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ABSTRACT: By using a combination of experimental and computational
experiments, we demonstrated that a second-generation dendrigraft of poly-L-
lysine neutralizes the anticoagulant activity of unfractionated heparin, low-
molecular-weight heparin, and fondaparinux more efficiently than protamine
does in human plasma, making this synthetic polymer a promising surrogate of

this problematic protein in clinical settings.
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eparins are acidic polyanionic glycosaminoglycans

(GAGs) that are broadly used as intravenous antico-
agulants (Figure 1).'™> Heparins include unfractionated
heparin (UFH), low-molecular-weight heparins (LMWHs),
and the synthetic pentasaccharide fondaparinux. Their
anticoagulant property originates from their binding to
antithrombin III (AT III) and the subsequent potentiation of
AT III toward the inactivation of factor Xa and other serine
proteases.” UFH are used to treat acute thrombotic events and
to maintain blood fluidity throughout the circuits during
procedures requiring extracorporeal circulation such as cardio-
pulmonary bypass and hemodialysis.”* LMWHs and fondapar-
inux are prescribed for the treatment and/or prevention of
deep vein thrombosis and pulmonary embolism.”'’ At the
opposite of the electrostatic potential spectrum, protamine is a
mixture of small (i.e., S kDa) and alkaline polycationic proteins
(Figure 1),"" which neutralize heparins by forming—with
varying degrees of success—inert complexes. In particular, the
protein is systematically administrated for complete UFH
neutralization after cardiac bypass surgery to more than
2,000,000 patients yearly.'” Regarding LMWHs, accidental
overdosage or massive bleeding that may follow administration
of enoxaparin is treated by intravenous infusion of protamine
as a partial reversal agent (i.e., it neutralizes 60% at most of
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enoxaparin’s antifactor Xa activity).13 Finally, protamine is not
an antidote for fondaparinux, where the management of
hemorrhagic complications is primarily supportive.'*

Four major concerns about the therapeutic use of protamine
exist. (1) Protamine has no approved medicinal substitute and
is therefore included in the list of essential medicines by the
World Health Organization.'” (2) As protamine is extracted
from fished salmon milt, its production is limited by the wild
and bred livestock availability. For instance, the radioactive
pollution in Fukushima resulted in a worldwide supply
shortage of protamine in 2012. In addition, active ingredients
extracted from animal source carry the risk of contamination.'®
(3) As mentioned above, protamine has a limited efficacy
spectrum: whereas it potently neutralizes UFH, it is only
partially active against LMWHs and nonactive against
fondaparinux, which both dominate the heparin product
market.'” (4) The therapeutic use of protamine involves
medical risks, related to immune responses and to
pharmacodynamics issues of this exogenous protein. The
incidence of adverse, sometime fatal reactions to protamine has
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Figure 1. Top left: major heparin disaccharide repeat unit. Top right: sequences of four major protamine components P1—P4 extracted from
salmon sperm with basic amino acids underlined, see ref 15. Bottom: schematic representation of first- to fifth-generation DGLs G1—GS, where
each dot represents an L-lysine residue. For a comprehensive study of DGLs three-dimensional structural features from experimental and

computational experiments, see ref 16.

been reported as varying from 0.06% to 10.7%.”° Non-
complexed protamine has also a weak anticoagulant effect at
high doses, requiring careful monitoring,

Thus, the search for alternatives to protamine has a long
history,”" which involves small molecules,”* proteins and
peptides,”*~*° linear and branched polymers,”*~*" and macro-
cycles.”* Still, no potential substitute has reached the market
so far, which rapidly grows, driven by demographics of the
aging population and increased incidence of cardiovascular
diseases.'” Less than a decade ago, dendrigrafts of poly--lysine
(DGLs) joined the family of polycationic dendritic macro-
molecules, sharing structural features with both dendrimers
and hyperbranched polymers (Figure 1).>* In a biomedical
context, the attractiveness of these macromolecules mainly
relies on their straightforward, robust, and green synthesis on a
multigram scale,® as well as their biodegradability,3'5 non-
immunogenicity,”® and low toxicity.”’ On the latter point,
arginine-rich peptides like protamine interact more strongly
with lipidic bilayers than lysine-rich peptides.”® Consequently,
polymers of arginine are toxic to the cells at concentrations
from 800 nM to 50 M, whereas polymers of lysine are only
cytotoxic at higher concentrations (>30 uM).* Recently, we
demonstrated that DGLs are able to efficiently interact with
UFH in a biosensing purpose, allowing—for the first time—
the detection and the quantification of the anticoagulant in
human blood at clinically relevant levels,*’ or its discrimination
against other similar GAGs."' Armed with this success, we
decided to explore the ability of DGLs to replace protamine as
a universal antidote for heparins in clinical settings.

First, we used a well-established heparin assay to benchmark
synthetic (i.e, DGLs) and natural (ie., protamine) heparin
antidotes in buffered water at pH 7.4. UFH was mixed with
Azure A—a cationic dye known as heparin binder whose
absorption spectrum changes upon complexation, a phenom-
enon know as metachromasia—and then the potential heparin
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antidote was added in order to displace the dye and restore its
original color (Table 1).*** The effective concentration

Table 1. M,, Net Charge, ECy,, and CE g, Data for UFH
Antidotes from Azure A-Displacement Assays in PBS 1X
(pH 7.4)

antidote M, (Da)®  net charge® ECq, (uM)® CEg°
protamine 5197 +22 11.7 0.79 £+ 0.02
DGL G1 1950 +7 128 2.79 + 0.01
DGL G2 10081 +41 4.63 0.61 + 0.04
DGL G3 24480 +92 1.70 0.50 + 0.03
DGL G4 70945 +280 0.54 0.48 + 0.02
DGL GS 208994 +727 0.23 0.51 + 0.02

“Accurate M,, and net charges at pH 7.4 for DGLs G1—GS were
extracted from their previously reported potentiometric titrations, see
ref 8. bECSO, effective concentration at which 50% of Azure A is
displaced from its complex with UFH. °CEj, charge excess of
antidote/UFH at which 50% of Azure A is displaced from its complex
along with its standard deviation.

required to displace 50% of Azure A (i.e., ECs, value) was
11.71 uM for protamine and dropped from 128 uM for DGL
G1 to 0.23 uM for DGL GS. More interestingly, the CEg,
value that is the number of positive charges required per
heparin negative charge to achieve 50% displacement of Azure
A,"" was higher for DGL G1—a short linear poly-L-lysine—
than for protamine, while higher generation DGLs displayed
lower CEg, values. Since the CEy reflects the relative ability of
binding per cationic charge, it certainly highlights the
importance of the antidote’s topology, where more flexible
branched architectures in comparison with linear ones possibly
allow the polymers to marshal their charges (vide infra). It also
turned out that, whereas DGL G3 displayed a slightly lower
CEs value than DGL G2, the use of higher generation DGLs
G4 and GS$ did not lead to a significant improvement of these
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Figure 2. Neutralization by various antidotes of three different clinically used heparins at therapeutic concentrations (UFH, 0.3 U/mL; enoxaparin,
0.4 U/mL; fondaparinux, 1.1 U/mL) in human plasma from anti-Xa assays.

CEg, values. It can be related to our previous theoretical
structural studies on DGLs, where we showed that all DGLs—
independently of their generation—displayed adjacent charges
separated by a similar average distance of 8.0 A'® Such a
uniformity in charges’ density could explain similar binding
behavior from branched DGLs G2 to GS. Therefore, we
selected the synthetically more accessible and cheaper DGLs
G2 and G3 as the most promising heparin antidotes for
subsequent biological studies.

We next investigated the performances of DGL G2, DGL
G3, and protamine (as reference) as antidotes for clinically
used heparins in human plasma: UFH, the LMWH enoxaparin,
and fondaparinux. The reversal activity of the antidotes was
assessed in human plasma with the reliable anti-Xa assay
(Figure 2), which is based on the AT III-mediated inhibition of
activated Xa in the presence of heparins as measured by a
chromogenic Xa substrate (STA-Rotachrom assay).**’
Regarding UFH (Figure 2, A), both DGLs G2 and G3 were
more efficient than protamine in neutralizing the anticoagulant
activity, which agrees well with their lower CE, values.*®
Contrary to DGL G2, a sharp paradoxical effect (ie., the
restoration of the anti-Xa activity) was observed for DGL G3
after full neutralization of UFH when the antidote was used in
excess. Coagulation is a complex process involving parallel
positive and inhibitory feedback loops initiated by interactions
between the endothelium, plasma proteins, and platelets.
According to the literature, one may hypothesize that—as for
large cationic dendritic structures such as PAMAMs—DGL
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G3 may disrupt key platelet functions.”” Whatever the
mechanism(s) involved in this observed paradoxical effect
with either UFH or enoxaparin, DGL G3 was therefore
disqualified as a clinically relevant antidote for heparin-based
anticoagulants. Regarding the LMWH enoxaparin, we
confirmed that protamine neutralized ca. 50—60% of its anti-
Xa activity as reported previously (Figure 2B)."” This contrasts
with DGLs G2 that allows to reach ca. 90% of neutralization.
Finally, we tested our lead candidate on fondaparinux, for
which protamine is not an antidote (Figure 2C)."*
Remarkably, DGL G2 was able to neutralize ca. 60% of its
anti-Xa activity, therefore qualifying the dendritic polymer as
universal reversal agent for heparin-based anticoagulants.

In order to obtain structural and energetic information that
could explain the superior neutralization activity of DGL G2 in
comparison to protamine, we performed molecular dynamics
(MD) simulations on their stoichiometric complexes with
UFH (44 saccharide units, Mw = 14.6 kDa), enoxaparin (14
saccharide units, Mw 4.6 kDa), and fondaparinux (S
saccharide units, Mw 1.7 kDa). Using the Amber 18
software package,” long MD trajectories of 2 us in explicit
TIP3P water were collected for the complexes involving the
four known sequences of protamine and eight possible
regioisomers of DGL G2 previously generated (Figure 3, see
the Supporting Information for full computational details).”’
From the postprocessing analysis of each simulation, we
extracted the corresponding charge-normalized free energy of
binding value AGy;ger = AGypina/Neg of the complex, where
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Figure 3. Representative snapshots taken at the end of the MD trajectories for fondaparinux (A), enoxaparin (B), UFH (C), and the stoichiometric
complexes DGL G2:fondaparinux (D), DGL G2:enoxaparin (E), DGL G2:UFH (F), protamine:fondaparinux (G), protamine:enoxaparin (H), and
protamine:UFH (I). Heparins are represented as balls, and antidotes as sticks. For the full set of computed complexes, see the Supporting

Information.

Ng is the average number of electrostatic interactions between
the partners along the trajectory. As testified by their relative
AGyng,efr values, DGL G2 interacts with each anticoagulant in a
more effective way in comparison with protamine (Figure 4).
In the case of UFH, it was possible to verify that the computed
AGyg. ratio of 1.3 between DGL G2 and protamine (Figure
4) perfectly fits its related experimental CEqj ratio (Table 1),
therefore validating the MD simulations a posteriori. Previous
microsecond MD simulations revealed that DGL G2 alone is
unfolded into a myriad of interconverting conformations.'®
This conformational plasticity, which allows to optimize ion
pairing at low enthalpic cost, may explain why DGL G2 is a
superior binder for heparins. In addition, the experimental
decreasing efficacy of both protamine and DGL G2 as the size
of the GAGs decreases (i.e, UFH to enoxaparin to
fondaparinux) could be correlated with the computed
decreasing affinities and average number of electrostatic
interactions N, between the partners (Figure 3), the latter
being also observable from the snapshots of the complexes
(Figure 4). One could also note that the dendrigraft led to a
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much larger deformation of the anticoagulants upon complex-
ation compared to protamine. Such a behavior was coined as
adaptive multivalency by Smith et al,,”> where the individual
charges of both partners are not so well locally optimized for
binding, but the overall flexibility allows them to adapt their
global shape more easily to maximize the total number and
efficiency of contacts between the partners.

In conclusion, we identified a second-generation dendrigraft
of poly-L-lysine to be a broad spectrum antidote for both
unfractioned and low-molecular-weight heparins, as well as
fondaparinux in human plasma. The superior efficacy of the
dendritic polymer in comparison to protamine was demon-
strated to be the result of its ability to more effectively use its
charges. In addition, its abiotic origin, large-scale availability,
nonimmunogenicity, and superior efficacy made this dendri-
graft a very promising candidate for the replacement of the
prevalent protein in clinical settings. Preclinical studies,
including animal testing, are now necessary in order to assess
the product’s pharmacodynamic and safety profile. We are
currently working in this direction.
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Figure 4. Charge-normalized free energy of binding values AGying e
and average number of electrostatic interactions per frame N ¢ for the
36 complexes studied by MD simulations. For each antidote:anticoa-
gulant pair, circles refer to the individual AGynger values, and the
black line to the corresponding mean value.
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