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An optics-based variable-temperature assay system for characterizing
thermodynamics of biomolecular reactions on solid support

Yiyan Fei,"? James P. Landry,! Yanhong Li,? Hai Yu,? Kam Lau,?? Shengshu Huang,?

Harshal A. Chokhawala,?:9 Xi Chen,2 and X. D. Zhu'-9
'Department of Physics, University of California, One Shields Avenue, Davis, California 95616, USA
2Department of Chemistry, University of California, One Shields Avenue, Davis, California 95616, USA

(Received 9 August 2013; accepted 7 October 2013; published online 5 November 2013)

A biological state is equilibrium of multiple concurrent biomolecular reactions. The relative impor-
tance of these reactions depends on physiological temperature typically between 10°C and 50°C.
Experimentally the temperature dependence of binding reaction constants reveals thermodynamics
and thus details of these biomolecular processes. We developed a variable-temperature opto-fluidic
system for real-time measurement of multiple (400-10 000) biomolecular binding reactions on solid
supports from 10 °C to 60 °C within £0.1 °C. We illustrate the performance of this system with in-
vestigation of binding reactions of plant lectins (carbohydrate-binding proteins) with 24 synthetic
glycans (i.e., carbohydrates). We found that the lectin-glycan reactions in general can be enthalpy-
driven, entropy-driven, or both, and water molecules play critical roles in the thermodynamics of
these reactions. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826352]

. INTRODUCTION

Biomolecular binding reactions under physiological con-
ditions and their equilibria (when concurrently present) are
molecular processes that control cellular states, dynamics,
and evolution. Understanding of these processes is central to
molecular biology and is the basis of drug discovery. Two key
components of physiological conditions are the temperature
range (nominally from 10 °C to 50 °C or 283 K to 323 K) and
the aqueous environment consisting of a host of molecules
dissolved or suspended in water, in addition to the main reac-
tion constituents of interest. Unlike most associative chemical
reactions that are typically enthalpy-driven (i.e., dominated
by the decrease in enthalpy AH) at the expense of decrease
in entropy, associative reactions involving macromolecules
such as proteins are often accompanied by conformational
change, solvation/de-solvation, and entrapment of water or
other solvent molecules. As a result, the spontaneous associa-
tion can be entropy-driven when the overall change in entropy
AS including those of the solvent is positive and dominates
the net negative change in the Gibbs free energy AG (=AH
— TAS).'7 It is clear that experimental studies of biomolec-
ular binding reactions should be performed over the entire
physiological temperature range instead of merely at room
temperature around 300 K. By measuring equilibrium bind-
ing constants as a function of temperature, one can determine
changes in Gibbs free energy G, enthalpy H, and entropy S
(through Van’t Hoff equation and other thermodynamic equa-
tions) and gain insights into other key molecular processes
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that accompany the main reaction. In practice these insights
are useful in guiding drug design and optimization.
Commercial systems based on a range of techniques are
available to characterize biomolecular binding reactions in so-
lutions (e.g., Isothermal Titration Calorimetry and Differen-
tial Scanning Calorimetry'®~'®) or on solid supports (e.g., Sur-
face Plasmon Resonance and interference sensors) as a func-
tion of temperature.® So far these platforms are limited to de-
tecting a few to a few tens of reactions at a time over the entire
physiological temperature range or to detection of a few hun-
dreds of reactions but only at or above room temperature. In
this report, we describe a variable-temperature ellipsometry-
based assay system for simultaneously detecting 1000—10 000
reactions from 10 °C to 60 °C within £0.1 °C."*22 Such a sys-
tem enables us to measure temperature dependence and in
turn the thermodynamics of biomolecular interactions with
unprecedented throughput. Using this system, we studied
interactions of plant carbohydrate-binding proteins (a.k.a.
lectins) with 24 synthetic carbohydrates (a.k.a. glycans).?

Il. VARIABLE-TEMPERATURE OPTO-FLUIDIC
SYSTEM FOR REAL-TIME MEASUREMENT
OF MULTIPLE BINDING REACTIONS

ON A SOLID SUPPORT

A. Variable-temperature opto-fluidic system

The system consists of a temperature-controlled sam-
ple cartridge and a scanning ellipsometry microscope. The
novel component here is the sample cartridge as shown in
Figure 1. It consists of a titanium plate fabricated to house ei-
ther one large fluidic chamber®* or six smaller chambers. The
glass slide printed with microarray(s) and the titanium plate
are held together by an aluminum cap and through silicone
O-ring(s) to form one large chamber or six smaller chambers
with respective fluidic inlets and outlets. The space between
the titanium plate and the glass slide is 0.4 mm.

© 2013 AIP Publishing LLC
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FIG. 1. Cross-sectional side-view of a temperature-controlled multi-
chamber assembly (integrated with an oblique-incidence reflectivity differ-
ence microscope that is not shown here. See Figure 1 of Ref. 20). Aluminum
coupler thermally joints two thermoelectric units (TE, from a commercial
vendor) to Titanium cartridge that houses 6 planar chambers. Aluminum-
cap holds a 1 in. x 3 in. printed glass slide on Titanium cartridge to com-
plete the fluid chambers. A thermocouple (not shown) is mounted 0.4 mm
behind one of the fluidic chambers to monitor the temperature of the tita-
nium surface. The assembly enables binding assays between 10 °C and 60 °C
within £0.1 °C. The insert is an image of six bovine serum albumin (BSA)
microarrays printed on an epoxy-functionalized glass slide in aqueous solu-
tion. Each microarray has 800 spots with a diameter of 100 um. The image
is acquired with the integrated microscope.

The aluminum cap has a 20-mm x 44-mm rectangular
opening so that the optical beam from the scanning micro-
scope has the access to the microarray(s) from the opposite
side of the glass slide at an incidence angle of 65°. The cap
also has a pair of 20-mm wide x 60-mm long shields above
and below the exposed glass slide surface to minimize convec-
tive air movement during experiment, which is an important
element of the design.

B. Temperature control

To vary the temperature of the microarray on the glass
surface in the physiological range, we take the thermoelectric
heating/cooling component from a commercial thermal stage
(TSAO02i, INSTEC Inc, Boulder, CO) and outfit it to an alu-
minum adapter that is held in good thermal contact with the
titanium plate. For temperature control feedback, a thermo-
couple is placed through a 1.5-mm-diameter hole and held in
good thermal contact with the back of the titanium plate at
0.5 mm from the fluid chamber surface. The reading of the
thermocouple T is used as the temperature of the microar-
ray surface and the feedback for the TSA02i control electron-
ics. The titanium plate temperature T can be varied from
10°C to 60 °C within £0.1 °C. Once Ty, is set, the fluidic as-
sembly reaches the equilibrium with the ambient in 5—10 min
and the aqueous buffer and the glass slide also reach respec-
tive steady-state temperatures that are very close to Ty (see
below for further analysis). In a typical binding reaction ex-
periment, an aqueous sample at ambient temperature is in-
jected into the reaction chamber through the inlet to replace
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the buffer in 1-2 s. With the high thermal conductivity of tita-
nium (~5 cal/s m °C) and the shallow reaction chamber depth
of 0.4 mm, it is easily shown that the injected solution reaches
a steady-state temperature Tgymple Within 0.1° in less than 2 s.
And we show next that Tgampie is essentially the same as Ti.

C. Microarray temperature Tsample VS. the titanium
plate temperature Tt

The glass surface printed with microarray(s) is 0.4 mm
(the depth of the reaction chamber d.,) from the titanium
surface where the temperature Ty is being set and moni-
tored. Tsampre is determined by the titanium plate temperature
Tset, the ambient temperature Tympien, and the geometry of
the assembly. Under the steady-state condition, the tempera-
ture variation across the chamber depth is a linear function of
the distance away from the titanium surface. Let dgjuss be the
thickness of the glass slide and dympbien¢ the normal distance
between the front surface of the glass slide and the ambient
location where the temperature linearly reaches T mpient- Let
thermal conductivities of a typical aqueous solution, a glass
slide, and the ambient air be Kaqua, Kglass, and kyr. It is easy to
show that the temperature at the microarray surface is given
by

(Tambient - Tset) dch
(kaqua / kglass) dglass + (kaqua/ kair) dambiem +dch ’
(1

In our present system, dc, = 0.4 mm, dgas = 2 mm,
kaqua/kglass =05, kaqua/kair = 20, |Tambiem - Tsetl ~20°C. In
the absence of convection in front of the glass slide due to the
aluminum shields, we expect dymbient > 10 mm. As a result we
expect in steady-state, Tsample = Tsee = 0.1 °C. It means that
the temperature at the microarray surface Tsampre 1S practically
the same as that of the titanium plate T, within 2 s after the
aqueous solution is injected into the chamber.

Tsample =T+

D. Scanning ellipsometry microscope

The main features of the microscope have been de-
scribed previously.'??%2? Briefly, the microscope measures
the oblique-incidence reflectivity difference (OI-RD signal)
defined as the difference in fractional reflectivity change
between the p-polarized and s-polarized components of a
monochromatic light (a He-Ne laser in the present case) when
reflecting off a microarray-covered glass surface, (r, — 1p0)/Tpo
—(rs — 150)/t0 = Ap — Ag. 1po and 1o are the complex reflec-
tivities of the bare glass surface; r, and r, are the reflectivities
of the glass surface when it is covered with an immobilized
molecular layer. It has been shown that??
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®inc 1s the incidence angle of the monochromatic light beam.
€0, €d, and & are respective optical dielectric constants of the
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glass slide, the immobilized molecular layer, and the aqueous
ambient. A (= 632.8 nm) is the wavelength of the monochro-
matic illuminating light. d is the thickness of the molecular
layer. ©® is the coverage of the molecular layer, defined as the
quotient of the surface area actually covered by the molecules
in the layer divided by the footprint of the layer. A, — Ag
is proportional to the surface mass density I' = Odpprotein OF
the molecular layer (0protein = 1.35 g/cm? is the volume mass
density of protein in an aqueous ambient).'-?? Since the glass
substrate, the aqueous ambient, and the immobilized molecu-
lar layer are transparent at the wavelength of the monochro-
matic light source (A = 632.8 nm), &y, €5, and &4 are real num-
bers. As aresult only Im{A, — Ay} is non-zero,

Im{A, — A} =—[

477 & (tan @ine)” €OS Pine
gy (&5 — &0) (£5/80 — (tan ¢inc)?)

 (Ed— &) (ea — £0) © (0_l> ' 3)

&4 A

We only measure Im{ A, — A} when detecting binding reac-
tions of lectins with carbohydrate (glycan) microarrays.

lll. APPLICATION TO TEMPERATURE-DEPENDENCE
STUDIES OF PROTEIN-CARBOHYDRATE
(LECTIN-GLYCAN) BINDING

Protein-carbohydrate binding reactions are prototypical
for investigation of temperature dependence of biomolecu-
lar interactions. For example, through surface membrane pro-
teins, viral particles interact distinctly with specific and non-
specific hosts that have different characteristic physiologi-
cal temperatures (e.g., human vs. avian). Generally, sponta-
neous association of a protein molecule with ligands such as
carbohydrates, peptides, or low-molecular-weight compounds
may not always be driven by a predominant decrease in en-
thalpy at the expense of entropy. As the protein molecule
is prone to conformational change and to the change in the
state of solvation due to hydrophobic interaction for exam-
ple, the association of the protein with a ligand can pro-
ceed with an increase in entropy so that the protein-ligand
complex may become more stable at higher temperature in-
stead of the opposite. In these cases, the entropy gain is in-
dicative of other important structural and in turn entropic
changes that may be equally significant as the association
reaction itself. To access these details in protein-ligand in-
teractions, one needs to determine equilibrium binding con-
stants as a function of temperature and extract changes in
Gibbs free energy, enthalpy, and entropy through Van’t Hoff
equation.

Figure 2 shows the structures of 24 synthetic oligosac-
charides or carbohydrates (OS-1 to OS-24) used in this
study: four B1-4-linked galactosides, three G1-3-linked
galactosides, one shorter (-galactoside, one «-linked N-
acetylgalactosaminide, eight «2-3-linked sialosides, and
seven a2-6-linked sialosides.?? Table I lists these carbo-
hydrates. All glycans are linked to biotin via a flexible
hexa(ethylene glycol) HEG linker to allow optimal pre-
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sentation of glycans to subsequent lectins in binding as-
says by immobilizing biotinylated glycans on streptavidin-
functionalized glass surface. Lectins used were Ricinu com-
munis Agglutinin (RCA, 120 kDa), Maackia amurensis Ag-
glutinin (MAA, 130 kDa), and Sambucus nigra Bark Ag-
glutinin (SNA, 150 kDa), all were purchased from Vector
Laboratories (Burlingame, CA). The lectins were diluted with
1 x phosphate buffered saline (PBS) to concentrations in
the range of uM for real-time binding affinity measure-
ment. The binding profiles of these three lectins to the same
24 carbohydrates at room temperature have been reported
earlier.”

We measured binding curves of MAA, RCA, and SNA to
all 24 carbohydrates at 15 °C, 25 °C, 35 °C, and 45 °C at three
lectin concentrations (MAA: 0.75 uM, 1.5 uM, and 3.0 uM;
SNA: 0.39 uM, 0.78 uM, 1.57 uM; RCA: 0.84 uM,
1.67 uM, 3.33 uM). In terms of absolute temperature, the
largest temperature change was 10%. Figure 3 displays the
binding curves of MAA but only to 7 carbohydrates (OS-11
through OS-17) as the ones to the remaining 17 carbohydrates
show no sign of binding at the concentrations used in the ex-
periments. Figure 4 displays the binding curves to 7 carbo-
hydrates (OS-18 through OS-24) as the ones to the first 17
carbohydrates show no sign of SNA binding. Figure 5 dis-
plays the binding curves of RCA to all 24 carbohydrates. The
optical signals are proportional to the surface mass density
change as a result of the lectin binding.

Before detailed analysis, two features are immediately
obvious. Most binding curves are not described by a sim-
ple 1-to-1 (one-site) Langmuir reaction model, indicating that
the bound lectin-carbohydrate pair on the solid support forms
more than one type of complexes, each with a distinct binding
constant or association and dissociation rate constants.>> The
stability of many lectin-carbohydrate complexes decreases
with the increase of the temperature when the latter changes
from 15 °C to 45 °C (a hallmark of enthalpy-driven reaction),
while there are clearly complexes whose stabilities depend
weakly on temperature. The stabilities of some complexes
even increase with the rise of the temperature (a clear sign
of entropy-favored reaction).

To gain further insights into the lectin-glycan binding
(complex formation), we fit the binding curves obtained at
a constant temperature and three difference lectin concentra-
tions globally to a two-site Langmuir reaction model.>> In
this model, we assume that there are two presentations for
each immobilized carbohydrate ligand, and the binding of a
lectin with these two presentations leads to a primary com-
plex and a secondary complex that are characterized by dis-
tinct association rate constants and dissociation rate constants:
Kon™™, kon®@, kot'V, and kos®. We use these rate constants
as global fitting parameters and use initial surface densities
No™™ and Ny of the two carbohydrate presentations (sites)
as the local parameters that can vary from binding curve to
binding curve. We then compute the equilibrium association
constants K,V = ko, W/kos? and K@ = konP/koi®. To
find thermodynamic parameters associated with these bind-
ing reactions, we use the following equations: (1) reaction
isotherm AG = — (RT) Ln(K,); (2) Van’t Hoff equation
AH = (RT?) dLn(K,)/dT; and (3) definition of Gibbs free
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FIG. 2. Structures of 24 synthetic biotinylated oligosaccharides (galactosides, N-acetylgalactosaminide, and sialosides). Except for OS-2 and OS-18 which are
a-linked to a biotin linker, all other glycans are S-linked to biotin via a flexible hexa(ethylene glycol) (HEG) linker.

energy change AG = AH — TAS or AS = (AH — AG)/T.
We have assumed that over the narrow temperature range
between 15°C and 45°C or from 288 K to 318 K, the
dependence in enthalpy change AH and entropy change
AS on temperature can be neglected. In Table II, we list
equilibrium association constants and thermal dynamic pa-
rameters of MAA and SNA binding reactions with respec-
tive synthetic glycans (see Figures 3 and 4). Table III dis-
plays equilibrium association constants and thermal dynamic
parameters of RCA binding reactions with the synthetic
glycans (see Figure 5).

A. MAA-glycan binding reactions

MAA is known to bind to Neu5Acw2-3GalS-terminated
glycans («2-3-linked sialosides). Yet thermodynamic driv-
ing forces behind MAA-glycan formation are not fully in-
vestigated. Earlier binding curve measurements at room tem-
perature (~298 K) by others based on surface plasmon
resonance (SPR) sensors yielded association constants in
the order of 10°/M, similar to what we found for the sec-
ondary MAA-Neu5Aca2-3GalB complexes.’® We note that
the SPR-based measurements should have been analyzed with

a two-site Langmuir reaction model as the data clearly in-
dicated the presence of another more stable MAA-glycan
complex. Our temperature dependence study of equilib-
rium association constants reveals the thermodynamics of
MAA-glycan reactions. From Table II, one can see that
the formation of secondary MAA-NeuSAca2-3Galg com-
plexes is assisted by an entropy gain (AS > 0). For MAA-
NeuSAca2-3GalB1-4Glc/GIcNAcB (OS-11 and OS-13) in
particular, the entropy gain in fact drives the complex for-
mation as the enthalpy change is positive and thus alone
would render the complex formation unfavorable. For for-
mation of primary (more stable) MAA-NeuS5Acw2-3Galg
complexes, two of them are also assisted with entropy gain
(AS > 0).

B. SNA-glycan binding reactions

SNA is known to bind to Neu5Aca2-6GalB-terminated
glycans («2-6-linked sialosides). The equilibrium association
constants of secondary SNA-NeuSAca2-6GalB complexes
found in the present study are comparable to those reported
by others from SPR-based binding curve measurements at
room temperature.”® The temperature dependence of the
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TABLE I. 24 Biotinylated oligosaccharides and the assigned identification numbers used in the present work.

Glycan I.D. Glycan structures

0S-1 Gal B-Biotin

0S-2 GalNAc «-Biotin

0S-3 Gal B1-4Glc B-Biotin
0S-4 Gal6S B1-4Glc B-Biotin
0S-5 Gal B1-4GIcNAc B-Biotin
0S-6 Gal B1-4GlcNAc6S B-Biotin
0S-7 Gal B1-3GlcNAc B-Biotin
0S-8 Gal B1-3GIcNAc B1-3GalB1-4Glc B-Biotin
0S-9 Gal B1-3GalNAc B-Biotin
0S-10 NeuSAca2-3 Gal B-Biotin

0OS-11 NeuS5Aca2-3 Gal B1-4Glc B-Biotin
0S-12 NeuSAca2-3 Gal6S B1-4Glc B-Biotin
0OS-13 NeuSAca2-3 Gal B1-4GlcNAc B-Biotin
0S-14 NeuS5Aca2-3 Gal B1-4GIcNAc6S B-Biotin
0S-15 NeuSAca2-3 Gal B1-3GlcNAc B-Biotin
0OS-16 NeuSAca2-3 Gal B1-3GlcNAc B1-3Galp1-4Glc B-Biotin
0S-17 NeuS5Aca2-3 Gal B1-3GalNAc B-Biotin
OS-18 Neu5Aca2-6 GalNAc «-Biotin

0OS-19 Kdno2-6 Gal B1-4Glc B-Biotin
0S-20 Neu5Gcea2-6 Gal B1-4Glc B-Biotin
0S-21 NeuSAca2-6 Gal B1-4Glc B-Biotin
0S-22 NeuSAca2-6 Gal B1-4GlcNAc B-Biotin
0S-23 NeuSAca2-6 Gal B1-4GIcNAc6S B-Biotin
0S-24 NeuSAca2-6 Gal B1-3GlcNAc B-Biotin

equilibrium association constants again allows us to ex-
amine the thermodynamics in forming these lectin-glycan
complexes. From Table II, we find that the binding of SNA
to Neu5Acw2-6GalB-terminated glycans is primarily driven
by an enthalpy decrease as the latter contributes to the bulk of
the negative change in Gibbs free energy (required for spon-
taneous complex formation). Interestingly, the formation of
the secondary SNA-Kdna2-6GalB (OS-19) complex as well
as the primary SNA-Neu5Aca2-6GalB1-4Glcp (0S-21) and
SNA-NeuSAca2-6Galf1-4GIcNAc6SB (0S-23) complexes
is also assisted by an entropy gain (AS > 0), while the for-

0S-11 08-12 08-13 0S-14 0S8-15 08-16 08-17
& o 45°C
§ A L P o
x
& 4 = = & 35°C
g
o 25°C

?%g LN 156°C

o~—fe% [ bt _f%

O 90 Time (min) ® 750nM O1500 nM  x 3000 nM

FIG. 3. Temperature dependence of binding curves (association-dissociation
curves) of Maackia amurensis Agglutinin (MAA) to glycans immobilized on
streptavidin-functionalized surface at three MAA concentrations. Only those
for OS-11 through OS-17 are shown as MAA does not bind to other glycans.
The curves are fitted to a two-site Langmuir reaction model.

mation of other SNA-Neu5Acw2-6Galf complexes results in
an entropy loss (AS < 0).

C. RCA-glycan binding reaction

RCA binds to GalB1-3/4- and NeuSAcw2-6Galg1-
3/4-terminated glycans. From the temperature dependence
of the equilibrium association constants in Table III, we
can conclude that the formation of primary RCA-Galg1-
4Glc/GlcNAc (0S-3 and OS-5) complexes are driven by
entropy gains as the enthalpy loss only contributes to a
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FIG. 4. Binding curves (association-dissociation curves) of Sambucus
nigra Bark Agglutinin (SNA) to glycans immobilized on streptavidin-
functionalized surface at three SNA concentrations. Only those for OS-18
through OS-24 are shown as SNA does not bind to other glycans. The curves
are fitted to a two-site Langmuir reaction kinetic model.
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FIG. 5. Binding curves (association-dissociation curves) of RCA (Ricinu
communis Agglutinin) to glycans immobilized on streptavidin-functionalized
surface at three RCA concentrations. The curves for those glycans that do not
bind RCA are not shown. The curves are fitted to a two-site Langmuir reac-
tion kinetic model.

minor portion of the Gibbs free energy loss, while the for-
mation of primary RCA-Galf1-3GlcNAac/GalNAc (OS-7
and OS-9) complexes is completely driven by the enthalpy
loss since the entropy decreases as a result of the com-
plex formation. For RCA-NeuSAca2-6Galg1-3/4 complexes,
the formation is dominated by the enthalpy loss. Interest-
ingly, when NeuS5Ac group is replaced by Kdn group or
when NeuSAca2-6GalB1-4GlcNAc (0S-22) is modified to
NeuSAca2-6GalB1-4GlcNAc6S (0S-23), RCA binding to
the modified glycans is now accompanied by entropy gains
(AS > 0).

IV. DISCUSSION

Protein-ligand binding reactions, such as those between
lectins and glycans, in aqueous solutions are accompanied
by solvation and de-solvation of structured/perturbed water
molecules and/or other solvents in the binding pocket or on
the binding surface. As a result, the Gibbs free energy change
that drives the complex formation can have significant contri-
butions from the bound water or other solvent molecules. In
particular, when the numbers of solvent molecules on the re-
spective binding surfaces of a lectin and a glycan are large, the
entropic gain in releasing some or all of these molecules into
the bulk can dominate the thermodynamic force that stabilizes
the complex formation (entropy-driven reaction). The theo-
retical consideration and experimental observation of these
concepts have been explored and investigated by Lemieux
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and others for a number of lectin-glycan reactions and other
protein-ligand binding reactions.!”!> In general, the net en-
tropy gain can be regarded a measure of the amount of the
bound water molecules released in the complex formation as
the displacement of one bound water molecule into the bulk
decreases the Gibbs free energy by 1-2 kcal/mol at room
temperature.

From this consideration, it is clear that the binding
of MAA to NeuS5Aca2-3GalB1-4GIlcNAcS involves dis-
placements of a large number of bound water molecules
(6-10) from binding surfaces of MAA and glycans. When
N-acetylglucosamine is replaced with glucose, only the sec-
ondary MAA-Neu5Aca2-3GalB1-4GlcB complex formation
involves a large number of bound water molecules, while
the primary complex formation involves far fewer bound wa-
ter molecules (~1). The structural information on MAA-
NeuSAca2-3GalB1-4Glc complex is available from the X-ray
crystallography.?” As shown in Figure 6, the binding pocket
of MAA for NeuSAca2-3GalB1-4GlIc is shaped like a cleft, a
convenient pocket for structured water molecules. It is note-
worthy that the surface region of MAA that binds to Galg1-
4Glc is mostly hydrophobic and as a result a small structural
modification from NeuSAcwa2-3GalB1-4Glc to NeuSAca2-
3GalpB1-4GIcNAcp can understandably lead to a large differ-
ence in bound water molecule displacement.

Though the structural information on SNA is also
available?®, the binding pocket for NeuSAca2-6Galg is not
known and thus we cannot comment on the correlation of
the binding surface of SNA with our observation that the re-
actions of SNA with NeuSAca2-6Galf are mostly enthalpy
driven and in some cases involve entropy gain. Unlike MAA,
the surface of SNA seems readily covered with a layer of wa-
ters, indicating that the surface is much more hydrophilic. The
formation of SNA with N-acetylgalactosamine complex re-
tains most of the water molecules on SNA surface. Accord-
ing to Lemieux, the structured water layer on a hydrophilic
or polar surface is perturbed and as a result the formation
of SNA-glycan complex in most cases is expected to be
enthalpy-driven instead of entropy-driven. This is what we
observed.

The structure of RCA (Figure 7) is known as well and
there is a large cleft-like pocket on the protein surface,”
yet the structural details of RCA complexation with Galg1-
4Glc/GlcNAc, Galg1-3Gle/GlcNAc, NeuSAca2-6Galfl-4,
and Neu5Aca2-6GalB1-3 are not available. It is feasible that
GalB1-4Glc/GlcNAc binds to the cleft-like pocket and dis-
places a large amount of structured water molecules in the
formation of MAA-«2-3-linked sialoside complex such that
the association with RCA is entropy-driven, while Galg1-
3Glc/GlcNAc binds to the same pocket but fits differently
enough that fewer water molecules from the hydrophobic part
of the cleft are displaced, leading to enthalpy-driven complex
formation with RCA.

For the purpose of the present report, the interpretation of
why some of the lectin-glycan reactions are entropy-driven,
while others are dominated by enthalpy loss is tentative
and subject to further study and confirmation. More impor-
tantly, our present variable-temperature assay system enables
us to take a substantial step forward in revealing details of
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TABLE II. Equilibrium association constants of MAA and SNA with sialyllactoses and sialyllactosamines between 15°C and 45 °C, and the changes in
thermodynamic functions during the complex formation deduced from the temperature dependence of the association constants. The bold face highlights those
complexes whose formation is accompanied by a significant entropy gain.

MAA
Site 1 Site 2
T Ka(l) AGD AHMD ASM Ka(2) AG® AH® AS®
Glycan (K) (1/M) (kcal) (kcal) (kcal/K) (1/M) (kcal) (kcal) (kcal/K)
Neu5Aca3Galg4Glc (0S-11) 288 2.3 x 107 -976 —102 —20x 1073 12 x10° —8.73 43 4.2 x 10-2
208 3.8 x 107 —1040 —102 1.3 x 1073 2.0 x 10° —8.96 4.3 4.3 x 102
308 3.0 x 107 —1061 —102 0.6 x 1073 3.4 x10° —8.94 4.3 4.5 x 102
318 3.4 x 10° -956 —102 —1.6x 1073 38 x 10° —8.90 43 4.5 x 10-2
Neu5Aca3Gal6S B4Glc (0S-12) 288 4.0 x 108 —1141 —114 65x 1075 2.0x10° —8.36 —34 1.7 x 102
208 1.5 x 107 —-985 —114 —52x 1073 6.6 x 10° -9.36 —34 2.1 x 102
308 6.9 x 107 —11.12  —114 —088x1073 4.1 x 10° —9.38 -34 1.9 x 10-2
318 3.2 x 107 —-1099 —114 —13x 1073 1.2 x10° —8.90 —34 1.7 x 102
Neu5Aca3Galg4GlcNAc (0S-13) 288 2.1 x 108 —11.04 -7 1.2 x 102 1.4 x 10° —8.14 33 4.0 x 10-2
208 1.4 x 107 -9.82 -17.7 072 x 102 6.6 x 10° -9.36 33 4.2 x 10-2
308 7.0 x 107 —11.13 -7 11 x10-2 3.5 x 10° —9.28 3.3 4.1 x 10-2
318 3.2 x 107 —11.00 -7 1.0 x 102 3.0 x 10° —948 33 4.0 x 10-2
NeuSAca3GalB4GIcNAC6S (0S-14) 288 8.0 x 10° -9.16 —26 23x10-2 25 x 10° —8.49 -35 1.7 x 102
208 6.0 x 10° —9.30 —26 23x10-2 1.5 x 10° —8.48 -35 1.7 x 102
308 3.0 x 107 —10.61 -26 2.6 x10-2 1.3 x 10° —8.67 —35 1.7 x 10-2
318 2.8 x 10° —9.44 —26 22x10-2 1.4 x 10° —9.00 -35 1.7 x 102
SNA
Site 1 Site 2
T K, AG®D AHD AS™ K,? AG® AH® AS®
Glycan (K) (1/M) (kcal) (kcal) (kcal/K) (1/M) (kcal) (kcal) (kcal/K)
Kdna6GalB4Glc (0S-19) 288 8.0 x 108 —11.81 —192 —26x 1072 29 x10° —17.25 -172 1.9 x 1074
298 5.3 x 108 —1197 —192 —24x1072 49 x 107 —10.56 -72 1.1 x 1072
303 5.7 x 107 —11.00 —192 —27x1072 42 x 107 —10.81 —-72 1.2 x 1072
318 5.1 x 107 —1129 —19.2 —25%x1072 23 x 107 —10.78 -172 1.1 x 1072
Neu5Gea6Galg4Gle (0S-20) 288 7.7 x 107 —1046  —20 —33x 1072 4.9 x 10° —-887 -—12 —1.1 x 1072
298 3.0 x 107 —-1027 =20 —33x1072 6.7 x 10° -937 —-12 —0.88 x 1072
308 7.9 x 10° —-979 —20 —33x 1072 3.4 x10° —-926 -—12 —0.89 x 1072
318 2.7 x 107 —-1088 —20 —29x1072 1.9 x10° -9.19 -—12 —0.88 x 1072
Neu5Aca6Galg4Glc (0S-21) 288 7.7 x 107 —12.06 —84 7.2 x 1073 2.6 x 10° —-851 -—12 —-12x 1072
298 5.9 x 107 —10.66 -84 7.6 x 10-3 2.8 x 107 —-1022 —12 —0.60 x 1072
308 4.5 x 107 —10.86 -84 8.0 x 10-3 3.1 x 10° —-920 —12 —0.91 x 1072
318 1.8 x 107 —10.62 -84 7.0 x 1073 5.6 x 10° —-842 —12 —1.1x 1072
Neu5Aca6GalB4GlcNAc (0S-22) 288 4.1 x 108 —1143 —163 —17x107%  86x10° -787 —13 —1.8 x 1072
298 1.0 x 108 —-1097 —163 —18x 1073 42 x10° -771 —13 —1.8 x 1072
308 6.6 x 107 —11.09 —163 —-1.7x 1073 5.0 x 10° -950 —13 —1.1 x 1072
318 1.7 x 108 —1206 —163 —-13x 1073 1.0 x 10° —-734 —13 —1.8 x 1072
Neu5Aca6GalB4GIcNACc6S (0S-23) 288 8.3 x 108 —11.83 -85 1.3x10-2 37 x10° —738 -93 —6.7 x 1073
298 1.2 x10° —12.42 -85 1.3x10-2 12 x 10° —6.98 -93 —7.8 x 1073
308 8.3 x 108 —12.65 -85 1.3x10-2 1.0 x 10° —7.11 -93 —7.1 x 1073
318 45 x 108 —12.68 -85 1.2 x 102 0.73 x 10° -7.12 -93 —6.7 x 1073
Neu5Aca6GalB3GIcNAc (0S-24) 288 3.1 x 108 —1126 —24 —44x1072 64 x 10* —-637 —16 —33 x 1072
208 1.7 x 107 —-993  —24 —47 %1072 3.6 x 10° —-899 —16 —2.4 x 1072
308 2.1 x 107 —-1038 —24 —44 %1072 23 x10° -762 —16 —2.7 x 1072
318 0.98 x 107 —-877 —24 —48x 1072 73 x10° —-566 —16 —33 x 1072

lectin-glycan or protein-ligand binding events under aque-
ous conditions and to investigate roles of water and other
solvent molecules through measurements and analysis of
the temperature dependence of equilibrium binding con-

stants. The much-improved throughput of this platform
promises to more rapidly advance the characterization of
protein-ligand binding properties under various physiological
conditions.
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TABLE III. Equilibrium association constants of RCA with galactosides, galactosamine, and sialosides between 15°C and 45 °C and the changes in ther-
modynamic functions during the complex formation computed from the temperature dependence of the association constants. The bold face highlights those
complexes whose formation is accompanied by a significant entropy gain.

RCA
Site 1 Site 2
T Ka(l) AGMD AHD ASM Ka(2) AG® AH® AS®@
Glycan (K) (1/M) (kcal) (keal) (kcal/K) (1/M) (kcal) (keal) (keal/K)
Gal (0OS-1) 288 135x 108 —1078 —11.6 —28x 1073 397 x 10° —8.75 —43 1.5 x 102
298 588 x 107 —1066 —11.6 —32x 1073 2.65 x 10° —8.81 —43 1.5 x 102
308 1.85x 107 —1031 —11.6 —42x 1073 244 x 10° —9.06 —43 1.5 x 102
318 244 x107 —1082 —11.6 —-18x 1073 6.7 x 10° —10.00 —43 1.8 x 102
GalB4Glc (0S-3) 288 5.6 x 100 —1425 —47 33x10-2 7.1 x 107 —1041 —179 —26x1072
298 8.7 x 107 —10.74 —4.7 20 x 102 1.5x 107 —-985 —179 —27x1072
308 48 x 107 —10.90 —47 20x10-2 1.7 x 107 —1026 —179 —25x1072
318 4.1 x 107  —11.15 —47 20 x 102 2.6 x 10° -939 —179 —27x1072
Gal6SB4Glc (0S-4) 288 13x108  —1077 —15 —-15%x 1072 1.4 x 10° —-816 —20 —4.1 x 1072
298 8.0 x 10° —-947 —15 —-19x 1072 022 x 10° -732 =20 —43 x 1072
308 22x 107 —1041 —15 —15%x 1072 0.15 x 10° —734 =20 —4.1 x 1072
318 12x 107 —1035 —15 —-15%x 1072 6.9 x 10° —-1002 —20 —3.1 x 1072
GalB4GlcNac (0S-5) 288 1.2 x 107 —937 -3 5.5 x 10-3
298 94 x 107 —10.94 —42 23 x10-2 3.0 x 10° —8.68 -73 3.6 x 10-3
308 72x 107 —11.14 —42 23x10-2 1.8 x 107 —10.28 -78 8.0 x 10-3
318 6.1 x 107 —11.40 —42 23x10-2 28 x10° —9.44 -13 5.2 x 10-3
Gal B4GIcNAC6S (0S-6) 288 1.3 x 108 —1074 —234 —44x1072
298 28 x 107 —10.23 -56 1.5 x 102
308 1.7 x 107 —10.26 -5.6 1.5 x 102 49 x 10° —-949  —234 —45x1072
318 1.6 x 107  —10.54 —56 1.5x10-2 3.3 x 10° —955 —234 —43x1072
GalB3GlcNAc (0S-7) 288 77 %108 —1179  —20 —29x107%2  15x10° —6.85 -72  —12x1073
298 19x 105 —1136 =20 —29%x1072  1.8x10* —5.38 —-72 —45x1073
308 77 x 107 —11.19 =20 —29x1072 64 x10° —6.62 -72  —13x1073
GalB3GalNAc (0S-9) 288 24 x108 —1774 —-723 —0.19 8.2 x 107 —10.5 —113 -28x1073
298 1.1x10"  —1512 —723 —0.19
308 21x100  —1463 —723 —0.19 1.4 x 108 —1155 —113 0.78 x 1073
318 78 x 107 —11.56 —723 —0.19 7.6 x 100 —-1008 —113 —-39x1073
Neu5Aca6GalNAc (OS-18) 288 1.1 x 107 —9.33 1.1 3.6 x10-2 1.2 x 10° —805 —274 —67x107*
298 23x 108 —1147 1.1 42 x10~2 13 x10° —-7.02 —274 —68x1072
308 5.7 x 100 —9.58 1.1 3.5 x 102 54 x 10* —-671 =274 —6.7x1072
318 44 x 107  —11.20 1.1 39 x10-2 7.5 x 10° —10.07 —274 —54x1072
Kdna6Gal4Glc (0S-19) 288 2.8 x 107 —9.87 —74 0.86 x 10-2 5.0 x 10° —889 —129 —14x1072
298 1.9 x 107 -9.97 —74 0.86 x 102 7.4 x 10° —943 —129 —-12x10?
308 1.2 x 107 —10.04 -74 0.86 x 102 1.62 x 10° —88.1 —129 —-13x1072
318 50x 10" —17.13 —74 31x10-2  0.77 x 10° —-862 —129 —13x102
Neu5Gea6Gal 4Glc (0S-20) 288 1.0x 108 —1062 —131 —0.86x 1072 32 x 10° —863 —127 —14x1072
298 33x 107 —1032 —131 —093x 1072 1.7 x 10°® -85 —127 —14x102
308 7.2 x 100 —-973  —13.1 —1.1 x 1072 1.2 x 10° —-864 —127 —13x1072
Neu5Aca6Galg4Gle (0S-21) 288 115x 108  —1069 —129 -7 %1073 42 x 107 —-10.11 —16 —2.0 x 1072
298 36 x 107 —1040 —129 —84x 1073 29 x10° —-887 —16 —2.4x 1072
308 22x 107 —1042 —129 —8.1x 1073 1.7 x 107 —-1025 —16 —-1.9 x 1072
318 134 x107 —1044 —129 —77 %1073 1.26 x 10° —-893 —16 —22x 1072
Neu5Aca6Gal4GlcNAc (0S-22) 288 38x 107 —10.05 —104 —-12x 1073 6.8 x 10° —-9.06 —146 —19x1072
298 30x 107 —1025 —104 —049x 1073 88 x 100 —-953  —146 —1.7x1072
308 1.17 x 107 —10.03 —104 —-12x 1073 3.1 x 10° —-921 —146 —1.8x1072
318 59x 107 —1138 —104 —31x 1073 0.65 x 10° —851 —146 —19x1072
NeuS5Aca6GalB4GIcNAc6S (0S-23) 298 1.5 x 107 —9.84 -85 45x10-3 1.9 x 10° —-860 —126 —13x1072
308 8.5 x 10° —9.83 -85 43 x10-3 1.1 x10° -85 —126 —13x102
318 6.1 x 10° —-9.94 -85 4.5 x 10-3  0.49 x 10° —-833 —126 —13x1072
Neu5Aca3GalB3GlcNAc (0S-24) 288  135x 108 —1078 —108 —0.56 x 107*  0.46 x 10° —-6.18 —165 —3.6x1072
298 1.0x 108 —1098 —108 6.0x107* 021 x 10° —-594 —165 —35x 1072
308 29 %107 —1058 —108 —7.1x 107 0.07 x 10° —546 —165 —3.6x 1072

318 29x107 —1093 —10.8 40x107* 1.6 x 107 —-1057 —165 —19x 1072
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FIG. 6. Structure of MAA in complex with OS-11 (Neu5Aca2-3Galf1-4Glc
or 2-3-linked sialyllactose) determined from X-ray crystallography data.?’
The carbohydrate binding site consists of a deep cleft that accommodates the
three monosaccharide residues of the sialyllactose. The central galactose sits
in the primary binding site in an orientation that has not been observed pre-
viously in other legume lectins. The carboxyl group of sialic acid establishes
a salt bridge with a lysine side chain. The glucose residue is very efficiently
docked between two tyrosine aromatic rings. We suggest that the structured
water layer over the hydrophobic portion of the pocket (yellow) is respon-
sible for a large entropy gain in MAA-sialyllactosamine as well as MAA-
sialyllactose complex formation as shown in Table II.

FIG. 7. Structure of RCA in complex with OS-1 (Galg or B-galactose) de-
termined from X-Ray crystallography data.?’ The carbohydrate binding site
is near a deep cleft that can accommodate more than one monosaccharide
residue.
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