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ABSTRACT: Heparin is a sulfated glycosaminoglycan that is
widely used as an anticoagulant. It is typically extracted from
porcine or bovine sources to yield a heterogeneous mixture that
varies both in molecular weight and in degree of sulfation. This
heterogeneity, coupled with concern for contamination, has led to
widespread interest in developing safer alternatives. Described
herein are sulfated bacteriophage Qf virus-like particles (VLPs)
that elicit heparin-like anticoagulant activity. Sulfate groups were
appended to the VLP by synthesis of single- and triple-sulfated
ligands that also contained azide groups. Following conversion of
VLP surface lysine groups to alkynes, the sulfated ligands were
attached to the VLP via copper-catalyzed azide—alkyne cyclo-
addition (CuAAC). MALDI-MS analysis of the intermediate alkyne

Clotting Time

Cu', THPTA,
ascorbate

P,

VLP indicated that the majority of the coat proteins contained 5—7 of the alkyne linkers; similar analysis of the intermediate
alkyne particles conjugated to a fluorescein azide suggest that nearly the same number of attachment points (3—6) are modified
via CuAAC. Analysis by SDS-PAGE with fluorescent staining indicated altered migration patterns for the various constructs:
compared to the wild-type nanoparticle, the modified coat proteins appeared to migrate farther toward the positive pole in the
gel, with coat proteins displaying the triple-sulfated ligand migrating significantly farther. Clotting activity analyzed by activated
partial thrombin time (APTT) assay showed that the sulfated particles were able to perturb coagulation, with VLPs displaying the
triple-sulfated ligand approximately as effective as heparin on a per mole basis; this activity could be partially reversed by
protamine. ELISA experiments to assess the response of the complement system to the VLPs indicate that sulfating the particles

may reduce complement activation.

B INTRODUCTION

Heparin is a naturally occurring glycosaminoglycan (GAG) of
variable molecular weight (5—30 kDa) and sulfation density,
composed of repeating units of uronic acid and glucosamine
arranged in linear chains on a core protein."” Unfractionated
heparin (UFH) is purified from porcine or bovine tissue as a
heterogeneous mixture of polymers with an average molecular
weight of ~12 kDa>* UFH has been utilized as an
anticoagulant since the 1940s and remains broadly used
today,” especially during cardiac procedures, and for arterial
and venous thromboembolism.”” UFH functions as an
anticoagulant by acting as a cofactor for several serine protease
inhibitors in the inactivation of coagulation serine proteases;®
the most significant of these is the inactivation of proteases
factor Xa (FXa) and thrombin by antithrombin (AT). A specific
pentasaccharide in the heparin polymer binds with high affinity
and causes a conformational change that activates AT,® which
in turn stimulates inactivation of FXa by AT. Thrombin,
however, is only inactivated when the heparin chain is also long
enough to bind both AT and thrombin through a specific
heparin binding site on thrombin,' thus constraining AT and
thrombin together on one heparin chain.
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Despite its clinical ubiquity’ the heterogeneity of UFH
presents significant challenges for use. Most notably, bleeding
complications with UFH treatment are substantial: for example,
of Medicare patients in 2004, 350 000 people nationwide had
adverse heparin events, 5% of which were life threatening."'
Use of UFH can lead to heparin-induced thrombocytopenia,
characterized by enhanced platelet aggregation via a non-
immune (Type I, ~5—30% of patients) or immune-mediated
pathway (Type II, ~1—3% of patients).'> UFH’s heterogeneity
is also a complicating factor for individuals displaying heparin
resistance, with reported incidences as high as 20% of treated
patients."® Thus, the variability in patient response to UFH and
the resulting complex pharmacokinetic profile demands careful
monitoring of individuals during treatment.'* Adding to the
problems of naturally derived heparin is the potential for
contamination with closely related GAGs: in 2007, several
deaths resulted from patients being administered heparin
preparations that were contaminated with the structurally
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Scheme 1. Synthetic Routes for Ligands 1 and 2
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“The first step converts lysine residues to alkynes for subsequent CuAAC reaction with ligands 1 or 2 (R groups), which have azides.

similar chondroitin sulfate.">'® More recently it has been
shown that, depending on the sulfation pattern (“sulfation
code”"”), heparin has varied physiological effects beyond
hemostasis that include roles in carcinogenesis and cell
signaling."'®™>* Thus, heparin’s heterogeneity may also lead
to unwanted off-target effects when used clinically.

The challenges associated with clinical use of UFH have led
to the development of possible alternatives.**** Low molecular
weight heparins (LMWH, ~6000 Da) derived from chemical or
enzymatic degradation of heparin benefit from displaying more
predictable dosing responses and have thus played an
increasingly prominent clinical role in preventing thrombosis,
although their longer half-lives and lack of fully effective
reversal agents (e.g, protamine) are problematic.%'*?%%>
Alternatively, there is currently much research aimed at
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developing synthetic heparins.>> Some investigators have been
successful at partially reproducing sulfated GAG-like activity
with scaled down oligosaccharides using elegant (although
daunting) syntheses.'”**~>® For example, chemical synthesis of
Arixtra, a successfully marketed ultralow molecular weight
heparin (ULMWH) pentasaccharide (1508 Da), requires

upward of S0 steps and yields below 1%.%°~*

More recently
reported chemoenzymatic synthetic schemes for ULMWHs
fare better (30—40% overall yield), although still onerous (10—
12 steps, mg scale) with the additional caveat of requiring
substrates that are recognized by the enzyrnes.‘u’43 Notably, for
all of these compounds, fully effective reversal agents are still
lacking, an important consideration that should be factored into

designing a heparin alternative. (Note that non-GAG small
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molecule anticoagulants have also been developed, e.g,
dabigatran, argatroban. See Schulman®® for some discussion.)

In general, challenges for synthetic heparins include
biodegradability, targeted modifications to vary the number
and position of sulfate groups, and ease of synthesis. Thus,
desired characteristics for potential heparin synthetics include a
biomimetic scaffold that may resemble native GAG structures
while also being biodegradable, a polyvalent structure to exploit
the low affinity—high avidity interactions typical of biological
systems, and precise control over the sulfated ligands presented.
To address these challenges, the work herein describes
chemically tailored virus-like particles (VLPs) using bacter-
iophage Qp as a platform for polyvalent display of sulfation
patterns that may act similarly to heparin. Qf is 28 nm in
diameter with icosahedral symmetry, composed of 180 identical
copies of a 133 amino acid coat protein.** In addition to
fulfilling the criteria outlined above for potential heparin
alternatives, viruses are good candidates for biomedical
applications given that they are designed (by nature) to
interact with physiological targets. Perhaps most attractive is
the particle’s programmed self-assembly, which reliably
generates scaffolds for polyvalent presentations using a
repeating peptide structure that is readily modified via
mutagenesis. Qf in particular has been amenable to both
chemical modification and mutation, and several potential
biomedical applications based on the Qf scaffold have been
investigated.*°~>* Indeed, prior work with QB demonstrated
that mutant VLPs displaying additional positive charges could
act as potent heparin antagonists, providing a potential
alternative to protamine.%’51

Bl RESULTS AND DISCUSSION

Synthesis of Sulfated Ligands. Scheme 1 depicts the
synthetic routes used to generate the sulfated ligands. The
ligand scaffolds were chosen to provide a potentially wide range
of activity while still being relatively straightforward to
synthesize from readily available starting materials. In addition,
azides were installed to exploit copper-catalyzed azide—alkyne
cycloaddition (CuAAC) for subsequent bioconjugation.”>™>* 1
provides a high charge density with likely limited conforma-
tional flexibility due to steric hindrance and electrostatic
repulsion. By contrast, 2 should be far more flexible, thus
allowing it to find optimal configurations to interact with
potential binding partners. Scheme 1 shows that similar
synthetic methodologies can be used for each ligand, resulting
in sodium salts which showed good stability (stored on the
benchtop at room temperature for months without degrada-
tion). Characterization by NMR, IR, and ESI-MS were used to
confirm the identity of the products (see Supporting
Information, Figures S1—S6). Notably, purification of the
pyridine-sulfur trioxide sulfating agent to remove any sulfuric
acid produced from hydrolysis was critical for achieving clean
products in good yields (see Experimental Procedures for
details).

Bioconjugation. The bioconjugation strategy is shown in
Scheme 2. The initial approach focused on targeting 1 and 2 to
surface lysine residues following modification of the side chains
with N-hydroxysuccinimide (NHS) esters. Wild-type Qf has
three surface, highly solvent-exposed lysine residues: K2, K13,
and K16 (the computationally derived relative solvent-
accessibility profile is shown in SI Figure S7). Figure 1 is a
representation of the Qf coat protein derived from the crystal
structure, highlighting these three lysine groups. The remaining

1446

Figure 1. Representation of the QB coat protein showing the three
surface lysine groups targeted for modification with 3. The N-terminal
amine lies close to K2.

four lysines in the coat protein face the interior of the capsid.
Spherical viruses use interior-facing cationic residues to bind
RNA,* with a specific hairpin in Qf binding native genetic
material;***” thus, the internal lysines are likely not readily
modified. In addition to the surface lysines, the N-terminal
amine is also accessible (and immediately adjacent to K2), and
prior work has shown this to be a viable attachment point.>®
Thus, there are four potential surface residues that can serve as
targets for modification by NHS ester reagents.

Reaction of Qp with 3 to generate the intermediate alkyne-
derivatized particle (Scheme 2) was carried out on the
benchtop at room temperature overnight. With all 7 lysines
and the N-terminal amine taken into account, the reaction
contained a 25-fold excess of 3 per amine to promote complete
reaction of surface amines. MALDI-MS analysis (SI Figure S8)
revealed multiple peaks, which are presented in Table 1. Both

Table 1. Summary of Peaks Observed in the MALDI-MS
Spectrum of VLP-3, the Intermediate VLP Displaying
Alkyne Groups

# alkyne linkers caled M obsd M+H* obsd M+Na*
4 14563 14588
S 14673 14674 14698
6 14783 14784 14807
7 14893 14894 14919
8 15003 15011

H* and Na® adducts were detected, with adjacent peaks
corresponding to the same cation adduct approximately
separated by the mass equivalent of the added alkyne linker
group (110 m.u.). The data suggest that at least four alkyne
linkers were added per coat protein, with the majority (by
integration) containing S—7 of the added groups. This indicates
that some internal lysines were also modified, which is
unsurprising given the large excess of 3 used. The reaction
was purified by ultracentrifugation and resuspension of the
pelleted virus in 0.1 M sodium phosphate (NaP) pH 7 buffer
for subsequent attachment of the sulfated ligands.
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CuAAC reactions (Scheme 2) were carried out according to
Hong with a few modifications.>* The concentration of sulfated
ligand in the reactions was markedly higher at 40 mM (cf. uM
concentrations), which was found to be optimal for this system.
Reactions were also performed in an oxygen depleted
atmosphere (i.e., not strictly anaerobic) to minimize generation
of reactive oxygen species through dioxygen reduction by
ascorbate; greater yields were observed for this system in a
reduced oxygen environment. Purification was achieved by
ultracentrifugation to pellet the particles, which were
resuspended in HBS (50 mM HEPES, 100 mM NaCl, pH
7.4) for use in subsequent clotting assays. The integrity of the
particles was analyzed by size exclusion chromatography, which
yielded elution profiles for the sulfated VLPs that were similar
to the unmodified particle (large peak early in the run due to
rapid elution of the relatively large nanoparticle; see SI Figure
S9 for FPLC). Notably, for particles displaying ligand 1 the
elution profile has an additional feature at 24 min; while it is
not clear what this may represent—particles interacting with the
resin, aggregates, etc.—it does not correspond to disassembled
particles as the individual coat proteins are not readily soluble.>
(FPLC of Qf thermally denatured in the presence of MES-SDS
buffer and DTT yielded only a weak signal at 29 min; data not
shown.)

Figure 2 displays results from SDS-PAGE analysis of the
various Qf constructs. The sulfated particles were too dilute for

QB-2
Qp-3

Qp
QB-1

Figure 2. SDS-PAGE of QJ coat proteins. The gel was stained with
the fluorescent SYPRO stain and visualized with UV light. Qf-1 and
Q-2 have ligands 1 and 2, respectively, appended to them via linker 3,
Qp-3 has only linker 3, and Qp is the unmodified wild-type coat
protein (14.1 kDa).

Coomassie staining; thus, the gel was stained using the SYPRO
reagent (a ruthenium dye). The gel was visualized by
fluorescence of the stained protein under a UV lamp. The
image in Figure 2 shows that the wild-type (14.1 kDa) and
alkyne-modified particles appear to migrate similarly; however,
the sulfated particles show different migration patterns.
Particles modified with 2 appear to migrate slightly farther
down the gel, while particles with 1 are markedly shifted
relative to the wild-type. These shifts may have to do with the
added negative charge on the particles, causing them to migrate
farther toward the positive pole of the gel. The fact that
particles with 1 migrate farther than particles with 2 serves to
underscore the electrostatic effect of the triple-sulfated 1
compared to the monosulfated 2. Attempts to further
investigate particle surface charge using anion exchange
chromatography with DEAE-sepharose proved intractable for
unknown reasons.

MALDI-MS of the sulfated particles failed to produce
sufficiently intense signals to definitively quantify the number of
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ligands on the VLPs. The added sulfate groups may affect
ionization or interact unfavorably with the matrices used, or
they may be poorly compatible with the work-up conditions for
the coat protein (see Experimental Procedures for details). As a
proxy, the intermediate VLP-alkyne particle was subjected to
CuAAC reaction with a fluorescein azide (see SI Figure S9 for
FPLC), the product of which was amenable to analysis by
MALDI-MS (SI Figure S10). The data indicate that the
majority of the coat proteins contained three to six fluorescein
molecules, suggesting that bioconjugation efficiency via CuAAC
was high. Given the large hydrophobic structure of fluorescein
it is reasonable to assume that bioconjugation of the smaller
sulfated ligands would be at least as efficient as the fluorescein
reaction. Comparing quantification by MALDI-MS with
absorption of fluorescein (€495 py ~ 70 mM ™" cm™) yielded
a poor correlation, presumably due to an altered extinction
coefficient when the molecule is conjugated close to the VLP
surface (Strable et al.>® discuss some of the issues related to
conjugation of fluorescein to VLPs).

Clotting Assays. The activated partial thrombin time
(APTT) assay was used to evaluate the ability of the sulfated
particles to perturb coagulation. Assays were conducted with
the Stago STart 4 hemostasis analyzer in APTT mode, which
records the time taken for a liquid sample to reach a viscous
gel-like state (i.e, when coagulation is achieved). Samples
contained a mixture of normal human plasma, a platelet
surrogate (Platelin), and the reagent of interest (VLP, heparin)
in HBS buffer (using phosphate buffer causes calcium in the
reaction to precipitate). The resulting data are shown in Figure
3; the y-axis is plotted in terms of relative clotting time to
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Figure 3. APTT assay. Relative times are based on normal clotting
time; for example, a value of 2 represents a trial that took twice as long
to clot compared to the control (~40 s). Note that in the case of
heparin (square points) the x-axis represents nanograms of added
heparin. Error bars reflect a minimum of two trials.

facilitate comparisons between different lots of plasma (e.g., a
value of 2 indicates that clotting takes twice as long compared
to normal clotting). Under the assay conditions used, normal
clotting takes approximately 40—4S s, while clotting reactions
that go beyond 130 s in the presence of anticoagulants typically
yield highly variable data. Notably, while the x-axis is in terms
of micrograms of VLP added to the clotting reaction, for the
heparin reactions the values represent nanograms of added
heparin. All reactions were performed at least in duplicate.

As a positive control, heparin was first evaluated in the APTT
assay. The potency of heparin as anticoagulant can be clearly
seen in Figure 3, with 70 ng yielding clotting times that
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approach three times the normal value. The corresponding
negative control, the unsulfated VLP-alkyne intermediate,
showed virtually no effect on clotting even at 70 ug of added
particle (this agrees with a prior study*®*" that evaluates various
QJ constructs as heparin antagonists). Controls using the bare,
unconjugated ligands in the assay showed no effect on clotting
(evaluated up to 275 ug of added ligand, not shown). In
contrast to the VLP-alkyne negative control, the sulfated
particles showed anticoagulant activity, but to a significantly
differing degree that appears to track with the valency of the
different ligands. The slopes of the lines, representing relative
activity per microgram of added VLP and thus providing a
measure of relative potency, differ by a factor of 23.

While VLP-1 appears quite potent, this is only achieved at
microgram levels whereas heparin is active at nanogram
quantities. However, while 3 orders of magnitude apart on a
mass basis, the calculation on a molar basis is more favorable.
Figure 3 shows that 52.5 ng of heparin (~12 kDa) has APTT
activity equivalent to S ug of VLP-1 (~2.6 MDa): this
corresponds to approximately 4 pmol of heparin and 2 pmol of
nanoparticle.

Protamine titrations were also performed in the APTT assay
to determine if the anticoagulant activity of the potent VLP-1
could be attenuated (SI Figure S11). Assays conducted with
plasma containing 2.6 ug of VLP-1 (1 pmol VLP) had a relative
clotting time of 1.8; this was reduced to 1.4 between 10 and 15
ug (2—3 nmol) of added protamine, while the addition of more
protamine caused a sharp increase in clotting time (as expected
for protamine overdose;**®" SI Figure S12). Thus, protamine
does appear to have some capability of antagonizing the activity
of VLP-1, although the activity is not fully reversible, which is in
contrast to the protamine—heparin interaction (SI Figure S12).
The polyvalent nature of the particle likely permits multiple
protamine peptides to bind the VLP; however, electrostatic
repulsion between adjacently bound protamine may limit this
interaction, thereby preventing full inhibition of VLP activity.

The APTT assay is both reliable and broadly used clinically;
however, it does not give any indication as to which
components in the coagulation cascade may be antagonized
by the VLP. While a full investigation into the mechanism is
beyond the scope of this study, a preliminary experiment was
performed using the HEPtest clotting assay which tests for the
ability of heparin to catalyze the inactivation of exogenous
factor Xa by antithrombin. Data were collected for both VLP-1
and VLP-2 using quantities that gave strong responses in the
APTT assay. The data (SI Figure S13) appear to indicate that
there is a minimal effect of the VLPs on FXa activity; however,
the mild response of heparin in this assay and the significant
scatter observed for the VLP constructs suggest that further
investigations are warranted.

Complement Activation. Nanoparticles are known to
activate the complement system;®* however, heparin is an
inhibitor of complement activation through various mecha-
nisms.> To explore the effect of the VLPs on the complement
pathway, ELISA assays were performed to test for formation of
the terminal complement complex (TCC) which results if any
of the classical, lectin, or alternative pathways are activated.
Prior work using this assay has suggested that a 2—4-fold
increase of the TCC concentration compared to the baseline
value is considered to represent an increased risk of
hypersensitivity reactions, while values above this range indicate
a high risk.®* The data shown in Figure 4 are plotted relative to
the amount of TCC detected in the absence of VLP. Within the
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Figure 4. ELISA complement assay. The y-axis represents the
concentration of the terminal complement complex (TCC) measured
relative to a control sample containing no VLP. Error bars reflect a
minimum of two trials. A sample containing E. coli cell lysate,
anticipated to be a strong activator of complement, yielded a relative
[TCC] of 4.07.

0.5—10 pg range where VLP-1 is effective in the APTT assay
there appears to be a less than 2-fold increase in TCC levels,
whereas the unmodified VLP showed significant complement
activation at 10 yg. (For comparison, E. coli cell lysate yielded a
relative TCC concentration of 4.07.) The ligands on VLP-1
may partially mask the particle from complement activation,
similar to what is known to occur with PEG coatings.é2

B SUMMARY

The emergence of compounds with heparin-like activity based
on alternative scaffolds has shown some promise: examples
include sulfated dextrans that stimulate tissue regeneration and
display antithrombotic activity,65 and polystyrenesulfonates that
activate basic fibroblast growth factors,® with the latter
representing a far simpler structure than the native GAG.
Dendrimer structures have also seen good success®” and likely
represent a more appropriate comparison to the VLP
nanoparticle scaffold described here. With specific focus on
anticoagulant activity, previous work described the synthesis of
terminally sulfated polyglycerol dendrimers which displayed
APTT activity that was 5—8% that of heparin.*®

Herein it has been demonstrated that polyvalent display of
sulfated moieties on a virus nanoparticle scaffold can elicit
heparin-like anticoagulant activity. Followup investigations will
focus on the mechanism of action. In comparison to heparin,
the VLP scaffold is rigid; thus, inhibition of coagulation is not
likely to occur via interaction of the sulfated VLP with
thrombin which requires that, in the case of heparin, both
thrombin and antithrombin be adjacently bound. Regarding
FXa activity, while the HEPtest assay was not conclusive,
alternative assay formats (e.g, chromogenic) may prove
informative. Also, additional biophysical studies (e.g, SPR)
can potentially elucidate specific binding partners for the
sulfated VLPs.

Ultimately the VLP serves as a versatile, malleable tool that
can be used to shed light on both the mechanism and activity of
possible heparin alternatives. Unlike dendrimers where ligand
positioning can be difficult to control, the VLP coat protein can
be readily and reliably mutated to generate nanoparticles with
varied number and spacing of ligand attachment points. Thus,
the effect of sulfation pattern can be readily explored. Further,
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the size of the VLP can be varied, either by making “mini-Qf”
particles® or using an entirely different scaffold (e.g., hepatitis
B virus®®). Exploring ligands more similar to native GAG
structures (e.g, glucose derivatives) provides yet another
possibility to diversify the VLP construct. Such diversity
provides an opportunity to generate a selective nanoparticle
that preferentially interacts with components in the coagulation
cascade; for example, the known interaction that heparin has
with AT can potentially be modeled onto the VLP surface to
create a potent and selective polyvalent AT-binding particle.

B EXPERIMENTAL PROCEDURES

3-Prop-2-ynyloxy-propionic acid 2,5-dioxo-pyrrolidin-1-yl ester
(3) and tris(3-hydroxypropyltriazolylmethyl)amine (THPTA,
4) were purchased from Click Chemistry Tools. Heparin was
purchased from Sigma (H3393, 198 USP units/mg). All other
reagents were purchased from Fisher Scientific and VWR unless
otherwise stated.

Protein concentrations were determined by modified Lowry
assay (Fisher), except for the sulfated VLPs which were
quantified using the Bradford assay (Fisher). Using the Lowry
assay for the sulfated particles gave inordinately high values for
the protein concentration, which was corroborated via protein
gel and quantitative staining with the SYPRO reagent (see
below). Presumably the added sulfate groups interfered with
the assay.

VLP Expression and Purification. Wild-type VLPs were
expressed using the pQE-60 plasmid (Amp resistance)
harboring the gene for the coat protein (133 amino acids) in
E. coli methionine auxotroph cells (Kan resistance) kindly
provided by the Tirrell lab (Caltech). A non-auxotroph strain
could also be used, but we have consistently produced high
yields with this system and so continue to use it.

Five milliliter overnight cultures of each VLP in SOB media
(Fisher) at 37 °C with the appropriate antibiotics were diluted
the following morning 100-fold into MDG media supple-
mented with 100 mg of methionine per liter of culture. MDG
media was made exactly as described.”® Four hours post-
dilution, IPTG was added to each culture to a final
concentration of 1 mM. After growing for an additional 8 h
at 37 °C, the cells were harvested by centrifugation (4000 rpm
for 10 min at 4 °C, Beckman JA-10 rotor) and the pellets stored
at =20 °C.

The following protocol was applied to cell pellets derived
from 500 mL of media. The pellets were thawed on the
benchtop for 10 min and then resuspended in 30 mL of 50 mM
sodium phosphate (NaP) pH 7 buffer. One milligram each of
DNase, RNase, and lysozyme were then added, and the pellets
were left on the benchtop with occasional swirling for 10—15
min. The mixture was then sonicated on ice with a 30% duty
cycle, ~1 min per round of sonication until the mixture was
fluid (typically 3—S rounds). The mixture was then centrifuged
at 4 °C for 15 min at 14 000 rpm using a JA-17 rotor. To the
supernatant, an equal volume of a 1:1 CHCl;:n-butanol
solution was added, mixed thoroughly, and then centrifuged
at 1000 rpm for 2 min using a tabletop centrifuge to separate
the layers. The top aqueous layer was recovered, and to this
ammonium sulfate was added, approximately 8 g per 30 mL of
solution (0.265 g/mL). The mixture was placed on a rotator in
the fridge (4 °C) for at least 1 h, followed by centrifugation at
14000 rpm for 15 min using a JA-17 rotor. The supernatant
was carefully discarded, and the pellet resuspended with 2—3
mL of 50 mM NaP pH 7 buffer. The solution was then
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centrifuged again using a JA-17 rotor at 14 000 rpm for 15 min,
and the supernatant was recovered and loaded onto a 10—40%
sucrose gradient made in S0 mM NaP pH 7 buffer, which was
centrifuged for 6 h at 25000 rpm using a SW-27 swinging
bucket rotor in a Beckman ultracentrifuge. After centrifuging,
the gradients were visualized in a dark room with the sucrose
solution illuminated from above with an LED light: typically, a
dense band in the middle of the gradient is observed,
corresponding to VLPs. This band was collected and spun
down using a Beckman 70Ti rotor at 40 000 rpm and 6 °C for
approximately 2 h. The clear pellet was resuspended in buffer
and assayed for quantity and purity of the VLPs. Note that pure
(unmodified) VLPs typically yield a clear pellet; if a yellow tint
was observed, the sucrose gradient and subsequent pelleting
steps were repeated.

Synthetic Protocols. Synthesis of 1. 0.25 g (1.26 mmol)
of 2-(bromomethyl)-2-(hydroxymethyl)-1,3-propanediol (1a)
and 0.15 g (2.31 mmol) of sodium azide were dissolved in
anhydrous DMF and refluxed at 120 °C for 24 h. The reaction
was then concentrated under reduced pressure and the residue
taken up in THF. The suspension was filtered to remove excess
sodium azide. The filtrate was then again concentrated, the
THF wash repeated, and the filtrate finally concentrated to
yield 1b as a straw-yellow oil. The product was confirmed using
IR (azide stretch at 2100 cm™) and NMR (singlets at 3.25 and
3.45 ppm in D,0, integrate 1:3, respectively).

Persulfation was achieved using pyridine-sulfur trioxide,
which was repurified before every reaction by washing as
follows. The powder was placed in a fritted glass funnel and
first washed using ice-cold distilled water until the pH of the
filtrate reached ~5—6. The powder was then dried by washing
sequentially with cold ethanol, dichloromethane, and finally
diethyl ether. The final purified reagent is a white powder which
is fluffy upon drying thoroughly; this was used immediately for
sulfation. In an oven-dried flask 0.1 g of 1b (0.6 mmol) and 1 g
of purified pyridine—sulfur trioxide (6 mmol) were dissolved in
anhydrous pyridine, and the mixture was left to stir at 60—70
°C for 4 h. The reaction was then concentrated under reduced
pressure, followed by dilution with 30 mL of distilled water.
The mixture was placed on ice: to the solution 5% aqueous
NaOH was added dropwise until the pH of the solution
reached approximately 9. The mixture was then concentrated
under reduced pressure to yield a tan-yellow solid (1),
characterized using IR (azide stretch at 2100 cm™" and sulfate
stretch at 1200—1300 cm™"), NMR (singlets at 3.45 and 3.90
ppm in D,O0, integrate 1:3), and ESI-MS in negative ion mode
([M-Na]~, calc 444.3, found 443.7). To account for any
residual salt in the final preparation, the quantity of product in
the mixture was quantified by NMR using S pL of added
pyridine as an internal standard.

Synthesis of 2. 0.722 mL 6-bromo hexanol (2a; 1.0 g, 5.5
mmol) and 2.87 g sodium azide (44 mmol) were combined in
anhydrous DMF overnight at 120 °C. The reaction was then
concentrated under reduced pressure and resuspended in water.
Hexanes were used to extract the organic product, which was
washed several times with brine. The organic layer was then
dried and concentrated under reduced pressure to yield 2b. The
product was confirmed using IR (azide stretch at 2096 cm™")
and '"H NMR (CDCl,, 300 MHz): 1.46 ppm (4H, m), 1.64
ppm (4H, m), 327 ppm (2H, t), 3.65 ppm (2H, t).

Sulfation was achieved by adding 3.5 g (22 mmol) of purified
pyridine sulfur trioxide (see purification protocol above) to a
stirred solution of 2b (0.3g, 2 mmol) in pyridine for 4 h at 60—
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70 °C. The solvent was evaporated under reduced pressure and
the reaction resuspended in a minimal amount of water.
Following cooling of the mixture on ice, concentrated sodium
hydroxide was added until a pH of ~9 was reached to generate
the sodium salt. The remaining pyridine was extracted with
heptanes and the aqueous layer concentrated under reduced
pressure to provide 2. IR stretches at 2100 and 1200 cm ™" were
observed for the azide and sulfate, respectively. "H NMR (D,0,
300 MHz): 1.45 ppm (4H, m), 1.60 ppm (2H, m), 1.70 ppm
(2H, m), 3.35 ppm (2H, t), 4.12 ppm (2H, t). ESIMS in
negative ion mode [M-Na]™: calc 222.3, found 221.9. As for 1,
quantification was by NMR with pyridine.

Bioconjugation. Lysine side chains on the surface of Qf
were first converted to alkyne moieties. To a 1275 uL solution
of VLP in 0.1 M NaP pH 7 bufter, 145 uL of DMSO were
added followed by 80 uL of a 444 mM stock of 3 in DMSO for
final concentrations of 15% DMSO and 2 mg/mL VLP. The
reaction was left to mix gently on a rotator overnight at room
temperature. The mixture was then ultracentrifuged (Beckman
70Ti rotor, 40000 rpm for 1 h at 6 °C) to pellet the VLP,
which was then resuspended in NaP pH 7 buffer.

CuAAC reactions were performed as described by Hong,
optimized for the reactions herein.>> Buffers were bubble-
degassed, and reactions were set up in a spherical argon-filled
chamber (“glove globe”) to reduce the oxygen content of the
reaction. For each CuAAC reaction, the following reagents
were added in this order, with the final volume made up to 1.5
mL using NaP pH 7 buffer: 2 mg of Qf modified with 3 in 0.1
M NaP pH 7 buffer (1305 uL total), approximately 40 mM of 1
or 2 from aqueous stock solutions, a 45 pL mixture that
contained 15 uL of 20 mM CuSO, and 30 uL of 50 mM
THPTA, 75 uL of 100 mM aminoguanidine, and 75 uL of 100
mM sodium ascorbate in water. The reactions were allowed to
mix on a rotator overnight on the benchtop, followed by
ultracentrifugation to pellet the particles which were then
resuspended in HBS buffer (50 mM HEPES, 100 mM NaCl,
pH 7.4). CuAAC reaction of 6-carboxyfluorescein-TEG azide
(Berry and Associates, FF 6110) was performed similarly: 5.8
mg were dissolved in 50 yL of DMSO and added to the
reaction in place of 1 or 2.

MALDI-MS Analysis. Approximately 50 pg of VLP were
denatured in 100—150 pL of a solution containing 6—8 M urea
and 50 mM dithiothreitol at 37 °C for 1 h. The reactions were
then cleaned with C18 reverse-phase ZipTips (Millipore)
according to the manufacturer using the following solutions
made with Milli-Q water: equilibration solution 0.2% TFA,
wash solution 0.1% TFA/5% methanol, elution solution 0.1%
TFA/65% acetonitrile, wetting solution 50% acetonitrile. The
final elution volume was S pL. Matrix solutions for MALDI-MS
were made by saturating a 50% acetonitrile/0.1% TFA solution
with sinapinic acid.

SDS-PAGE. Electrophoresis was performed using the XCell
SureLock Mini-Cell, NuPage 4—12% bis-Tris 12-well gels, and
staining with the ruthenium-based fluorescent SYPRO stain
according to the manufacturer (Life Technologies). For
quantification by gel, a BSA ladder was made using a 2 mg/
mL standard solution (Pierce) with quantities ranging from 80
to 1000 ng loaded into each lane. Quantification was achieved
by visualizing the gel under UV light and integrating the
observed intensities using a UVP workstation with LabWorks
software.

APTT Assay. Clotting assays were performed using the
Stago STart 4 hemostasis analyzer. The desired amount of VLP
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(and protamine if required) in HBS buffer was diluted to a
volume of 55 yL with HBS bufter. This solution was placed into
the reaction cell along with 40 uL of normal human plasma
(George King Biomedical), and 50 L of Platelin (TriniCLOT
from Tcoag). The cell was placed into the analyzer set at 37 °C
and allowed to incubate for 3 min. Clotting was then initiated
by adding 10 uL of 100 mM CaCl, in HBS, and the clotting
time was recorded. Reaction times beyond 130 s were highly
irreproducible, thus concentrations were chosen to keep
clotting times under this value.

HEPtest Assay. The HEPtest kit was purchased from
Sekisui Diagnostics and the assay was performed according to
the manufacturer’s instructions, with the following modifica-
tions. Samples consisted of S0 uL VLP or heparin solution in
HBS buffer, 50 4L of normal human plasma, and 100 uL of FXa
solution; the mixture was allowed to incubate at 37 °C for 2
min. 100 yL of RECALMIX were added to initiate clotting.
Assays were performed with the Stago STart 4 hemostasis
analyzer.

Complement Assay. The MicroVue SCS5b-9 Plus EIA kit
(Quidel, 96-well format) was used to assay for complement
activation following the manufacturer’s protocol. Samples
consisted of 5 yL of normal human plasma, and a volume of
VLP in HBS buffer that amounted to the desired mass of added
VLP. After incubating the samples at 37 °C for 30 min, the
solutions were diluted to 100 xL using the Specimen Diluent
supplied with the kit; the entire 100 uL were applied to the
wells of the plate. Absorption measurements were read at 450
nm with a 96-well plate reader (Biotek ELx50), which was also
used to perform the washing steps. Terminal complement
complex (TCC) concentrations were calculated based on a
linear fit of the standard curve generated using the standards
supplied with the kit. Data points represent at least duplicate
measurements and are plotted as TCC concentration relative to
that observed in the absence of VLP (a blank sample containing
only buffer).
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