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Heparin Antagonism by Polyvalent Display of Cationic

Motifs on Virus-Like Particles

Andrew K. Udit,* Chris Everett,” Andrew J. Gale,” Jennifer Reiber Kyle,' Mihri Ozkan,"

and M. G. Finn*®

Polyvalent interactions allow biological structures to exploit low-
dffinity ligand-receptor binding events to affect physiological re-
sponses. We describe here the use of bacteriophage QB as a mul-
tivalent platform for the display of polycationic motifs that act
as heparin antagonists. Point mutations to the coat protein
allowed us to generate capsids bearing the K16M, T18R, N10R, or
D14R mutations; because 180 coat proteins form the capsid, the
mutants provide a spectrum of particles differing in surface
charge by as much as +540 units (K16M vs. D14R). Whereas
larger poly-Arg insertions (for example, C-terminal Argg) did not
yield intact virions, it was possible to append chemically synthe-
sized oligo-Arg peptides to stable wild-type (WT) and K16M plat-
forms. Heparin antagonism by the particles was evaluated by
using the activated partial thrombin time (aPTT) clotting assay;
this revealed that T18R, D14R, and WT-(R4G,)ss were the most

Introduction

Polyvalent interactions are essential for triggering numerous
biological functions at all levels."? Cell-cell communication,
antibody-antigen recognition, and cellular uptake™ are a few
examples in which multiple simultaneous ligand-receptor rec-
ognition events combine to initiate and effect subsequent bio-
logical cascades. The ability to manipulate these polyvalent in-
teractions is a prerequisite for using the associated biological
cascades in mechanistic studies, diagnostics, and/or therapeu-
tic agents. Viruses have received much attention in this type of
endeavor:™* their polyvalent and proteinaceous nature, along
with their ease of production and manipulation makes them
attractive agents for targeting physiological function.®”

Bacteriophage Qf is an icosahedral RNA virus comprised of
180 copies of a 14.1 kDa, 132 amino acid coat protein.®! The
virus is readily expressed and purified from E. coli in high yields
and shows good stability to extremes of pH, temperature, and
a variety of solvents.”) Prior studies have shown that the coat
protein can tolerate some genetic insertions,"” and our own
investigations have successfully introduced point mutants as
well as unnatural amino acids."" We have also shown that vari-
ous ligands can be chemically conjugated to solvent-exposed
amines on the outer surface of the capsid""'? with concomi-
tant effects on in vivo behavior such as charge-induced
changes in circulation lifetime.!"

Here we describe the polyvalent display of cationic motifs
on Qf that results in particles that act as potent heparin antag-
onists. Heparin is a sulfated glycosaminoglycan composed of
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effective at disrupting heparin-mediated anticoagulation (> 95 %
inhibition). This activity agreed with measurements of T potential
(ZP) and retention time on cation exchange chromatography for
the genetic constructs, which distribute their added positive
charge over the capsid surface (+180 and +360 for T18R and
D14R relative to WT). The potent activity of WT-(R;G,)ss despite
its relatively diminished overall surface charge is likely a conse-
quence of the particle’s presentation of locally concentrated re-
gions with high positive charge density that interact with hepa-
rin’s extensively sulfated domains. The engineered cationic cap-
sids retained their ability to inhibit heparin at high concentra-
tions and showed no anticlotting activity of the kind that limits
the utility of antiheparin polycationic agents that are currently in
clinical use.

repeating p-glucosamine/L-uroninc acid disaccharide subunits
arranged in linear chains." With chain lengths of up to 100
disaccharides and an average of 2.7 sulfates per subunit, hepa-
rin is the most negatively charged biopolymer known. The pro-
teoglycan heparan sulfate, a close relative of heparin, is pres-
ent at many cell surfaces and participates in numerous and
varied physiological events including inflammation," cell-cell
signalling," metastasis,"” and multiple aspects of develop-
mental biology."® Heparin is used routinely as an anticoagu-
lant because it stimulates inhibition of thrombin by antithrom-
bin,? especially following medical procedures in which post-
operative thrombosis is of concern."” However, complications
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Figure 1. A) Crystal structure of wild-type bacteriophage Qf, highlighting the peptide loops that are composed of coat protein residues 10-18 (red). This
region is further magnified in B) dull green N10; bright green 111; white G12, G15; blue K13, K16; red D14; orange Q17; purple T18.

such as uncontrolled bleeding from heparin overdose are
widely known,”" and are presumably exacerbated by heparin’s
heterogeneity and variations in individual responses.”? These
significant concerns continue to fuel research into novel well-
defined compounds with specific antiheparin activity.>>®

Results and Discussion
Polycationic particles via mutation

The N and C termini of the Qf coat protein are somewhat sol-
vent exposed. In infectious Qf, several of the capsid proteins
bear a large C-terminal extension domain that is used to target
a receptor on the E. coli host for cell entry.?” This observation
has prompted others to successfully use the C terminus for ge-
netically appended additions to the capsid; this is exemplified
by incorporating C-terminal peptide extensions (11-24 amino
acids) after the stop codon to yield mixed particles containing
up to 48% of the read-through coat protein."® In an effort to
prepare well-defined cationic particles with high loadings, we
added oligo-Arg sequences within the open-reading frame of
the QP coat protein at the N or C terminus. However, inserting
Argg, Args, or Arg, peptides in this manner provided no intact
particles, although expression of the mutated coat protein in
E. coli was not severely diminished (see Figure S1 in the Sup-
porting Information); this suggests that proper protein folding
and/or particle assembly was inhibited by the added residues.
No improvement was observed when a Gly, or Glys spacer was
introduced at the C terminus before the oligo-Arg insertions.
As an alternative, we targeted the loop formed by amino
acids Asn10 through Thr18, which comprises the most solvent
exposed and conformationally flexible part of the Qf structure
(Figure 1; note that as the N-terminal Met is generally cleaved
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from the QP coat protein, our nomenclature begins with
Ala1).2% We have previously attached a variety of molecules
to Lys16 within this loop, showing that intact capsids can toler-
ate the addition of functional groups in this vicinity." We
have also expressed large quantities of the K16M point mutant
as a highly robust particle. However, the replacement of
D"GKQT' with Args again gave rise to good coat protein
expression but no isolable assembled particles.

Point mutations proved to be more tractable. While modest
at the single-protein level, such changes can dramatically alter
particle properties because 180 of these sites are assembled
on a compact topology in the final icosahedral structure. For
example, mutation of Asp14 to Arg yields the sequence
G"?KR™GKQ, which falls into the pattern of XBBXBX (B=basic
amino acid) that has been found by Cardin and Weintraub to
associate strongly with glycosaminoglycans.”? The polyvalent
presentation of this construct in the assembled virion would
therefore be expected to provide 180 potential heparin-bind-
ing sites per particle. This D14R mutant protein was found to
assemble into isolable virus-like particles (Figure S2), although
at significantly decreased yield compared to WT (5 vs. 100 mg
per liter of liquid culture). Because a carboxylate sidechain is
replaced with a guanidinium group in this construct, the D14R
particle should exhibit a change in surface charge of 4360
units relative to WT, and +540 units relative to the readily
expressed and purified K16M mutant, assuming full ionization
of surface residues.®”

For comparison purposes, we also generated the N10R and
T18R point mutants, each of which should bear a 4180 surface
charge relative to WT. These two constructs were isolated as
icosahedral particles in yields similar to WT (Figures S3 and S4).
Interestingly, combinations of the stable single point mutations
were not well tolerated: the NTOR/T18R double mutant did not
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Figure 2. The azide oligo-Arg peptide RsG, 1 and alkyne oligo-Arg peptide Rs 2 were synthesized by using standard Fmoc chemistry

yield intact particles, whereas D14R/T18R provided low yields
of a very unstable capsid (Figure S5). The poor recovery and
delicate nature of the latter structure made further characteri-
zation of this particle impractical.

Polycationic particles via bioconjugation

Our unsuccessful attempts to produce viable polycationic par-
ticles by distributing multiple arginine residues evenly over the
capsid surface (for example, N10R/T18R) or at locally concen-
trated positions (for example, oligo-Arg loop insertions) meant
that chemical modification of stable particles would be neces-
sary to achieve higher arginine loadings. We have previously
employed such derivatization reactions to decorate Qf and
other virus-like particles with a variety of molecules, including
negatively charged oligonucleotides,®” metal complexes,?
and carbohydrates.®? Thus, amine residues on the outer capsid
surface of Qf (most likely to be accessible are Lys2, Lys13,
Lys16, and the N terminus) were targeted for the polyvalent
display of oligo-Arg peptides 1 and 2 (Figure 2), which were

H
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synthesized by using standard Fmoc chemistry (Figure S6 and
the Experimental Section).

Peptides 1 and 2 were conjugated to Q3 by using the two-
step sequence that is shown in Figure 3. The K16M and WT Qf
particles were treated with N-hydroxysuccinimides 3 and 4 to
give the polyvalent azide 5 and alkyne 6, respectively. Conju-
gation to the complementary peptides 1 and 2 by using preca-
talyst 7 in efficient copper-catalyzed azide-alkyne cycloaddi-
tion (CuAAC) “click” reactions®™ provided K16M-(Rs)s, (8) and
WT-(RsG,)os (9). All virus particles were purified by sucrose gra-
dient centrifugation and ultracentrifugation, and were shown
to be intact by size-exclusion FPLC (Figure 4) and transmission
electron microscopy (data not shown). In addition to verifying
the exclusive presence of complete viral capsids, the FPLC
traces also provided information on particle aggregation. As
shown in Figure 4, WT-(R4G,)ss exhibited a higher tendency to
form aggregates than K16M-(R;)s, at the same concentration.

The presence of covalently attached oligo-Arg peptides on
particles 8 and 9 was confirmed and quantitated by using
mass spectrometry, as shown in Figure 5. A single lysine per
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Figure 3. Attachment of oligo-Arg peptides to WT and K16M Q3.
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respectively (Table 1); this allows
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Figure 4. Size-exclusion FPLC of 100 uL of 0.6 mg mL~" A) K16M-(Rs)s, (8) and B) WT-(RsG,)gs (9) in 0.1 m KPi pH 7
buffer, showing intact particles in each case. The elution volumes of the dispersed particles are different due to

different column packing conditions.

subunit of K16M was shown to be labeled with azide linker 3,
and approximately 28% of these (50 out of 180) were ad-
dressed with alkyne 2 (Figure 5B). Similarly, WT was labeled
with four alkyne-containing linkers 4, followed by CuAAC reac-
tion to capture one or two of these with azide 1 (Figure 5C).
The data show that the resulting particle 9 was composed of
subunits bearing zero, one, or two appended R G, chains in
the approximate ratio of 11:6:2, giving rise to an average over-
all loading of 9545 chains per particle, assuming no change in
detection efficiency by MALDI for the derivatized subunits. By

elution volume/mL —

overall charge from the presence
of chains that bear high local
concentrations of arginine resi-
dues.

lon exchange chromatography and ¢ potentials

To evaluate the surface charge state of the resulting particles,
we measured their retention time in cation exchange chroma-
tography and their ¢ potential (ZP) and compared these values
to the maximum expected change in surface charge brought
about by genetic and chemical manipulation (Table 1). Notably,
prior measurements estimated a pl of 5.3 for WT,”) but under
our conditions (25 mm potassium phosphate, pH 7) WT exhibit-
ed a ZP of 0.6 +0.5 mV.?¥
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Figure 5. MALDI-MS of coat proteins from A) WT, B) K16M-(R;)s,, and C) WT-(RgG,)os, following disassembly and denaturation of the capsids with 5.5m urea,

DTT reduction, and cysteine capping with iodoacetamide.

Table 1. Activity and characterization of antiheparin virus-like particles.

Particle Maximum charge relative to WT®  Clotting time [s]  Heparin inhibition [%])  Retention time, [NaCl] at elution™  ZP [mV]®
No heparin n/a 5442 100 n/a n/a
Heparin only n/a 18+4 0 n/a n/a
K16M —180 M7+£1 242 - —0.8+0.6
WT 0 73+2 70+3 - 0.6+05
N10R 180 86+3 50+5 60.3 min, 0.31m 0.5+04
T18R 180 57+1 95+2 42.3 min, 0.2T™m 0.7+£05
D14R 360 54+1 100+2 63.3 min, 0.33m 29+1.2
WT-(RsGy)os 401 5541 9242 - 06403
K16M-(Rs)s, —1109 67+1 80+2 - —11.54+20

[a] The acylation or replacement of an amine-containing residue is counted as —1; the addition of a positively-charged residue counts as + 1. [b] Deter-
mined by the aPTT assay as described in the text. Error limits are the standard deviation from a minimum of three independent experiments. [c] Inhibition
of heparin’s effect on blood plasma clotting (100 % = clotting time in the absence of heparin; 0% =clotting time in the presence of heparin but no candi-
date inhibitor). [d] Retention time on cation exchange chromatography (HiTrap SP HP column, 10 mm KP;, pH 7, eluted with NaCl gradient by increasing by
12.5 mmmin~'). A dash indicates that the particle eluted in the void volume without added NaCl, and therefore does not interact with the cation exchange
resin. [e] Zeta potential determined in 25 mm KP;, pH 7. [f] Includes the removal of 4 positive charges per subunit by acylation of sidechain and N-terminal
amino groups (—720) plus the addition of a maximum of 760 positive charges by attachment of 95 G,Rg chains. [g] Includes the removal of one positive
charge per subunit by K16M substitution (—180), another by N-acylation (—180), and the addition of 250 charges by attachment of 50 R chains.
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The results from the two experimental measurements corre-
late reasonably well with the expected charge for the particles.
K16M, which is expected to have the least amount of surface
positive charge, has a negative ZP and does not bind to the
cation exchange column. WT, N10R, and T18R are predicted to
be moderate in charge and were found to exhibit similar and
more positive ZP values, with two of the three interacting
fairly strongly with the cation exchange resin. D14R, which
should be the most positively charged particle, does indeed
exhibit the greatest cation exchange retention time and ZP.
Neither of the chemically derivatized particles bound to the
ion exchange resin; this is consistent with their resemblance in
total charge to their parent K16M and WT platforms. The WT-
(RgG,)qs5 particle exhibited a small and negative ZP that was not
very different from that of the WT capsid itself, which it should
most closely approximate in overall surface charge. K16M-
(Rs)so, Which is expected to be negatively charged with respect
to WT, did exhibit a negative ZP, although the magnitude of
this value was unexpectedly large. Because the measurement
of ZP correlates the motion of the particle in an applied elec-
tric field with its charge, detailed comparisons between the ge-
netically encoded point mutants and the chemically modified
capsids bearing longer and more flexible oligo-Arg molecules
are likely inappropriate.

Coagulation assays

The chemically and genetically modified particles were tested
for their ability to inhibit heparin-mediated anticoagulation
activity by using the activated partial thrombin time (aPTT)
assay.** Premixed solutions of heparin (10 ng, ca. 0.05 mU) and
virus (15 ug) were added to normal human plasma and aPTT
reagent in HEPES-buffered saline (HBS). Coagulation was initiat-
ed by adding CaCl, to a final concentration of 3.9 mm, and the
clotting time was recorded (Table 1). Under these conditions
the average time for coagulation in the absence of heparin or
virus was 54+ 1 s, and adding heparin significantly extended
this time to 118+ 5 s. The addition of engineered Qf particles
to the heparin solutions gave a variety of outcomes within this
range. K16M showed no effect, as might be expected for the
particle bearing the least number of surface positive charges;
even with 50 pg of added virus (5000-fold mass excess), the
clotting times exceeded 100 s (data not shown). In contrast,
the wild-type particle from which K16M is derived exhibited
moderate heparin inhibition (clotting time 73+25s), and the
cationic capsids T18R or D14R were very potent inhibitors
(clotting times 57+ 1 and 5441 s, respectively, even with as
little as 5 ug (2 pmol) of nanoparticles). NTOR exhibited much
poorer antiheparin activity (clotting time 8643 s) than T18R,
in spite of the expectation that their overall surface charge
densities should be similar. The chemically constructed parti-
cles 8 and 9 were also strong inhibitors, with the WT-(RsG,)gs
structure showing greater activity (clotting time 55+ 1 s) than
K16M-(Rs)s, (clotting time 67 +1 s).

The strong heparin inhibition exhibited by WT-(RgG,)es,
K16M-(Rs)so, and D14R is consistent with charge complemen-
tarity in the first two cases and the expected presence of a
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known glycosaminoglycan recognition motif in the third. How-
ever, the potent activity of T18R was a surprise because it pos-
sesses one fewer net positive charge per subunit than D14R
and presumably does not conform to the heparin-binding se-
quence in the exposed Asn10-Thr18 loop. Equally intriguing is
the relative inactivity of NTOR compared to T18R because both
replace a neutral solvent-exposed amino acid with Arg. It
seems likely that the details of the three-dimensional structure
and dynamics of the accessible loop are important in ways not
fully appreciated, which may well be dependent on the specif-
ic display platform.

Indeed, K16M-(R;)s, and WT-(RgG,)ss show far greater heparin
antagonism than would be expected based on their cation ex-
change interaction and ZP. The binding of heparin to biological
targets and synthetically-tailored molecules is believed to
occur largely through electrostatic interactions (for example,
FGF binding®®). We surmise that the display of highly charged
oligopeptides on solvent-accessible loops enables efficient
local interactions with heparin chains, with the particle having
longer cationic oligo-Arg chains at higher density being the
more effective.

Protamine sulfate, a commercial antiheparin agent, is the
benchmark for comparison in the aPTT assay. Protamine is a 4-
10 kDa peptide isolated from salmon sperm; commercial prep-
arations favor ~4.5 kDa fragments that contain approximately
70% Arg.”” This compound is currently the only approved
drug in North America for treating heparin overdose. As
shown in Figure 6, 1 ug of Protamine (0.2 nmol) readily passi-

> 400 r#—l
-njvv' PrrPrrres —e— peptide 1
—m— protamine
300+ —— K16M
T 250 —— T18R
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Figure 6. Concentration dependence of added virus and peptide on coagu-
lation time in the aPTT assay. The data points for protamine and 1 at >400 s
represent experiments in which clotting was not observed within that time.

vated heparin activity in the aPTT assay. A similar result was
observed for oligo-Arg peptide 1 (1 pg, 0.66 nmol), and as
mentioned above, for 5 ug of the WT-(R¢G,)ys nanoparticle (9).
On a molar basis (0.66 nmol 1 vs. 2 pmol 9), the polyvalent
peptide conjugate is therefore approximately 330-fold more
potent than the free peptide at achieving heparin inactivation.
On a per-peptide basis, these values represent a 3.5-fold en-
hancement in activity (660 pmol 1 vs. 190 pmol 1 displayed on
the nanoparticle surface).

Although it is commonly used in patients, protamine has
several severe drawbacks related to toxicity.*® Figure 6 high-
lights a key clinical risk: while 1 pg of protamine inhibited hep-
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arin activity, samples containing 5 pg or more showed increas-
ing coagulation times in a sharp dose-dependent manner. This
acute heparin-like anticoagulant activity is well known, and
multiple points along the coagulation cascade are suspected
targets;®¥ in the aPTT assay, thrombin inhibition is the likely
mechanism.*” The clinical consequence of administering prot-
amine to parients is careful titration and constant adjustment
of the heparin/protamine ratio.*” Such complications are not
specific to protamine, but instead appear to be a general fea-
ture of cationic polymers.*? Indeed, we found that more than
1 pg of 1 in the aPTT assay also strongly inhibited clotting. In
contrast, none of the virus-based heparin inhibitors showed
any change in activity with three-fold increases in concentra-
tion, and T18R in six-fold excess yielded no adverse effects,
presumably because the particle concentrations were still low.
The solution offered here by the display of accessible heparin-
binding motifs on a structurally defined and stable scaffold dif-
fers from other preparations such as PEGylated* or truncat-
ed™ protamine or structural analogues of protamine,®?¥ all
of which rely on cationic polymers that are likely to have draw-
backs similar to the parent material.

Conclusions

The efforts described here to create polycationic Qf particles
for heparin antagonism have yielded several important results.
The formation of intact capsids was strongly dependent on the
position and nature of mutation: T18R, N10R, and D14R substi-
tutions were all tolerated, but more ambitious cationic inser-
tions (double mutants, oligo-Arg) did not yield assembled par-
ticles. Despite this limitation, the polyvalent scaffold afforded
by Qf allows the effect of a single stable point mutation to be
magnified 180-fold in the final assembled virion; the genetical-
ly encoded structures described here differ in surface charge
by as much as 4540 units with only two point mutations
(K16M cf. D14R). For comparison, a recent and excellent report
described extensive mutational efforts to generate “super-
charged” green-fluorescent proteins ranging from —30 to +48
relative to the wild-type structure.*” For the alteration of bulk
properties, the nature of virus-type scaffolds offers a considera-
ble advantage, allowing one to make substantial changes (for
example, to surface charge) with minimal mutagenesis.
Whereas genetic insertion of poly-Arg moieties proved in-
tractable, stable virions provided polyvalent platforms for the
construction of penta- and octa-Arg-bearing particles in differ-
ent densities. The chemically and genetically engineered virus-
es were then tested for their ability to act as heparin antago-
nists in the aPTT clotting assay. In general, increasing either the
theoretical positive charge on the particle surface or the
number of appended oligo-Arg chains led to greater disrup-
tion of heparin anticoagulant activity; this is likely due to bind-
ing of the polycationic particles to the polyanionic glycosami-
noglycan. On a per-particle basis, the activity of the engi-
neered virus-like particles was substantially superior to that of
Protamine, with the added benefit of no ill-effects at higher
particle concentrations. In contrast, Protamine and naked Arg
peptides showed acute heparin-like anticoagulant activity at
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higher concentrations. Tests of the virus-like particles against
low-molecular-weight heparin and synthetic heparin pentasac-
charide (both of which are receiving increasing attention along
with the still widely prescribed unfractionated heparin), as well
as in vivo experiments, are in progress.

Experimental Section

Mutagenesis, protein expression, and virus purification: 1) WT
and K16M. Expression and purification of these constructs in the
pQE-60 vector transformed into M15 E. coli Met auxotroph cells
proceeded as previously described."" 2) Arginine point mutants.
The WT coat protein (0.4 kbp) was cloned into the IPTG-inducible
pET-11d vector (5.7 kbp) by using the Ncol and BamHI restriction
sites. Point mutations were introduced in whole-plasmid PCR reac-
tions by using primers whose termini contained restriction sites for
subsequent circularization, thereby reforming the whole plasmid
containing the mutated gene. The D14R and T18R mutants were
generated by using the forward primer TC AAT CCC CGC GGG GTA
AAT CCC ACT AAC GGC G, which contains a silent Sacll site for sub-
sequent ligation (priming region underlined, restriction site itali-
cized). Reverse primers were TAC CCC GCG GGG ATT GAG GAC CAG
AGT TTG TTT TCC TCG_TTT CCC GAT GTT ACC TAA AGT for D14R,
and TAC CCC GCG GGG ATT GAG GAC CAG TCG TTG TTT TCC ATC
TTT CCC GAT G for T18R (mutations in boldface). The NTOR mutant
was generated by using the forward primer G ACC ATG GCA AAA
TTA GAG ACT GTT ACT TTA GGT CGA ATC GGG AAA GAT GGA AAA
CAA AC, and the reverse primer A TAC CAT GGT ATA TCT CCT TCT
TAA AG, both containing the Ncol restriction sites. Thus, PCR am-
plification, digestion with the appropriate enzyme, circularization
via ligation, and subsequent transformation into chemically com-
petent E. coli BL21 DE3 pLysS cells (Invitrogen) yielded the desired
constructs. IPTG-induced expression of the Qf coat protein and
purification of the resulting assembled virions proceeded as previ-
ously described."” Protein concentrations were determined by
using the Modified Lowry Protein Assay (Pierce, Rockford, IL, USA).

Azide and alkyne-derivatized Qf: Compounds 3“¢ and 4“° were
prepared as previously described. WT bearing alkynes or K16M
bearing azides at surface-exposed amine residues were prepared
by incubating a 2 mgmL™" solution of protein with 6 mm 3 or 4 in
0.1 m KP; buffer (pH 7) with 20% DMSO overnight at room temper-
ature. The derivatized virions 5 and 6 were separated from excess
reagent by ultracentrifugation by using a 10-40% sucrose gradi-
ent, then isolating the protein bands corresponding to intact viri-
ons, and concentrating by subsequent ultracentrifugation and sol-
vation in 0.1m KP; pH 7 buffer. Size-exclusion FPLC (Superose-6
column) was used to verify the recovery of intact particles in 70-
80% yield.

Peptide synthesis: Peptide synthesis was performed by following
standard Fmoc chemistry by using amino acids (Fmoc-Arg(Pbf)-OH
and Fmoc-Gly-OH), resins (NovaSynTGR for RsG, and Rink Amide
MBHA for Rs, 0.5 mmol scale) and HCTU from Novabiochem (Gibbs-
town, NJ, USA). During synthesis, after the addition of the final
Arg, 7-heptynoic acid or 5-azido-pentanoic acid were coupled to
the elongated peptides to yield azide or alkyne-terminated 1 or 2,
respectively. Peptides were cleaved from the resin with TFA/2% tri-
isopropylsilane for 3 h at room temperature, after which they were
precipitated with Et,0 (50 mL), filtered over a glass frit, washed
with Et,O, eluted with H,0/20% MeCN/0.1% TFA, and the eluant
was finally lyophilized. The crude peptides were purified on re-
versed-phase HPLC, and fractions that corresponded to the sepa-
rated peptides were collected, lyophilized, and confirmed by
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MALDI-MS (1: m/z calcd: 1506.8 Da [M+H]", found: 1508.3 Da; 2:
m/z calcd: 907.1 Da [M+H]*, found: 906.9 Da).

Copper-catalyzed azide-alkyne cycloaddition (CuAAC): CuAAC
reaction to generate WT-(RgG,)os Was conducted under a N, atmos-
phere in a glove box by making a solution containing 0.3 mgmL™'
5 33um 1, 0.17 mm Cu(MeCN),(OTf) (added as a 100 mm stock
solution in acetonitrile), and 0.34 mm sulfonated bathophenanthro-
line in 0.1 m Tris-HCI pH 8 (final volume 3 mL). K16M-(R;)s, was simi-
larly prepared by mixing a solution containing 1.2mgmL™"' 6,
0.5mm 2, 0.5 mm Cu(MeCN),(OTf), and 1.0 mm sulfonated batho-
phenanthroline in 0.1 m Tris pH 8 (final volume 1 mL). The reactions
were agitated by gentle tumbling overnight at room temperature
under N,, and the resulting conjugates were purified and charac-
terized as above.

MALDI-MS of Qf coat protein: A 10m solution of urea (60 pL),
and a 1w solution of DTT (10 pL) were added to the virus-like par-
ticle (20 pg) in 0.1 m KP; pH 7 (40 pL), and the mixture was placed
at 37°C for 1 h. A 100 mgmL™" aqueous solution of iodoacetamide
(100 pL) was then added, and the mixture was left at 37°C for an
additional hour. A 1™ aqueous solution of DTT (50 pL) was added
at room temperature, the mixture was allowed to stand for 10 min,
and the solution was then evaporated to dryness by using a
vacuum microcentrifuge. The samples were resuspended in 0.2%
TFA in H,0O (50 pL) and purified with ZipTips (Millipore) by using
the following solutions in the manufacturer-specified protocol:
wetting solution 50% MeCN in H,O, equilibration solution 0.2%
TFA in H,0, wash solution 0.1% TFA/5% MeOH in H,0, elution so-
lution 5 pL of 0.1% TFA/65% MeCN in H,O. The resulting solutions
of purified peptides (0.5 uL) were spotted onto the MALDI-MS
plate with a saturated solution of sinapinic acid (0.5uL in 1:1
MeCN/H,0).

aPTT Assay: The desired amount of virus capsid in 0.1m KP; pH 7
was added to a 5 ugmL™" solution of porcine heparin (sodium salt,
13.5-15kDa, 174kUg™", EMD Biosciences, 10 uL of), and the
volume was adjusted to 25 uL with 0.1 m KP; pH 7 buffer. Normal
human plasma (40 pL, George King Biomedical, Overland Park, KS,
USA) was then added, and the resulting solution (64 ul) was
added to Platelin LS (50 pL; aPTT reagent, Trinity Biotech, Bray, Ire-
land). The final phosphate concentration was found by control ex-
periments to avoid precipitation of calcium phosphate. The assay
was conducted by using the STart4 Viscosity-based Detection
System (Diagnostica Stago, Parsippany, NJ, USA): the mixture of re-
agents was placed into the cell and allowed to warm to 37°C for
3 min, after which the reaction was initiated by the addition of
21.3 mm CaCl, in HBS (35 pL, composed of 50 mm HEPES, 100 mm
NaCl, and 0.02% NaN;, pH 7.4), and the resulting clotting times
were recorded. Protamine sulfate for control reactions was ob-
tained from MP Biomedicals (Solon, OH, USA).

{ potential measurements: Virus samples were made to
0.01 mg/mL in 25 mMm KP; pH7 buffer, with a final volume of
1.5 mL. Measurements were conducted at 25°C by using a Brook-
haven Instruments Zeta-PALS analyzer. A minimum of eight meas-
urements were recorded and averaged for each sample. The aver-
ages from two independent samples were combined to yield the
final result for each particle.

lon exchange chromatography: Cation exchange chromatography
was performed by using a 1 mL HiTrap SP HP column (GE Health-
care) under the control of an AKTA Explorer FPLC system. The solu-
tions used were A) 10 mm KPi pH 7 and B) 0.5m NaCl. After injec-
tion of the sample and equilibration with A, a linear gradient was
applied that increased the concentration of B from 0-100% over
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40 mL at 0.5 mLmin~". Protein elution was monitored by detecting
UV absorption, with a 260 nm/280 nm ratio of ~2 indicative of
intact Q.
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