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ABSTRACT: Multiple conjugation of virus-binding ligands to multivalent carriers is a prominent strategy to construct highly affine
virus binders for the inhibition of viral entry into host cells. In a previous study, we introduced rationally designed sialic acid
conjugates of bacteriophages (Qf) that match the triangular binding site geometry on hemagglutinin spike proteins of influenza A
virions, resulting in effective infection inhibition in vitro and in vivo. In this work, we demonstrate that even partially sialylated Qf
conjugates retain the inhibitory effect despite reduced activity. These observations not only support the importance of trivalent
binding events in preserving high affinity, as supported by computational modeling, but also allow us to construct heterobifunctional
modalities. Capsids carrying two different sialic acid ligand—linker structures showed higher viral inhibition than their
monofunctional counterparts. Furthermore, capsids carrying a fluorescent dye in addition to sialic acid ligands were used to track
their interaction with cells. These findings support exploring broader applications as multivalent inhibitors in the future.

Bl INTRODUCTION binding site (RBS) geometry. For instance, the architecture of a
tripodal inhibitor with a peptide scaffold by Waldmann et al. was
inspired by detailed in silico analysis of the HA head domain
topology.”> Other systems achieve accurate spacing of
carbohydrate ligands using cyclic peptides” or PNA—DNA
oligomers™* as structural elements.

Recently, our laboratory has contributed to the rational
engineering of influenza inhibitors by introducing structurally
defined Qf-sialoside conjugates as SA-based HA inhibitors.”

Hemagglutinin (HA), the most abundant spike protein of
influenza A and B viruses, is a promising target for antivirals to
complement currently licensed therapeutics and reduce the risk
. . . 1 . . .
of emerging drug-resistant strains. Specific binding of an
inhibitor to HA can be achieved by mimicking its natural host
cell receptor, ie., terminal sialic acid (SA) residues of the
glycocalyx, through the multivalent presentation of N-

acetylneuraminic acid (NeuSAc) derivatives or sialyl oligosac- i ‘ i )
charides. Alternatively, peptides” or aptamers have been used to We used an engineered version of the highly symmetrical Q-

furnish multivalent conjugates with antiviral activity in vitro and bacteriophage-carrying homopropargylglycine (Hpg) at specific

in vivo. Among SA-based HA-binding inhibitors, different positions in the capsid protein (QS[Hpg] (1), see Scheme 1) to

concepts regarding special prearrangement of carbohydrates immobilize azide-containing NeuSAc derivatives via variable

have been explored. While some approaches rely on rather

flexible scaffolds, e.g, linear polymers4_9 or mostly arbitrary Received: April 4, 2022 BCleaiha

structures, such as hyperbranched or dendritic polymers,”"’ Revised: ~ May 25, 2022

gold nanoparticles,"’ proteins,'*~'* nanogels,"> virus-like Published: June 27, 2022
;1. 16 17,18 . .

particles,”” carbon nanostructures, phospholipid mi-

celles,"”*” or lipid bilayers,”" others employ a rational design

to tailor SA positions to match the triangular HA receptor

© 2022 The Authors. Published b
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Scheme 1. Reaction Scheme for the Preparation of (A) Fully and (B) Partially Monofunctionalized Qf Sialosides by CuAAC. (C)
One-Pot CuAAC Synthesis of Bifunctional Qf Sialosides with Different EG-Linker Lengths®
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“THPTA: Tris(3-hydroxypropyltriazolylmethyl)amine. Protein structure of Qf-bacteriophage capsid (protein data bank (PDB) #1QBE) published

in ref 26.2°

ethylene glycol (EG) linkers (Sial (2), Sia3 (3), Sia8 (4) forn =
1, 3, 8 according to Scheme 1, respectively) using Cu-catalyzed
alkyne—azide cycloaddition (CuAAC). Thereby, we precisely
matched the triple-symmetric geometrical arrangement of the
HA RBS and were able to demonstrate potent neutralization of
various influenza strains in vitro and in vivo by preventing
binding to host cells. In our previous study, conjugates with
shorter linkers generally showed higher inhibitory potency than
those with longer linkers, which can likely be attributed to their
lower flexibility and therefore higher fidelity to the prearranged
configuration. Data obtained by cryogenic transmission electron
microscopy (cryoTEM) and microscale thermophoresis-based
affinity studies with HA suggested that individual functionalized
capsids tend to interact with single HA trimers, thus supporting
the notion of a trivalent binding mode. However, multivalent
interactions must be conceived as dynamic complexes
composed of individually associating and dissociating recep-
tor—ligand pairs. Consequently, the maximum possible valency
is not always equal to the functional valency, which is the valency
in the most probable binding state.”® So far, we had no
comprehensive experimental evidence to evaluate the contribu-
tion of mono- and bivalent interactions to the overall affinity of
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Qp sialosides. The same report applied a statistical mechanics
model, which quantitatively predicted a parameter of HA
affinity, the equilibrium binding constant Kp, for various QS
sialosides assuming exclusively trivalent interactions between
the capsids and HA. These values showed a strong correlation
(nearly identical values) with the binding inhibitory constant K;
(sometimes referred to as the hemagglutination inhibition titer),
which is a common measure for the potency of influenza
inhibitors and is obtained experimentally by the hemagglutina-
tion inhibition (HAI) test (for further information see refs
27-29).

In the current study, we first set out to examine whether the
quality of prediction holds up in scenarios where trivalent
binding is limited to gain more insight into the binding pattern.
To this end, we prepared a library of partially functionalized Qf
sialosides using decreasing amounts of sialic acid azide linkers in
CuAAC reactions, which resulted in unoccupied positions in the
triangular prearrangement of the SA ligands. Afterward, we
compared their inhibitory potencies to the theoretical values. In
doing so, we ensured that the probability of mono- and bivalent
binding motives increases with decreasing degree of function-
alization (DF). This would not be the case for mixtures of fully

https://doi.org/10.1021/acs.bioconjchem.2c00166
Bioconjugate Chem. 2022, 33, 1269-1278
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and nonsialylated capsids with the same overall DF, for instance
a 1:1 mixture of capsids with DF = 100 and 0% to achieve an
overall 50% of occupied conjugation sites.

Building on insights we gained during this study, we
furthermore constructed several heterobifunctional influenza
inhibitors with different SA linkers or fluorescent labels attached.
We used these modalities to study the fate of Qf sialosides in a
cellular environment, which we could not address in the
previous publication. Of particular interest was to unravel
whether capsids would be taken up by cells via nonspecific
interactions with the cell surface or in complex with influenza
viruses.

B RESULTS AND DISCUSSION

Partially functionalized Qf sialosides were prepared from
Qp[Hpg] (1) following a modified version of the CuAAC
protocol published previously.”® Here, we controlled the DF by
the amount of SA azide added to the reaction (Scheme 1B and
Table 1) (see Materials and Methods). Capsids with linker

Table 1. Obtained DF in Qp-Sialoside Bioconjugations in
Relation to Input Azide per Hpg

obtained DF product
SA azide equivalents/Hpg [%] number
Sial (2) 15 100 sa
1 85 Sb
0.75 67 Sc
0.5 45 5d
0.25 19 Se
Sia3 (3) 15 100 6a
S 93 6b
33 83 6¢
1.7 53 6d
13 35 6e
0.7 21 6f
Sia8 (4) 25 100 7a
N 92 7b
33 69 7c
1.7 34 7d
13 27 7e
1 23 7f
07 15 7g
Sial (2)/Sia3 (3) 7.5/7.5 39/61 8
Sial (2)/Sia8 (4) 7.5/7.5 49/51 9
Sial (2)/TAMRA-N; (8) 15/0.075  97/3 (+2%) 11a
15/0.15 90/7 (3% 11b

residual Hpg)

lengths n= 1, 3, and 8 and DF values ranging from ca. 20 to 100%
were subsequently examined for HA binding of influenza A virus
(IAV) H3N2 strain X31 (A/X31) in an HAI test (see Materials
and Methods). The determined inhibition constant K; reflects
the lowest inhibitor concentration to achieve 100% hemaggluti-
nation inhibition.”” >’ In all cases, an exponential increase of K;
was observed with decreasing DF. Remarkably, we found
considerable inhibitory potency even at a DF of only 20% for all
functionalized capsid variants independent of their EG-linker
lengths. However, the increase was less steeper for longer linker
variants (Figure 1). It can be hypothesized that this results from
the ability of longer linkers to form alternative triangular
configurations to compensate for unoccupied sugar positions.
Further repeated measurements using capsid variants with linker
lengths n = 3 and 8 from the same stock solution lead to equal K;

1271

values from which no standard deviation could be determined
(see Supporting Information). This is not uncommon as
replicate K; values from the HAI assay typically only differ by
a factor of 2, which becomes more prominent for lower affine
compounds (eg, Sia8 with 20% DF).”” We surmise, as
illustrated in Figure 2, that short and inflexible linkers allow
trivalent interactions between capsids and HA only at faces
where each conjugation site is occupied by SA. Instead, longer
linkers could make it possible to rescue trivalent binding by
substituting a vacant SA position with SA from a neighboring
face.

To follow up on this assumption of binding behavior as a
function of linker length, we aimed to obtain the relation
between the inhibitory constant K; and the degree of
functionalization theoretically and to compare them with the
experimental data to gain insight into the phage binding mode.
We noted that, for a fixed linker length, the probability to bind to
a SA triplet scales as

9 d*
expl =2 Z—
*P 2 rg n
while the probability to bind to two neighboring SA scales as
32
exp[—3 T]
ron

with d and d being the distance that has to be bridged by the
linker in the trivalent and divalent binding modes, respectively, n
being the polymerization index of the EG linker, and r = 5 A.*
Based on these binding probabilities, we define the effective
number of matching SA triplets and SA doublets as

2 =2
9 4 d;
Ny, off = Z exp| = b Ny, eff = Z exp _3z
j 0 j 0
(1)

where we sum over all possible SA triplets and SA doublets of a
capsid, weighted with the appropriate binding probability. To
determine N ¢ and Ny .4 numerically, we generated random
configurations of partially functionalized capsids and averaged
over 500 configurations. In Figure 1D,E, Ny; ¢ and Ny 4 are
shown relative to the fully functionalized capsid in dependence
of DF. Figure 1D shows a scaling of Ny; . ~ DF? for short linkers
with n = 1, while longer linkers transition to Ny ~ DF* In
qualitative terms, the number of possibilities for trivalent
binding decreases more strongly for short linkers (n = 1)
compared to longer linkers (n = 3 or 8). This behavior is
consistent with the possibility of longer linkers to make use of
irregular triangular configurations. For the divalent case, we find
Ny ~ DF* independent of the linker length (Figure 1E). For
short linkers (n = 1), tri- and divalent binding show a clearly
distinct scaling behavior. In contrast, the number of effective
binding possibilities for longer linkers (n = 3 and 8) is
approximately proportional to DF* for both tri- and divalent
binding.

To relate these findings to the inhibitory constants K; shown
in Figure 1A—C, we note that K; in trivalent and divalent binding
modes is inversely proportional to Ny .¢ and Ny; . respectively.
Hence, if the binding mode of capsids with a short linker (n = 1)
is dominated by trivalent binding, the inhibitory constant should
scale as K; ~ DF 3, which is confirmed by Figure 1A. The scaling
behavior here clearly shows that divalent bonds contribute only

https://doi.org/10.1021/acs.bioconjchem.2c00166
Bioconjugate Chem. 2022, 33, 1269-1278
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Figure 1. (A—C) Comparison of experimental K; values of HAI test against influenza A virus (IAV) strain A/X31 (markers) and their theoretically
predicted progressions for Q/ sialosides of different linker lengths in relation to DF. n represents the number of EG units in the SA linker. Dashed lines
represent theoretical K; progressions for quadratic (red) and cubic (green) proportionalities between K; and DF. For n = 1, the slope of the
experimental values is in good agreement with a cubic relation between K; and DF, whereas for n = 3 and 8, the decline is more in line with a quadratic
dependency. Data points represent mean values from either two (n = 3 and 8, green and blue) or three (1 = 1, black) replicate experiments. Numerical
values for experimentally obtained K; are given in the Supporting Information. (D, E) Effective number of matching SA triplets (D) and SA doublets
(E) in relation to DF. All values are given relative to the fully functionalized capsid. The ratio of triplet motives available for virus binding declines in an
approximately cubic relation to DF for n = 1 and quadratically for n = 8, while n = 3 shows an intermediate behavior. In contrast, the ratio of available
doublet motives scales in a quadratic relation to DF for all linker lengths.

5-6 nm

5-6 nm

1.5 nm

Figure 2. Triangular arrangements of SA azides on the capsid surface. Blue spheres indicate Hpg side chain positions. Red triangles indicate HA RBS
geometry. Left: arrangement with minimal distance to Hpg side chains, requiring no linker flexibility. Right: alternative triangular arrangement for a
more flexible linker, which substitutes one SA from the minimal distance arrangement with that of a neighboring position. A 1.5 nm (light blue circles)
approximately is the most probable end-to-end distance of an EG(8) linker.”® Protein structure of QB-bacteriophage capsid (PDB #1QBE) published

in ref 31.%

negligibly. The interpretation of the scaling behavior for longer
linkers (n = 3 and 8) is more complex, since the slopes found in
Figure 1B,C scale roughly with K; ~ DF~2, which is in agreement
with both divalent and trivalent binding. We therefore restate a
result from our previous study, finding that trivalent binding is

1272

the dominant binding mode in fully functionalized capsids.”®
Now, the scaling behavior in Figure 1D,E shows that the ratio
between tri- and divalent binding for long linkers Ni; .5/ Ny; ot &
DF?/DF? ~ 1 can be approximated as independent of DF. The

https://doi.org/10.1021/acs.bioconjchem.2c00166

Bioconjugate Chem. 2022, 33, 1269-1278
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dominance of trivalent binding is therefore preserved even for
lower DE.

Since all tested variants of sialylated capsids, by interpolation
of the obtained data, retained K; values in the range of 1—10 nM
down to 50% sialylation, we hypothesized that it should be
possible to employ a portion of the Hpg conjugation sites for the
attachment of alternative ligands or fluorescent labels without
drastically compromising the inhibitory activity. In our previous
study, we found that the inhibition potential of phages toward
human pathogenic IAV strains with different HA types depends
not only on the SA receptor (SA vs 2,3-sialyllactose vs 2,6-
sialyllactose) but also on the linker length. We concluded that
the distance of the SA RBS is slightly different among different
HA types.”” Therefore, we were interested in combining
different SA-based ligands on the same capsid to engineer
broad-spectrum IAV inhibitors.

In a convenient one-pot protocol, we simply combined two
distinct SA azides at equal ratios in our CuAAC conjugations to
aim for DF of ~50% for each ligand. Mixed conjugates of the
previously shown Sia[n] derivatives (Qp[Sial&3] (8) and
Qp[Sial&8] (9)) were prepared in this fashion (Scheme 1C)
and analyzed by mass spectrometry to determine the relative
loadings of individual sugars (see the Supporting Information).
Inhibition of influenza strain A/X31 by these mixed conjugates
was again demonstrated in a HAI test (Figure 3). Interestingly,

105 105 )
O  Qp[Sia8(50%)]
m  Qp[Sia8(100%)]
O Qp[Sia1(50%)] O  Qp[Sia1(50%)]
— O Qp[Sia3(50%)] — .
E N B QB[Sia3(100%)] E. N € Qp[Sia1&8]
3 3
® Qp[Sia1(100%)] O Qp[Sia1(100%)]
¢ Qp[Sia1&3]
0.14+— 0.1-

Figure 3. HAI test of mixed linker length Qf sialosides against influenza
A/X31. K; values for DF = 50% were interpolated from a regression
function of the experimental values shown in Figure 1 (see Materials
and Methods). Other data points represent mean values of two
(Qp[Sia3(100%)], QB[Sia8(100%)], and mixed capsids) or three
(Qp[Sial(100%)]) replicate experiments. Numerical values for
experimentally obtained K; are given in the Supporting Information.

QJ[Sial&3] (8) showed a higher inhibitory potency (K; = 0.16
nM) than either of the monofunctional capsids (K; = 0.25 nM
for QB[Sial(100%)] and K; = 1.5 nM for Qp[Sia3(100%)]),
hinting at a possible cooperative effect between these ligands.
The K; value of Qf[Sial&8] (9) (K; = 1.4 nM) is in between
those of its monofunctional analogues (K; = 0.25 nM for
Qp[Sial(100%)] and K; = 4.4 nM for Qp[Sia8(100%)]). These

first inhibition studies can be regarded as a proof of concept for
the feasibility and activity of mixed Qf sialosides. As a future
perspective, it would be of interest to investigate the inhibitory
range of mixed capsids against a wider panel of influenza strains
and introduce other ligands such as sialyllactose oligosacchar-
ides or ligands for other influenza surface proteins, which is
currently ongoing in our laboratories.

Having established a one-pot protocol to obtain Qf capsids
with two different labels, we next aimed to synthesize fluorescent
Qp sialosides to monitor their interactions with viruses and
living cells. The fluorescent glycoconjugates were obtained by
formally replacing a small amount of the SA in a given QB
sialoside with tetramethylrhodamine (TAMRA) as a fluorescent
dye. We envisioned that this approach is favorable over
unspecific fluorescent labeling reagents, such as succinimide
esters targeting other reactive amino acids on the capsid surface,
which would yield less well-defined and less reproducible
products.

Consequently, we conjugated Sial (2) and CuAAC-
compatible TAMRA azide (10) (for synthesis, see the
Supporting Information) concomitantly to Qf[Hpg] (1) by
combining them at different ratios in one-pot CuAAC reactions
(Scheme 2). A ratio of Sial (2)/TAMRA azide (10) = 199:1
reproducibly afforded conjugates with 3% (+£2%) of Hpg side
chains modified with the dye and full conversion of the
remaining positions with SA (Table 2, entry 1). Higher dye
loadings led to incomplete conversion of alkyne functionalities
and increasingly hydrophobic products, which aggregated over
time and could no longer be analyzed by LC-MS to determine
the DF of the sugar and dye (Table 2, entries 2 and 3).

Table 2. SA and Dye Loadings of Bifunctional Qf Sialosides
as a Result of Different Reagent Ratios in CuAAC

ratio product DF DF
entry Sial:TAMRA-N, number DF (Sial) (TAMRA) (Hpg)

1 199:1 11a 97% 3% (£2%) 0%
(£2%)

2 99:1 11b 90% 7% 3%

3 49:1 and lower incomplete conversion: Product
too hydrophobic for LC-MS
analysis.

To assess the aggregation propensity of fluorescently labeled
capsids, a QJ[Sial(98%), TAMRA(2%)] (1la) sample was
analyzed using dynamic light scattering (DLS). Freshly
prepared, fully sialylated QB[Sial(100%)] (5a) and a visibly
aggregated, TAMRA-labeled Qf sialoside obtained with a
Sial:TAMRA-N; ratio of 4:1 were used as reference samples.
Qp[Sial(98%), TAMRA(2%)] (11a) showed a uniform pop-
ulation of separate particles directly after preparation and 4%

Scheme 2. Reaction Scheme for One-Pot CuAAC Synthesis of Bifunctional Qf Sialosides with TAMRA Fluorescent Label”

*N3 TAMRA-N3 (10)

Cu(OAGc),, THPTA, Na-
QB[Hpg] (1) ascorbate, aminoguanidine

“For product DF in relation to reagent ratio, see Table 2.
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Figure 4. DLS spectra of Qf sialosides. (A) Light scattering intensity distribution of reference samples. Freshly prepared QB[Sial(100%)] (5a) (green
curve) shows a uniform population of particles with a diameter of 30 nm, which corresponds in size to the wild-type Qf bacteriophage.* Visibly
aggregated Qf sialosides with high TAMRA loading (red curve) show a second population of aggregates of ca. 1 ym diameter. (B)
Qp[Sial(98%), TAMRA(2%)] (11a) showed 4% aggregation after 1 month of storage at 4 °C. (C) CryoTEM micrograph of
Qp[Sial(98%), TAMRA(2%)] (11a) densely decorating influenza A virions (A/X31).

Figure 5. Interaction study of Qf[Sial(98%), TAMRA(2%)] (green) with AS49 cells. Left: the capsids distribute evenly around healthy cells. No
cellular uptake could be observed after incubation of capsids with cells for 20 min at 37 °C. Middle: the capsids show no attachment to A549 cells with
bound DiD-labeled viruses A/Panama (red). Cells were preincubated with viruses at 4 °C before addition of capsids. Upon supply of capsids, the cells
were incubated for 20 min at 37 °C. Black arrows indicate DiD-labeled influenza virions that have not been internalized into cells. The virus loses its
label upon membrane fusion during infection. Right: Virions (A/Panama) and Q[Sial(98%),TAMRA(2%)] (11a) form aggregates (yellow) upon

preincubation that do not interact with A549 cells.

aggregation after 1 month of storage at 4 °C (Figure 4A,B). Virus
binding of fresh Qp[Sial(98%) TAMRA(2%)] (11a) was
furthermore verified by cryoTEM upon incubation with
influenza strain A/X31 (Figure 4C).

Next, we examined Qf[Sial(98%),TAMRA(2%)] (11a) for
interaction with AS49 cells by fluorescence microscopy (Figure
5). The capsids showed no uptake or apparent interaction, both
with healthy and influenza-infected cells. When the virus was
preincubated with the inhibitor, we observed the formation of
virus—phage aggregates, which also did not interact with cells.
For this experiment, we used a more recent seasonal IAV H3N2
strain A/Panama/2007/99 (A/Panama). We have shown
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recently that Qp[Sial] efficiently binds and inhibits host cell
entry of this strain comparable to that of A/X31.”° In future
experiments, we plan to use fluorescent Qf sialosides to study
their interactions with other biological environments, such as
the respiratory mucus layer. Since mucus can act as a barrier for
drug delivery, such studies may yield valuable insights into the
ability of Qf sialosides to penetrate the mucus layer and
furthermore provide valuable tool compounds to probe mucus

transport in general.
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B CONCLUSIONS

In this study, we have shown that a partial reduction of the Sia-
DF of Qp phages keeps the inhibitory effect of influenza virus
binding to cells although at a reduced level. The good
coincidence of our experimental data with those of a detailed
computational modeling strongly suggests that at least a trivalent
interaction between functionalized phages and viruses is
necessary for binding. Thus, both the DF as well as the linker
length are the limiting factors of phage association with the viral
spike proteins.

Nevertheless, retention of the inhibitory effect even at
reduced DF offers the opportunity to further advance our
previously introduced monofunctionalized inhibitors™ and
generate heterofunctional Qf phages. We took advantage of
this by covalently labeling Sia-functionalized phages with a
fluorescent dye at very low DF and track interaction of those
phages with viruses and host cells. The absence of cellular uptake
of phages further strengthens their applicability as extracellularly
active antivirals. Even more important, we generated phages
carrying two SA with different linker lengths and observed an
even higher inhibition potential with respect to monofunctional
phages, indicating a cooperative effect by binding to various SA
receptors on the phage surface. Thus, these heterofunctional
multivalent structures have strong potential for preventing the
interaction with host cells for a broader range of viruses. These
studies are fundamental for further development not only of the
phages used here, but also, in general, for the application of
multivalent inhibitors. To prevent rapid emergence of
resistance, the use of heterofunctional multivalent inhibitors,
i.e., scaffold occupation with ligands that inhibit different targets
of the pathogen simultaneously, is an alternative. For example,
HA and neuraminidase (NA) can be inhibited simultaneously
on the surface of IAV.'**

B MATERIALS AND METHODS

Chemicals and Solvents. Chemicals and solvents were
obtained from various chemical vendors in reagent grade. All
materials were used without further purification unless specified
otherwise. SA azides and Qf[Hpg] (1) were obtained as
described in the literature.™

Virus Strains. Virus strains used were influenza A/X31
(H3N2), which is a laboratory strain reassorted from A/Aichi/
2/68 (H3N2) and A/Puerto Rico/8/1934 (HIN1) (in short A/
X31), and A/Panama/2007/99 (H3N2) (in short A/Panama).

Analytical LC-MS. LC-MS analysis of Qf sialosides to
determine DF was conducted using an ACQUITY H-class
instrument (Waters Corporation) equipped with an ACQUITY
UPLC-Protein BEH C4, 300 A, 1.7 pum, 2.1 mm X 50 mm
column (Waters Corporation) and a XEVO G2-XS QTof mass
analyzer (Waters Corporation). The liquid phase consisted of
mixtures of acetonitrile and water as described above,
containing, instead of TFA, 0.01% formic acid (FA) (>99.0%,
Optima LC/MS Grade, Fisher Chemical). The obtained data
were processed using the software MassLynx (version 4.1,
Waters Corporation) and protein spectra were deconvoluted by
the included MaxEnt1 algorithm.

The protein (10 pg) was incubated at 95 °C for S—10 min and
subsequently mixed with an equal volume of 100 mM
triethylammonium bicarbonate (TEAB) buffer, pH 8.5,
containing 12 M urea. Dithiothreitol (DTT) was added from
a 100 mM aqueous stock solution to a final concentration of §
mM and the mixture incubated at 37 °C for 1 h. Then,
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iodoacetamide (or acrylamide) was added from a ca. S00 mM
dimethyl sulfoxide (DMSO) stock solution to reach 50 mM and
incubation at 37 °C was continued for another 30 min. Finally,
the mixture was diluted 1:10 with 20% acetonitrile and 0.4% FA
in water (to a DMSO concentration of 1%) and washed 6X with
the same solvent in a 10 kDa cutoff centrifugal spin filter
(Amicon Ultra Ultracel regenerated cellulose, Merck Millipore
Ltd., Cork, Ireland), concentrated to ca. 100 uL, filtered through
0.2 ym syringe filter (Minisart RC 4, Sartorius Stedim Lab Ltd.,
Stonehouse, UK), and injected by passing the LC into the QToF
mass analyzer.

The viability of the method for quantitative determination of
DF was demonstrated by analyzing a reference sample,
consisting equal parts of QS[Hpg] (1) and Qp[Sial(100%)]
(5a) as obtained by literature protocols.” The spectrum showed
signals of equal intensity for both monomers (Figure S2).

Protein Concentration Determination. Concentrations
of protein solutions were determined using a Pierce BCA
Protein Assay Kit (ThermoFisher Scientific) according to the
manufacturer’s instructions. Absorption at 562 nm was
measured on a Tecan Infinite M-Plex plate reader (Tecan
Group Ltd., Mannedorf, Switzerland) and results evaluated
using the software Prism (version 5.04, GraphPad Software, Inc.,
San Diego, CA).

HAI Test. The hemagglutination assay was performed
according to a standardized protocol.* EDTA-stabilized
human donor blood (German Red Cross) was diluted with
Dulbecco’s phosphate-buffered saline (DPBS) and erythrocytes
were pelleted at 1500 rcf, 10 min, 4 °C repeatedly until the
supernatant remained clear. Erythrocytes were diluted with
DPBS to obtain a suspension of a hematocrit of 1%, which was
stored on ice. Concentrated virus stocks from —80 °C storage
were thawed on ice. To determine viral activity, serial 1:2
dilutions in DPBS were prepared in a 96-well round bottom
plate at a total volume of 25 pL after which S0 uL of 1%
erythrocyte suspension was added to each well and the mixtures
incubated for 1 h at r.t. Based on these results, a 4 HAU/S uL
virus suspension was prepared in DPBS. Accurate virus titer of
this suspension was verified by another hemagglutination test
starting from 4 HAU with 25 uL total volume in the first well.

For the HAI test, inhibitors were serially diluted in a 96-well
round bottom plate at 20 uL total volume. Five microliters (4
HAU) of virus suspension was added and the mixtures
incubated for 30 min at r.t. Ensuingly, S0 uL of 1% erythrocyte
suspension was added to each well and the results documented
following another hour of incubation. The endpoint of the
inhibitor dilution series was the highest dilution to still cause
complete inhibition of hemagglutination, which reflects the
inhibitory constant K.’ =’

K; values for Qp[Sial] conjugates (Sa—e) were measured in
triplicates, K; values for Qf[Sia3] conjugates (6a—f), Qf[Sia8]
conjugates (7a—g), and those for conjugates with mixed linker
lengths (8 and 9) were measured in duplicates, each during the
course of one individual experiment (Table S1). The values
depicted in Figures 1 and 3 are the arithmetic means of these
replicates.

The values for DF = 50% shown in Figure 3 were obtained by
interpolating the experimental data using a regression function

of the type

I(t- — 10u-log(DF) +b (2)

where a is the slope of the graph and b is the ordinate intercept.
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Cryoelectron Microscopy. To control the binding of the
Qp phage capsids to influenza virus by cryoTEM, Qp-
[Sial(98%), TAMRA(2%)] (9a) (concentration 200 nmol/L)
was incubated with 15 uL of IAV X31 (1.2 mg/mL total protein)
with gentle agitation for 30 min at room temperature. A
perforated (1 gm hole diameter) carbon film-covered micro-
scopical 200 mesh grid (R1/4 batch of Quantifoil, MicroTools
GmbH, Jena, Germany) was cleaned with chloroform and
hydrophilized by 60 s glow discharging before a S L aliquot of
the sample solution was applied to the grid. The sample was
vitrified by automatic blotting and plunge freezing with a FEI
Vitrobot Mark IV (ThermoFisher Scientific Inc., Waltham, MA)
using liquid ethane as the cryogen. The vitrified specimen was
transferred to the autoloader of a FEI TALOS ARCTICA
electron microscope (ThermoFisher Scientific Inc.) operated at
an acceleration voltage of 200 kV. Micrographs were acquired on
a FEI Falcon 3 direct electron detector (ThermoFisher Scientific
Inc.) using a 100 pm objective aperture and a nominal
magnification of 28,000X corresponding to a calibrated pixel
size of 3.69 A/pixel.

Dynamic Light Scattering. DLS was performed using a
Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern,
UK).

Qp-Sialoside Bioconjugation. For bioconjugation, Qf-
[Hpg] (1) was transferred from the NaNj;-containing storage
buffer (100 mM potassium phosphate (KPi) + 0.02% NaNj) to
regular KPi using PD MidiTrap G-2$ protein desalting columns
(Cytivia, Marlborough, MA). Stock solutions of 100 mM Na
ascorbate and 100 mM aminoguanidine-HCI in KPi buffer were
prepared. Catalyst mix was prepared by mixing equal parts of
200 mM Cu(OAc), and 1 M THPTA in water. In a snap cap
reaction vial, 0.5—2 nmol QB[Hpg] (1) was mixed with 36,000
equiv aminoguanidine, 1800 equiv Cu(OAc),/9000 equiv
THPTA from catalyst mix, and the indicated amounts of azide
(see Table 1). If necessary, KPi was added to fill up the reaction
vial. Finally, 36,000 equiv of Na-ascorbate was added and the
capped vial incubated at 37 °C overnight.

Purification of the products was performed by 1—2 rounds of
dialysis against KPi + S mM EDTA and one round of dialysis
against KP4i, followed by SEC. Products were stored at 4 °C in
KPi + 0.02% NaNj.

Theoretical Model for the Inhibitory Constant K;. For
an irregular arrangement of SA on the capsid, the distances d,, d,,
and d; between the HA-binding pocket and the three closest SA
groups differ from each other. We therefore determine the

quadratic mean \/ (d} +d; +d3) /3 . We furthermore note

that molecular dynamics simulation found r,,, = ry</n for the

end-to-end distance of short PEG oligomers with ry =5 A and n
being the polymerization index of the EG linker.”* We use these
results to calculate the weight when summing over all SA triplets
and doublets.

To determine the effective number of matching SA triplets
numerically, we consider a partially functionalized capsid, where
the functionalized residues are chosen randomly. For each SA
group, we determine two neighboring SA groups, such that the
resulting SA triangle is closest to the triangular arrangement of
the HA-binding pockets. Subsequently, the distances d}, d,, and
d; are determined and the quadratic mean is calculated. To
determine N, .¢ of the entire capsid, we sum over all SA
triangles. Subsequently, the K; of the capsid is averaged over 500
different random SA configurations for each DF. Ny g is
calculated in an analogous way.
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A549 Infection with A/Panama. The evening before the
infection, 8.000 cells/well are seeded into an Ibidi angioslide.
The viruses are diluted in DMEM containing 1% penicillin/
streptomycin (v/v), 1% L-glutamine (v/v), 0.2% BSA (w/v),
and 2 pug/mL TPCK-trypsin to achieve an multiplicity of
infection (MOI) of 11. The virus solution is incubated on ice for
30 min followed by 30 min of incubation at 37 °C.

Interaction of A/Panama with A549 Cells. A549 cells are
incubated with Qf[Sial(98%),TAMRA(2%)] (9a) for 10 min
on ice and washed off carefully. For the experiment in which A/
Panama viruses are to be bound to the cell surface, cells are
incubated with DID-labeled IAV (multiplicity of infection
(MOI) 11) for 30 min on ice before 200 nM Qp-
[Sial(98%), TAMRA(2%)] (9a) is added to the cells and
incubated on ice for 10 min, then washed off carefully. DID-
labeled IAV and Qp[Sial(98%),TAMRA(2%)] (9a) are mixed
in a 1:1 (v:v) ratio and incubated for 30 min at room
temperature. The mixture is provided to the A459 cells and
incubated on ice for 10 min. Unbound complexes are carefully
washed off. Live cell imaging was performed at 37 °C using a
spinning disc confocal microscope.

Nucleoprotein (NP) Staining. For anti-NP AB staining,
infected cells are fixed and permeabilized using 10% formalin
with 0.2% Triton-X100 in PBS. Cells are blocked with PBS
containing 2% BSA for 1 h at room temperature. The primary
antibody is diluted 1:500 in BB and incubated for 1 h at 37 °C.
After washing three times with PBS++, the secondary antibody is
stained the same way.
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B ABBREVIATIONS

cryoTEM: cryogenic transmission electron microscopy
CuAAC: Cu-catalyzed alkyne—azide cycloaddition
DF: degree of functionalization

DLS: dynamic light scattering

DMSO: dimethyl sulfoxide

DPBS: Dulbecco’s phosphate-buffered saline
DTT: dithiothreitol

EG: ethylene glycol

HA: hemagglutinin

HAI: hemagglutination inhibition

Hpg: homopropargylglycine

IAV: influenza A virus

KPi: potassium phosphate

MOL: multiplicity of infection

NA: neuraminidase

NeuSAc: N-acetylneuraminic acid

NP: (influenza) nucleoprotein

PDB: protein data bank

RBS: receptor binding site

SA: sialic acid

TAMRA: tetramethylrhodamine

TEAB: triethylammonium bicarbonate
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