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Cell surface glycans regulate several essential intercellular com-
munication processes.[1] Unlike most protein–DNA and pro-
tein–protein interactions that lead to “on” or “off” downstream
signals, glycan–protein interactions result in a range of re-
sponses—for example, from one “on” state to a different “on”
state or a completely “off” signal.[2] The complex nature of
these interactions requires the development of novel analytical
and biochemical tools, such as metabolic engineering, or the
incorporation of synthetic glycans into cells through exoge-
nous insertion and glycan microarrays. Glycan microarrays, in
particular, have gained increased prominence in recent years
because of high-throughput
screening capabilities. This
widely used technology has
been utilized to profile the
broad binding preferences of
numerous analytes.[3] However,
several questions regarding the
effects of different immobiliza-
tion chemistries, glycan density
and display, on protein binding
remain unanswered. Surface
chemistry has become increas-
ingly important because several
groups have shown that glycan
display[4, 5] and density[6] are in-
volved in glycan–protein recog-
nition events that can affect
binding outcomes. In this
report, we addressed the fol-
lowing questions: First, how im-
portant is the length of the
spacer that separates the glycan
from the imprinted surface?
While it is generally accepted
that polyvalency leads to in-
creased cooperativity, does
varying glycan surface densities
influence specificity by increas-
ing the binding of less avid
molecules? What role does pro-
tein concentration play in deter-
mining binding? Does incuba-

tion time influence binding? Answering these questions is in-
creasingly relevant because this technology is rapidly moving
from the basic research (screening for binding preferences) to
the more advanced clinical (detection of cancers,[7] patho-
gens,[8, 9] etc.) stage. Certainly, false positives and negatives in a
clinical setting are unacceptable and could prove detrimental
to this widely used technology.

Here, we studied the factors that govern glycan specificities
using influenza hemagglutinin (HA) and chemically defined S-
sialosides. By using our previously described synthetic strategy,
which has been successfully used to develop ligands for the

capture of toxins,[10] viruses[11] and bacteria,[12] we constructed a
panel of biotinylated S-sialosides that could adopt a variety of
topologies (Figure 1). The biotinylated S-sialosides, unlike natu-
rally occurring O-sialosides, are impervious to cleavage by viral
neuraminidase (NA) and therefore, can be used to analyze HA,
NA, and intact virus. All glycans possess the same recognition
element, sialic acid a2,6-galactose thiodisaccharide, but differ

Figure 1. Representation of the synthetic biotinylated S-sialosides and the structures of the seven glycans. The
blue ellipse is the glycan recognition element, the biotinylated scaffold and the spacer are colored purple and
red, respectively.

[a] Dr. D. M. Lewallen, D. Siler, Prof. Dr. S. S. Iyer
Department of Chemistry, University of Cincinnati
Cincinnati, OH 45221-0172 (USA)
Fax: (+ 1) 513-556-9239
E-mail : suri.iyer@uc.edu

Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.200900211.

1486 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1486 – 1489



in their presentation by virtue of the biotin and spacers. The
biotin affords a controlled spatial arrangement of the glycans
because the distance between the binding sites in a streptavi-
din is fixed and the spacers position the glycans at defined dis-
tances from the surface. We chose short or long oligoethylene
glycol (Gc1 a–c) and alkyl spacers (Gc2 a–c) to compare hydro-
phobic and hydrophilic effects. We also synthesized a mono-ACHTUNGTRENNUNGantennary ligand, Gc3, to study the effect of mono versus
biantennary architectures (see the Supporting Information).

We assessed binding by ELISA analysis using HA (A/New Ca-
ledonia/20/99). This recombinant soluble HA is a trimer with
three binding sites and therefore is expected to increase the
binding affinity when compared to a monomeric HA. The re-
sults of HA binding to the panel of glycans at a concentration
of 12 mg mL�1 are shown in Figure 2 A. The monoantennary
glycan, Gc3, exhibits weak binding, presumably because the
short carbon spacer prevents the glycan from adopting the ap-
propriate topology. In the hydrophobic alkyl Gc1 a–c and hy-
drophilic oligoethylene glycol Gc2 a–c series, binding is directly
proportional to the length of the spacer; increase in spacer
length leads to an increase in the signal strength. This dramat-
ic increase in binding affinities underscores the importance of

orientation (or topology) effects. Indeed, Gc1 a, the glycan with
the shortest spacer, exhibits no binding, possibly because the
glycan is too close to the surface. The hydrophobic alkyl
Gc2 a–c compounds bind more tightly than the hydrophilic oli-
goethylene glycol Gc2 a–c compounds. Gc2 b and Gc2 c are
the best binders for this particular HA. This suggests that the
nature of the spacers (hydrophobic or hydrophilic) plays a sig-
nificant role in determining the binding affinities. Presumably,
hydrophobic regions of HA could interact with the hydropho-
bic spacers of Gc2 b–c. Alternatively, the hydrophilic oligoethACHTUNGTRENNUNGyl-ACHTUNGTRENNUNGene glycol spacers of Gc1 b–c could be too floppy to orient
the carbohydrate component appropriately into the binding
pockets. Thus, modulation of the glycan presentation can dra-
matically influence the binding affinity.

Next, we examined the effect of protein concentration on
binding affinities. We expected to differentiate between weak
and strong binders by monitoring binding over a range of con-
centrations. Only Gc2 b binds to HA at all concentrations,
whereas the other glycans do not exhibit any binding at lower
concentrations. (Figure 2 B) To quantify the observed results,
we used a linearized Hill plot to model the binding data to
obtain the apparent binding constant Kds and the cooperativi-
ty factor n.[4] (Figure S1 and Table S1). The value of n is 0.96 for
Gc2 a ; this indicates negative cooperativity. In contrast, the
values for n are greater than 1 for Gc2 b and Gc1 c ; this indi-
cates positive cooperativity. A range of Kds—micromolar
(Gc2 a, short spacer, 1.42 � 10�7

m), nanomolar (Gc1 c, hydro-
philic spacer, 0.24 � 10�9

m), and picomolar (Gc2 b, hydropho-
bic, 1.44 � 10�12

m)—are observed. These results clearly demon-
strate that protein concentration is a critical determinant; at
high concentrations of HA, all ligands bind, however, specificity
is clearly established at lower concentrations. We suggest that
protein binding to glycan microarrays, which are typically per-
formed using only one, typically high, protein concentration,
be performed over a concentration range to more accurately
define specificity.

To explore how surface densities affect binding affinities, we
premixed the glycans with biotinylated polyethyleneglycol (B-
PEG) at various ratios and subjected them to previous doseACHTUNGTRENNUNGdependence ELISA protocol. As shown in Figure 2 C for two
glycan/B-PEG (90:10 and 75:25) ratios, decreasing the surface
density of ligands does not play a role in determining specifici-
ties, as decreasing concentrations of HA leads to reduced
signal strength for all ligands and ratios. Similar results were
observed when different ratios of glycan/B-PEG (ranging from
0:100 to 100:0) are used. We note that these results contrast
reports published by Whitesides et al. , in which the authors
have demonstrated that changes in glycan surface density can
reverse receptor specificity of Bauhinia purpurea.[13] However, it
is important to note that these authors use gold-thiol termi-
nated glycan coupling chemistries, which allow the glycans to
be packed more densely on the surface. (Figure S2) In contrast,
we use the biotin-streptavidin system, in which glycan surface
density is limited by the amount of streptavidin on the surface.
Our data indicate that topology of presentation plays aACHTUNGTRENNUNGpredominant role over glycan surface density, and in otherACHTUNGTRENNUNGsystems, glycan surface densities predominate over topology

Figure 2. A) Binding of HA (A/New Caledonia/20/99) to synthetic glycans.
Biotinylated glycans were added to high-binding capacity streptavidin-
coated microtiter wells and incubated with HA at 12 mg mL�1 for 2 h.
B) Dose-dependent differential binding of HA to Gc1 c, Gc2 a and Gc2 b. The
synthetic glycans or B-PEG (negative control) were added to streptavidin-
coated microtiter wells and incubated with decreasing concentrations of HA.
C) Effect of decreasing glycan surface density on the binding of HA (A/New
Caledonia/20/99) to Gc1 cand Gc2 b. Varying ratios of glycan/ B-PEG were
added to high-binding capacity streptavidin-coated microtiter wells and in-
cubated with HA at various concentrations. D) Effect of contact time on the
binding of HA to Gc1 c, Gc2 a and Gc2 b. The synthetic glycans were added
to streptavidin-coated microtiter wells and incubated with 10 mg mL�1 of HA
for different time periods. In all experiments, binding was determined by
using rabbit anti-HA polyclonal antibody and HRP conjugated goat antirab-
bit secondary antibody. The binding signals are expressed as percentage of
maximum signal for all series in a given set of experiments. Results are the
average of three independent trials. (Please see the Supporting Information
for details).
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effects. Overall, the presentation of the glycan (streptavidin-
biotinylated glycan versus gold-thiol terminated glycan) in
combination with glycan surface density is critical to obtainACHTUNGTRENNUNGselectivity.

Next, we studied the effect of incubation time on the bind-
ing event. The previously described ELISA studies were per-
formed with one difference, the time of exposure of glycans to
HA prior to the wash step was varied. HA binds to Gc2 b
within 5 min (Figure 2 D). In contrast, Gc2 a and Gc1 c require
longer incubation times. Since incubation time is a critical
factor, we used surface plasmon resonance (SPR) to monitor
binding in real time. The same biotinylated ligands wereACHTUNGTRENNUNGattached to the commercial streptavidin coated Biacore chips.
Binding affinity was assessed using a 2.5 min injection of HA
(10.75 mg mL�1). As expected from the contact dependent time
ELISA study, we found that HA bound only to Gc2 b and Gc2 c
and not the other glycans (Figure 3 A). To obtain apparent Kds,

HA was injected at different concentrations over the chips. A
representative set of SPR response curves for Gc2 b is shown
in Figure 3 B. The apparent Kds obtained by using a bivalent
model for HA binding to Gc2 b and Gc2 c are 2.95 nm and
2.56 nm, respectively. (Table S2) The nanomolar binding affini-
ties indicate that these ligands are excellent binders of HA. The
picomolar Kd for Gc2 b from the ELISA studies (1.44 � 10�12

m) is
very different from the nanomolar Kd obtained by SPR. WeACHTUNGTRENNUNGattribute these differences to different assay conditions. Unlike
the ELISA studies in which the incubation time was 2 h, in SPR,
the HA is continuously flowed over the glycans for 2.5 min;
this minimizes incubation time. Nevertheless, the SPR studies
corroborate the ELISA studies, and glycan specificities are de-
pendent on the incubation time. We also tested the binding

affinities of a different H1 hemagglutinin (A/Solomon Islands/
03/2006), which has 96 % homology to the New Caledonia
strain. Interestingly, we observed no detectable binding using
SPR. (Figure 3 B).

In summary, we have demonstrated that glycan specificity is
dependent on several factors that include structure, topology
and density of glycans. Additionally, binding is assay depen-
dent. Static systems (ELISA) are very different from dynamic
systems.ACHTUNGTRENNUNG(SPR). Thus, this study could have significant implica-
tions for glycan microarray technology, an invaluable high-
throughput screening resource for establishing binding prefer-
ences. Most glycan microarray assays employ only one (typi-
cally high) protein concentration AND only one incubation
time.[14] Thus, those assays have been performed under condi-
tions that maximize binding and therefore, yield limited infor-
mation regarding selectivity. Results presented here indicate
that varying protein concentration and reducing incubation
time could potentially lead to the identification of extremely
high affinity glycans for a particular analyte. We are currently
using this approach to identify high affinity glycans for other
toxins and pathogens.
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