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Abstract—Novel trigonal DNA-carbohydrate conjugates were prepared and evaluated to
explore efficient carbohydrate-lectin interactions. Carbohydrate-modified oligonucleotides
were enzymatically prepared, then hybridized to form 3-way junction DNAs. The thermal
stabilities of the junctions were assessed by UV melting analysis and formation of
constructs was confirmed by gel electrophoresis. Fluorescence titration assays revealed
that the trigonal DNA-carbohydrate conjugates exhibit high affinity to lectins depending on
the distribution of carbohydrates presented in each arm. These results suggest that
self-assembled 3-way DNA architectures could offer a useful platform for controlling the
spatial distribution of carbohydrates on conjugates and achieving more efficient molecular

recognition.



Carbohydrate-lectin interactions occur in a variety of biological events including
inflammation, viral infection, cancer metastasis, and binding of bacterial toxins.™ Although
the interactions between monovalent carbohydrates and lectins are relatively weak
(10°-10* M), affinity and specificity in such molecular recognition events are increased
through multivalent interaction, which is known as the “glycoside cluster effect”. Over the
past few decades, glycoconjugates have been developed using various matrixes such as
polymers,® cyclodextrins,® peptides,”® calixarenes,® dendrimers,’® DNAs,"'® and carbon
nanostructures.'”'® They have been used to explore the mechanism of glycoside cluster
effects,*'® develop inhibitors or biosensors for pathogenic lectins,®** and achieve

tissue-specific delivery of therapeutic oligonucleotides.®

Oligonucleotides have proven remarkably useful in many applications because of their
ability to self-assemble in a predictable manner based on sequence complementarity.®2°
They can also be highly functionalized with various chemical reporters and effectors.””
Matsuura and co-workers have previously synthesized DNA-carbohydrate conjugates by

7% diazo coupling methods,' or photocrosslinking'® and

using phosphoramidite chemistry,
reported their cooperative effects on lectin binding.™"* However, their glycoconjugates
present a limited number of carbohydrates in the context of a DNA double helix or are not
structurally homogeneous. Thus it is likely that their binding to lectins might be suboptimal.
We hypothesized that it might be possible to use different DNA architectures to present
carbohydrates with correct orientations and achieve more efficient multivalent interaction

with lectins.

Here we describe novel trigonal DNA-carbohydrate conjugates designed for efficient
multivalent interaction to lectins (Figure 1A). Using a branched DNA structure enables us to
prepare structurally diverse glycoconjugates and facilitates controlling the spatial
distribution of carbohydrates on the conjugates. Indeed, the distribution and orientation of
carbohydrates on 3-way junction DNAs affects their affinity to lectins. DNA-carbohydrate

conjugates thus show significant potential as multivalent glycoclusters.

We chose concanavalin A (Con A) as our initial target. Con A, which is isolated from
Canavalia ensiformis (Jack bean) seeds, has been widely used and well characterized in

its structure®®*® and carbohydrate-binding specificity.*>*' The lectin specifically binds to



a-D-glucose and a-D-mannose. Con A has a tetrameric form at neutral pH and each
subunit has one binding site. The four binding sites are approximately 65 A apart from one
another (Figure 1B). As three of these binding sites are distributed in a triangle shape, Con
A is an appropriate target for testing trigonal glycoconjugates. Such a triangular distribution
of binding sites is also found in other lectins, including mannose binding protein (MBP-A)*

and influenza hemagglutinin (HA).*

The oligonucleotide sequences used for constructing 3-way junction DNAs need to be
carefully designed to form stable junctions with minimal unintended hybridization. After a
computational screening based on sequence complementarity and thermal stabilities using
nearest neighbor parameters, we selected one set of 18—20-mer sequences (Strand |, I,

and lll; Figure 2A) that are suitable to form 3-way junction DNAs.

The stability and conformation of 3-way junction complexes can be affected by such
parameters as unpaired bases in the branch junction region.**® We prepared Strand |, II,
and Il with different numbers of unpaired bases (0, 1, or 2; Figure 2A) and analyzed the
mixtures |, I+1l, and I+l1+lll by gel electrophoresis. As shown in Figure 2B, stepwise band
patterns were observed, confirming that the three strands were correctly hybridized. We
further characterized the formation of the complexes in the absence or presence of Mg® by
UV melting experiments. The melting profiles for each complex I+lI1+11l appear to represent
a typical two-state transition through the temperature range of 20-60°C, whether 0, 1, or 2
unpaired bases were included at the junctions (Figures 2C and 2D). The melting
temperatures (T,,) for the complexes I+Il+lll increased as the number of unpaired bases at
the junctions increased, suggesting that incorporation of unpaired bases releases strain in
the junction region. Higher Mg® concentrations also stabilized the complexes, as
previously observed.*** Thus the remainder of the study was carried out using sequences
with two unpaired adenosines in the presence of Mg*. The 3’ end of each strand was
extended with carbohydrate-modified nucleotides (Figure 3B). We hypothesized that the
flexibility of the unpaired junction region and the single stranded carbohydrate-modified

region might facilitate the optimal binding of carbohydrate groups to lectin binding sites.

We previously reported an efficient method to construct carbohydrate-modified DNAs using

DNA polymerase.*” By using maltose- or lactose-modified dUTP as substrates for KOD



Dash DNA polymerase, we enzymatically incorporated maltose or lactose residues into
29-47-mer DNA oligonucleotides (Figures 3A and 3B, Table S1). Three of the synthesized
carbohydrate-modified or unmodified oligonucleotides were mixed and annealed to prepare
multiple trigonal DNAs with different modification patterns (Figures 3D and S1). Gel
electrophoretic analysis of the constructs showed the stepwise change in band positions
for the unmodified monomer, dimer, and trimer (Figure 3E, lanes 1-3). A similar stepwise
band shift was observed for 3-way junction DNAs as the number of maltose residues
incorporated into the complexes increased from the fully unmodified S6(0,0,0) through the
partially modified S6(M,0,0) and S6(M,M,0) to the fully modified S6(M,M,M) (Figure 3E,
lanes 3—6). These results demonstrate that carbohydrate-modified trigonal DNAs can be
correctly formed by mixing and annealing the three complementary oligonucleotides. Fully
double-stranded 59-bp unmodified and maltose-modified DNAs (ds-Native and ds-Mal18,
respectively; Figures 3C and 3D) were also prepared through primer extension reactions

and the products were confirmed by gel electrophoresis (Figure 3F).

Fluorescence titration assays were performed to evaluate the binding constants (K,) of the
complexes to Con A. We observed a significant decrease in fluorescence from
FITC-labeled maltose-modified complexes with increasing concentrations of Con A
solutions (Figure 4A). The K, of each complex for Con A was determined by analyzing the
change in fluorescence intensity (F) at 521 nm as a function of Con A concentration (Table
1, Figure S3).

To investigate how the distribution of carbohydrates on 3-way junction DNAs affects their
affinity to Con A, a series of 3-way junction DNAs, S6(M,M,M), S6(M,M,0), S6(M,0,0), and
S$6(0,0,0) were assessed and compared (Figure 4B, Table 1). Of the four constructs,
S6(M,M,M) bearing 6 maltose residues on each arm showed the highest affinity for Con A
(K, = 1.0 x 10° M"). This is about 12- and 83-fold higher than those of S6(M,M,0) (K, = 8.4
x 10* M) and S6(M,0,0) (K, = 1.2 x 10* M), respectively. The unmodified S$6(0,0,0)
showed relatively little change in fluorescence up to 4 x 10° M" of Con A concentration,
suggesting that it has no significant interaction with Con A. These results suggest that
adequate localization of carbohydrates along the 3-way junction structure can lead to more

efficient interaction for Con A which has a triangular distribution of the binding sites.



To test binding specificity, we performed competitive binding experiments using
methyl-a-mannopyranoside (MeaMan), which is a monosaccharide specific for Con A. The
affinity of S6(M,M,M) to Con A was greatly reduced when MeaMan was added at 50 mM as
a competitor (K, = 5.1 x 10* M"; Figure 4B), indicating that the interactions of S6(M,M,M)
with Con A are mostly derived from specific carbohydrate-lectin interactions. Job’s plot
analysis was also performed to determine the binding stoichiometry. The analysis revealed
a 1:1 binding of S6(M,M,M) to Con A (Figure S4).

The effect of the number of carbohydrates on the arms was moderate. S12(M,M,M)
bearing 12 maltose residues in each arm showed a similar titration curve (K, = 7.9 x 10°
M™) relative to S6(M,M,M), while S3(M,M,M) bearing 3 maltose residues in each arm
showed 2.5-fold less affinity (K, = 4.0 x 10° M") than S6(M,M,M) (Figure 4C, Table 1). Thus
all three trigonal 3-way junction DNAs S3, S6, and S12(M,M,M) maintain relatively high
affinity. In contrast, reducing the number of modified arms had a strong negative effect on
binding (e.g. S6(M,0,0) and S6(M,M,0)). Thus the spatial distribution of the carbohydrate

residues is more important than the number of carbohydrates per arm.

We also focused on the effect of helical arrangement of carbohydrates on lectin recognition.
ds-S6(M,M,M) has a 3-way junction structure but each arm is completely double-stranded,
yielding a rigid structure that might be unable to optimize lectin binding interactions
(Figures 3D and S2). ds-Mal18 is a linear double-stranded DNA with 18 maltose residues
(Figures 3C and 3D). Fluorescence titration assays revealed that both ds-S6(M,M,M) and
ds-Mal18 show much lower affinity to Con A compared with S6(M,M,M) which has
single-stranded carbohydrate-modified regions (Figure 4C, Table 1), suggesting that the
helical arrangement of carbohydrates along rigid double-stranded DNAs might restrict

accessibility of carbohydrates to the multiple binding sites on Con A.

The affinity of S6(M,M,M) to Con A is more than 700-fold higher than that of monovalent
maltose (K, = 1.31 x 10° M).*® Furthermore, compared with the DNA-carbohydrate
conjugates (mannosylated half-sliding oligonucleotides; K, = 2.4 x 10* M) reported by
Yamada et al.,' the maltose-modified 3-way junction DNA showed much higher affinity for
Con A. Thus 3-way junction structures can effectively distribute carbohydrate groups for
high-affinity binding to Con A.



Finally we evaluated the affinity of lactose-modified 3-way junction DNAs to RCA,,
(Ricinus Communis Agglutinin 1), which is a p-D-galactose-specific lectin. RCA,,, forms a
tetramer and two active binding sites are located about 100A away from each other (Figure
S5).*® We performed fluorescence titration assays to determine binding constants of
lactose-modified 3-way junction DNAs to RCA,,, (Figure 4D, Table 1). The complexes
S6(L,L,L) and S6(L,L,0) showed similar affinity to RCA,,, (K, = 0.63 x 10° M and 1.0 x 10°
M, respectively), while S6(L,0,0) and unmodified $6(0,0,0) didn't show any significant
change in fluorescence, suggesting no significant interaction with the lectin. We speculate
that carbohydrate modification in the two arms is probably sufficient for leading to efficient

molecular recognition to RCA,,, which has only two active binding sites.

In conclusion, we successfully constructed maltose- or lactose-modified 3-way junction
DNAs and observed the effect of self-organization of the carbohydrate-modified strands on
lectin binding. These results indicate that self-assembled DNA architectures provide a
useful platform for controlling the spatial distribution of carbohydrate groups, leading to
more efficient glycoside cluster effects. By utilizing diverse DNA junctions and lattices, and
changing the carbohydrate functionality appended to DNA, this approach might be
applicable to other lectins with different binding-site topologies and make it possible to

develop novel DNA-based nanodevices or inhibitors for various lectins.
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Figure 1. Comparison between a structural model for carbohydrate-modified 3-way
junction DNAs (A) and 3-dimentional structure of concanavalin A (PDB:1QDC) (B). White

arrows indicate the positions of carbohydrate binding sites.

Figure 2. Analysis of 3-way junction DNAs. (A) Structure of stems with varying number of
unpaired bases in the junction region. The sequences of Strand |, Il, and Ill (18-20 mer) are
as follows: 5-ATCACGCTG-A -GACTTGCGA-3' (Strand ),
5'-TCGCAAGTC-A,-TCGCAGGTA-3' (Strand Il), 5-TACCTGCGA-A,-CAGCGTGAT-3'
(Strand IIl) (n=0, 1, 2). (B) 20% polyacrylamide gel electrophoresis for Strand |, I+Il, and
I+11+11l. Running conditions: 89 mM Tris-borate, 150 mM NaCl, 5 mM MgCl,, 80 mA, 150
min, 25-28 °C, SYBR Gold staining. (C, D) Profiles of complex ratio (a) vs. temperature
based on UV melting analyses. The conditions used for UV melting analyses are as
follows: [Oligonucleotide]=3 uM, 100 mM NaH,PO,/Na,HPO, (pH 7.0), 150 mM NaCl, with
or without 5 mM MgCl,.

Figure 3.
Design and analysis of carbohydrate-modified 3-way junction DNAs. (A) Structure of

maltose- or lactose-modified deoxyuridine (dU). (B) Structures and sequences of 3-way



junction DNAs (S3, S6, and S12). The distance between the ends of the stems was
estimated under the assumptions that the three stems are symmetric and form B-type
helices. (C) Sequences of unmodified and maltose-modified double-stranded DNAs
(ds-Native and ds-Mal18). (D) Structure and carbohydrate-modification of each construct.
Characters in parenthesis represent modification in Strand I, Il, and Ill: M, maltose; L,
lactose; 0, unmodified. (E) 12% polyacrylamide gel electrophoresis for unmodified or
maltose-modified 3-way junction DNAs. Running conditions: 89 mM Tris-borate, 150 mM
NaCl, 5 mM MgCl,, 20 mA, 230 min, 20-25 °C; SYBR Gold staining. 1, Unmodified Strand |
(monomer, S6); 2, Unmodified Strand I+Il (dimer, S6); 3, Unmodified Strand I+lI+lll
(S6(0,0,0)); 4, Maltose-modified Strand | + Unmodified Strand I+l (S6(M,0,0)); 5,
Maltose-modified Strand I+l + Unmodified Strand Il (S6(M,M,0)); 6, Maltose-modified
Strand I+lI1+11 (S6(M,M,M)); 7, Maltose-modified 3-way junction DNA with double-stranded
arms (ds-S6(M,M,M)). (E) 10% polyacrylamide gel electrophoresis for unmodified and
maltose-modified dsDNAs (ds-Native and ds-Ma18). Running conditions: 1 x TBE, 20 mA,
45 min, SYBR Gold staining. See also Figures S1, S2, and Table S1.

Figure 4.

Fluorescence titration assay. (A) Change of fluorescence spectra of FITC-labeled 3-way
junction DNA S6(M,M,M) at varying concentrations of Con A (from top to bottom, 0 M; 9.1 x
10°M:1.8,2.7,45,71,9.7%x10° M;1.2,1.7,2.2,3.0,4.2,58,7.7,9.7 «10° M: 1.3, 1.7%
10° M). A,,=499 nm, A, ..=521 nm. (B, C) Changes in the fluorescence intensity of the
FITC-labeled maltose-modified complexes as a function of the Con A concentration. (D)
Changes in the fluorescence intensity of the FITC-labeled lactose-modified complexes as a
function of the RCA,, concentration. The measurements were performed under the
following conditions: [FITC-labeled complex]=33 nM, 10 mM Tris-HCI, 150 mM NaCl, 5 mM
MgCl,, 0.1 mM CaCl,, and 0.1 mM MnCl,, pH 7.5, 25°C. For competitive binding
experiments, 50 mM methyl-a-mannopyranoside was added in the buffer. Error bars

indicate s.d. from three independent measurements.
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Table 1. Binding constants (K,) of complexes for Con A or RCA,,, determined by

fluorescence titration assay.

Number of

Target Complex Type® Garbohydrates K,/ 10° M’
Con A S6(M,M,M) 3wJ 18 1.0
S6(M,M,0) 3WJ 12 0.084
S6(M,0,0) 3WJ 6 0.012
$6(0,0,0) 3wJ 0 n.d.
S3(M,M,M) 3WJ 9 0.40
S12(M,M,M) 3wWJ 36 0.79
de-56(M.M.M) double?gvvir:ﬂzhd arms L Ee
ds-Mal18 linear dm:)b;&stranded 18 0.013
ds-Native linear dOLE)bI\IEstranded 0 it
RCA,, S6(L,L,L) 3wWJ 18 0.63
S6(L,L,0) 3WJ 12 1.0
S6(L,0,0) 3WJ 6 n.d.
S6(0,0,0) 3WJ 0 n.d.

# 3WJ=3-way junction DNA.
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Figure S1. Schemes and conditions for preparation of 3-way junction DNAs. (a, b) Asymmetric PCRs and PAGE
purification. The reaction mixture contained 0.1 pmol/ul template (S3-1, Il, ll, S6-1, 11, 11, S12-1, I, or 1), 3 pmol/ul primers
(I, I, or 1), KOD Dash buffer, 0.2 mM of each dATP+dCTP+dGTP+dTTP (a) or dATP+dCTP+dGTP+dUTP-Mal (b), and
KOD Dash DNA polymerase (0.005 U/ul). The thermal cycling profile included an initial denaturation step at 95°C for 5
min, followed by 15-17 cycles of 94°C for 30 sec, 55°C for 30 sec, and 74°C for 1 min. The reaction products were
purified by 10% PAGE. Lactose-modified 3-way junction DNAs were prepared in the same way using dUTP-Lac instead
of dUTP-Mal. (c, f) Mixture of unmodified or carbohydrate-modified strands |, 11, and Il was heated at 80°C for 5 min and
then gradually cooled for annealing. (d) Primer extension reactions were performed in buffers containing 0.8 pmol/ul
templates (S6-I, Il, or Ill phosphorylated at the 3’ ends), 0.8 pmol/ul primer (ext-l, I, or lll); 0.2 mM of each
dATP+dCTP+dGTP+dUTP-Mal and KOD Dash DNA polymerase (0.005 U/ul) at 50°C for 1 h. (e) 8 M Urea denaturing
PAGE. (g, h) Primer extension reactions were performed in buffers containing 0.5 pmol/ul templates (M18), 0.5 pmol/pl
primer |, 0.2 mM of each dATP+dCTP+dGTP+dTTP (g) or dATP+dCTP+dGTP+dUTP-Mal (h), and KOD Dash DNA
polymerase (0.025 U/ul) at 50°C for 1 h. The products were purified using QIAEX |l gel extraction kit.
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Figure S3. Determination of binding constants for carbohydrate-modified 3-way junction DNAs or dsDNAs by
fluorescence titration assay. FITC-labeled samples dissolved in the buffer (330 ul) were input into a microcell (1 ml). After
varying concentrations of Con A or RCA, 5, solutions were added to the sample and the mixture incubated at 25°C for 10 min,
the fluorescence spectra were recorded with excitation at 499 nm. The fluorescence intensity at 521 nm was used to analyze
the binding behavior of Con A or RCA,,, for each construct. The plot of —F[Lectin]/AF vs [Lectin] for each sample was fit to
the following equation,

[Lectin] -F, . -F,
pa— AF - max [Lecrirl] + a max
Fy

where F is the initial fluorescence intensity of the samples corrected for the change in volume, and AF is the fluorescence
change by adding varying concentrations of lectin solutions (A-C). The binding constants were calculated from the slope and
the intercept of the lines.
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Figure S4. Job’s plot analysis for binding of 3-way junction DNA S6(M,M,M) to Con A. S6(M,M,M) and Con A were
mixed at different molar ratios. The total concentration of S6(M,M,M) and Con A was kept at 2.73X107 M in each sample.
The amount of complex formed in each sample was evaluated based on the change of fluorescence at 521 nm.

Figure S5. Binding-site topologies for RCA,,, (PDB: 1RZ0). White arrows indicate the positions of carbohydrate bind-
ing sites.

Table S1. Sequences of the templates and primers used in this study.
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Name

Template S3-I
Template S3-lI
Template S3-I
Template S6-I
Template S6-1I™
Template S6-111®!
Template S12-|
Template S12-lI
Template S12-ll|
Template M18

Sequence®®

TTTACAGATTCGCAAGTCTTCAGCGTGAT
TTTACAGATTACCTGCGATTGACTTGCGA
TTTACAGATATCACGCTGTTTCGCAGGTA
TTTAGACAGACAGATTCGCAAGTCTTCAGCGTGAT
TTTAGACAGACAGATTACCTGCGATTGACTTGCGA
TTTAGACAGACAGATATCACGCTGTTTCGCAGGTA
TTTAGACAGACAGACAGACAGACAGATTCGCAAGTCTTCAGCGTGAT
TTTAGACAGACAGACAGACAGACAGATTACCTGCGATTGACTTGCGA
TTTAGACAGACAGACAGACAGACAGATATCACGCTGTTTCGCAGGTA

TTTAGACAGACAGACAGACAGACAGACAGACAGACAGATTCGCAAGTCTTCAGCGTGAT

Primer |
Primer Il
Primer lll
Primer ext-|
Primer ext-l|
Primer ext-lll

(FITC)-ATCACGCTGAAGACTTGCGA
TCGCAAGTCAATCGCAGGTA
TACCTGCGAAACAGCGTGAT
(FITC)-TTTAGACAGACAGATATCACGCTGAAGACTTGCGA
TTTAGACAGACAGATTCGCAAGTCAATCGCAGGTA
TTTAGACAGACAGATTACCTGCGAAACAGCGTGAT

@l DNA Sequences are listed 5’ to 3’. ® The template S6-1, Il, or |1l phosphorylated at the 3’ ends was used for the primer
extension reaction using the primer ext-|, 11, or Ill.



