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Computational Design of Proteins
Targeting the Conserved Stem Region
of Influenza Hemagglutinin

Sarel ]. Fleishman,** Timothy A. Whitehead,'* Damian C. Ekiert,?* Cyrille Dreyfus,?
Jacob E. Corn,*t Eva-Maria Strauch,” lan A. Wilson,? David Baker’3

We describe a general computational method for designing proteins that bind a surface patch of
interest on a target macromolecule. Favorable interactions between disembodied amino acid
residues and the target surface are identified and used to anchor de novo designed interfaces. The
method was used to design proteins that bind a conserved surface patch on the stem of the
influenza hemagglutinin (HA) from the 1918 H1N1 pandemic virus. After affinity maturation, two
of the designed proteins, HB36 and HB80, bind H1 and H5 HAs with low nanomolar affinity.
Further, HB80 inhibits the HA fusogenic conformational changes induced at low pH. The crystal
structure of HB36 in complex with 1918/H1 HA revealed that the actual binding interface is nearly
identical to that in the computational design model. Such designed binding proteins may be useful

for both diagnostics and therapeutics.

olecular recognition is central to biol-
M ogy, and high-affinity binding proteins,

such as antibodies, are invaluable for
both diagnostics and therapeutics (7). Current meth-
ods for producing antibodies and other proteins
that bind a protein of interest involve screening
large numbers of variants generated by the im-
mune system or by library construction (2). The
computer-based design of high-affinity binding
proteins is a fundamental test of current under-
standing of the physical-chemical basis of mo-
lecular recognition and, if successful, would be
a powerful complement to current library-based
screening methods, because it would allow target-
ing of specific patches on a protein surface. Recent
advances in computational design of protein in-
teractions have yielded switches in interaction
specificity (3), methods to generate modest-affinity
complexes (4, 5), two-sided design of a novel
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protein interface (6), and design of a high-affinity
interaction by grafting known key residues onto
an unrelated protein scaffold (7). However, the
capability to target an arbitrarily selected protein
surface has remained elusive.

Influenza presents a serious public health
challenge, and new therapies are needed to
combat viruses that are resistant to existing
antiviral medicines (8) or that escape neutraliza-
tion by the immune system. Hemagglutinin (HA)
is a prime candidate for drug development as it is
the major player in viral invasion of cells lining
the respiratory tract. Although most antibodies
bind to the rapidly varying head region of HA,
recently two antibodies, CR6261 and F10, were
structurally characterized (9, 10) and found to
bind to a region on the HA stem, which is con-
served among all group 1 influenza strains (fig. S1)
(11). Here, we describe a computational method
for designing protein-protein interactions de novo
and use the method to design high-affinity binders
to the conserved stem region on influenza HA.

Computational Design Method

In devising the computational design strategy,
we considered features common to dissociable
protein complexes. During protein complex for-
mation, proteins bury on average ~1600 A of
solvent-exposed surface area (12). Interfaces typ-
ically contain several residues that make highly

optimized van der Waals, hydrogen bonding,
and electrostatic interactions with the partner
protein; these interaction hot spots contribute
a large fraction of the binding energy (/3).

Our strategy thus centers on the design of inter-
faces that have both high shape complementar-
ity and a core region of highly optimized, hot
spot-like residue interactions (/4). We engineered
high-affinity interactions and high shape comple-
mentarity into scaffold proteins in two steps (see
Fig. 1): (i) disembodied amino acid residues were
computationally docked or positioned against the
target surface to identify energetically favorable
configurations with the target surface; and (ii)
shape-complementary configurations of scaffold
proteins were computed that anchor these ener-
getically favorable interactions.

Design of HA-Binding Proteins

The surface on the stem of HA recognized by
neutralizing antibodies consists of a hydropho-
bic groove that is flanked by two loops that
place severe steric constraints on binding to the
epitope (Fig. 2, A and B) (15). In the first step
of our design protocol (Fig. 1), the disembodied
hot spot residues found through computational
docking cluster into three regions contacting HA
(HS1, HS2, and HS3) (Fig. 1). In HSI, a Phe
side chain forms an energetically favorable aro-
matic stacking interaction with Trp>' on chain 2
of the HA (HA2) (HA residue numbering cor-
responds to the H3 subtype sequence-numbering
convention) (/6). In HS2, the nonpolar residues
Ile, Leu, Met, Phe, and Val, make favorable van
der Waals interactions with both the hydropho-
bic groove and HS1 (Fig. 1 and fig. S2). In HS3,
a Tyr side chain forms a hydrogen bond to Asp'®
on HA2 and van der Waals interactions with
the A helix on HA2. The Tyr in HS3 resembles
the conformation of a Tyr residue observed on the
antibody in the structure of the HA and CR6261
Fab complex (figs. S1 and S2); the HS1 and
HS?2 interactions are not found in the antibody
structures (9, 10, 17) (fig. S1).

In the second step, we searched a set of 865
protein structures selected for ease of experimen-
tal manipulation (/8) (table S1) for scaffolds ca-
pable of supporting the disembodied hot spot
residues and that are shape complementary to the
stem region. Each scaffold protein was docked
against the stem region using the feature-matching
algorithm PatchDock (/9), which identified hun-
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dreds of compatible binding modes for each scaf-
fold (260,000 in total). These coarse-grained bind-
ing modes were then refined using RosettaDock
(20) with a potential scoring function that favored
configurations that maximized the compatibility
of the scaffold protein backbone with as many
hot spot residues as possible (/4). Next, residues
from the hot spot residue libraries were incorpo-
rated onto the scaffold. First, for each Phe con-
formation in HS1, scaffold residues with backbone
atoms within 4 A of the hot spot residue were
identified. For each of these candidate positions,
the scaffold protein was placed to coincide with
the backbone of the hot spot, the residue was
modeled explicitly, and the rigid-body orientation
was optimized. If no steric clashes were observed
and the Phe was in contact with Trp®' and Thr*!
of HA2 (Fig. 2B), the placement of the first hot
spot residue was deemed successful; otherwise,
another HS1 Phe conformation was selected and
the process was repeated. For each success with
HS1, an attempt was made to realize the HS2
interactions by incorporating nonpolar residues at
appropriate positions in the scaffold protein, and
the remainder of the scaffold protein surface was
then redesigned using RosettaDesign (27).

CR6261
Epitope 1

Designing proteins also containing HS3 inter-
actions was more challenging because of the large
number of combinations of residue placements to
be considered. To generate designs containing all
three hot spot regions, we started by superimposing
the scaffold protein on the backbone of the Tyr
residue in HS3 (as for the Phe HS1 residue above).
We then searched for two positions on the scaffold
protein that were nearest to residues in HS1 and
HS2 and were best aligned to them (/4). These
positions were then simultaneously designed to
Phe in the case of HS1 and to nonpolar residues
in the case of HS2. RosettaDesign (21) was
then used to redesign the remainder of the
interface on the scaffold protein, with sequence
changes allowed within a distance of 10 A of
the HA.

Experimental and Structural Characterization

A total of 51 designs with the two—hot spot—
residue concept and 37 with the three-residue con-
cept were selected for testing (table S2 in SOM
text and supplemental coordinate files of all mod-
els). The designs are derived from 79 different
protein scaffolds and differ from the scaffold by
on average 11 mutations. Genes encoding the de-

Target-surface
selection
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signs were synthesized, cloned into a yeast-display
vector, and transformed into yeast strain EBY 100
(22). Upon induction, the designed protein is
displayed on the cell surface as a fusion be-
tween the yeast Aga2p protein and a C-terminal
c-Myc tag. Cells expressing designs were in-
cubated with 1 uM of biotinylated SC1918/H1
[A/South Carolina/1/1918 (HIN1)] HA ectodomain,
washed, and dual-labeled with phycoerythrin-
conjugated streptavidin and fluorescein-conjugated
antibody against c-Myc. Display of the de-
signed protein on the yeast surface and binding
to HA were simultaneously measured by flow
cytometry.

Of the 73 designs that displayed on the yeast
surface, 2 showed reproducible binding activity
toward the HA stem region (23) (table S2) (for
models, see Fig. 2, C to F). One design, HA
binder 36 (HB36) used the two-residue hot spot
and bound to the HA with an apparent dissoci-
ation constant (Ky) of 200 nM (24) (Fig. 2G and
fig. S4). The starting scaffold, structural genomics
target APC36109, a protein of unknown function
from Bacillus stearothermophilus [Protein Data
Bank (PDB) entry 1U84], did not bind HA (fig.
S4), which indicated that binding is mediated by

4
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Fig. 1. Flow chart illustrating the key steps in the design of novel binding proteins. The thumbnails illustrate each step in the creation of binders that target

the stem of the 1918 HA. Abbreviations (29).

www.sciencemag.org SCIENCE VOL 332

13 MAY 2011



I RESEARCH ARTICLES

818

the designed surface on HB36. A second design,
HBB8O0, used the three-residue hot spot and bound
HA only weakly (Fig. 2H). The scaffold from
which this design was derived, the MYB domain
of the RAD transcription factor from Antirrhinum
majus (PDB code: 2CJJ) (25), again did not bind
the HA (fig. S5).

In the computational models of the two de-
signs (Fig. 2, C to F), the hot spot residues are
buttressed by a concentric arrangement of hy-
drophobic residues with an outer ring of polar
and charged residues as is often observed in
native protein-protein interfaces. Both designs
present a row of hydrophobic residues on a helix
that fits into the HA hydrophobic groove. The
complexes each bury ~1550 A2 surface area (total),
close to the mean value for dissociable protein
interactions (/2) and slightly larger than the total
surface area buried by each of the two neutraliz-
ing antibodies (9, 10) (fig. S1). The helical bind-
ing modes in these designs are very different from
the loop-based binding observed in the antibody-
bound structures.

Affinity Maturation

The computational design protocol is far from
perfect; the energy function that guides design
contains numerous approximations (26), and con-
formational sampling is incomplete. We used af-
finity maturation to identify shortcomings in the

A §1-1918 HA
HA1 & ;..;
“Head"\“ %

8 v

3 " 1918 HA
'6)", “Stem”
1 .-‘ A CR6261

Epitope

HA2
“Helix A"

—

design protocol. Libraries of HB36 and HBSO
variants were generated by single site—saturation
mutagenesis at the interface, or by error-prone
polymerase chain reaction (epPCR), and sub-
jected to two rounds of selection for binding to
HA using yeast surface display (22).

For both designed binders, the selections con-
verged on a small number of substitutions that
increase affinity and provide insight into how to
improve the underlying energy function. Among
the key contributions to the energetics of macro-
molecular interactions are short-range repulsive
interactions due to atomic overlaps, electrostatic
interactions between charged and polar atoms,
and the elimination of favorable interactions with
solvent (desolvation). The affinity-increasing
substitutions point to how each of these contribu-
tions can be better modeled in the initial design
calculations.

Repulsive interactions. For HB36, replacement
of Ala® with the isosteres Thr and Val increased
the apparent binding affinity 25-fold (apparent K4
values for all design variants are listed in Table 1).
These substitutions fill a void between the de-
signed protein and the HA surface, but were not
included in the original design because they were
disfavored by steric clashes within HB36 (Fig.
3A). Backbone minimization, however, readily
relieved these clashes and resulted in higher pre-
dicted affinity for the substitutions. More direct

incorporation of backbone minimization in the
design algorithm should allow identification of
such favorable interactions from the start. For
HB80, a M26T mutation significantly increased
binding compared with the starting design; mod-
eling suggested that Met*S disfavored the confor-
mation of the Tyr hot spot residue (Fig. 3B). The
design process should ensure that residues, which
make favorable interactions across the interface,
also make favorable interactions in the unbound
state of the designed protein.

Electrostatics. In HB36, the substitution with
Lys at position 64 places a complementary charge
adjacent to an acidic pocket on HA near the con-
served stem region (Fig. 3C); in HB80, an N36K
substitution positions a positive charge 6.5 A
from the negative Asp'® on HA2 (Fig. 3D). These
substitutions enhance electrostatic complementar-
ity in the complex. The lysines were not selected
in the design calculations because the magnitude
of surface electrostatic interactions between atoms
outside of hydrogen-bonding range are largely
reduced; improvement of the electrostatic model
would evidently allow design of higher-affinity
binders from the start.

Desolvation. In HB36, eight different sub-
stitutions at Asp*” increased apparent affinity by
more than an order of magnitude compared with
the original design (table S3); the highest-affinity
substitution was D47S, which increased binding

+1puMHA

+1uMHA
I 107 I lclr’ I 10°

*578-34 (PE)

Fig. 2. The HB36 and HB80 designs target the stem of the 1918 HA. (A)
Surface representation of the trimeric HA structure (PDB 3R2X) from the 1918
pandemic virus, with one of the three protomers highlighted in pink. Broadly
neutralizing antibody CR6261 binds a highly conserved epitope in the stem
region (blue patch on surface), close to the viral membrane (bottom). (B)
Enlarged view of the CR6261 epitope [blue region from (A)], with CR6261
contact residues depicted as sticks. This target site on HA contains a groove
lined by multiple hydrophobic residues. Loops on either side of this hydrophobic
groove (above and below) constrain access to this region. Key residues on HA2
are noted. (C and D) Front view of the designed interaction between HB36 (C)
and HB8O (D) and the target site on HA. HA is rotated ~45° relative to (A).

13 MAY 2011

Contact segments of HB36 and HB80 are colored yellow, and residues are
depicted as sticks, with hot spot residues highlighted in orange (F49 and M53
for HB36 and L21, F25, and Y40 for HB80). Polar atoms of side chains are
shown in red (oxygen) and blue (nitrogen). For clarity, the noncontacting regions
from the designs have been omitted. (E and F) Side view of the designed
interactions of HB36 (E) and HB8O (F) with 1918/H1 HA. (G and H) Initial
binding data for HB36 (G) and HB80 (H) designs (before affinity maturation).
When incubated with 1 uM 1918 HA, yeast displaying the two designed proteins
show an increase in fluorescent phycoerythrin signal (x axis) compared with the
absence of 1918 HA. Coordinate files of models of 1918 HA in complex with
HB36 and HB8O are available as SOM.

VOL 332 SCIENCE www.sciencemag.org



affinity about 40-fold. The design calculations
underestimated the energetic cost of desolvating
Asp*’ by the aliphatic Ile'® on HA2 (Fig. 3E); the
substitutions remedy this error by replacing the
Asp with residues that are less costly to desolvate
upon binding. In HB80, a D12G substitution re-
lieves the desolvation by the neighboring Ile*® on
HA2 (Fig. 3F). With improvements in the solv-
ation model, the deleterious Asp residues would
not be present in starting designs.

The favorable substitutions were combined,
and the proteins were expressed with a His tag in
Escherichia coli and purified by nickel-affinity
and size-exclusion chromatography. The variant
HB36.3, incorporating the D47S and A60V sub-

stitutions, bound to SC1918/H1 HA as confirmed
by surface plasmon resonance (SPR) (fig. S6),
enzyme-linked immunosorbent assay (ELISA),
and coelution on a size-exclusion column (fig. S7).
The HB36.4 variant, which incorporates D47S,
A60V, and N64K, bound to SC1918/H1 HA with
a dissociation constant measured by SPR of
22 nM and an off-rate of 7 x 107 s7! (table S4).
Coincubation with an excess of CR6261 Fab abol-
ished binding to the HA (Fig. 3G), consistent
with HB36.4 binding in close proximity to the
same stem epitope on the HA. For the HBSO
design, the combination of the affinity-increasing
mutations reduced surface expression on yeast,
indicative of poor stability. Therefore, we excised

Table 1. Summary of dissociation constants between SC1918/H1 HA and selected design variants.
Apparent Ky was determined using yeast surface display titrations. Numbers in parentheses indicate

K4 determined by SPR. NB, no binding.

Design Ky (nM)
1U84 (HB36 scaffold) NB (NB)
HB36 200 (>2000)
HB36 D47S 5
HA36 A60V 8
HB36.3 (HB36 D47S, A60V) 4 (29)
HB36.4 (HB36 D47S, A60V, N64K) 4 (22)
2C]) (HB8O scaffold) NB
HB80 >5000
HB80 M26T 100
HB80 N36K 300
HB80 M26T N36K 7.5
HB80 A54-95, M26T, N36K 5
HB80.3 (HB80 A54-95, D12Gly, A24S, M26T, N36K) 3 (38)

HB36

HB8O

Fig. 3. Affinity maturation. Substitutions that increase the affinity of the
original designs reflect deficiencies in modeling the (A and B) repulsive
interactions HB36 A60V (A), HB80 M26T (B); (C and D) electrostatics HB36

N64K (C), HB80 N36K (D); and (E and F) solvation

www.sciencemag.org SCIENCE VOL 332

HB36 DA47S (E), HB8O
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a C-terminal stretch (A54-95) greatly boosting
surface expression of the design with no signif-
icant loss of binding affinity (fig. S9). HB80.3,
which incorporates the truncation as well as the
DI12G, A24S, M26T, and N36K substitutions,
has a Ky =38 nM with off-rate of 4 x 1025~ by
SPR. As with HB36.4, coincubating HA with
the CR6261 Fab completely abolished binding
to HB80.3 (Fig. 3H), consistent with the de-
signed binding mode.

Alanine substitutions at core positions on each
affinity-matured design partially or completely
knocked out HA binding (table S5 and fig. S10),
which supported the computational models of the
designed interfaces (27). No mutations were un-
covered during selection for higher affinity that
were inconsistent with the designed binding modes.

Crystal Structure of the HB36.3-5C1918
HA Complex

The crystal structure of HB36.3 in complex with
the SC1918 HA ectodomain was determined to
3.1 A resolution. After molecular replacement
using only the 1918/H1 HA structure as the
search model (~86% of the protein mass in the
crystal asymmetric unit), clear electron density
was observed for HB36.3 near the target surface
in the HA stem region into which HB36.3 could
be unambiguously placed. The orientation was
essentially identical to the designed binding
mode, with the modified surface of the main
recognition helix packed in the hydrophobic
groove on HA (Fig. 4, A and B). To obtain
unbiased density for the designed side chains,
the native structure from which HB36.3 was
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D12G (F). Binding titrations of HB36.4 (G) and HB80.3 (H) to SC1918/H1 HA
as measured by yeast surface display. Red circles represent the affinity-matured
design; blue squares, the scaffold protein from which the design is derived; and
black crosses, the design in the presence of 750 nM inhibitory CR6261 Fab.
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derived (PDB entry: 1U86) was manually fit
into the electron-density maps, and designed side
chains were pruned back to their B carbon. After
crystallographic refinement, electron density be-

came apparent for the side chains of most of
the contact residues on HB36.3, which allowed
the predominant rotamers to be assigned for
Phe®, T1p57, Phe®!, and Phe®®. This unbiased

Fig. 4. Crystal structure of A o
HB36.3-SC1918/H1 complex shows
the precision of the computation-
al design. (A) Superposition of the
crystal structure of HB36.3-5C1918/
H1 complex (HB36.3 in red with
$C1918 HA1 subunit in pink and
HA2 subunit in cyan) and the com-
putational design (blue) reveals
good agreement in the position of
the main recognition helix, with a
slight rotation of the rest of the
protein domain. Superposition was
performed using the HA2 subunits.
For clarity, only the HA from the
crystal structure is depicted here
(the HA used for superposition of
the design, which is essentially iden-
tical to the crystal structure, was
omitted). (B) Close up of the SC1918
HA-HB36.3 interface, highlighting the
close agreement between the de-
sign and the crystal structure. The
main recognition helix is oriented
as in (A), with the HB36.3 crystal structure in red (pink side chains), the design in blue (light blue side
chains), and HA in cyan and pink at left. (C) Unbiased 2F s — Fcaic (gray mesh, contoured at 16) and Fops —
Feaic (green mesh, contoured at 36) electron-density maps for the main recognition helix of HB36.3. The
helix is oriented as in (B), with key HA-contacting residues labeled (residues on the right of the helix
interact with the core of HB36). Additional density was observed for most of the large side chains at the
interface with HA, including F49, M53, W57, F61, and F69 (not visible in this view). Although side chains
are shown here to illustrate their agreement with the experimental electron density, maps were
calculated after initial refinement of an HA-HB36.3 model with the interface side chains F49, M53, M56,
W57, F61, and F69 truncated to alanine.

HB36

A VHe  u1q
H13
Groupl Y™, | ':1 oX Strains Binding
Vus 3 HBS03  CR6261
J H2 - Y A/South Carolina/1/1918 (HINI1) ++ et
: HB A/AAMarton/1943 (HIN1) ++ +++
A/USSR/Q0/1977 (HIN1) ++ 4+
H8 A/Beijing/262/1995 (HIN1) ++ +++
slands/3/2006 (HIN1) + +++
Xuis H12 X 5/1957 (H2N2) + ++
Xur se/Guangdong/1/1996 (H5N1) + +++
XH1o husetts/3740/1965 (HAHN2) ++ bt
N Ha X t 976 (H12N5) - =
na y M1 X Algull/Maryland/704/1977 (H13N6) - +++
G - A/black-headed gull/Sweden/4/1999 (H16N3) i ++
HB8&0.3 = + Z | I - -
pH 53 53 B0 - -
SCI1918/H1 HA ~‘. -i 7 =
Viet04/H5 HA -; 5 :

Fig. 5. HB80.3 binds and inhibits multiple HA subtypes. (A) Phylogenetic tree depicting the relation
between the 16 influenza A HA subtypes. These subtypes can be divided into two main lineages, groups
1and 2. CR6261 has broad activity against group 1 viruses. HB80.3 has a similar cross-reactivity profile and
binds multiple group 1 subtypes, including H1 and H5. (B) Binding data for HB80.3 and CR6261 Fab
against a panel of HAs. +, ++, and +++ indicate relative degree of binding (dissociation constant
approximately 1077, 1078, and 10~° M, respectively), whereas a minus sign (=) indicates no detectable
binding at the highest concentration tested (100 nM). (€) HB80.3 inhibits the pH-induced
conformational changes that drive membrane fusion. Exposure to low pH converts 1918 H1 HA
(top) and the Viet04 H5 HA to a protease-susceptible state (lane 1), whereas HAs maintained at
neutral pH are highly resistant to trypsin (lane 3). Preincubation of HB80.3 with H1 and H5 prevents
pH-induced conformational changes and retains the HAs in the protease-resistant, prefusion state
(lane 2).
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density clearly shows that these four hydropho-
bic side chains are all positioned as in the de-
signed model (Fig. 4C). The Met™ side chain is
consistent with the design model, although other
rotamers could also be fit to the map. For Met>®,
only very weak side-chain density was observed.
Overall, the crystal structure is in excellent agree-
ment with the designed interface, with no signif-
icant deviations at any of the contact positions.

Given the quite low (2 out of the 73 surface-
displayed proteins) design success rate and
starting affinities, the atomic-level agreement be-
tween the designed and experimentally determined
HB36.3-SC1918 HA complex is very encourag-
ing and suggests that, despite their shortcomings,
the current energy function and design method-
ology capture essential features of protein-protein
interactions.

Cross-Reactivity and Inhibitory Activity

The surface contacted by HB36.3 is accessible
and highly conserved in the HAs of most group
1 influenza viruses, which suggests that it may
be capable of binding not only other H1 HAs,
but also other HA subtypes. Indeed, binding of
HB36.3 to A/South Carolina/1/1918 (HIN1) and
A/WSN/1933 (HIN1) is readily detectable in
solution by gel filtration (fig. S7), as is high-
affinity binding of HB36.4 to A/Vietnam/1203/
2004 HS subtype by yeast display (fig. S11).

Although a crystal structure of HB80 in com-
plex with HA has not been obtained, the muta-
tional data and the antibody-competition results
suggest that HB8O0 also binds to the designed target
surface and overlaps with HB36 and CR6261.
Consequently, HB80.3 is also expected to be high-
ly cross-reactive and, indeed, binds with high
affinity to A/Vietnam/1203/2004 H5 HA (fig. S11)
and to H1, H2, HS, and H6 subtypes in biolayer
interferometry experiments (Fig. 5, A and B).
Overall, HB80 binds most of the group 1 HAs
tested but does not have detectable binding to
group 2 HAs, mirroring the binding profile of
CR6261.

Antibody CR6261 inhibits influenza virus
replication by blocking the pH-induced refolding
of HA, which drives fusion of the viral envelope
with the endosomal membrane of the host cell.
Given extensive overlap between the HB80.3
and CR6261 binding sites and its high affinity for
SC1918 HA, it seemed plausible that HB80.3
would also block this conformational change.
Indeed, HB80.3 inhibits the pH-induced confor-
mational changes in both H1 and H5 HAs (Fig.
5C and fig. S12) (10), which suggests that this
design may have virus-neutralizing activity against
multiple influenza subtypes (28). Further work will
be needed to explore the potential utility of HB80.3
in a therapeutic or diagnostic setting, but these
results suggest that de novo computational design
of antiviral proteins is feasible.
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Interplay of Rotational, Relaxational,
and Shear Dynamics in Solid *He

E. . Pratt,* B. Hunt,™>* V.. Gadagkar,* M. Yamashita,* M. . Graf,® A. V. Balatsky,” ]. C. Davis™*"t

Using a high-sensitivity torsional oscillator (TO) technique, we mapped the rotational and
relaxational dynamics of solid helium-4 (*He) throughout the parameter range of the proposed
supersolidity. We found evidence that the same microscopic excitations controlling the torsional
oscillator motions are generated independently by thermal and mechanical stimulation. Moreover,
a measure for the relaxation times of these excitations diverges smoothly without any indication
for a critical temperature or critical velocity of a supersolid transition. Finally, we demonstrated
that the combined temperature-velocity dependence of the TO response is indistinguishable
from the combined temperature-strain dependence of the solid’s shear modulus. This implies
that the rotational responses of solid “He attributed to supersolidity are associated with
generation of the same microscopic excitations as those produced by direct shear strain.

olid “He may become a supersolid (/) when

its temperature 7'and mass-flow velocity V'

fall below their critical (2) values 7, and
V.. Indeed, torsional oscillator (TO) studies (3, 4)
reveal that the resonant angular frequency of
rotation ® increases rapidly below both 7'~ 250
mK and rim velocity V' ~ 107 ms™!, as if su-
perfluid inertia decouples at a critical temperature
and velocity. These o increases (3—10) are greatly
diminished by blocking the TO annulus (4, /1),
as if superfluid inertia is thereby reconnected.

www.sciencemag.org SCIENCE VOL 332

Signatures in the heat capacity ascribed to
supersolidity also occur in this same temperature
range (/2). However, direct mass-flow studies
detect maximum currents that are far smaller than
those implied by the TO experiments (/3—15).
Moreover, the temperature dependence of the
resonance frequency f(T) = o(T)/2n of TOs
containing solid “He (3—11) resembles closely
that of its shear modulus w(7’) (16). Coincident
with the maximum rates of increase of f(7) and
W(7') are maxima in TO dissipation (46, 8, 9) and

shear dissipation (16, 17), respectively. Such ef-
fects should not exist during a bulk Bose-Einstein
condensation transition, although they do occur in
the Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition of a superfluid film (/8) [see Supporting
Online Material (SOM) section I (/9)]. Final-
ly, the increases in both f and p are quickly
extinguished by increasing TO maximum rim
velocity V (3-8, 10) or shear strain € (16, 20),
respectively.

Several theoretical models have been pro-
posed to explain the unexpectedly complex ro-
tational dynamics of solid “He. The first is a
simple supersolid (/) in which Bose-Einstein
condensation of vacancies produces an inter-
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