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Fabrication of Carbohydrate Surfaces by Using
Nonderivatised Oligosaccharides, and their Application to
Measuring the Assembly of Sugar-Protein Complexes

Jonathan F. Popplewell,*® Marcus J. Swann,” Yassir Ahmed,™ Jerry E. Turnbull,® and

David G. Fernig™

Surface-based tools, such as microarrays and optical biosen-
sors, are being increasingly applied to the analysis of carbohy-
drate-protein interactions. A key to these developments is the
presentation of the carbohydrate to the protein target. Dual
polarisation interferometry (DPI) is a surface-based technique
that permits the real-time measurement of the changes in
thickness, refractive index and mass of adsorbates 100 nm
thick or less on the surface of a functionalised waveguide. DPI
has been used to design and characterise a surface on which
the orientation and density of the immobilised carbohydrates
is suitable for studying their interactions with proteins and
where nonspecific binding is reduced to less than 5% of total
binding. A thiol-functionalised surface was derivatised with a
heterobifunctional crosslinker to yield a hydrazide surface. This
was treated with oligosaccharides, derived from keratan sulfate
(KS) chondroitin sulfate (CS) and heparin, that possess a reduc-

Introduction

Due to the large number of saccharide building blocks and the
variety of linkages between them, glycans have an enormous
potential to carry information, far exceeding that of nucleic
acids or proteins." In animals, this information space has been
exploited in the regulation of cell-cell communication, with
the glycans of the cell surface and pericellular matrix intimately
involved in the regulation of virtually all aspects of cell-cell
communication. For example, over 250 extracellular regulatory
proteins in humans have been documented to bind to the gly-
cosaminoglycans heparin and heparan sulfate, and these inter-
actions modulate the activities of these proteins.”?

The synthesis of carbohydrates is not template-driven, and
their structural complexity combines to make the elucidation
of their functions extremely challenging. This has led to the
development of new tools and techniques for this purpose. Ex-
amples include new sequencing strategies,®* spectroscopic
analysis of conformation®™® and the increasing application of a
range of sensitive surface-based techniques, such as glycoar-
rays"® and optical biosensors.”) These surface-based ap-
proaches are attractive, since they afford sensitivity and the
potential for the high-throughput analysis of interactions.

A key challenge in fabricating carbohydrate surfaces is the
establishment of reliable and reproducible chemistries for the
immobilisation of the oligosaccharides onto a solid substrate
while retaining their functionality. A number of different strat-
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ing end. To block the unreacted hydrazide groups, the surface
was treated with an aldehyde-functionalised PEG. The heparin
DP-10 surfaces were then used to determine the performance
of the immobilised DP-10 with respect to binding of two well-
characterised proteins, lactoferrin (Lf) and fibroblast growth
factor-2. The results show that Lf could adopt two different ori-
entations, at high protein loadings the protein layer thickness
corresponded to an “end-on” orientation of Lf, whilst rinsing
with buffer saw the Lf molecules adopt a “side-on” configura-
tion. In the case of FGF-2, a single monolayer of protein bound
to DP-10 was observed. These results demonstrate that the
new surface can be used to resolve key questions relating to
the binding of proteins to carbohydrates, including, when
used in DPI, the resolution of the geometry of complexes, an
area that is frequently controversial.

egies have been employed to immobilise carbohydrates on
surfaces. One approach is simply noncovalent adsorption of
negatively charged glycosaminoglycans on positively charged
surfaces,"” but this has the obvious drawback that binding
sites on the sugar might be obscured and the underlying sur-
face might present adventitious binding sites for the basic
patches on proteins that commonly interact with this class of
polysaccharides. Alternatively derivatised oligosaccharides have
been used, for example carbohydrate chips have been pre-
pared by the Diels—Alder-mediated immobilisation of carbohy-
drate-cyclopentadiene conjugates to self-assembled monolay-
ers that present benzoquinone and penta(ethylene glycol)
groups." Other researchers have employed an alkyne-func-
tionalised glass surface with the derivatised sugar attached by
an azide coupling.? Attachment of oligosaccharides to thiol
surfaces through the formation of mercury-sugar adducts"
has been performed with the addition of mercury to the non-
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reducing end of heparin oligosaccharides produced A)
by lyase digestion. Maleimide-functionalised sugars
have been attached to thiol surfaces," and the op-
posite route of thiol-functionalised sugar addition to
maleimide surfaces has also been utilised.">'® Other
amine chemistry strategies have involved coupling
amine-functionalised sugars to N-hydroxysuccini-
mide (NHS) surfaces"” or reductive amination of al- C)

dehydes on amine-functionalised surfaces."® A com- o

monly employed modification is the biotinylation of
heparin at different parts of the heparin molecule,
namely coupling through either carboxylate groups
or unsubstituted amines along the heparin chain or
through the reducing terminus of oligosaccharide
heparin chains.”’*?" The results of these studies
suggest that the route of heparin biotinylation could
significantly affect the binding of proteins.”?

We have developed an oligosaccharide-immobili-
sation strategy for orientated coupling of oligosac-
charides. This strategy incorporates the direct immo-
bilisation of oligosaccharides through their reducing
ends onto a hydrazide-functionalised surface and
the blocking of unreacted hydrazides with an alde-
hyde-functionalised poly(ethylene glycol) (PEG-CHO).
By monitoring the progress in real-time by dual-po-
larisation interferometry (DPI), it was possible to de-
termine, at each step, the density and orientation of
the groups attached to the surface. Surfaces with oli-
gosaccharides derived from a range of glycosamino-
glycans were prepared: heparin, keratan sulfate (KS)
and chondroitin sulfate (CS). Surfaces prepared with
a decasaccharide (degree of polymerisation 10; DP-
10) from heparin were then analysed in detail with
respect to the binding of lactoferrin and fibroblast
growth factor-2 by using dual-polarisation interfer-
ometry. The data show that binding of these pro-
teins is compatible with the known structures of their com-
plexes with glycosaminoglycans and, furthermore, that FGF-2
only forms monomers on these oligosaccharides.

E)

Results and Discussions

Quantifying covalent coupling of linker and
oligosaccharides to the surface

The thiol surface was modified by the sulfhydryl-reactive
heterobifunctional crosslinker BMPH (Scheme 1 A) to yield alde-
hyde-reactive terminal hydrazide functional groups. The hydra-
zide functional group displayed on the surface can then effi-
ciently react with the reducing end of the oligosaccharide
(Scheme 1B), with the sugar displayed in a predictable orienta-
tion. The mechanism for the coupling reaction is given in
Scheme 1E.

The assembly of the BMPH linker and subsequent oligosac-
charide layer can be followed in real-time; a typical reaction
profile is shown in Figure 1. The BMPH linker was added at
3 min and, following PBS washing (t=17 min), formed a layer
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Scheme 1. A) The heterobifunctional crosslinker N-[3-maleimidopropionic acid] hydra-
zide, trifluoroacetic acid salt (BMPH).
decasaccharide obtained by nitrous acid scission can be represented by UA(2S)-
[GIcNS65-1doA2S],-AManng6S, where UA = uronic acid residue and AMannR =anhydro-
mannose residue. The basic heparin disaccharide repeat unit of GIcCNS6S-1doA2S is dis-
played as (B). C) The basic repeat unit of keratan sulfate, N-acetylglucosamine and galac-
tose. D) The basic repeat structure of chondroitin sulfate, glucuronate and N-acetylgalac-
tosamine. E) Complete coupling reaction for BMPH with a reducing sugar.

B) The predominant repeating structure of a heparin
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Figure 1. Changes in surface coverage and dimensions of BMPH and heparin
as the oligosaccharide surface is formed. The BMPH linker was added at ca.
t=3 min, and, following PBS washing, the heparin was added at 21 min.
After 70 min, the surface was washed with PBS.

with a surface coverage of 3.0 ngmm™ and a thickness mea-
sured at 5.2 nm. The addition of oligosaccharide was started at
21 min; upon addition of the heparin solution the change in
pH from 7.4 to 5 causes the measured thickness of the layer to
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decrease and the measured density to increase, an effect of
the bulk refractive index change. From 20 to 70 min the hepa-
rin was observed to bind, gradually increasing the surface cov-
erage. At 70 min, the flow cells were washed with PBS at
pH 7.4, which reverses the bulk shift seen upon injection of
the heparin-derived oligosaccharide (t=20 min). From the start
of the heparin injection there is an increase in thickness from
5.0 nm to 7.9 nm, which represents the increase in thickness
induced by the binding of heparin to the linker. The average
density of the combined BMPH and heparin layer is lower after
the binding of the oligosaccharide. An increase in density
might be expected if the carbohydrate had inserted in be-
tween the linker molecules, but, as observed from Figure 1,
the average density of the combined BMPH and heparin layers
is lower after the binding of the heparin. This observation, cou-
pled with the significant thickness increase upon heparin bind-
ing clearly shows the heparin has bound above the plane of
the BMPH substructure and is thus sterically available to bind
to proteins.

Surface coverage and orientation measurements

It has been established that a crucial feature of heparin is the
minimal length for ligand binding and activity, with heparin-
derived tetrasaccharides found to be sufficient to interact with
FGF-2, but DP-10-12 required for optimising the proliferative
activity of FGF-2.”) Thus, of critical importance in surface-based
studies examining such interactions is the orientation and thus
availability of the protein binding structures within the poly-
saccharide. For a series of immobilisations the average surface
coverage values of DP-10 (taking the refractive index incre-
ment, RIl, of DP-10 to be 0.138 cm®*g ") were measured at
(0.8940.48) ngmm™, and the corresponding thickness values
(d) measured at (1.63+£0.46) nm. From NMR studies of hepa-
rin-derived oligosaccharides, a fully extended DP-10 chain per-
pendicular to the surface linker would expect to show a thick-
ness increase of 4 nm, based on the disaccharide units having
a length of 0.8 nm,*¥ and an orientation parallel to the surface
(heparin lying on the linker) would expect to show an increase
in thickness of 0.9 nm (PDB ID: THPN). Therefore, we can con-
clude that the orientation of the oligosaccharide is likely to be
at an acute angle to the surface, but critically not lying flat on
the linker and so available for binding protein partners.

This data series was compared with a smaller series (n=3)
of DP-4 immobilisations, which showed a near identical aver-
age surface coverage value, (0.8940.16) ngmm™, and similar
thickness values of (1.45+0.61) nm. It seems likely that by
adopting an acute angle to the surface, the longer DP-10
might have blocked further BMPH sites from reaction; in con-
trast, the shorter DP-4 undergoes much less interaction with
the surface and has a more perpendicular orientation.

The reaction of oligosaccharides and hydrazide was ob-
served to proceed more fully at pH 5 than at pH 7, as a surface
coverage of 1.06 ngmm~ was obtained at pH 4.9 compared to
only 0.56 ngmm™2 at pH 7.4 after the same reaction time and
on the same surface coverage of BMPH linker. This increased
amount of oligosaccharide binding at pH 5 is to be expected
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as the reaction between a hydrazide and reducing terminus of
a sugar is a nucleophilic addition-elimination reaction. The hy-
drazide first adds across the carbon-oxygen double bond of
the sugar, with this addition taking place at a faster rate if the
carbonyl carbon is more electron deficient, induced by in-
creased protonation at lower pH values. As none of the car-
boxylate or sulfate groups of the oligosaccharide are involved
in the reaction with the hydrazide, it is unlikely that a change
in their charge status affects the extent of this reaction.

The KS oligosaccharide, M,,=5000-8000, added at the same
concentration and pH as the heparin oligosaccharides gave
consistently higher surface coverages, (1.28+0.68) ngmm™2
whilst the CS oligosaccharide, with a similar chain length to KS,
had much lower coverage values of (0.63+0.29) ngmm™ As
for the reaction of heparin with hydrazide, reactions between
KS and linker and CS and linker are nucleophilic addition-elimi-
nation reactions with none of the carboxylate or sulfate
groups of the oligosaccharide involved in the reaction with the
hydrazide. As can be seen from Scheme 1C, keratan sulfate is
composed of repeating units of galactose and N-acetylglucos-
amine, whilst chondroitin sulfate is composed of repeating
units of glucuronate and N-acetylgalactosamine sulfate
(Scheme 1D). The difference in reactivity between KS and CS
with hydrazide might be caused by the sugar residues adja-
cent to the reducing end affecting the reactivity towards the
hydrazide. The degree of sulfonation and carboxylation along
the oligosaccharide chain is unlikely to affect the reactivity of
the reducing terminus with the hydrazide linker.

The measured thickness of the CS oligosaccharide layers,
(0.71+£0.33) nm, suggests a flat orientation, one in which the
CS is parallel to the hydrazide layer, whereas the thickness of
the KS layer is higher at (1.38+1.21) nm. One explanation for
this observation is that the higher charge density of the CS oli-
gosaccharide compared to the KS, due to the carboxylate
group per disaccharide (as can be seen in Scheme 1), means
that the CS disaccharide repeat unit has an average charge
level of at least two. This might result in a thinner layer, most
probably due to the greater electrostatic interaction with the
positively charged amine groups (on the linker) on the surface,
which would force an orientation more parallel to the surface.
In contrast, the absence of carboxylate on KS means that the
average charge level per disaccharide repeat unit is less at 1.3—
1.5 (all the GIcNAc are sulfated and '/, to '/; galactoses are sul-
fated) and might allow the KS layer to be more perpendicular
to the surface. However, the greater thickness observed with
the heparin DP-4 and DP-10, at about 1.5 nm, which carry a
higher charge per disaccharide (3 sulfates, 1 carboxylate)
argues against this interpretation and suggests that some non-
electrostatic interactions with the underlying surface and or
solvent are predominantly responsible for determining the ori-
entation of the immobilised sugars.

It is possible for negatively charged molecules such as oligo-
saccharides to adsorb nonspecifically through electrostatic in-
teractions to the positively charged hydrazide surface. In order
to show that the oligosaccharides were covalently attached
rather than nonspecifically adsorbed, the surface was washed
with 75 flow cell exchanges of 2m NaCl. Comparison of both
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the mass and orientation (thickness) of the oligosaccharide
layer, pre and post the 2m NaCl challenge, in other words
while the surface is being perfused with PBS and 2m NadCl is
not present, showed that there was no detectable change in
either of these parameters. Thus the oligosaccharides are cova-
lently attached to the surface and not attached by electrostatic
interactions, with the reported thicknesses of the oligosaccha-
ride layers being those in the absence of high salt.

A key advantage of attaching the oligosaccharides by using
the route described here is that the sugar is covalently at-
tached to the surface via the reducing end and, with the ex-
ception of the CS oligosaccharide, the sugars are not interact-
ing directly with the surface and are thus readily available for
binding to proteins.

Covalent coupling of PEG-aldehyde on unreacted hydrazide
sites/Minimising nonspecific adsorptions of proteins

As with all surfaces, nonspecific adsorption is a potential major
problem. At a high density of oligosaccharide immobilised on
the surface, the nonspecific binding of a number of proteins
was markedly reduced. For example, an immobilised KS surface
coverage of 1.40 ngmm~2 showed nearly no nonspecific bind-
ing to concanavalin (Con A; which only binds a-mannose and
a-glucose) or bovine serum albumin (BSA), whilst other sur-
faces where the oligosaccharide surface coverage was deliber-
ately reduced (by simply reducing the time for which the KS
oligosaccharide was incubated on the BMPH linker) to create a
surface oligosaccharide coverage < 0.5 ngmm™2 showed signif-
icant nonspecific binding of Con A.

A number of reasons indicated that a blocking step was nec-
essary after the coupling of the oligosaccharide to the surface.
Firstly, at high ligand coverage, adjacent sugar chains can steri-
cally hinder protein binding or contribute to new, multioligo-
saccharide binding sites, thus disturbing measured kinetic and
thermodynamic binding parameters. Secondly, not all sugars
(e.g., CS) could be immobilised at sufficient coverage to ensure
no detectable nonspecific binding. Thirdly, certain proteins,
such as lactoferrin and fibroblast growth factor-2 (FGF-2), were
observed to show significant nonspecific binding to the under-
lying hydrazide layer (data not shown). Initial blocking strat-
egies involved using BSA, which did prove effective, but the
use of a protein-blocking agent raises concerns about protein-
protein interactions and the longevity of an oligosaccharide
surface containing protein.

Use of poly(ethylene glycol) as a blocking agent has found a
number of applications.”>* Indeed, in our previous studies,
we demonstrated that glycoarrays can be prepared by using
hydrazide-modified surfaces on which nonspecific binding is
reduced by the use of PEG-aldehyde blocking agent.”® Howev-
er, surface characterisation of these arrays has not been per-
formed. Therefore, a short-chain PEG with a reducing end to
react with unreacted hydrazide was employed as a blocking
agent (Figure 2). The CHO-PEG reacted with free hydrazide
sites remaining after sugar immobilisation, and this rate of re-
action can be compared with the control (100% PEG) flow cell
not treated with carbohydrate (Figure 2).

ChemBioChem 2009, 10, 1218- 1226
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Figure 2. Changes in surface coverage upon PEG-CHO binding. The increase
in surface coverage was determined for the non-heparin-treated surface
(black line) and compared to that of the BMPH surface already treated with
DP-10 (grey line). The dense linker layer undergoes a greater decrease in
density (right-hand axis) upon binding CHO-PEG than the less-dense BMPH-
carbohydrate surface.

By examining how much PEG-CHO binds after the oligosac-
charide addition, the number of free hydrazide groups can be
related to the measured oligosaccharide thickness. By using
the mass of BMPH bound, the maximum amount of PEG-CHO
that would bind to a 100% active surface can be estimated, as-
suming that BMPH and PEG-CHO interact in a 1:1 manner. Typ-
ically the amount of immobilisation of PEG-CHO is 40-50%
(n>10) of the maximum that could bind to a BMPH surface. In
other words, the packing density and/or activity of BMPH only
permit reaction with about 50% of the hydrazide sites. Work-
ing on the same 1:1 basis for BMPH reacting with oligosaccha-
ride, the typical coverage of oligosaccharide is 1-5% of the
theoretical maximum coverage for a BMPH surface. Taking the
example in Figure 1, the mass of DP-10 bound is 2% of the ex-
pected maximum value, assuming all the hydrazide molecules
are orientated and available for reaction. The level of binding
of PEG-CHO around the DP-10 to the remaining hydrazide sites
is 5.3 ngmm™2, which equates to 39% of the theoretical maxi-
mum. The mass of PEG-CHO binding to the BMPH after treat-
ment with DP-10 was compared to that observed on a BMPH
surface not treated with DP-10. Again, by using the surface in
Figure 2 as the example, 6.4 ngmm™ of PEG-CHO is observed
to bind to the control (non DP-10) channel, which equates to
45% of the theoretical maximum. Thus, in the absence of
sugar, only 6% greater coverage of PEG-CHO is obtained.
Therefore, broadly the same amount of PEG-CHO reacts with
BMPH whether or not it has been treated with DP-10. This
adds further evidence to the measured thickness values for
DP-10 that the sugar is not blocking the hydrazide and is thus
in a nonplanar orientation.

Examining the assembly of protein-oligosaccharide
complexes

Interaction with lactoferrin: The interaction of lactoferrin with
the oligosaccharide surfaces was characterised to validate the
surfaces for the analysis of protein-sugar interactions. Synthe-
sised by mucosal epithelium, lactoferrin is an inflammatory re-
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sponse protein and is known to have activities as di-

verse as scavenging iron and inhibiting bone 104
marrow formation.”>*% |t is known to bind to anionic
polysaccharides including heparin.®'¥ The unit cell g
dimensions for bovine lactoferrin (bLf) are given as
13.9%8.7%x7.3 nm,?¥ and the protein has a reported £ .
pl in the pH range of 8. The amino acid sequence of E
bovine lactoferrin consists of a single polypeptide 4_
chain of 689 residues®3? folded into two lobes

(Figure 3), the N-lobe and the C-lobe (representing ]
the N- and C-terminal halves of the protein®¥). The

N- and C-lobes are linked by a three-turn helix, with od
the polypeptide chain essentially identical to that of 0

human lactoferrin. Whilst the physical and biochemi-
cal properties of human lactoferrin have been well
investigated, the lactoferrins of other animals have
had less study. It has been proposed that the N-ter-
minal region of lactoferrin is responsible for heparin
binding, through the sequence BXBB, where B de-
notes positively charged amino acids. Analysis of
proteolytic digests of lactoferrin have identified four
sets of amino acid residues that bind to heparin, 1-

5.6 nm

8.8 nm

Figure 3. Ribbon diagram of bovine lactoferrin, with the ringed area the
region for the sequence of amino acids postulated to bind heparin (PDB ID:
1blf).

10, 17-31, 22-31 and 32-41.%" However, analysis of the hepa-
rin-binding properties of the entire protein have not been re-
ported, and, whilst the data presented here cannot give any
new information on the specificity of the interaction, the nega-
tively charged oligosaccharide surface and DPI have been used
to probe the dimensional changes that occur when bLf binds
to heparin-derived oligosaccharides.

Above a threshold concentration, the measured increased in
thickness for the addition of Lf to DP-10 is 8.5-10 nm
(Figure 4). This is consistent with bLf binding through basic
residues to form a monolayer in an “end-on” configuration,
and with reports that used AFM to examine lactoferrin adsorb-
ing on contact lens material, where a significant number of
lactoferrin  molecules were adsorbed in an “end-on”
configuration.®®

When the lactoferrin layer is washed with running buffer, it
is observed that, on average, 50% of the lactoferrin dissociates
and the remaining 50% now has a thickness of 5.8 nm, indica-
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Figure 4. Changes in thickness observed upon binding of different concentrations of lac-
toferrin to a DP-10 surface. Increasing concentrations of lactoferrin (given in nm) were al-
lowed to flow over the DP-10 surface. From the change in thickness it can be inferred
that the Lf molecules adopt an “end-on” configuration whilst protein is flowing over the
chip, then, as the surface is washed (at t=90 s), some of the Lf desorbs with the remain-
ing Lf on average in the “side-on” configuration. Injections at 32 nm and below are ob-
served to be mass-transport limited.

tive of Lf adopting a “side-on” configuration. Thus high surface
concentrations of protein force lactoferrin into an “end-on” ori-
entation, perhaps due to geometrical constraints, lactoferrin
then adopts a “side-on” configuration when the surface bLf
packing density is decreased upon PBS washing. It is not clear
if the population of “end-on” orientated lactoferrin molecules
are desorbed leaving only the “side-on” population present or
if, during the desorption of lactoferrin from the “end-on” con-
figuration, some molecules rock over or reattach in the “side-
on” configuration.

Whilst the data here cannot categorically rule out multiple
layers of lactoferrin being responsible for the protein thickness
layers observed at 8.5-10 nm, there are two supporting pieces
of data that strongly suggest that the two thicknesses ob-
served represent a monolayer of lactoferrin in two different ori-
entations. The first significant piece of evidence to support the
hypothesis comes from the lack of multiplies of the thickness
of a “side-on” configuration. A multilayer of lactoferrin mole-
cules in the “side-on” configuration would be expected to
have a thickness of at least 2x5.8 nm, whereas the maximum
thickness observed by DPl does not exceed 10 nm, a value
much more consistent with lactoferrin in an “end-on”
configuration.

The second comes from a comprehensive study of lactofer-
rin absorption on glass as measured by AFM.®®¥ These authors
reported that one monolayer of lactoferrin per surface adsorbs,
and increasing the concentration to 1.0 mgmL™" (14 um) does
not give rise to a thicker layer. The authors also reported that
lactoferrin adopts both “side-on” and “end-on” configurations.
The authors described how a significant number of lactoferrin
molecules are adsorbed in an “end-on” configuration and that
it is the a-helix joining the two lobes that is being compressed
under the load of the AFM probe.

The data in Figure 4 represent a typical data set with two
clear orientations. On some of the oligosaccharide surfaces
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thickness increases upon addition of Lf correspond- 2.2
ed to slightly thicker values than a monolayer of lac- 24
toferrin in an “end-on” configuration, and equally 1.8
some measured in the “side-on” configuration 164
showed about 10% variation from 5.8 nm. The ori- 9, 4/
entation of lactoferrin on carbohydrate will be deter- E 121
mined by a number of factors, including electrostatic g’ A
and van der Waals interactions between the sugar E sl
and lactoferrin, and the energy gains associated -
with conformational change of molecules as they

bind. Thus, whilst not all the thickness values ob- o4
served for the two orientations corresponded exactly 01 /
to the dimensions of the “end-on” and “side-on” s

configurations, each surface tested showed a set of
measurements close to “end-on” dimensions at
8.8 nm and a switch to a set of “side-on” dimensions
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Figure 5. Binding curves of lactoferrin (in ngmm™) at various concentrations to immobi-

lised DP-10. Lactoferrin was diluted to various concentrations (nm) and injected over the

at 5.8 nm.

On all the surfaces tested, the addition of 2m
NaCl fully regenerated the surface (< 5% protein re-
maining), and in all cases the amount of bLf binding
to the control (PEG only) channel was <5% of that observed
with the oligosaccharide with PEG surface.

Affinity of lactoferrin for heparin: Titration of tritium-labelled
pig mucosal heparin (My,=15 kDa) indicated approximately
five binding sites for lactoferrin per heparin chain,** thus full-
length heparin cannot be fitted with a 1:1 binding model.? A
molecular weight of 15 kDa corresponds to about 30 disac-
charides, and, if there are five binding sites per chain, it seems
reasonable to assume there is one Lf binding site for six disac-
charides (DP-12). Since the reducing sugar of the immobilised
DP-10 is unlikely to be free for interaction with protein, DP-10
will be a reasonable model system to fit with 1:1 stoichiometry
(Figure 5).

Analysis of the binding observed between lactoferrin and
DP-10 at equilibrium produced a K, of 87 +42 nm from a non-
linear regression fit to Scatchard-transformed data. Kinetic
analysis delivered an average association rate constant, k, of
29x10°m~'s™" and an average kg, of 4.5x1072s™" and hence
a kinetically determined value of K, of 1504+35nm. The K,
values determined from the analysis of binding at equilibrium
and from the kinetic parameters are equivalent; this indicates
that the data are self-consistent. Moreover, these Kj values are
in agreement with that of 99+ 35 nm determined from analysis
of the binding of bLf to glycosaminoglycans on human the
carcinoma cell line HT29.”

Heparin surfaces binding FGF-2 (bFGF): The fibroblast growth
factors (FGFs) are the archetypal heparan-sulfate-binding
growth factors. FGF-2 has been shown to bind to tetrasaccha-
rides derived from heparin, and these have been shown to be
sufficient for the activation of the FGF receptor, though DP-8
has been found to the minimum size required for optimal acti-
vation of cellular signalling and proliferation.” With heparan-
sulfate-derived oligosaccharides, DP-8 is the minimum length
required for activity®" and crystal structures of FGF-2 with
heparin-derived DP-4 and DP-6 indicate a 1:1 association. How-
ever cocrystals of FGF ligand, FGF receptor and oligosaccha-
rides demonstrate two very different organisations of the com-
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DP-10. Following injection, the protein solution was replaced with running buffer (PBS)
to monitor dissociation kinetics and the structure of the 2D complex in buffer solution.

plex, whereas analysis of complexes by gel filtration, indicates
that the growth factor can dimerise on the sugar, which re-
quires oligosaccharides of ~DP-8.*? The oligosaccharide sur-
faces developed here provide a means to analyse the dimen-
sions of a FGF-2 layer on DP-10, and thus establish quantita-
tively whether the sugar does indeed oligomerise the growth
factor.

Additions of FGF-2 were made in the range 2.36-1180 nm
FGF-2, with FGF-2 appearing to saturate the surface over the
range 236-1180 nmM. At high concentrations of FGF-2, the pro-
tein layer on the DP-10 surface had a thickness of (4.11+
0.11) nm (n=3; Figure 6). Based on comparison with the unit
cell parameters of FGF-2, 3.09 x 3.34x3.59 nm,”® the measured
layer thickness increase upon addition of FGF-2 to DP-10
shows unambiguously that FGF-2 forms a diffuse monolayer
under these conditions, where the stoichiometry is FGF-2/DP-
10 0.14:1. Therefore, whilst we cannot rule out the presence of
trans dimers of FGF-2 on the DP-10, this seems very unlikely
given the substoichiometric ratio of FGF-2 to DP-10 and the
complete absence of any data to suggest that the FGF-2 inter-
action with the sugar is in any way cooperative, despite many
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Figure 6. The changes in thickness and surface coverage were measured for
FGF-2 binding to a DP-10 surface.
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years of intensive biophysical analysis. This conclusion is sup-
ported directly by the thickness data, which show clearly that
binding of FGF-2 causes an increase in thickness of 4.11 nm,
which can only be accounted for by the FGF-2 binding on the
“top” side of the DP-10.

Kinetic analysis delivered rate constants of k,,=1.7X
10°m~'s™" and kg, =9.4x107%s7" and hence a kinetically de-
termined value of K;=57 nm, similar to that measured previ-
ously by kinetic and equilibrium analysis.”

Conclusions

Oligosaccharide surfaces have been produced where the sugar
is immobilised through its reducing end, and has been shown
to be oriented towards the solution rather than associated par-
allel to the underlying surface. Combined with the blocking of
the surface with a short chain PEG, these surfaces present the
sugars optimally to proteins, and are thus a valuable tool for
the analysis of protein-sugar interactions. In this work DPI was
used to probe the geometry of the protein—sugar complexes,
and revealed new properties of the two test proteins: lactofer-
rin possesses two modes of association, whereas FGF-2 forms
monomeric complexes with a heparin-derived DP-10. Given
the very low nonspecific binding and excellent regenerability
of these surfaces, and the fact that they can be produced with
any sugar that has a reducing end, they should have wide ap-
plicability in the analysis of protein-sugar interactions by a
range of surface techniques, from biophysics to microarrays.

Experimental Section

Materials: All chemical and biochemical products were of analyti-
cal grade. BSA, bLf, lectin from Maackia amurensis (MAA), Con A,
lectin from Triticum vulgaris, phosphate-buffered saline tablets
(PBS, pH 7.4), HEPES and NaCl were supplied by Sigma. BMPH (N-
[B-maleimidopropionic acidlhydrazide, trifluoroacetic acid salt) was
from Pierce (Cramlington, UK), whilst CH;0-PEG-NH-CO-C,Hg-CHO
or “PEG-CHO"” was obtained from Rapp Polymere GmbH (Tubingen,
Germany). Human recombinant FGF-2 was produced and purified
as described.* Waveguide chips modified with an alkoxysilylthiol
layer were supplied by the Farfield Group Ltd (Crewe, UK).

Methods

Oligosaccharide preparation: Size-defined fractions of Na* heparin
oligosaccharides were prepared by partial nitrous acid digestion of
the parental polysaccharide followed by Superdex 30 chromatogra-
phy as described previously.”” The size and expected composition
of the selected decasaccharide (DP-10) fragment was confirmed by
comparison with authentic heparin standards on Superdex 30 and
by PAGE, and by digestion with heparinases. The CS and KS oligo-
saccharides were extracted from bovine cartilage following papain
digestion,*® alkali treated and separated as previously described.”*”!

Dual polarisation interferometry (DPI): DPI permits the direct mea-
surement of changes in thickness, refractive index (RIl) and mass of
materials <100 nm thick on the surface of a glass waveguide in
real time.”® The dual-slab waveguide is illuminated with laser light
of alternating polarisations at one end, and, as the light exits the
two waveguides at the other end, they interfere to produce an in-
terference pattern. The waveguide structure is integrated with a
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fluidic system permitting the continuous flow of material over the
top waveguide, and, as material is added to or removed from the
waveguide, the interference pattern moves, and these changes in
the position of the interference pattern can be “resolved” into
changes in thickness, Rl and mass of the material on the wave-
guide.***" Thus, if a protein is added to a heparin surface, the
change in measured thickness will reflect the orientation the pro-
tein layer adopts on the surface. In addition there will be a surface
coverage value (in ngmm™) and a refractive index measurement
that will reflect the density of protein packing on the oligosaccha-
ride surface.

All DPI measurements were performed on an Analight® Bio200
(Farfield Group, Crewe, UK) equipped with a 632.8 nm laser. The in-
strument is a dual-channel system, with each 2 pL cell maintained
at 20°C unless otherwise stated. Following calibration steps to
measure the refractive index of the waveguide and running buffer,
stepwise injections of materials over the waveguide to formulate
the oligosaccharide surface were undertaken.

In situ formation of oligosaccharide surfaces: The following oligosac-
charide surfaces were produced, keratan sulfate (KS), chondroitin
sulfate (CS) and Na™ heparin surfaces with a range of degrees of
polymerisation (DP), from DP-4 (tetrasaccharide) up to DP-20. A
glass waveguide sensor surface covalently functionalised with thiol
groups was mounted in the dual polarisation interferometer instru-
ment, and PBS was allowed to flow over the waveguide surface at
a rate of 50 uLmin" in the case of the surface to be functionalised
with heparin, while HEPES (10 mm) with the metal cations Mg, Mn
and Ca (all at 2 mm) was used for reactions with CS and KS oligo-
saccharides. In other words, no divalent cations were present in
the reactions of heparin and protein as they are not required for
these interactions.

Once the baseline sensor response had stabilised, ethanol/water
(80%, w/w) was allowed to flow over the sensor for 90 s, followed
by PBS; this allowed the baseline to stabilise once again (this pro-
cedure was repeated as necessary to ensure that any trace surface
contamination was removed and was typically achieved within
5 min). Pure water was injected for 90 s to allow the waveguide
structure to be calibrated and to determine the refractive index of
the buffer solution (given that the refractive index of 80% ethanol
and pure water is known); the instrument response can be used to
calculate the thickness and refractive index of the waveguide and
the refractive index of the buffer solution (bulk refractive index) to
be used in subsequent layer calculations.®”

The flow cell temperature was then set to 30°C, the flow rate was
reduced to 10 uLmin~', and BMPH (5 mgmL™", dissolved in PBS
just prior to injection) was allowed to flow over the sensor for
15 min, then PBS was used to rinse the sensor for 10 min. Next,
the oligosaccharide was dissolved in PBS adjusted to pH 5 (acetate
was avoided as it was shown to adsorb to the thiol surface) and in-
jected into only one of the two flow cells at a rate of 2 yLmin™'
for 100 min. Oligosaccharides that were not bound after 100 min
were removed by washing the surface with PBS at 50 uLmin~' for
10 min.

Blocking the unreacted hydrazide groups and creation of a control
flow cell: Unreacted hydrazide groups were blocked by the addi-
tion of CH;0-(EG);,-NH-CO-C,Hg-CHO or “PEG-CHO” (20 mgmL™")
dissolved in PBS (200 uL~") flowed over the flow cell at a rate of
2 pLmin. This was repeated a second time to ensure complete
blocking of the hydrazide surfaces. Thus, each of the glycochips
described in the following sections was composed of two parts,
one flow cell containing the BMPH linker, an oligosaccharide and
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the PEG blocker, whilst the control flow cell was identical except
for the absence of oligosaccharide, thereby creating side-by-side
active (carbohydrate-containing) and control surfaces.

Protein challenges: Solutions of different proteins were injected
over the surfaces at a flow rate of 50 uLmin~". For the KS surfaces,
the following proteins were tested: wheat germ-agglutinin from
Triticum vulgaris (WGA, My,=36 kDa, main specificity N-acetyl-3-p-
glucosamine), Maackia amurensis lectin (MAA, My, =130 kDa, which
specifically recognises sialic acid residues) and lactoferrin from
bovine colostrum. In addition, the following control (nonbinding)
proteins were added: Con A from Canavalia ensiformis (M=
104 kDa, main specificity a-mannose) and BSA. For the heparin
chip, FGF-2 and lactoferrin were the test proteins. All the proteins
injected over the KS chip were dissolved in HEPES/NaCl buffer with
divalent metal ions (2 mm), whist those proteins injected over the
heparin surfaces were dissolved in PBS.

Lectins such as Con A, WGA and MAA bind carbohydrates though
a network of hydrogen bonds, hydrophobic interactions, van der
Waals interactions and metal ion co-ordinations. Metal ions such as
Mg?" and Ca®" can assist in the positioning of the amino acid resi-
dues to interact with the carbohydrates, but with few conforma-
tional changes taking place upon binding in either protein or car-
bohydrate. Thus, the divalent metal ions allow the protein to
adopt the required conformation to bind to carbohydrates, and
are not known to alter the conformation of the carbohydrates.
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