligands against influenza
virus. Smaller peptidic ligands present a prom-
ising alternative to biologics by retaining high af-
finity and selectivity and overcoming challenges
such as cell permeability, low bioavailability, and
high production cost (14). Furthermore, passive im-
munotherapy against influenza currently requires
hospitalization for intravenous treatment (15). Strat-
egies todeveloppeptidesbasedoncomplementarity-
determining region (CDR) loops have been reported
for other viral targets (16–18).However, the absence
of any structural insights into their mechanism of
action has hindered further development. Our ap-
proachwas guided by the collective structural infor-
mation derived from the interactions of several
hydrophobic pockets in the influenza HA stem
with heavy-chain CDR (HCDR) loops and frame-
work region 3 (FR3) of bnAbs FI6v3 and CR9114.
Herewe report on the successful development and
structural characterization of potent cyclic pep-
tides as influenza HA fusion inhibitors.

bnAb-guided peptide design

A rich compendium of structural and functional
information is available on HA stem–targeting
bnAbs encoded by germline genes VH1-69 [CR9114
(10), CR6261 (19), F10 (20), and A06 (21)] and VH3-
30 [FI6v3 (22), 3.1 (23), and 39.29 (24)]. BnAbs
CR6261, F10, A06, and 3.1 are specific against in-
fluenza A group 1 viruses, whereas FI6v3, 39.29,
and CR9114 show pan-influenza reactivity against
influenza A group 1 and 2, and CR9114 also shows
reactivity against influenza B viruses. All of these
bnAbs interact with a highly conserved hydropho-
bic groove at the HA1/HA2 interface in the HA
stem. For CR9114, the key interacting residues are
derived fromHCDR2,HCDR3, and FR3, whereas
in FI6v3, HCDR3 serves as the dominant interact-
ingmotif (Fig. 1A). Therefore, to recapitulatemost
of these interactions within a single peptide with
greater feasibility of cyclization, the HCDR3 loop
of FI6v3 was chosen as the starting point for con-
struction of peptidic ligands (Fig. 1, B and C).
A series of linear peptides varying in length,

terminal-capping moieties, and mutations (table
S1 and fig. S1) was synthesized, characterized by li-
quid chromatography–mass spectrometry (LC-MS),
and tested in an AlphaLISA competition binding
assay against apanel ofHAs fromviruses represent-
ing influenza A group 1 [H1N1 A/California/07/
2009 (H1/Cal), H1N1 A/New Caledonia/20/1999
(H1/NCa), andH5N1 A/Vietnam/1203/2004 (H5/
Viet)], influenza A group 2 [H3N2 A/Brisbane/10/
2007 (H3/Bris) andH7N7A/Netherlands/219/2003
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(H7/Neth)], and influenza B [B/Florida/4/2006)
(B/Flo)] (supplementary text S1). The linear se-
quence variant P1 displayed weak binding com-
petition on group 1 H1 and H5 HAs (Figs. 1D and
2A and fig. S2). Peptide P1 is identical to FI6v3
HCDR3, except at position 4, where Leu100B in
FI6v3 was replaced by Glu4 to improve peptide

solubility (Fig. 1D). (Peptide residues are indicated
in bold throughout.)

In vitro affinity maturation of
stem-targeting peptides

Starting from the sequence of P1, the peptide
conformation was constrained by cyclization. To

determine optimal ring size, a library of cyclic
peptides of varying lengths was constructed,
incorporating nonproteinogenic amino acids
(NPAAs) for lactam formation and using various
cyclization strategies (head to tail, side chain to
side chain, and side chain to tail). In the side chain
to tail constructs, an ornithine (Orn2) side chain
was fused with the carboxyl terminus of b-alanine
(XD11) (Fig. 1, C and D). Synthesis and screening
of this peptide library (table S2 and supplemen-
tary text S2) led to P2, with micromolar binding
and potency againstH1/Cal, H1/NCa, andH5/Viet
HAs [equilibriumdissociation constants (KD) of 1 to
3 mM, determined by surface plasmon resonance
(SPR); median inhibitory concentrations (IC50)
of 2 to 8 mM, determined by AlphaLISA assays];
however, no binding was observed to group 2 or
influenza B HAs (Figs. 1D and 2, A to C, and figs. S1
to S3). Thus, constraining the peptide backbone
through cyclization improved the performance of
the peptidic ligands against group 1 HAs.
In the next round, further optimization was

aided by our cocrystal structure of P2 with H1
HA from A/Puerto Rico/8/1934 (H1N1) (H1/PR8)
(Fig. 2,D to F). TheArg1 guanidiniummoietywas
found to have unfavorable interactions with a hy-
drophobic cavity in the stem. However, the corre-
sponding stem cavity is occupied by Ile73 and Phe74

of FR3 in CR9114 (Fig. 1, A andB). Thus,Arg1 of P2
was substituted by the hydrophobic 5-phenyl-
norvaline (XA1) in P3 (Fig. 1D), which improved
binding by 11- to 26-fold (KD = 104 to 125 nM) and
potency by 9- to 15-fold (IC50 = 177 to 766 nM)
compared with P2 (Fig. 2, A and C). The P3-HA
complexwas also slightlymore stable,with a slower
dissociation rate (koff ≈ 0.2 s−1) than P2-HA (koff >
1 s−1) (Fig. 2C and fig. S3).
Peptides P4, P5, and P6 (Fig. 1D) were then

constructed on the basis of P2 and P3, which
suggested that rigidification of the peptide
macrocycle and optimization of the HA-peptide
interactions through incorporation of NPAAs
could improve stability of the complex and en-
hance binding and neutralization. All three pep-
tides demonstrated improved binding (KD),
complex stability (koff), and potency (IC50) com-
pared with P3 (Fig. 2, A and C). Whereas P4
showed modest improvement of two- to three-
fold (KD = 47 to 75 nM; IC50 = 76 to 228 nM), P5
and P6 exhibited three to 13 times the affinity
andpotency (KD= 17 to 37nM; IC50 = 30 to 70nM)
against all three HAs tested (Fig. 2, A and C, and
figs. S2 and S3). Furthermore, these peptides neu-
tralized H1N1 and H5N1 viruses (Fig. 2B).
To investigate whether binding and neutraliza-

tion could be further improved, the enhancing
features of P4, P5, and P6 were incorporated into
a single peptide, P7 (Fig. 1D). P7 showed similar
affinity, potency, and virus neutralization to P5
and P6 (Fig. 2, A to C, and figs. S2 and S3), but the
HA-P7 complex was more stable, with koff lower
by a factor of 2 to 25 (0.01 to 0.03 s−1) and a half-
life (t1/2) 2 to 12 times as long (27 to 48 s) (Fig. 2C).
Further, P7demonstratedbroadgroup1 specificity
when tested against a panel of HAs from the in-
fluenza A (groups 1 and 2) and B viruses (figs. S4
and S5 and table S3).
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Fig. 1. bnAb-based cyclic peptide design strategy. (A) Overlay of structures of influenza hemagglutinin
(HA) from group 1 strain H1/PR8 [Protein Data Bank (PDB) ID, 1RU7; gray), with HA-interacting loop
residues from the Fabs of HA-Fab complexes of CR9114 (PDB ID, 4FQI; green) and FI6v3 (PDB ID, 3ZTN;
yellow).One HA protomer of H1/PR8 is represented as a cartoon, and the other two protomers are shown in
surface representation (HA1, dark gray; HA2, light gray). Loop residues from the complementarity-
determining regions of the heavy (H) and light (L) chain (CDR1, -2, and -3) and framework region 3 (FR3)
of each antibody that interact with the hydrophobic groove in the HA1/HA2 interface are in stick and
ribbon representation. (B) Overlay of the hydrophobic groove–interacting side chains from CR9114 HCDR2,
HCDR3, and FR3 (green) with the HCDR3 loop from FI6v3 (yellow). CR9114 FR3 residues occupying one
of the hydrophobic cavities on the HA stem not occupied by FI6v3 are highlighted with a dashed red oval.
(C) Blueprint of the peptides constructed by merging features from the HCDR3 loop of FI6v3 (yellow) with
FR3 of CR9114 (green). Nonproteinogenic amino acids (NPAAs) used to link features derived from the
two antibodies are shown in magenta. (D) Representative peptides from this study. Amino acid sequences
are shown for HCDR3 of FI6v3, linear peptide P1, and cyclized peptides P2 to P7, with the chemical
structures of corresponding NPAAs illustrated below. Suc, succinyl; Ac, acetyl; ter., terminal. Single-letter
abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu;
F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T,Thr; V,Val; W,Trp;
and Y,Tyr.
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Structural analysis of cyclic peptide
binding to HA
Crystal structures of cyclic peptides (P2 to P7) in
complex with H1/PR8 HA were determined at
resolutions of 2.28 to 3.10 Å (Figs. 2 to 4, figs. S6
to S9, and tables S4 and S5). All peptides re-
cognize the highly conserved hydrophobic stem
groove (Fig. 2, D andE, and fig. S6). The peptides
contact HA1 residues 18, 38 to 42, and 318, the
HA2 A-helix (residues 38 to 56), and a turn en-
compassingHA2 residues 19 to 21 (Fig. 2D). These
residues are similar to the epitopes of the stem-

targeting bnAbs (CR9114, FI6v3, CR6261, and F10)
(Fig. 3, A and B).
The nonpolar contacts made by the hydro-

phobic residues in the peptide macrocycles can
be grouped into two distinct regions on the HA
stem (Fig. 2D). The first region, consisting of
Val40, Leu42, and Thr318 in HA1 and Ile48, Val52,
Val55, and Ile56 on the HA2 A-helix (HA2 res-
idues are distinguished by italics throughout),
is contacted by peptide residues Arg1 or XA1,
Leu3 orXB3, and Tyr5 (Fig. 2, D and E; peptide
residue abbreviations are in Fig. 1D). Phe6 or

XC6, Trp8, and Leu9 contact the second region
consisting of His18, His38, Trp21, Gln38, Thr41,
Gln42, and Ile45 (Fig. 2, D and E). Polar interac-
tions include 11 hydrogen bonds; six are direct
and five are mediated through water molecules
(Fig. 2F). Four hydrogen bonds are involved in
recognition of the A-helix at Asn53 and Gln42 by
the peptide macrocycle backbone carbonyls of
Arg1 (or XA1) and Ser10 (Fig. 2F). The Tyr5

and Trp8 side chains hydrogen-bond with Thr318

and the Asp19 main-chain carbonyl (Fig. 2F). The
cyclic peptides bury ~544 to 593 Å2 on the HA
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Fig. 2. In vitro binding, neutralization,
and crystal structure of the peptides.
(A) Peptide-mediated binding potencies,
determined using an AlphaLISA compe-
tition (ALC) assay, reported as IC50.
Peptides were tested against group 1 H1
HAs (H1/Cal and H1/NCa), an H5 HA
(H5/Viet), a group 2 H3 HA (H3/Bris),
an H7 HA (H7/Neth), and an influenza
B HA (B/Flo). Either CR9114 Fab or
small protein HB80.4 was used as a
positive control. (B) Virus neutralization
potential of peptides, determined by
virus neutralization assay (VNA), reported
as EC50. N.D., not determined. (C) SPR
kinetic data for the peptides, as
determined for group 1 H1 and H5 HAs.
(D to F) Crystal structure of peptide
P2 in complex with H1/PR8 HA. (D) P2
binding residues on the molecular surface
of H1/PR8 HA (HA1, dark gray; HA2,
light gray). (E) P2 (yellow sticks) in
complex with H1/PR8 HA. A 2Fo-Fc electron
density map (black mesh) contoured at
1s is displayed around P2. Residues of the
peptide are numbered as in Fig. 1D. (F)
Noncovalent interactions of P2 with H1/
PR8 HA. The peptide is shown as yellow
sticks, HA in gray, and waters as red
spheres. The distances are in angstroms.
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surface, which is fairly comparable to the sur-
face area buried by the anti-stem Fabs in their
HA complexes (~630 to 680 Å2) (10, 19, 22).
Next, we elucidated the structural basis for the

improvement of the optimized peptides relative
to P2. The rationale behind substituting Arg1 of
P2withXA1 in P3was tomimic interactionsmade
by FR3 Ile73 and Phe74 in bnAb CR9114 (Figs. 1 and
3, A and B). Indeed, the major improvement in
the affinity and potency of P3 can be explained by
a gain of hydrophobic contacts of XA1 with a
small hydrophobic cavity formed by Val40, Leu42,
Val52, and Ile56 (Fig. 3, C and D). N-methylation
(Leu3 →XB3) rigidifies the peptide backbone in
P4 and also mediates entropy gain by displacing
a conserved watermolecule bound to the A-helix
(Fig. 3, C andE), whereas incorporation of dichloro-
phenylalanine (Phe6→XC6) in P5 results in s
hole–p interactions with His18 and Trp21, respec-
tively (Fig. 3, C and F). Such interactions in

halogen-aromatic systems can contribute binding
energies of up to ~2.0 kcal/mol (25). In P6, XE11

rigidifies the peptide macrocycle by forming an
intramolecular hydrogen bondwithGlu4 (Fig. 3,
C and G).

Group 1 HA binding specificity

Despite the presence of interacting residues from
pan-influenza antibodies FI6v3 and CR9114, and
despite targeting the same epitope on the surface
of HA, the peptides neutralized group 1 and not
group 2 or influenza B viruses (Fig. 2B). This ac-
tivity can be rationalized by comparing the struc-
tures of apo and bnAb-complexed HAs from
groups 1 and 2 with the peptide-HA complexes
determined in this study. The key differences
between the peptide epitope on H1 HAs and the
corresponding region on H3 HAs are the orien-
tation of HA2 Trp21, a glycosylation site at HA1
Asn38 in group 2 HAs, and Asn49 in the A-helix

of group 2 H3 HAs (which is Thr49 in group 1
H1 HAs) (26). A conserved Phe (from different
locations) in group-specific and more broadly
neutralizing antibodies makes edge-to-face aro-
matic interactions with Trp21. However, only
FI6v3 and CR9114 appear to demonstrate suf-
ficient flexibility in their key interacting CDR
loops—containing Phe100D (HCDR3) and Phe54

(HCDR2), respectively—to accommodate the dif-
ferent orientations of Trp21 in the twoHA groups
(10, 22).
Comparison of peptide P6 and FI6v3 bound to

group 1 H1 HA shows a perfect overlay of Phe6

andPhe100D (Fig. 4, A andC), whereaswhenFI6v3
is bound to group 2 H3 HA, Phe100D is displaced
outwardly by ~1 Å relative to Phe6 (Fig. 4, B and
E). Consequently, although FI6v3 can interact
favorably with Trp21 of H3 HA, P6 and the
other peptides evidently are more constrained
and, hence, cannot avoid steric clashes with
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Fig. 3. bnAb-guided affinity maturation
of the peptides. (A and B) The stem
epitope of bnAbs on H1 HA from H1/PR8
is shown in surface representation (HA1,
dark gray; HA2, light gray) (see Fig. 1 for
overall location). Antibodies in complex
with HA [CR9114 Fab (PDB ID, 4FQI), green;
CR6261 Fab (PDB ID, 3GBN), magenta;
FI6v3 Fab (PDB ID, 3ZTN), yellow; and
F10 Fab (PDB ID, 3FKU), cyan] were
superimposed on H1/PR8 HA. The side
chains of hydrophobic residues from HCDR1,
-2, and -3 and FR3 of each antibody that
occupy pockets in the stem hydrophobic
groove are shown in ball-and-stick repre-
sentation (CR9114, green; CR6261, magenta;
FI6v3, yellow; F10, cyan). (C) Sequential
changes introduced into the peptides during
the process of affinity maturation are
highlighted with blue and red surfaces on
the crystal structures of peptides P2 to P7 in
complex with H1/PR8 HA. (D to G) Interac-
tions of peptides with H1/PR8 HA introduced
by the sequential changes shown in (C). (D)
In P3, nonproteinogenic amino acid XA1

occupies a hydrophobic cavity in the stem
epitope. The distance between the centroid
of the phenyl ring and the surrounding
hydrophobic residues is given in angstroms.
(E) Water-mediated H-bond interaction
(distance in angstroms) of the backbone
amide of Leu3 from P5 with Thr49 in the HA2
A-helix. (F) s hole–p interactions between
the nonproteinogenic amino acid XC6 from
P5 with His18 and Trp21 from HA1
and HA2, respectively. The distance between
the centroid of the aromatic ring and the
chlorine atoms of XC6 is reported in
angstroms. (G) Intramolecular H bonds
(distance in angstroms) between Glu4 and
XE11 in P6.
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H3 HA Trp21 (Fig. 4D). Similarly, steric clashes
between the corresponding Phe of group 1–
specific antibodies (CR6261 and F10) and Trp21

of group 2HA probably contribute to their group
1 specificity.
The second difference pertains to a glycosylation

site at HA1 Asn38 in group 2 HAs. In unliganded
(apo) group 2 HAs, the Asn38 glycan projects
toward the HA2 A-helix of the same HA subunit
so that it would overlap with the expected foot-
print of the stem-targeting antibodies and the
peptides. Notwithstanding this, when bnAbs
FI6v3 and CR9114 bind group 2 HAs, they are
able to reorient the glycan to insert their heavy-
chain CDRs into the corresponding hydrophobic
groove and acquire cross-group reactivity. The
peptides do not appear to be capable of re-
orienting the glycan and, therefore, would
experience steric clashes of XA1, Leu3, and
Tyr5 with the Asn38 glycan on group 2 HAs
(Fig. 4F).
The third key difference arises at position 49

in the A-helix, where the bulkier Asn49 in H3HAs
would clashwith the ornithine (Orn2) introduced
into the peptides for cyclization (Fig. 4G). Overall,
the crystal structures indicate that the cumulative
effects of these differences account for why the
peptides do not interact with group 2 HAs.

Mechanism of viral fusion inhibition

Viral fusion with the host cell membrane is
mediated by a large conformational change in
HA that is triggered by the low pH of the endo-
some. Stem-targeting bnAbs, such as CR9114,
FI6v3, and CR6261, inhibit viral fusion by stabi-
lizing the trimer even at low pH (10, 19, 22).
Because the peptides mimic the binding modes
of these antibodies, we expected that they would
have a similar mechanism of action. The first
piece of evidence came from crystallization of the
P3, P4, P5, and P7 peptide–HA complexes under
low-pH conditions (pH 4.0 to 5.0), well below the
pH of membrane fusion (table S4) (7). The H1/
PR8 HA structure in complex with various pep-
tides is essentially identical to that of the pre-
fusion apo HA (fig. S9). Therefore, the peptides
appear to stabilize the prefusion state of HA and
prevent the pH-dependent conformational rear-
rangements that lead tomembrane fusion (Fig. 5A).
To directly assess inhibition of the HA re-

arrangements that are associated with fusion
activation by the peptides, we performed confor-
mational change inhibition (CCI) and trypsin
susceptibility (TS) assays (19, 27) (Fig. 5, B to D;
figs. S10 and S11; and table S6). All of the cyclic
peptides prevented the conformational change
at low pH in the CCI assay (table S6), and the
CCI-derived IC50 and virus neutralization assay–
derived median effective concentration (EC50)
values correlated well with kinetic parameters
derived from SPR (Fig. 5, C to E, and supple-
mentary text S3). The TS assay with represent-
ative peptide P7 corroborated the CCI assay
results. Therefore, the reported peptides are not
only strong HA binders, but also effective inhib-
itors of the low-pH conformational change. These
data imply that, like the bnAbs, the cyclic peptides

function by stabilizing the HA trimer throughout
endosomal entry and subsequent trafficking to
late endosomes (28).

In vitro stability and in vivo
pharmacokinetic profiling of a peptide

To investigate the translational potential of the
cyclic peptides identified in this study, we per-

formed in vitro stability and in vivo pharmaco-
kinetic analyses (Fig. 6). In vitro stability of peptide
P7 was assessed in human and mouse plasma. P7
(~2 mg/ml) was incubated with the plasma at 37°C
andmeasured by LC-MS/MS. P7 did not show deg-
radation over the entire time course (~4 hours;
Fig. 6A), implying that cyclization and incorpora-
tion of NPAAs endow the peptide with resistance
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Fig. 4. Structural elucidation of the group 1 HA specificity of the peptides. (A) Superimposition
of H1 HA bound to FI6v3 HCDR3 (PDB ID, 3ZTN; magenta) with H1/PR8 HA bound to peptide P6
(yellow). Only P6 is shown from the P6-H1/PR8 complex. (B) Superimposition of H3 HA bound to
FI6v3 HCDR3 (PDB ID, 3ZTJ; magenta) with H1/PR8 HA bound to P6 (yellow). (C to E) Depiction of
potential steric clashes between Phe6 from P6 and Trp21 from group 2 HA. (C) Zoomed in view of
Phe100D-Phe6 interactions with Trp21 from group 1 H1 HA. (D) Difference in orientation of Trp21

between group 1 and group 2 HAs. (E) Displacement of Phe100D to avoid a steric clash with Trp21

from group 2 HA and the predicted clash of Phe6 with Trp21 from group 2 HA. (F) Potential steric
clash between XA1, Leu3, and Tyr5 from P6 and the glycosylated Asn38 (green) in group 2 HAs.
(G) Potential steric clash between ornithine (Orn2) from P6 and Asn49 (light blue) in group 2 HAs,
from an overlay of H1/PR8-bound P6 with H3 HA.
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to proteolytic cleavage. In vivo pharmacokinetic
profilingwas then used to assess the stability and
clearance of P7 after intravenous administration
in BALB/c mice. P7 has a t1/2 of ~2.7 hours and
was cleared from plasma in ~24 hours (Fig. 6B).

Furthermore, the peptides did not show any
cytotoxic effects in the human lung–derived
Calu-3 cell line (fig. S12). These translational
data demonstrate that the peptidic fusion
inhibitors discovered in this work are highly

promising for the development of influenza
therapeutics.

Implications for therapeutics against
influenza virus

Here we report on the development of effective
peptidic inhibitors of influenza virus that neu-
tralize by inhibiting the HA conformational re-
arrangements at low pH. Extensive data from
virus neutralization assays, AlphaLISA assays,
SPR, TS assays, CCI assays, x-ray crystallography,
and in vitro and in vivo stability studies, as well
as their lack of cytotoxicity, provide validation
that these peptide fusion inhibitors have poten-
tial to translate into the clinic. The peptides were
designed on the basis of how the antigen-binding
loops of pan–influenza A (and B) antibodies in-
teract with diverse HAs. Constraining the pep-
tide macrocycle by cyclization and addition of
nonproteinogenic amino acids led to improve-
ment in the affinity and potency of peptides P4,
P5, P6, and P7. Structural characterization illus-
trated that the peptides recognize the highly
conserved HA stem epitope and explained their
specificity for influenza A group 1 viruses. Thus,
the peptides developed in this work should ac-
celerate the field of small-molecule therapeutics
against influenza HA (27). This approach could
be further applied to other sites of vulnerability
on the HA and to other pathogenic viruses such
as HIV-1, Ebola, and Zika.
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Fig. 5. Mechanism of HA conformational change inhibition by the peptides. (A) Cartoon
representation of themechanism of conformational change inhibition by peptides. HA trimeric is depicted
as HA1, green; HA2, gray; fusion peptide, yellow; and cyclic peptide, red and blue. (B) The trypsin
susceptibility assay establishes that peptide P7 inhibits the low pH–induced conformational changes in
H1/PR8 HA. Exposure to low pH renders the H1/PR8 HA sensitive to trypsin digestion (lanes 7 versus 8),
but P7 prevents its conversion to a trypsin-susceptible conformation (lanes 11 versus 12).The mechanism
is similar to that of fusion inhibiting CR9114 Fab (lanes 9 versus 10). (C to E) Correlation of IC50 with
SPR-derived constants KD and t1/2, and of EC50 with t1/2, were derived from conformational change
inhibition (CCI) and virus neutralization assays. R2, coefficient of determination.

Fig. 6. Plasma stability and in vivo pharmacokinetic profile of peptide P7. (A) Stability of P7 in
BALB/c mouse (blue circles) and human (red triangles) plasma at 37°C. (B) Plasma concentration of
P7 after intravenous injection at 2.4 mg per kilogram of body weight in male BALB/c mice (n = 3 per
group). Peptide concentrations from the plasma samples were analyzed by LC-MS/MS, and
individual plasma concentration–time profiles were subjected to noncompartmental pharmaco-
kinetic analysis.
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Materials and Methods 

Peptide Synthesis. All peptides were synthesized by manual or automated solid phase 

Fmoc peptide chemistry. Rink Amide MBHA resin was used for C-terminal carboxamide 

linear peptides and a 2-chlorotrityl chloride resin for sidechain-to-tail lactam cyclized 

peptides. Amino-acid side-chain functionalities were protected as N-Boc (W), O-t-Bu 

(E,S,Y) or N-Pbf (R) groups; for lactam cyclized peptides, N-Dde or N-Mtt groups were 

used for orthogonal protection of the ornithine (Orn) side-chain amine functionality (Boc: 

tert. Butoxycarbonyl, t-Bu: tert. Butyl, Dde: 1-(4,4-dimethyl-2,6-dioxacyclohexylidene) 

ethyl, Fmoc: 9-Fluorenylmethoxycarbonyl, Mtt: Methyltrityl). 

Synthesis of cyclic peptides P2 to P5. The linear peptide precursor was prepared by 

manual solid phase Fmoc peptide synthesis on a 0.5 mmol scale by using beta-alanine 

preloaded 2-chlorotrityl chloride resin (0.685 mmol/g). The N-Dde group [N-(1-(4,4-

dimethyl-2,6-dioxocyclohexylidene)ethyl)] was used for orthogonal protection of the 

ornithine side-chain amine functionality. Prior to attachment of the first amino acid, the 

resin was swollen in DMF (dimethylformamide) for 1 hour. The coupling protocol used 3 

equivalents of each Fmoc-amino acid in DMF (4 mL) and an activation mixture 

containing HBTU [(2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro- 

phosphate, 2.85 eq.] and DIPEA (N,N-diisopropylethylamine, 6 eq.) in DMF (4 mL). The 

reaction mixture was shaken for 1.5 – 2 hours. The Fmoc-group was removed with a 20% 

piperidine solution in DMF (2 x 15 min). The N-terminus was acetylated at the end of 

peptide assembly by treatment of the peptide resin with a mixture of acetic anhydride and 

4-methylmorpholine in DMF (2:1:17, v/v/v, 20 mL) at room temperature for 1 hour. 
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Finally, the N-Dde protecting group was selectively removed by treating the peptide resin 

with a 3% hydrazine hydrate solution in DMF (3 x 10 min). The ornithine side-chain 

deprotected peptide was cleaved from the resin by swirling the peptide resin for 1 hour in 

a mixture of 65% (v) DCM (dichloromethane), 20% (v) hexafluoroisopropanol, 10% (v) 

trifluoroethanol, and 5% (v) triethylsilane (10 mL/g peptide-resin). The resin was filtered 

off and washed with DCM. The peptide was precipitated from the filtrate by addition of 

cold isopropyl ether, and dried under vacuum.   

Lactam cyclization was performed at high dilution by dissolving the ornithine 

side-chain deprotected C-terminal carboxylic acid peptide in 150 mL of DMF, to which a 

solution of PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluoro-

phosphate, 2 eq.) and N-methylmorpholine (6 eq.) in DMF (90 mL) was added dropwise. 

The reaction mixture was stirred at room temperature until complete conversion was 

observed. The solvent was removed under reduced pressure and afforded the cyclized 

peptide which was completely deprotected by treatment with a mixture of 90% (v) TFA 

(trifluoroacetic acid), 5% (v) thioanisole, 2.5% (v) H2O, and 2.5% (v) EDT 

(ethanedithiol) at room temperature for 3 hours. Precipitation, followed by washing with 

ice-cold diethyl ether, afforded the crude peptide, which was purified by reversed-phase 

high performance liquid chromatography (RP-HPLC) on a Luna C18 preparative HPLC 

column (25 x 200 mm, 10 µm, 100 Å) in tandem with a Gemini C18 preparative HPLC 

column (30 x 150 mm, 50 µm, 100 Å) with a mobile phase flow rate of 20 mL/min 

(mobile phase A: 0.05% TFA in water, mobile phase B: CH3CN, a linear gradient was 

applied). Lyophilization of the pure fractions yielded 129 mg (overall yield: 17%) of the 

lactam-cyclized peptide. 
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Synthesis of cyclic peptides P6 and P7. The linear peptide was synthesized on a 0.3 

mmol scale by automated Fmoc solid phase peptide synthesis. L-Dap(Fmoc) (Dap: 2,3-

diaminopropionic acid) preloaded 2-chlorotrityl chloride resin (0.15 mmol/g) was used. 

The N-Mtt group was used for orthogonal protection of the ornithine side chain as before. 

The L-Dap (Fmoc) preloaded 2-chlorotrityl chloride resin was manually prepared by 

treating 2-chlorotrityl chloride resin (5 g, 1.4 mmol/g, 7 mmol) with a DMF solution of 

Dde-L-Dap(Fmoc)-OH (0.66 eq.) in the presence of DIPEA (2.6 eq.). The resulting 

reaction mixture was shaken for 90 minutes, methanol (2.5 ml) was added, and shaking 

was continued for an additional 5 minutes. The solvent was removed by filtration and the 

resin washed with DMF (5x). Finally, the N-Dde protecting group was removed by 

reaction with a 2% hydrazine hydrate solution in DMF (5 x 2 min), affording the L-

Dap(Fmoc) loaded 2-chlorotrityl chloride resin with a loading of 0.15 mmol/g (n.b., the 

loading was determined photometrically from the amount of Fmoc chromophore released 

upon treatment of the resin with a piperidine solution in DMF). A coupling protocol 

using 10 eq. of Fmoc-amino acid, 9 eq. of HATU (N,N,N',N'-tetramethyl-O-

(7-azabenzotriazol-1-yl)uronium hexafluorophosphate, 0.45 M in DMF) and 10 eq. of 

DIPEA (2M in NMP) was employed for the amino-acid coupling step (30 minutes). A 

double coupling strategy was applied to the two N-terminal amino acids. Fmoc removal 

was carried out by treatment with a 20% piperidine solution in NMP and monitored by 

UV detection. It is important to note that N-Boc-beta-alanine was coupled prior to Fmoc 

deprotection of the L-Dap(Fmoc) preloaded 2-chlorotrityl chloride resin. N-terminal 

acetylation was performed at the end of the peptide assembly by treatment with excess 

acetic anhydride in the presence of DIPEA (10 eq. of a 2M solution in NMP) for 30 
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minutes. Peptide cleavage from the resin and selective Mtt side-chain deprotection was 

accomplished by swirling the peptide resin for 1 hour in a mixture of 65% (v) DCM, 20% 

(v) hexafluoroisopropanol, 10% (v) trifluoroethanol, and 5% (v) triethylsilane (10 mL/g 

peptide-resin). The resin was filtered off and washed with DCM. The peptide was 

precipitated from the filtrate by the addition of cold diethyl ether, and the crude product 

was dried under vacuum.  

Lactam cyclization was performed at high dilution by dissolving the crude, 

ornithine side-chain deprotected peptide in 120 mL of DMF, followed by dropwise 

addition of a solution of PyBOP (2 eq.) and N-methylmorpholine (6 eq.) in DMF (36 

mL). The reaction mixture was stirred at room temperature until complete conversion (2 

hours). The solvent was removed under reduced pressure and the residue re-dissolved in 

ethyl acetate. The organic phase was washed with an aqueous 5% NaHCO3 solution and 

brine, and concentrated under reduced pressure. Full side-chain deprotection was 

performed by treatment with a mixture of 87.5% (v) TFA, 5% (v) thioanisole, 5% (v) 

H2O and 2.5% (v) EDT at room temperature for 2 hours. Precipitation, followed by 

washing with ice-cold diethyl ether, afforded the crude peptide, which was purified by 

reversed-phase high performance liquid chromatography on a XBridge C18 OBD 

preparative HPLC column (30 x 250 mm, 5 µm, 140 Å) with a mobile phase flow rate of 

20 mL/min (solvent A: 0.1% TFA in water + CH3CN, solvent B: MeOH, a linear gradient 

was applied). Lyophilization of the pure fractions afforded 36 mg (overall yield 7%) of 

the lactam cyclized peptide. 
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Expression and Purification of the Hemagglutinin for Crystallization and Binding 

Studies. The HA ectodomain was expressed using a baculovirus expression system as 

described previously (29, 30). Briefly, each HA was fused with gp67 signal peptide at the 

N-terminus and to a BirA biotinylation site, thrombin cleavage site, trimerization domain 

and His-tag at the C-terminus. Expressed HAs were purified using metal affinity 

chromatography using Ni- NTA resin. For crystallization studies, the HAs were digested 

with trypsin (New England Biolabs, 5mU trypsin per mg HA, 16 hours at 4°C) to 

produce uniformly cleaved (HA1/HA2), and to remove the trimerization domain and His-

tag. The digested material was purified by gel filtration. For binding studies, each HA 

was biotinylated with BirA and purified by gel filtration using S200 16/90 column on 

ÄKTA protein purification system (GE Healthcare). The biotinylation reactions 

contained 100mM Tris (pH 8.5), 10mM magnesium acetate,10mM ATP, 50 µM biotin 

and <50 mM NaCl, and were incubated at 37 °C for 1hr.  

Production, Site-specific Modification and Labeling of the Hemagglutinin for 

Conformational Change Inhibition Assay. H1/Bri = A/Brisbane/59/2007 (H1N1) HA 

was recombinantly produced in Expi293F (Thermo Fischer) mammalian cells as soluble 

protein trimer. To this end, the natural HA transmembrane domain was replaced by a 

fibritin trimerization domain (foldon). To allow site-specific modification via the Sortase 

A enzyme, the N- and C-terminus were further modified following previously described 

approaches (31) (fig. S10). At the N-terminus, directly after the signal peptide, a polyG 

peptide sequence was added followed by a three alanine, encoding for a NotI site on 

DNA level. To the C-terminus of HA, a fibritin trimerization domain, Sortase A 

recognition site (LPETG) and Histidine-tag (His6) were added. Cells were transfected 
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with pCDNA2004 mammalian expression plasmid encoding for the modified HA protein, 

according to manufacturer’s specifications. The cell culture supernatant was harvested 7 

days post-transfection. The clarified supernatant was used in a three-step purification 

protocol. As Expi293 media contain chelating agents, a first crude purification step was 

performed using HisTrap Excel resin (GE Healthcare). The monomers were separated 

from the trimers/aggregates using a step-elution (~100 - 300mM imidazole) with HisTrap 

HP resin (GE Healthcare). Trimers were finally obtained by size exclusion 

chromatography using a Superdex 200 column (GE Healthcare) with a final formulation 

buffer of 20mM Tris, 150mM NaCl at pH 7.5. 

To site-specifically label the purified HA protein with e.g. biotin or dyes, small 

synthesized peptides carrying the label and a Sortase A recognition site were used. To 

label the N-terminus, Label-LPET-OMe peptides (Pepscan) were used. For modifying the 

C-terminus, GGGGGK/C-Label peptides (Pepscan) with the complementary Sortase A 

sequence were used. The Sortase A enzyme was recombinantly produced and purified 

(His-tag) (32) and the labeling reaction performed as described previously (31). Labeled 

HA was separated from the Sortase A and excess peptide by Superdex 200 size exclusion 

chromatography (GE Healthcare). Note that both termini on the HA could be modified, 

with a SEC purification step in between to avoid the N- and C-terminal peptides being 

fused together. Furthermore, unlabeled HA and remaining Sortase A enzyme impurities 

could be removed with a Nickel NTA purification column as the unprocessed HA and the 

Sortase A both possess a His-tag. In general, the Sortase A reaction is very efficient 

(replacing the His-tag at the C-terminus with the chosen label). To activate the fusion 

capabilities of HA, the purified protein was cleaved after the Sortase A modification 
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using 0.05% trypsin-EDTA (Gibco) followed by addition of a synthetic trypsin inhibitor 

(DTI, Gibco) to stop the cleavage reaction. 

AlphaLISA-based Competition (ALC) Binding Assay. Peptides were dissolved at 10 

mM in 100% DMSO and serially diluted 1:3 nine times in half-area 96-well plates. The 

peptides were further diluted 1:40 in assay buffer (PBS, 0.05% BSA, 0.05% tween-20) 

and spun down for 15 minutes at 1000x g to separate any insoluble material. 10µl of the 

supernatants were incubated for 1 hour with 10µl biotinylated HA (2.5nM in assay 

buffer). Then, 10µl of labeled binding protein (diluted in assay buffer) was added 

followed by another 1 hour incubation. Subsequently, 10µl of AlphaLISA acceptor beads 

(Perkin Elmer 50µg/ml in assay buffer, specific for the binding protein label) were added 

and incubated for 1 hour. Finally, 10µl of streptavidin-coated donor beads (50µg/ml in 

assay buffer) were added followed by 1 hour incubation. Two solvent controls, with and 

without HA, were setup for each sample. Plates were read on a microplate reader at 615 

nm. 

Virus Neutralization Assay (VNA). Three fold serial dilutions of the peptides were 

prepared as described above. Calu-3 cells were seeded at least one day to maximum 10 

days in advance in black, clear bottom 96-well plates at 40,000 cells/well. On the day of 

the experiment, a 33.3x pre-dilution of the peptides was prepared in incomplete medium 

(DMEM, 1x L-glutamine, 1x pen/strep) and spun down at 1000x g for 15 minutes to 

separate any insoluble material. After spinning, 50µl supernatant was transferred to a pre-

incubation plate followed by 50µl of the respective virus dilutions prepared in the 

medium. Two solvent controls, with and without virus, were setup for each sample. 
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Plates were incubated for 1 hour at 37ᵒC. During incubation, the culture medium from the 

Calu-3 cells was replaced by 50µl incomplete medium plus 3% heat-inactivated fetal 

bovine serum (FBS). Then, 100µl of the virus/peptide mixture was added to the cells 

followed by incubation for 4 days at 37ᵒC under 10% CO2. After incubation, the 

supernatant was removed from the cells and 200µl of ice-cold 80% acetone added to fix 

the cells. After 15 minutes, the fixative was removed and the plates air-dried for 20 

minutes. Detection of virus nucleoprotein was performed using mouse anti-influenza A 

NP antibody in PBS, 1% BSA. After an hour, cells were washed followed by incubation 

with goat anti-mouse HRP-conjugated antibody in PBS with 1% BSA for 1 hour. After 

another wash step, 50µl BM Chemiluminescence ELISA Substrate (Roche) was added to 

the wells and the plate read for luminescence.  

Conformational Change Inhibition (CCI) Assay. Three-fold serial dilutions of the 

peptides were prepared as described above. Half-area high binding plates were coated 

overnight with 50µl 0.5µg/ml streptavidin in PBS. The plates were then washed thrice 

with 150µl PBS, 0.05% Tween-20, and blocked by addition of 100µl CCI assay buffer 

(PBS, 1% BSA, 0.1% Tween-20) per well. After overnight blocking, the plates were 

washed again followed by the addition of 50µl C-terminal biotinylated H1/Bri HA 

(0.1µg/ml in assay buffer) per well. Plates were incubated for 1 hour on a plate shaker. A 

100x dilution of the peptides was prepared in a 96-well plate by adding 2µl of peptide to 

198µl assay buffer. Two controls were setup in the dilution plate, one of which received 

198µl of a positive control antibody (final concentration of 4nM in assay buffer). After 1 

hour, the assay plate was washed and 50µl was transferred from the peptide dilution plate 

to the assay plate followed by another 1 hour on a plate shaker. Then 10µl 1M acetate pH 
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5.25 was added to all wells followed by 20 minutes on a plate shaker. The plate was 

washed followed by addition of 2.5mM DTT in PBS for 1 hour on a plate shaker after 

which the plate was washed and 0.5µg/ml CH65-HRP (in assay buffer) added. The plate 

was washed and 50µl of POD (Chemiluminescence ELISA Substrate) was added to the 

wells followed by read out for luminescence on a microplate reader 5 minutes later. 

In vitro plasma stability assay. The peptide P7 (2 µg/ml) was incubated in human and 

BALB/c mouse plasma at 37°C for 0, 1, 2 and 4 hours. A quantitative calibration curve of 

the peptide P7 was generated by spiking P7 at different concentrations in the plasma 

(Charles River Laboratory Inc., France). The peptide was extracted from the plasma by 

addition of 4 volumes of acetonitrile. The mixture was vortexed for ~1 minute and 

centrifuged for 10 minutes at 5700 rcf. Subsequently, liquid chromatography coupled to 

mass spectrometry (LC-MS) data were acquired. Briefly, ~3 µL of the peptide extract 

was injected on Waters Acquity UPLC system (Milford, MA) and separation was carried 

out on Acquity UPLC Peptide BEH C18 300A, 1.7um, 2.1x50mm (Waters, Milford, MA) 

reverse phase column (column temperature 55°C and sample temperature 15°C). A 

binary gradient, of solvent A (water, 0.1% formic acid) and solvent B (acetonitrile, 0.1% 

formic acid) was set at 0.6 ml/min as follows: 10-55% B in 1.8 minutes, an isocratic step 

at 55% B for 0.5 minute, 55-90% B in 0.7 minute, an isocratic step at 90% B for 0.1 

minute followed by 10% B for column equilibration. The separated peptide P7 was then 

detected and its intensity monitored on AB Sciex API 4000 triple quadrupole instrument 

(Framingham, MA) using electrospray in the positive ionization mode. The ion source 

conditions were as follows: ESI voltage 5.5 kV, declustering potential 60V, desolvation 

temperature 550°C, ionspray- and desolvation gas at 40 and 50 psi, respectively. The 
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ionized peptide was then selectively monitored using multiple reaction monitoring 

(MRM) of the transitions of the doubly charged peptide at m/z 820.8 and its product ions 

at 820.8 > 712.4, 820.8 > 131.2, 820.8 > 218.1 and 820.8 > 100.2. Peak intensities of 

individual MRM’s were summed to achieve optimal sensitivity.  

In vivo pharmacokinetics profiling. The pharmacokinetic profile was evaluated in fed 

male BALB/c mice (n = 3/group; Charles River Laboratory Inc., France). Peptide P7 (2.4 

mg/kg) formulated as a 0.24 mg/ml solution in 20% 2-hydroxypropyl-beta-cyclodextrin 

pH 3.5 was injected intravenously in mice. Blood samples were collected from the 

saphenous vein at 0.05, 0.12, 0.33, 1, 2, 4, 8, and 24 hours into EDTA-containing micro-

centrifuge tubes. The blood samples were immediately centrifuged at 4 °C and the plasma 

was stored at −20 °C. Peptide concentrations from the plasma samples were analyzed by 

LC-MS/MS, as described above. Individual plasma concentration-time profiles were 

subjected to a non-compartmental pharmacokinetic analysis (NCA) using Phoenix™ 

WinNonlin version 6.3. (Certara, NJ, USA). 

Peptide Toxicity Screen (PTS). Three-fold serial dilutions of the peptides were prepared 

as described in the ALC assay. Calu-3 cells were seeded at least 1 day to maximum 10 

days in advance of the experiment in black clear bottom 96-wells plates at 40,000 

cells/well. On the day of the experiment, a 33.3x pre-dilution of the peptides was 

prepared in incomplete medium (DMEM, 1x L-glutamine, 1x pen/strep). Controls were 

added separately to the plate, which was then spun down at 1000x g for 15 minutes. After 

spinning, 60µl of the supernatant was transferred to a pre-incubation plate followed by 

60µl incomplete medium. Column 12 in the 96-wells plate received 60µl incomplete 
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medium plus 33.3% DMSO to kill the cells (low control). Plates were incubated for 1 

hour at 37 °C. During the incubation, the culture medium from the Calu-3 cells was 

replaced by 50µl incomplete medium plus 3% heat-inactivated FBS. Then 100µl of the 

virus/peptide mixture is added to the cells followed by an incubation period of 4 days at 

37 °C, 10% CO2. After 4 days, 70µl of the supernatant was removed from the 96-wells 

plates and replaced by 70µl ATPlite 1step Luminescence reagent (Perkin Elmer). The 

plate was read out for luminescence. 

Trypsin Susceptibility (TS) Assay. In the TS assay, ~ 5 μM H1/PR8 = A/Puerto 

Rico/8/1934 (H1N1) HA was pre-incubated separately with ~ 50 μM of peptide P7 and ~ 

10 μM CR9114 Fab for 30 minutes at room temperature. Control reactions were 

incubated with 2% DMSO. The pH of each reaction was lowered using 1M sodium 

acetate buffer (pH 5.0). One reaction was retained at pH 7.4 to assess digestion at neutral 

pH. The reaction solutions were then thoroughly mixed and incubated for 20 minutes at 

37 °C. After incubation, the reaction solutions were equilibrated at room temperature and 

the pH was neutralized by addition of 200 mM Tris buffer, pH 8.5. Trypsin-ultra™ (NEB 

Inc.) to all samples at final ratio of 1:50 by mass and the samples were digested for 30 

minutes at 37 °C. After incubation with trypsin, the reaction solutions were equilibrated 

at room temperature and quenched by addition of non-reducing SDS buffer and boiled for 

~ 2 minutes at 100 °C. All samples were analyzed by 4-20% SDS-PAGE gel and imaged 

using BioRad ChemDoc™ imaging system. 

Surface Plasmon Resonance (SPR). All SPR experiments were performed using a 

Biacore T200 instrument operating at 25°C. For peptide binding to HA, biotinylated HA 
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was covalently immobilized on a streptavidin-coated, carboxymethylated dextran sensor 

surface (SA chip, GE Healthcare). Peptides were dissolved at 10mM in 100% DMSO and 

then diluted in the running buffer (20 mM PBS, 137 mM NaCl, 0.05% P-20 surfactant, 

pH 7.4 (GE Healthcare), supplemented with 2% DMSO). Binding constants were 

obtained from a series of injections of peptides from 0.1 nM to 10 µM with a flow rate of 

30 µl/min. Data from single-cycle kinetics were analyzed using BIAevaluation software. 

Base lines were adjusted to zero for all curves, and injection start times were aligned. The 

reference sensorgrams were subtracted from the experimental sensorgrams to yield 

curves representing specific binding followed by background subtraction (i.e. double-

referencing). Binding kinetics was evaluated using a 1:1 binding model (Langmuir) to 

obtain association rate constants (ka) and dissociation rate constants (kd). Binding 

affinity (KD) was estimated from the concentration dependence of the steady-state 

responses observed. Experiments were performed three times each to ensure 

reproducibility. 

Crystallization and Structure Determination of the Peptide-PR8 HA Complexes. Gel 

filtration fractions containing the H1/PR8 HA were concentrated to ~10-11 mg/mL in 

10mM Tris, pH 8.0 and 100mM NaCl. Peptides at ~5 molar excess were incubated with 

PR8 HA for 1 hour at room temperature and centrifuged at 14,000g for ~30 seconds 

before crystallization. Crystallization screens were set up using the sitting drop vapor 

diffusion method with our automated robotic Rigaku CrystalMation system at TSRI. 

Within 3-7 days, diffraction-quality crystals had grown (table S4). The resulting crystals 

were cryoprotected with 15% glycerol, flash cooled, and stored in liquid nitrogen until 

data collection. Diffraction data were collected at 100 K on the General Medicine and 
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Cancer Institutes Collaborative Access Team (GM/CA-CAT) 23ID-B beamline at the 

Advanced Photon Source at the Argonne National Laboratory, at Stanford Synchrotron 

Radiation Lightsource beamline 12-2, and at the Advanced Light Source (ALS) beamline 

5.0.3. The diffraction data were processed with HKL-2000 (33). Initial phases were 

determined by molecular replacement using Phaser (34, 35) with an HA model from PDB 

code 1RU7. Refinement was carried out in Phenix (36), alternating with manual 

rebuilding and adjustment in COOT (37). Data collection and refinement statistics are 

summarized in table S5. The final coordinates were validated using MolProbity (38).  

Structural Analyses. The surface area on the HA buried upon peptide binding was 

calculated with the MS program (39). MacPyMol (DeLano Scientific) was used to render 

the structure figures. 
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Supplementary Text 

Supplementary Text S1. Criteria for selection of the influenza hemagglutinin strains 

for binding and neutralization assays. The representative panel of HAs used for the 

binding assay captures most of the observed group 1 sequence variations in the HA stem 

epitope. H1/Cal and H1/NCa represent two of the most abundant H1 stem epitopes, 

covering 60% of all H1 stem epitope sequence variation as of 2011. H5/Viet was selected 

as the consensus H5 stem epitope.  

Supplementary Text S2. Effect of different cyclization strategies on peptide binding 

to influenza HA. The series of head-to-tail and sidechain-to-sidechain cyclized peptides 

show weak binding, but no virus neutralization against tested H1 and H5 HAs (table S2).   

Supplementary Text S3. Residence time of the cyclic peptides for virus 

neutralization. Kinetic data from SPR show that cyclic peptides require a minimum 

residence time of about 10s to neutralize the virus. Once this residence time is achieved, 

peptides EC50 values do not improve significantly with longer residence times (fig. 5E). 

This residence time is key because each dissociation event in the endosome presents an 

opportunity for the HA to undergo the pH-dependent conformational change. 
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Fig. S1 (ctd.) 
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Fig. S1 (ctd.) 
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Fig. S1 (ctd.) 
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Fig. S1 (ctd.) 
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Fig. S1 (ctd.) 
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Fig. S1 (ctd.) 
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Fig. S1. LC-MS characterization of synthesized peptides. The purity of all synthesized 

peptides was determined using Acquity® IClass UPLC® -DAD and Xevo G2-S QTOF 

instrument. BEH300 C4 column (2.1x150mm, 1.7µm) was used with mobile phase of (A: 

0.1% HCOOH + 5% CH3OH in H2O B: CH3OH) and flow gradient of (95% A to 5% A 

in 14.0 min). 
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Fig. S2 
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Fig. S2 (ctd.) 
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Fig. S2 (ctd.) 
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Fig. S2 (ctd.) 
 
 

 

 

Figs. S2. AlphaLISA competition (ALC) binding assay curves for HA-peptide 

binding. Peptides reported in Fig. 1D were tested in AlphaLISA assay against group 1 

H1 HAs [H1/Cal = A/California/07/2009 (H1N1); H1/NCa = A/New Caledonia/20/1999 

(H1N1)]; H5 HA [H5/Viet = A/Vietnam/1203/2004 (H5N1)]; group 2 H3 HA [H3/Bris = 

A/Brisbane/10/2007(H3N2); H7 HA (H7/Neth = A/Netherlands/219/2003 (H7N7)] and 

an HA from influenza B virus (B/Flo = B/Florida/4/2006). Experiments were performed 

triplicate to ensure reproducibility; the curves of one experiment per sample are shown.  
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Fig. S3. Surface plasmon resonance (SPR) sensorgrams for HA-peptide binding. 

Single-cycle kinetics were run on a Biacore T200 to investigate the binding kinetics of 

peptides to H1 and H5 HA strains: H1/Cal = A/California/07/2009 (H1N1) (left), 

H1/NCa = A/New Caledonia/20/1999 (H1N1) (middle), and H5/Viet = 

(A/Vietnam/1203/2004 (H5N1) (right). Peptide from 0.1 nM to 10 µM was passed over 

immobilized HAs. Representative sensorgrams in response units (RU) plotted against 

time of injection are shown. Curves are the experimental trace obtained from SPR 

experiments and the overlaid black lines are the best global fits (1:1 Langmuir binding 

model) to the data used to calculate the association rate constants (ka) and dissociation 

rate constants (kd). Experiments were performed triplicate to ensure reproducibility; the 

results of one experiment per sample are shown. 
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Fig. S4. Surface plasmon resonance (SPR) sensorgrams for HA-P7 binding. The 

binding kinetics of peptide P7 against influenza A and B HAs. Group-1 HAs: H1/SI = 

A/Solomon Islands/3/2006, H1/PR8 = A/Puerto Rico/8/1934, H1/SC = A/South 

Carolina/1/1918, H2/AD = A/Adachi/2/1957, H6/TM = A/turkey/Massachusetts/3740/ 

1965, H9/TW = A/turkey/Wisconsin/1/1966, H12/DA = A/duck/Alberta/ 60/1976, 

H13/GM = A/gull/Maryland/704/1977, H16/BS = A/black-headed gull/Sweden /4/1999. 

Group-2 HAs: H3/HK68 = A/Hong Kong/1/1968, H3/Vict = A/Victoria/361/2011, 

H4/DC = A/duck/Czechoslovakia/1956, H7/Neth = A/Netherlands/219/2003, H10/CG = 

A/chicken/Germany/N/1949, H14/MA = A/mallard/Astrakhan/263/1982, H15/SWA = 

A/shearwater/W. Australia/2576/79. Influenza B HAs: FluB/Bris = B/Brisbane/33/2008 

and FluB/Mas = B/Massachusetts/02/2012. Results of the experiment are summarized in 

table S3. 
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Fig. S5. Group 1 HA binding specificity of peptide P7. Phylogenetic tree showing the 

relationship between the 18 HA subtypes of influenza A virus (group 1 and 2) and the 

two lineages of influenza B viruses. Peptide P7 binds multiple group 1 subtypes (green). 

Binding against H8, H11, H17, and H18 HAs subtypes was not tested. 
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Fig. S6. Crystal structures of the peptides in complex with H1/PR8 HA. The stem 

epitope of the peptides on H1 HA from A/Puerto Rico/8/1934 (H1N1) (H1/PR8) is 

shown in surface representation with HA1 in dark grey and HA2 in light grey. (A) 

Binding residues on the molecular surface of H1/PR8 HA (HA1-dark grey with red labels 

and HA2-light grey with black labels). (B-F) Peptides P3, P4, P5, P6 and P7 respectively 

in complex with H1/PR8 HA. The solvent-exposed side chains of Glu4 and Glu7 of the 

peptides are not shown for clarity. 
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Fig. S7. 2Fo-Fc electron density maps contoured at 1σ for peptides in complex with 

H1/PR8 HA. (A) P2, (B) P3, (C) P4, (D) P5, (E) P6 and (F) P7. The peptide C, O, N, Cl 

atoms are represented in yellow/red/blue/green sticks, respectively. Electron density 

maps are represented in a light blue mesh. 
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Fig. S8. Omit maps contoured at 1σ for peptides in complex with H1/PR8 HA. (A) 

P2, (B) P3, (C) P4, (D) P5, (E) P6 and (F) P7. The peptide C, O, N, Cl atoms are 

represented in magenta/red/blue/green sticks, respectively. Electron density maps are 

represented in a light blue mesh. The peptides were not included during refinement. 
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Fig. S9. Comparison of H1/PR8 HA peptide-bound structures at pH 4.0-5.3 versus 

apo H1/PR8 and H1/Cal HA structures at pH 8. (A-D). Superimposition of peptide-

bound conformations of PR8 HA with P3 (cyan, RMSD 0.45 Å for all heavy atoms), P4 
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(magenta, RMSD 0.39 Å), P5 (yellow, RMSD 0.35 Å) and P7 (beige, RMSD 0.45 Å) 

versus apo H1/PR8 HA rendered in grey (PDB 1RU7). (E-H) Superimposition of 

peptide-bound conformation of PR8 HA with P3 (cyan, RMSD 1.06 Å), P4 (magenta, 

RMSD 1.02 Å), P5 (yellow, RMSD 1.04 Å) and P7 (beige, RMSD 1.08 Å) versus apo 

H1/Cal HA rendered in green (PDB 3LZG). Only one protomer of the HA trimer is 

shown. 
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Fig. S10. Amino acid sequence and site-specific labeling of H1 A/Brisbane/59/2007 

(H1N1) hemagglutinin. 
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Fig. S11. Schematic representation of the conformational change inhibition (CCI) 

assay. The CCI assays were performed in (A) the absence and (B) in the presence of 

peptide. The HA-peptide complex is exposed to a pH appropriate for membrane fusion 

(here pH 5.25), followed by a reduction with DTT of the covalent cysteine bridge 

between HA1 and HA2. The disulfide bond only becomes accessible to DTT after the 

low pH-induced conformational change. After the HA1 is washed away, fusion-related 

conformational changes in HA are monitored by HRP-labeled CH65, an HA head (HA1) 

binding antibody. Fusion inhibitors stabilize the pre-fusion state and the cysteine bridge 

is therefore inaccessible for reduction, and thus results in a positive luminescence signal. 

A detailed protocol is described in materials and methods. 
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Fig. S12. Cytotoxicity data for cyclic peptides. The peptides do not show any 

significant cytotoxic effects in a human lung derived Calu-3 cell line. Except for linear 

peptide (P1), all cyclic peptides (P2 to P7) show 100% cell viability at 100 µM. A 

detailed protocol is described in materials and methods. 
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Table S1. Sequence and binding data for linear peptides (P1, L1-L12) constructed based 

on HCDR3 loop residues of FI6v3 Fab  

 

Peptide 

ID 

Linear peptide sequence 
AlphaLISA assay  

(IC50, µM) 

N-ter. Amino Acids C-ter. H1/Cal H1/NCa H5/Viet 

FI6v3 

HCDR3 

residues 

- SQLRSLLYFEWLSQ - - - - 

P1 Suc SQLRSLEYFEWLSQ NH2   16.4    31.2    36.2 

L1 Suc SQLXASLEYXIEWLSQ NH2 15.8* 15.8*  15.8* 

L2 Ac ---XASLEYXCEWLSQ NH2 19.9* 19.9*  25.1* 

L3 Suc SQLXASLEYXCEWLSQ NH2 19.9*  15.8*  25.1* 

L4 Suc SQLRSLRYFEWLSQ NH2    25.1 31.6    12.5 

L5 Ac ----RSLEYFEWLS- NH2    19.9 50.1    50.1* 

L6 Ac ---RXGLEYFEWLSXG NH2 39.8 39.8    31.6 

L7 Ac ---RXHLEYFEWLSXH NH2 31.6 25.1  15.8* 

L8 Ac --------EYFEWLS- NH2   >100*   >100*  N.D. 

L9 Suc ---RSLEYFEWLS- NH2   >100   >100   >100 

 L10 Ac --------EYFEW--- NH2   >100   >100  N.D. 

 L11 Suc SQLRSLEYAEWLSQ NH2   >100   >100*   >100 

 L12 Suc SQKRSLEYFEWLSQ NH2 >100*   >100* >100* 

 

 * Values are from a single experiment; the other values are from an average of three experiments. N.D. - 

Not determined; H1/Cal = A/California/07/2009 (H1N1); H1/NCa = A/New Caledonia/20/1999 (H1N1); 

H1/Viet = (A/Vietnam/1203/2004 (H5N1). These linear peptides did not show any measurable binding 

against group 2 [H3N2 A/Brisbane/10/2007 (H3/Bris) and H7N7 A/Netherlands /219/2003 (H7/Neth)], and 

influenza B [B/Florida/4/2006) (B/Flo)] HAs. Red residues and blue dashed lines reflect changes from 

HCDR3 loop residues of FI6v3 Fab. 
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Table S2. Sequence and binding data for cyclic peptides (C1-C8, P2) constructed based 

on linear peptide P1, using different cyclization strategies.   

 

Peptide 

ID 

Peptide sequence 
AlphaLISA assay  

(IC50, µM) 

N-ter. Amino Acids C-ter. H1/Cal H1/NCa H5/Viet 

Head-to-tail 

C1  SQLRSLEYFEWLSQ   >100 >100 >100 

C2  ---RSLEYFEWLG-  >100 >100 >100 

C3  ---RSLEYFEWLpeg3-  >100 >100 >100 

Sidechain-to-Sidechain 

C4 Ac ---RKLEYFEWLE- NH2 12.5 10.0    7.9 

C5 Ac ---RKLEYFEWLSE NH2 39.8 19.9 25.1 

C6 Ac ---RKLEYFEXJLSXK NH2 39.8 10.0 N.D. 

C7 Ac ---ROrnLEYFEWLE- NH2 50.1 31.6 N.D. 

C8 Ac ---ROrnLEYFEWLSD NH2  >100 50.1 50.1 

Sidechain-to-tail 

P2 Ac ---ROrnLEYFEWLSXD NH2 8.3 2.5 2.7 

 

N.D. - Not determined; all values reported in the table are an average of three independent experiments. 

H1/Cal = A/California/07/2009 (H1N1); H1/NCa = A/New Caledonia /20 /1999 (H1N1); H5/Viet = 

(A/Vietnam/1203/2004 (H5N1). These cyclic peptides did not show any measurable binding against the 

group 2 [H3N2 A/Brisbane/10/2007 (H3/Bris) and H7N7 A/Netherlands/219/2003 (H7/Neth)], and 

influenza B [B/Florida/4/2006) (B/Flo)] HAs. Red residues and blue dashed lines reflect changes from 

the peptide C1. 
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Table S3. SPR kinetic data for peptide P7 binding to influenza A and B HAs. 

 

Influenza A  Subtype Strain KD (nM)* 

Group-1 

H1N1 A/South Carolina/1/1918 27.0 

H1N1 A/Puerto Rico/8/1934 20.2 

H1N1 A/New Caledonia/20/1999 21.2 

H1N1 A/Solomon Islands/3/2006 50.1 

H1N1 A/California/07/2009 26.3 

H2N2 A/Adachi/2/1957  2500 

H5N1 A/Vietnam/1203/2004 18.6 

H6N2 A/turkey/Massachusetts/3740/1965 27.6 

H9N2 A/turkey/Wisconsin/1/1966 N.B. 

H12N5 A/duck/Alberta/60/1976 N.B. 

H13N6 A/gull/Maryland/704/1977 N.B. 

H16N3 A/black-headed gull/Sweden/4/1999 N.B. 

Group-2 

H3N2 A/Hong Kong/1/1968 N.B. 

H3N2 A/Victoria/361/2011 N.B. 

H4N6 A/duck/Czechoslovakia/1956 N.B. 

H7N7 A/Netherlands/219/2003 N.B. 

H10N7 A/chicken/Germany/N/1949 N.B. 

H14N5 A/mallard/Astrakhan/263/1982 N.B. 

H15N9 A/shearwater/W. Australia/2576/79 N.B. 

Influenza B Victoria - B/Brisbane/33/2008 N.B. 

Yamagata - B/Massachusetts/02/2012 N.B. 

* Values from single experiments; N.B., no binding 
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Table S4. Crystallization conditions for peptidic ligands in complex with H1/PR8 HA 

 

Peptides Crystallization 

Temperature (°C) 
Crystallization 

Condition 

P2 20° PR8: 10 mg/ml 

2M sodium chloride 

10% w/v PEG 6000 

P3 4°  PR8: 11 mg/ml  

1M lithium chloride 

10% w/v PEG 6000 

0.1M sodium citrate, pH=4.0 

P4 4° PR8: 11 mg/ml  

1M lithium chloride 

10% w/v PEG 6000 

0.1M sodium citrate, pH= 5.0 

P5 4° PR8: 11 mg/ml  

1M lithium chloride 

10% w/v PEG 6000 

0.1M sodium citrate, pH= 5.0 

P6 4° PR8: 11 mg/ml  

2M sodium chloride 

10% w/v PEG 6000 

P7 4° PR8: 10 mg/ml  

1M lithium chloride 

20 % w/v PEG 6000 

0.1M MES, pH=5.3 
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Table S5. Data collection and refinement statistics for peptidic ligand complexes with 

H1/PR8 HA 

 P2-H1/PR8 P3-H1/PR8 P4-H1/PR8 

Data collection 

Beamline  ALS-5.0.3 APS-23-IDB APS-23-IDB 

Wavelength (Å) 0.9764 1.0332 1.0332 

Space Group I213 I213 I213 

Unit cell (Å) a=b=c=166.0 a=b=c=164.3 a=b=c=161.3 

Resolution range (Å)a 50-2.88 (2.93-2.87) 50-3.10 (3.15-3.10) 50-2.46 (2.50-2.46) 

Observations 423,651 186,763 110,960 

Unique reflections 17,438 (856) 13,493 (660) 25,055 (1249) 

Completeness (%) 100 (100) 99.9 (100) 98.4 (100) 

I/σ(I) 36.1 (5.0) 43.0 (4.3) 13.3 (1.9) 

Rsym
b 0.11 (0.97) 0.13 (0.96) 0.08 (0.92) 

Rpim
c 0.02 (0.19) 0.03 (0.26) 0.04 (0.44) 

CC1/2
d 0.99 (0.94) 0.98 (0.92) 0.93 (0.65) 

Redundancy  24.3 (24.8) 13.8 (13.5) 4.4 (4.4) 

Refinement  

Resolution (Å)  44.38-2.87 41.07-3.10 31.64-2.46 

No. reflectionse 17,322 (838) 13,205 (647) 25,047 (1273) 

Rcryst
f/Rfree

g  0.23/0.25 0.20/0.25 0.21/0.25 

No. atoms 

  Protein 3930 3930 3924 

              

  Peptide/Carbohydrate 104/56 106/112 107/84 

  Water /ions 29/0 - 57/2 

Wilson B  (Å2) 65 83 57 

Average B value (Å2)    

   Protein 65 82 67 

   Peptide ligand 79 92 66 

Water/ions 54 - 55/74 

RMSD from ideal geometry 

    Bond length (Å)  0.012 0.006 0.007 

    Bond angle (º)  1.5 0.8 0.9 

Ramachandran Statistics (%)h 

    Favored 97.6 95.1 95.7 

    Outliers 0 0 0 

PDB code 5W6U 5W6I 5W5U 
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Table S5 (ctd.). Data collection and refinement statistics for peptidic ligand complexes 

with H1/PR8 HA 

 

 P5-H1/PR8 P6-H1/PR8 P7-H1/PR8 

Data collection 

Beamline  APS-23-IDD APS-23-IDD SSRL-12-2 

Wavelength (Å) 1.0332 1.0332 1.0331 

Space Group I213 H3 I213 

Unit cell (Å) a=b=c=162.8  a=b=234.4, c=144.5 a=b=c=164.3 

Resolution range (Å)a 50-2.28 (2.32-2.28) 50-2.75 (2.80-2.73) 50-2.59 (2.63-2.59) 

Observations 140,717 207,984 65,417 

Unique reflections 32,568 (1564) 76,045 (3897) 21,313 (1035) 

Completeness (%) 99.7 (99.1) 97.3 (98.8) 92.2 (90.9) 

I/σ(I) 10.8 (1.5) 10.1 (2.0) 14.8 (1.2) 

Rsym
b 0.13 (0.89) 0.10 (0.82) 0.12 (0.82) 

Rpim
c 0.06 (0.44) 0.06 (0.47) 0.06 (0.43) 

CC1/2
d 0.87 (0.51) 0.90 (0.58) 0.88 (0.58) 

Redundancy  4.3 (3.8) 2.7 (2.8) 3.1 (3.0) 

Refinement  

Resolution (Å)  43.53 -2.28 44.33-2.73 41.08-2.59 

No. reflectionse 32,564 (1648) 76,023 (3814) 21,284 (1072) 

Rcryst
f/Rfree

g  0.18/0.22 0.19/0.23 0.21/0.25 

No. atoms 

  Protein 3930 15720 3930 

Peptide/Carbohydrate 108/84 448/364 115/146 

  Water /ions 184/3 105/0 68/0 

Wilson B  (Å2) 51 74 55 

Average B value (Å2)    

  Protein 54 83 54 

  Peptide ligand 58 101 72 

Water 53/64 63 46 

RMSD from ideal geometry 

   Bond length (Å)  0.007 0.004 0.009 

   Bond angle (º)  1.0 0.9 0.9 

Ramachandran Statistics (%)h 

   Favored 98.1 96.8 96.5 

   Outliers 0 0 0 

PDB code 5W5S 5W6R 5W6T 
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aParentheses refer to outer shell statistics. 
bRsym = Σhkl Σi | Ihkl,i - <Ihkl> | / Σhkl Σi Ihkl,i, where Ihkl,i is the scaled intensity of the ith measurement of 
reflection h, k, l, and < Ihkl> is the average intensity for that reflection. 
cRpim = Σhkl [1/(n-1)]1/2 Σi | Ihkl,i - <Ihkl> | / Σhkl Σi Ihkl,i, where n is the redundancy. 
dCC1/2  = Pearson Correlation Coefficient between two random half datasets 
e Value in parentheses refer to number of reflections in test set. 
fRcryst = Σhkl | Fo - Fc | / Σhkl | Fo | x 100, where Fo and Fc  are the observed and calculated structures factors.   
gRfree was calculated as for Rcryst, but on a test set of 5% of the data excluded from refinement. 
hCalculated using MolProbity (38). 
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Table S6. Conformational change inhibition assay (CCI) for peptidic ligands. 

 

Peptide ID HA strain IC50 (nM) 

P1 A/Brisbane/10/2007       >10,000 

P2 A/Brisbane/10/2007 6719±3160 

P3 A/Brisbane/10/2007 312±113 

P4 A/Brisbane/10/2007 164±73 

P5 A/Brisbane/10/2007 84±31 

P6 A/Brisbane/10/2007 101±64 

P7 A/Brisbane/10/2007 79±48 

Values reported in the table are an average of three independent experiments. 
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