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We demonstrate quartz crystal microbalance as a novel
method to quantify reaction yields and stability of the
terminal conjugation of chemically complex molecules. Oxime
ligation is identified as a facile, broadly applicable method for
the reducing-end conjugation of glycosaminoglycans that
overcomes the limited stability and yield of popular
hydrazone ligation.

Linear polysaccharides known as glycosaminoglycans (GAGS) are
ubiquitous cell surface and extracellular matrix components and
fulfill crucial biological functions. Advanced screening applications
(e.g. glycan microarrays® 2), functional molecular and cellular
assays,® as well as biosensors and biomaterials® require the
attachment of GAGs to surfaces or other scaffolds (e.g. with a biotin
that can be anchored to biotin-binding proteins). In this regard, site-
specific conjugation through the reducing end is desirable, as it
effectively mimics the cell surface presentation of GAG motives and
avoids alteration of GAG-protein interactions by chemical
modifications along the GAG chain, or by surface-imposed
conformational or spatial constraints.®

An important but still underestimated challenge with the
conjugation of GAG-derived oligosaccharides, and in particular
polymeric GAGs, is the characterization of the reaction products.
The often low isolation yields from natural sources, the GAG’s
hydrophilic nature and lack of a suitable chromophore, and the
GAG’s acidity, fragility, polydispersity and heterogeneous sulfation
make their characterization not readily amenable by NMR, reverse-
phase HPLC and mass spectrometry,® respectively.

Here, we demonstrate that quartz crystal microbalance with
dissipation monitoring (QCM-D), a surface-sensitive technique
popular for biosensing applications, enables quantitative analysis of
conjugation yields and stability with a few micrograms of GAGs of
arbitrary complexity. To this end, we compared the biotinylation of
GAGs via two different chemoselective ligation chemistries
(Scheme 1A).” Hydrazone ligation has become the most frequently
used strategy for GAG functionalization.® &% ! Oxime ligation (for
selected references, see '2), on the other hand, has only rarely been
applied to polysaccharides,*® and to our knowledge not to GAGs. We
show that conventional hydrazone ligation is inefficient, in particular
for long GAGs, due to a low yield, and confirm that hydrazone
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conjugates are unstable in aqueous environment.** ** In contrast,
oxime ligation emerges as a facile, rapid and efficient method that
provides conjugates with higher stability and can be broadly applied,
i.e. for different GAG types and for oligosaccharides as well as
polymeric GAGs of high molecular weight.
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Scheme 1. (A) Strategies adopted for the biotinylation of GAGs at their reducing
end, exemplified with a selected HS. Conditions: (a) 1 (0.33 mM), 4 (10 mM),
PBS, pH 7.4, RT, 48 h; (b) 1 (4 mM), 5 (3.4 mM), aniline (100 mM), acetate buffer
(100 mM), pH 4.5, 37°C, 48 h. (B) Library of biotin conjugates of the GAGs HS and
HA of various size, prepared using oxime ligation. HS consists of GIcA B (1—4)
GIcNAc « (1—4) disaccharides; X can be either H or SO3H; Y can be either Ac or
SOsH. HA is unsulfated and consists of GlcA B (1—3) GIcNAc B (1—4)
disaccharides. R = remaining GAG chain.

The reducing terminus of GAGs can selectively react with biotin
derivatives presenting aminooxy or hydrazide groups to provide
oxime and hydrazone linkage, respectively. For oxime ligation, the
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reaction was successful only by using aniline as a catalyst as
described previously.’* To reproduce a commonly reported
protocol,™ & 1% 1 we did not use aniline for hydrazone ligation,
although this compound is known to enhance also this reaction.'” We
created a library of biotin-conjugates through oxime ligation,
containing GAGs of different type and defined chain length (Scheme
1B): hyaluronic acid (HA; oligosaccharides with 2 and 5
disaccharide units (dp4, dp10), and a 360 kDa polysaccharide) and
heparan sulfate (HS; dp6, dp8, dpl0, dpl2, and a 12 kDa
polysaccharide).

For b-HA _dp4 10, mass analysis (Fig. S1) demonstrated that one
biotin molecule is attached per HA while NMR analysis (Fig. S2)
confirmed that the biotin is attached at the reducing end, forming E
and Z oxime isomers in a 73/27 ratio. Notably, these conventional
characterization methods did not provide useful information for any
of the other compounds produced.
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Figure 1. Binding assay to study the yield and stability of hydrazone and oxime
conjugation. (A-B) QCM-D frequency shifts, Af, obtained for the specific binding
of 2 (A) and 3 (B), stored at 4°C for variable times (as indicated), on streptavidin-
coated surfaces (schematically shown in the inset). Samples were incubated for
10 min (from 2 to 12 min) at a total GAG concentration of 50 ug/mL, which was
followed by exposure to buffer solution. (C-D) Parametric plots of QCM-D
dissipation shifts, AD (not previously shown) vs. Af (from A and B, respectively).
The plots inform about the evolution of the HS film mechanical properties and
morphology with increasing surface coverage. All curves had comparable shapes,
indicating that all compounds tested generate comparable film morphologies at
a given surface coverage.

To characterize the conjugation of more complex GAGs, we
exploited the high affinity of the streptavidin (SAv)-biotin
interaction,® *® and followed the binding of GAGs to surfaces
displaying a SAv monolayer (Fig. 1B, inset) by QCM-D (Fig. S3).
Figure 1A-B illustrates the differences in the stability of biotinylated
HS (b-HS made from 1, ~22 disaccharides) prepared through
hydrazone and oxime ligation, 2 and 3, respectively, as a function of
storage time (up to two months) at 4 °C. The binding of b-HS
samples was evaluated by two different parameters: the QCM-D
frequency shift at saturation (Afy; proportional to the areal mass
density of immobilized b-HS (Fig. S4)) and the maximal binding
rate (Af/At; proportional to the concentration of b-HS in the sample
solution (Fig. S5A)). The magnitudes of Afg and Af/At decreased
appreciably with increasing storage time for b-HS hydrazone (Fig.
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1A), whereas only minor changes were observed for b-HS oxime
(Fig. 1B). Moreover, the magnitudes of Af and Af/At for 2 were
lower than for 3, even when de-frozen aliquots were used
immediately. We argue that these effects are the result of the release
of biotin upon degradation of the conjugates, i.e. the hydrazone but
not the oxime is already appreciably degraded immediately after
purification, and further degrades upon storage at 4 °C.

To understand this, we note that the QCM-D responses in Fig. 1
are exclusively due to binding of intact b-HS. Biotin-free HS did not
bind (Fig. S3) and free biotin (produced as the result of degradation)
did not by itself give rise to a measurable signal (Fig. S6). A
decrease in the magnitude of Afg,, therefore, is consistent with
partial occupancy of the surface with b-HS and saturation of the
remaining binding sites by free biotin (Fig. S7). Further analysis of
the QCM-D responses, including the dissipation shift AD, in terms
of so-called AD vs. Af curves (Fig. 1C-D) revealed invariant curve
shapes, indicating that the film morphology (at a given surface
coverage) was comparable for all compounds tested. A plausible
explanation is that the composition of the film in terms of the HS
molecular conformation or size distribution is not altered by the
degradation or the type of conjugation. This implies that degradation
of b-HS occurs exclusively through cleavage of the bond that links
biotin to HS, which is due to the hydrolysis of hydrazone (and to a
much lesser extent oxime) under physiological conditions.**

We note in passing that the biotin released upon degradation
would occupy a fraction of the available binding site on any biotin-
capturing surface. This influences the surface density of immobilized
GAGs, and thus entails a limited reproducibility of surface
functionalization. This shortcoming needs to be considered, for
example, in solid-phase molecular binding assays such as by surface
plasmon resonance.!!1°
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Figure 2. (A) Quantification of active analyte concentrations from QCM-D binding
assays. The ratio of the slopes of the extended linear binding regimes (black lines
are linear fits), here shown by way of example for freshly de-frozen b-HS
hydrazone 2 (red line) and b-HS oxime 3 (blue line) (data from Fig. 1), is
proportional to the ratio of the analytes’ active concentrations. (B) Fraction of
intact b-HS as a function of storage time at 4°C for 2 (red squares) and 3 (blue
circles), determined through comparison of binding rates (data from Fig. 1). Error
bars represent variations in the slopes observed for three independent
measurements under identical conditions. Freshly de-frozen b-HS oxime 3, for
which the active analyte concentration was determined independently (Fig. S5),
was used as a reference.

For a quantitative analysis of reaction yields and degradation
rates, we determined steady-state binding rates (Figs. 2A and S5A)
through linear fits to appropriate portions of the binding curves in
Fig. 1A-B. At steady state, binding is mass-transfer limited, and with
total HS concentrations and flow conditions maintained unchanged
in our assay, any decrease in the binding rate reflects a proportional
decrease in the concentration of intact b-HS in the probed solution
(Figs. 2A and S5A).% From the binding rate of freshly de-frozen 3
and through comparison with a reference molecule of known
concentration we could estimate the reaction yield of oxime ligation
(Fig. S5); comparison of the binding rates in Fig. 1 then yielded the
fraction of intact b-HS in all probed solutions (Fig. 2). The fraction
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of biotinylated analyte in the freshly de-frozen 3 was 54 + 8%. This
value was confirmed by weighing 10 (which in contrast to larger
GAGs could be readily separated from non-biotinylated GAGs; Fig.
S1). The activity of freshly defrozen 2 was almost 5-fold smaller
than that of 3, indicating that reaction yields are considerably
improved for oxime ligation (Fig. 2B). The 5-fold improvement in
yield was confirmed by dot-blot analysis (Fig. S8). Moreover, the
fraction of intact 2 decreased by another 5-fold over 60 days of
storage at 4°C, indicating substantial degradation, whereas 3 was
only marginally degraded over the same time interval (Fig. 2B).

Concerning the GAGs of various chain length, a clear trend in
the Af values at saturation (Figs. 3A for HS and 3B-C for HA) and in
the AD vs. Af curves (Fig. 3D-F) as a function of size confirmed that
QCM-D curves are indeed sensitive to variations in molecular
weight. Differences in molecular weight, as small as one
disaccharide for oligomeric GAGs, can be readily distinguished
through AD vs. Af curves (Fig. 3D, inset). Thus, the AD vs. Af
curves represent a useful tool that provides insight into sample
composition. HA_dp10 8 bound to SAv monolayers with a response
similar although not identical to HS_dp10 11 (Figs. 3B and E). We
propose that the slightly stronger Af shift for 8 over 11 reflects an
increased film thickness, resulting from a stronger repulsion between
the sulfated and thus more highly charged HS chains in 8. Notably,
even the long HA polymer 12 with ~900 disaccharides could be
readily biotinylated (Fig. 3C), indicating that the polymer length
does not affect conjugation.
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Figure 3. QCM-D binding assays for HS (A) and HA (B-C) of various sizes (as
indicated). All GAGs were conjugated with biotin via oxime ligation. Data for 8 is
also shown in B to facilitate comparison with 11. Incubation conditions were as
described in Fig. 1, except for 12, which was incubated from 5 to 110 min. (D-F)
AD vs. Af curves corresponding to A-C, respectively; the inset in D shows a part of
the data at higher magnification. The magnitude of the slope of the AD vs. Af
curves increases as a function of GAG size, indicating that larger GAGs generate a
softer film.!

In summary, QCM-D together with a suitably functionalized
sensor surface has proven instrumental for the characterization of
conjugates made from chemically complex molecules such as
GAGs, providing information about reaction vyields, sample
degradation and sample composition that is difficult to assess with
conventional analytical techniques, in particular when the amount of
sample is limited to a few micrograms. Moreover, we have
established oxime ligation as a facile, one-step method for the
selective conjugation of GAGs at the reducing end. The method is
superior in yield and stability to the commonly used hydrazone
ligation, and versatile in that it can be applied to GAGs of various
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(most likely any) types and sizes. The methods should find broad
use, as tools in the glycosciences and in biotechnological
applications. In particular, the control over and stability of GAG
conjugates is crucial towards the reliable preparation of GAG-
functionalized surfaces and scaffolds for tissue engineering and
fundamental biological studies.?
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