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Abstract: Functional pairing between cellular glycoconju-
gates and tissue lectins like galectins has wide (patho)phy-

siological significance. Their study is facilitated by nonhydro-

lysable derivatives of the natural O-glycans, such as S- and
Se-glycosides. The latter enable extensive analyses by specif-

ic 77Se NMR spectroscopy, but still remain underexplored. By
using the example of selenodigalactoside (SeDG) and the

human galectin-1 and -3, we have evaluated diverse 77Se
NMR detection methods and propose selective 1H,77Se

heteronuclear Hartmann–Hahn transfer for efficient use in

competitive NMR screening against a selenoglycoside spy

ligand. By fluorescence anisotropy, circular dichroism, and
isothermal titration calorimetry (ITC), we show that the affini-

ty and thermodynamics of SeDG binding by galectins are

similar to thiodigalactoside (TDG) and N-acetyllactosamine
(LacNAc), confirming that Se substitution has no major

impact. ITC data in D2O versus H2O are similar for TDG and
LacNAc binding by both galectins, but a solvent effect, indi-

cating solvent rearrangement at the binding site, is hinted
at for SeDG and clearly observed for LacNAc dimers with ex-

tended chain length.

Introduction

Formation of the glycosidic bond is the molecular means to

build messages from carbohydrates, the letters of the third al-
phabet of life. The generated glycan “words”, as part of cellular

glycoconjugates, are increasingly shown to encode wide,
(patho)physiologically relevant information.[1] This emerging

role as biochemical multipurpose signals has intensified efforts
in carbohydrate chemistry to synthesise both naturally occur-
ring oligosaccharides and derivatives with special modifications

and properties. For instance, sulfur substitution of the oxygen
in the glycosidic linkage between saccharide moieties leads to
thioglycosides[2] that resist hydrolysis and show increased flexi-
bility to access and populate secondary conformations more

readily.[3] Bioactivity tests confirm that thioglycosides maintain
the capacity of natural O-glycosides to interact with lectins,

the “readers” of glycan-encoded information,[4] and thiodigalac-
toside (TDG) has emerged as the most potent inhibitor of car-
bohydrate-dependent haemagglutination in the pioneering

study detecting galectins in vertebrates.[5] This family of tissue
lectins, which primarily recognise b-galactose moieties, has

become a research focus for its role in cellular homeostasis
and various diseases through functional pairing with glycocon-

jugate receptors. Nonhydrolysable derivatives like thioglyco-

sides have become important probes for their study,[6] where
human galectins 1 and 3 (hGal-1, hGal-3) showed higher affini-

ty for TDG than for their canonical ligand lactose (Lac).[7] Evi-
dently, the increased van der Waals radius (1.8 a for S vs. 1.5 a

for O), C@X bond length (1.8 a for S vs. 1.4 a for O), and
C(@X@)C distance (2.9 a for S vs. 2.4 a for O) as well as de-
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creased C@X@C angle (958 for S vs. 1158 for O) do not impair
thioglycoside recognition and, therefore, allow their wide use

as hydrolysis resistant lectin inhibitors.
The homologous selenoglycosides (Se-glycosides) offer simi-

lar hydrolytic stability and bioactivity to thioglycosides. Thus,
the conformational space and dynamics of Se-glycosides of the

histo-blood group ABH system were found to be rather similar
to corresponding thioglycosides, whereas mono- and bivalent

Se-glycosides, especially Se-digalactoside (SeDG), strongly in-

hibit canonical Lac binding by human galectins.[8] In contrast
to sulfur and oxygen, the selenium atom furthermore enables
two powerful analytical techniques for high-resolution studies.
First, selenium facilitates the phasing of X-ray diffraction maps
by single-wavelength anomalous diffraction (SAD), which was
exploited to solve the structure of lectins with bound b-methyl

Se-glycosides.[9] Second, the stable spin-1=2 isotope 77Se enables

heteronuclear NMR spectroscopy, which was used to monitor
Se-glycoside recognition by plant lectins (ConA, PSA, WGA)

through direct 77Se detection,[10] and SeDG binding to human
hGal-1 and hGal-3 through the far more sensitive indirect 77Se

detection.[11]

With this work, we further pave the way for a broad use of

Se-glycosides to exploit the great merits of 77Se NMR in glycan

recognition studies. As a test system, we again use SeDG,
hGal-1, and hGal-3. In the first part, we present a quantitative

comparison to substantiate the superiority of indirect versus
direct 77Se NMR detection and to assess the losses accruing in

the former. These mainly derive from evolution of homonu-
clear 1H,1H’ coupling during the required long 1H,77Se magneti-

sation transfer steps. We therefore introduce the 1H,77Se

heteronuclear Hartmann–Hahn (HeHaHa) transfer experiment,
where a simple adjustment suppresses competing 1H,1H’

homonuclear (HoHaHa) transfer and restricts 1H,77Se HeHaHa
transfer to the anomeric H1 protons in Se-glycosides. Com-

pared to the benchmark CPMG-HSQMBC,[11] this selective
H1,77Se HeHaHa experiment yields spectra with maximal sim-
plicity, phase purity, and signal intensity, and should prove

most beneficial in competitive screening applications with a
Se-glycoside as spy ligand. These assays identify other ligands
binding to the same site, without false positives, and directly
report on their affinity relative to the spy ligand. To prepare for

such applications, the second part of our study presents a
thorough thermodynamic characterisation of SeDG binding to

hGal-1 and hGal-3, in comparison with the related b-galacto-
sides LacNAc, TDG, and nonbinding diselenodigalactoside
(DSeDG). We thereby validate fluorescence anisotropy (FA) and

circular dichroism (CD) as complementary techniques to iso-
thermal calorimetry (ITC) for studying galectin interactions. We

then use ITC to measure the enthalpic and entropic contribu-
tions to binding, and also derive the thermodynamic contribu-

tions to the solvent isotope effect (SIE) by comparing the re-

sults obtained in H2O versus D2O. The SIE, which reveals the in-
fluence of solvent reorganisation on the thermodynamics of

binding, had previously been measured only for two legumi-
nous lectins.[12] We now extend this approach to human galec-

tins, where we also compare the impact on binding affinity
and thermodynamics caused by S/Se substitution in the glyco-

sidic bond of the digalactoside or by glycan chain extension in
two LacNAc dimers.

Results and Discussion
1H NMR spectroscopy

The binary SeDG + SeDGlc mixture provides a rare example of

fully separable 1H NMR spectra (Figure 1) that nevertheless il-
lustrate the widespread 1H signal overlap and complex fine

structure (from extensive homonuclear nJHH coupling) typical
for carbohydrates. A comparison of this basic 1D 1H NMR spec-

trum in the absence and presence of hGal-3 (Figure 1, top)

readily indicates selective binding of SeDG by strong attenua-
tion and broadening of all signals. The [1H!]1H saturation

transfer difference (STD) spectrum confirms reversible binding
of SeDG, where H2 and H4-H6 show the strongest signals,

hence, closest contact with galectin protons (Figure 1,
bottom). The anomeric H1, which barely approaches the pro-

tein,[13] shows the smallest STD effect despite strongest signal

attenuation (@75 %) upon hGal-3 binding, underscoring that
signal attenuation is a very sensitive indicator of molecular in-

teractions even on nuclei outside the binding interface, but
therefore unsuitable for mapping the binding epitope.

77Se NMR spectroscopy

Contrary to oxygen and sulfur, selenium has a naturally occur-
ring spin-1=2 isotope, 77Se, that is detectable by heteronuclear

high-resolution NMR. 77Se NMR offers decisive advantages over
conventional 1H NMR such as absence of background signals,

specificity for selenium-containing compounds, and enormous
spectral simplification from a much wider dispersion of signals

Figure 1. 1H NMR spectra of SeDG (4 mm, assignments in black) and SeDGlc
(4 mm, assignments in grey) in the absence (black) and presence (red) of
hGal-3 (0.125 mm). A) 1H Spectrum. Strong signal broadening and attenua-
tion indicates binding only for SeDG, where the maximal attenuation
(@76 %) is observed for H1. B) [1H! ]1H STD spectrum in the presence of
hGal-3. The difference 1H spectrum (blue, 32-fold upscaled) reveals maximal
STD effects of +3 % for SeDG protons H2, H4, H5, and H6 while STD effects
on H3 and especially on H1 are much weaker. No STD effects are observed
for SeDGlc. Residual hGal-3 1H signals were suppressed by a 100 ms T11

filter.
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without fine structure (due to a lack of homonuclear 77Se cou-
pling partners). Selenoglycosides open the door to exploit

these unique benefits of 77Se NMR in glycan-(ga)lectin recogni-
tion studies. Yet, the cost is a significant sensitivity loss relative

to 1H NMR due to the inherently lower polarisation and isotop-
ic abundance of 77Se as well as possibly higher relaxation rates,
lower detection sensitivity by the hardware, etc. In the follow-
ing, we deconvolute and quantify these loss factors, and sum-
marise routes to greatly alleviate them.

The 77Se direct-detection NMR spectrum in the absence and
presence of hGal-3 confirms selective binding of SeDG via simi-
lar signal attenuation and broadening as in the 1H spectrum,
but with prohibitively low sensitivity (Figure 2 A). Yet, if the

molecule shows sizable heteronuclear nJH,Se couplings, impor-
tant sensitivity gains up to (gH/gSe)&5.2 and further (gH/gSe)1·5

&12 could be realised by initial 1H!77Se polarisation transfer

and indirect 77Se detection on 1H, respectively.[11] Thus, the
combination of both enhancement schemes in 1H$77Se out-

and-back transfer experiments can yield up to 60-fold higher
sensitivity, as suggested by the 77Se(F1) projection of a 2D
1H,77Se CPMG-HSQMBC[11] spectrum (Figure 2 B) recorded in half
the time of the direct 77Se spectrum (Figure 2 A). Yet, dissipa-

tion of the transferable magnetisation through competing ho-

monuclear nJH,H coupling and transverse R2 relaxation reduces
the gains and complicates the calculation of an optimal 1H!
77Se transfer delay, Dopt, that is otherwise expected to be
Dcalc = 0.5/nJH,Se. We, therefore, measured the D dependence of

all SeDG correlation signals for the CPMG-HSQMBC experi-
ment[11] that implements 1H!77Se polarisation transfer by

CPMG-INEPT to suppress the phase modulation from evolving

homonuclear nJH,H couplings. Yet, CPMG-INEPT does not sup-
press the spread of magnetisation by in-phase 1H!1H’

HoHaHa transfer that produces a strong indirect correlation
signal for H3 despite no direct 4JH3,Se coupling (Figure 3 A and

Figure S1 in the Supporting Information). In contrast, the corre-
lation signals for H1 (2JH1,Se = 7.0 Hz), H2 (3JH2,Se = 7.4 Hz), and H4

(5JH1,Se = 3.2 Hz) derive from direct 1H!77Se along with some

contributing indirect 1H!1H’ HoHaHa transfer that may cause

differences between experimental (Dopt) and expected (Dcalc =

(2·nJH,Se)@1) optimal transfer delays. Thus (as shown in Fig-

ure S2), for the H1 signal we observe the shortest Dopt = 70 ms
(coinciding with Dcalc), followed by Dopt = 85 ms for the indirect

H3 correlation signal, and Dopt >100 ms for H2 and H4 (longer

D were not tested to avoid excessive sample heating and duty
cycles from CPMG pulsing). Table 1 summarises all extracted
3JH,H’ and nJH,Se coupling constants along with the experimental
and expected optimal transfer delays for SeDG.

By focusing on the H1,77Se correlation signal of SeDG and
using the pertaining optimal transfer delay, Dopt = 70 ms, we
may compare the sensitivity of direct and indirect 77Se detec-

tion via 1H$77Se out-and-back transfer by CPMG-HSQMBC.

Figure 2. 77Se NMR spectrum (1H decoupled) of SeDG and SeDGlc (4 mm) in
the absence (black) and presence (red, acquired with double number of
scans) of hGal-3 (0.125 mm). A) Direct detection with 1024 scans, 3 s inter-
scan delay, 52 min experiment time. B) Indirect detection by 2D 1H,77Se
CPMG-HSQMBC (positive F1 projection) with 70 ms 1H!77Se transfer delay, 8
scans, 1.5 s interscan delay, 26 min experiment time. Spectra were processed
with 3 Hz line broadening. Signal-to-noise ratios for same experiment time:
5 (A) vs. 97 (B).

Figure 3. 1D 1H traces from 2D 1H,77Se correlation spectra taken at the 77Se
chemical shift (393.7 ppm) of SeDG (4 mm) in the absence (black) or pres-
ence (red) of hGal-3 (0.125 mm). A) CPMG-HSQMBC (Dopt(H1) = 70 ms,
BCPMG = 1143 Hz). The indirect H3 correlation signal (4JH3,Se = 0) derives from
HoHaHa (TOCSY) transfer. B) HeHaHa (BDIPSI2 = 1450 Hz, Dopt(H1) = 80 ms). The
average signal intensity is @60 % lower than in the HSQMBC spectrum.
C) H1 selective HeHaHa (BDIPSI2 = 285 Hz, Dopt(H1) = 100 ms). The H1 signal
now shows pure in-phase splitting (3JH1,H2 = 10 Hz) and 10 % (175 %) sensitivi-
ty gain relative to the corresponding CPMG-HSQMBC (HeHaHa) spectrum.
Corresponding 1H traces for the nonbinding SeDGlc are shown in Figure S4.

Table 1. Scalar coupling constants (cf. Figure S1) and optimal 1H!77Se
transfer delays (cf. Figure S2) for SeDG and different polarisation transfer
schemes.

SeDG signal H1 H2 H3 H4

3JH,H’ [Hz] 10.0 10.0/9.45 9.45/3.4 3.4/1.0
nJH,Se [Hz] 7.0 (n = 2) 7.4 (n = 3) 0 (n = 4) 3.2 (n = 5)
Dcalc [ms][a] 71.4 67.6 – 156
Dopt [ms][b] 70 >100 85 >100
Dopt,HeHaHa [ms][c] 70 80 100 140
Dopt,selHeHaHa [ms][d] 100 – – –
Dcalc,selHeHaHa [ms][e] 101 – – –

[a] Theoretical transfer delay Dcalc = 1/(2·nJH,Se) in the absence of compet-
ing couplings and relaxation. [b] Optimal transfer delay for the 1H,77Se
CPMG-HSQMBC experiment; duty cycle limitations precluded sampling
for D > 100 ms. [c] Optimal transfer delay for the broadband 1H,77Se
HeHaHa experiment. [d] Optimal transfer delay for the selective H1,77Se
HeHaHa experiment. [e] Theoretical transfer delay Dcalc,selHeHaHa = 1/
(
p

2·2JH1,Se) in the absence of HoHaHa.
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With comparable experimental and processing parameters, the
signal-to-noise ratios relative to a 1H spectrum were 0.077 %

for direct versus 1.763 % for indirect 77Se detection (Table 2).
Thus, indirect 77Se detection yields a 23-fold sensitivity en-

hancement over direct 77Se detection, while a factor of 62.5 =

(gH/gSe)2.5 is expected theoretically. This underperformance of

the HSQMBC experiment is due to the mentioned dissipation
of transferable magnetisation by homonuclear Hartmann–
Hahn transfer and transverse R2(H) relaxation during its two

CPMG-INEPT steps. Their transfer efficiency each is the square
root of the signal-to-noise ratio for this 1H$77Se out-and-back
transfer experiment, relative to a direct 1H experiment without
77Se selection, after taking into account the 13.1-fold lower nat-

ural abundance of 77Se (7.63 %) versus 1H (100 %). Thus, with
the optimised experimental parameters (Dopt = 70 ms, BCPMG =

1371 Hz, dCPMG = 157.3 ms), each INEPT step for H1,77Se correla-

tion reaches maximal 48 % efficiency. Finally, compensation for
the inherently lower 77Se sensitivity from a lower gyromagnetic

ratio and isotope abundance than 1H (by multiplication with
factors 62.5 and 13.1, respectively) yields a reduced detection

sensitivity of 63.5 % for 77Se relative to 1H. This reduction is
largely due to lower detection sensitivity for 77Se on the outer

coil versus 1H detection on the inner coil of our TBI probehead,

but with bias from further factors (e.g. , higher salt effect losses
for 1H). In summary, the presented deconvolution of gain and

loss factors in 77Se NMR confirms the most important sensitivi-
ty enhancement from indirect 1H[77Se] detection, although it

falls short of the theoretical maximum and may offer margin
for improvement. A further important and general 13-fold gain

from 77Se isotope enrichment has so far remained unexploited,

but would be vital to enable highly informative yet insensitive

NMR experiments, for example, to elucidate binding epitopes
and specific protein-ligand contacts.

We next explored ways to improve the 1H$77Se transfer effi-
ciency fundamental for indirect 1H[77Se] detection, which must

aim at reducing the dissipation of transferable magnetisation
from homonuclear nJH,H coupling evolution and transverse

R2(1H) relaxation. The latter may be exacerbated by line broad-
ening from chemical or conformational exchange processes, as
often seen for reversible ligand binding. This can be sup-

pressed by efficient spin locking which, in the presence of ho-
monuclear coupling, also facilitates homonuclear Hartmann–

Hahn transfer between the locked spins. If continuous spin
lock pulsing is applied synchronously to distinct isotopes with
heteronuclear coupling, analogous heteronuclear Hartmann-
Hahn transfer is likewise facilitated. Thus, we replaced both

CPMG-INEPT steps of the HSQMBC experiments with simultane-
ous DIPSI2[14] spin locking for both 1H and 77Se to compose the
1H,77Se HeHaHa experiment (all pulse program codes are given

in the Supporting Information). Again, we experimentally de-
rived optimal transfer delays, Dopt,HeHaHa, for each correlation

signal in SeDG (Table 1 and Figure S2). Except for H1
(Dopt,HeHaHa = 70 ms), these differ somewhat from the corre-

sponding Dopt delays for the CPMG-HSQMBC experiment, indi-

cating a distinct superposition of undesired HoHaHa with
HeHaHa or CPMG-INEPT transfer, respectively. Yet, 1H,77Se

HeHaHa (Figure 3 B) shows only about a third of the transfer
efficiency of CPMG-INEPT (Figure 3 A), mainly due to two gen-

eral problems with HeHaHa. First, the distinct 1H inner and 77Se
outer probehead coils produce different spatial variations of

the BRF field strength, causing locally varying dephasing be-

tween locked 1H and 77Se spins that diminishes the net Hart-
mann-Hahn transfer across the sampled volume. Such losses

could be mitigated with a probehead using a single coil for 1H
and 77Se. Second, while 77Se magnetisation during CPMG-INEPT

only alternates along z and, therefore, is only subject to slow
longitudinal R1(77Se) relaxation, it spends about half the DIPSI2

spin lock time in the transverse plane[15] and then accumulates

substantial losses from fast transverse R2(77Se) relaxation.
Despite these shortcomings, the HeHaHa experiment offers

an easy way to suppress any dissipation of transferable H1
magnetisation by 1H,1H’ HoHaHa in selenoglycosides and in-
stead force it exclusively into heteronuclear H1!77Se HeHaHa
transfer : As the anomeric H1 is well separated by DnH1,Hi+
1 ppm from all other glycoside protons Hi, it suffices to set the
HeHaHa spin lock offset, nSL(1H), to H1 and reduce its power to
BSL<DnH1,Hi [Hz] , that is, to BSL<600 Hz on a 600 MHz spec-

trometer. Only H1 is then spin-locked while all 1H resonating
outside nSL(1H): 1=2·BSL dephase and can, therefore, not partake

in any Hartmann–Hahn transfer, be it homonuclear (with H1)
or heteronuclear (with 77Se). To still enable the desired H1!
77Se HeHaHa, however, the same low BSL must be applied at

the selenoglycoside’s 77Se signal offset to similarly spin-lock a
narrow frequency range nSL(

77Se): 1=2·BSL. The SeDG spectrum

of such selective H1!77Se HeHaHa experiment should show
only one correlation signal, as indeed observed (Figure 3 C).

Full HoHaHa suppression is furthermore confirmed by the pure
in-phase appearance of the H1 doublet signal (with 3JH1,H2 =

Table 2. Signal-to-noise (SNrel) ratios (relative to 1H = 100 %) and gain and
loss factors for indirect (by CPMG-HSQMBC) versus direct 77Se NMR detec-
tion.

77Se detection method 77Se direct 1H[77Se] CPMG-HSQMBC

signal halfwidth 3.0 Hz 1.5 Hz
SNrel = SN/

p
number-of-scans 0.077 % 1.763 %

fgain = SNrel(
1H[77Se])/SNrel(

77Se)[a] – 23
ftheor = (gH/gSe)·(gH/gSe)1.5[b] – 62.5
f100 % = 100 %/7.63 %[c] 13.1 13.1
SN100 % = SNrel·f100 %

[d] 1.0 % 23.1 %
fINEPT =

p
SN100 %(1H[77Se])[e] – 48.1 %

fcoil,Se = SN100 %·ftheor
[f] 63.5 % –

Spectra were recorded with the same FID resolution (0.5 Hz), receiver
gain, long total interscan delay (6.3 s>3·T1), and were processed identi-
cally after exponential line broadening with the indicated natural signal
halfwidth. For the CPMG-HSQMBC experiment, the SN of H1 was multi-
plied by 2 to compensate a 50 % loss from gradient coherence selection.
[a] fgain is the experimentally achieved gain with the CPMG-HSQMBC indi-
rect versus direct 77Se detection scheme. [b] ftheor is the theoretical gain
for indirect 77Se detection with an 1H$77Se out-and-back transfer
scheme, relative to direct 77Se detection. [c] f100 % is the gain from 100 %
enrichment of 77Se. [d] SN100 = SNrel compensated for natural 77Se isotope
abundance. [e] fINEPT is the transfer efficiency of each CPMG-INEPT step in
the CPMG-HSQMBC experiment (with Dopt = 70 ms, BCPMG = 1371 Hz,
dCPMG = 157.3 ms). [f] fcoil,Se is the outer-coil 77Se detection sensitivity relative
to inner-coil 1H detection (BRUKER 600 MHz TBI probehead).
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10 Hz) while its notable antiphase distortion in both the
CPMG-HSQMBC (Figure 3 A) and broadband HeHaHa spectrum

(Figure 3 B) derives from antiphase HoHaHa transfer via the
[H1yH2z@H1zH2y] Hamiltonian. With the obvious elimination of

any HoHaHa (and HeHaHa other than for H1) transfer in the se-
lective H1!77Se HeHaHa experiment, the relevant spin system

is reduced to three coupled nuclei, that is, two H1 connected
by one 77Se in the symmetric SeDG molecule, where both H1
do not couple directly (4JH1,H1’&0). The amplitude for planar

HeHaHa transfer by DIPSI2x then simplifies to H1x!
Sex·sin2(p

p
2·D·J/2) [Eq. (202) in ref. [16]] and is maximal for the

optimal transfer delay Dcalc,sel HeHaHa = (
p

2·2JH1,Se)@1 = 101 ms. Also
this prediction is confirmed experimentally (Table 1).

With the corresponding optimal H1!77Se transfer delay, the
selective HeHaHa spectrum (Figure 3 C) shows threefold higher

intensity than unselective (broadband) HeHaHa, illustrating the

loss from H1 magnetisation dissipation by undesired HoHaHa
transfer. While this loss should be similar for the CPMG-

HSQMBC experiment, its spectrum (Figure 3 A) shows only
about 10 % reduced H1 signal intensity. Apparently, the three-

fold sensitivity gain from HoHaHa suppression in the selective
HeHaHa experiment is nearly nullified by the abovementioned

losses from local Hartmann–Hahn mismatch and contributing

transverse 77Se relaxation. Yet, this sensitivity to transverse 77Se
relaxation can be turned into an important advantage for the

selective 1H,77Se HeHaHa experiment when applied in a com-
petitive NMR screening setup. There, a single selenoglycoside

compound is used as spy ligand to identify, by clean 77Se NMR,
other ligands competing for binding at the same site. The

NMR experiment should then detect the spy ligand signal spe-

cifically and with maximal sensitivity, that is, by indirect 77Se
detection through 1H,77Se correlation, as demonstrated in prin-

ciple before.[11] Furthermore, the detected signal should
change maximally between bound and free states of the spy

ligand to indicate its displacement with maximal sensitivity. As
confirmed by Figures 1 and 2, both 1H and 77Se signal intensi-

ties are very sensitive indicators of molecular binding, due to

their inverse dependence on the transverse relaxation rates
that strongly increase for small molecules binding to a large
target. By depending also on the 77Se transverse relaxation, the
1H,77Se HeHaHa (which may be thought of as a 77Se relaxation
filtered 1H experiment) should then indicate spy ligand dis-
placement more sensitively than the CPMG-HSQMBC experi-

ment. Indeed, this is indirectly confirmed by the 1D 1H[77Se]
traces for SeDG in the absence and presence of hGal-3, where
the H1 signal drops by a factor of 6 for CPMG-HSQMBC (Fig-

ure 3 A) and more than 27.5 (below the noise level) for selec-
tive H1,77Se HeHaHa (Figure 3 C). Thus, a selective H1,77Se

HeHaHa spectrum would indicate spy ligand displacement
with the largest amplitude, overall sensitivity, and spectral sim-

plicity (showing just the purely in-phase H1 doublet signal),

however, at the price of covering only a minimal 77Se (and 1H)
bandwidth. Yet, this drawback becomes obsolete when work-

ing with only one selenium containing compound (with a
single 77Se signal), where 77Se frequency editing in a second

spectral dimension is likewise irrelevant. For these reasons, a
competitive screening assay with a selenoglycoside spy ligand

should be the ideal application for a selective 1D H1[77Se]
HeHaHa experiment, and vice versa. As an important added

benefit, competitive screening assays can directly yield the af-
finity constant (KA) of a ligand relative to that of the spy

ligand, as previously demonstrated by analogous 19F NMR ob-
servation of a fluorine containing spy ligand.[17] In preparation

for such applications, we proceeded to characterise the affinity
and thermodynamics of SeDG binding to hGal-1 and hGal-3, in
comparison with related ligands.

Affinity and thermodynamics of O-, S- and Se-glycoside
binding to hGal-1 and hGal-3

We started our comparative analysis of SeDG and TDG binding

to hGal-1 and hGal-3 with fluorescence anisotropy (FA) mea-
surements, taking advantage of the conserved single Trp resi-

due in the carbohydrate recognition domain (CRD) of all galec-
tins. As this Trp engages in CH–p interactions with the b-face

of galactose, FA measurements also confirm specific ligand
contact at this site. The expected galectin FA dependence on
added SeDG or TDG concentration was indeed observed and

indicated a KD of some 100 mm for their binding to both hGal-1
and hGal-3 (Figure 4).

Since full-length hGal-3 has two further Trp residues in its N-
terminal tail (Trp22, Trp26), the FA measurements were repeat-

ed for a proteolytically truncated hGal-3 form and for a hGal-1-

like variant of two covalently connected hGal-3 CRDs. Both
yielded KD values quite similar to hGal-3 (Figure S5) confirming

that the two N-terminal Trp residues in hGal-3 do not sense
the binding event and, therefore, do not bias the FA changes

by the Trp residue in the binding site. Thus, we may conclude
that Trp sensitive FA spectroscopy is a robust and reliable

method to measure ligand affinities for galectins and confirm

their recognition in the canonical binding site.[18] We then veri-
fied that CD measurements likewise respond to ligand addi-

tion, yielding similar KD values as FA except for TDG binding to
all hGal-3 forms, where CD indicates somewhat higher KD

values (Figure S6). Overall, both FA and CD confirm that TDG

Figure 4. Interaction of hGal-1 with TDG and SeDG monitored by intrinsic
Trp FA. Binding isotherms for increasing concentrations of A) TDG and
B) SeDG at 25 8C. Equilibrium KD values were derived by data fitting to a
nonlinear regression model for single site-specific binding using GraphPad
Prism 8 and assuming one binding site per monomer. Error bars represent
standard deviations from five repeated FA measurements. KD errors are esti-
mates from the fitting algorithm.
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and SeDG are well recognised in the canonical binding site of

galectins.[8a]

We then used isothermal titration calorimetry (ITC) to deter-

mine the enthalpic and entropic contributions in the thermo-

dynamics of S- or Se-digalactoside binding (Table 3; Figures
S8a and S9a). Normalised to the number of CRD domains in

the galectin (n/n0), the derived stoichiometry consistently
reached values around 1, proving full galectin activity.

Throughout, our thermodynamic data shows the common pat-
tern of an enthalpy driven binding process, as also reported

for the natural ligand LacNAc.[19] For both hGal-1 and hGal-3,

the affinities for TDG and SeDG are rather similar while TDG
shows larger free binding enthalpies, balanced by a higher en-

tropic penalty. When the glycosidic linkage is extended from
one to two selenium atoms, the entropic penalty for DSeDG

binding to hGal-3 increases strongly and reduces the affinity
by three orders of magnitude (Figure 5 A, B), in line with previ-

ous findings showing that neither disulfide nor diselenide

linked glycans are recognised by galectins.[8a, 20]

Solvent impact on binding

Since the observed enthalpy driven binding with an accompa-
nying decrease in entropy is still considered an “enigma”,[21] we

repeated our measurements in D2O to identify a possible sol-
vent isotope effect (SIE) as an indicator for the solvent’s in-
volvement in the binding event.[12a] After previous application

to two leguminous lectins,[12] this is the first such study on
human galectins.

The CD measurements in D2O (Figure S7) largely reproduce
the KD values derived in H2O and, thus, indicate no significant

SIE for TDG, SeDG, or LacNAc binding by hGal-1 and the three

hGal-3 proteins. The same rough similarity of KD values is ob-
served by ITC that enables, however, a more precise and com-

prehensive analysis of the binding thermodynamics (Table 3;
Figures S8b and S9b). A very small net change in enthalpy and

entropy was observed for each of the three disaccharides to
both galectins. The enthalpy of binding was less favourable in

D2O only for SeDG binding to hGal-1, but is balanced by a sim-

ilar reduction of the entropic penalty (Table 3).
This observation indicates a possible difference in galectin

and/or ligand dissolution upon binding of SeDG versus LacNAc

or TDG. The differential hydration of protein and ligand atoms
is known to contribute strongly to an observed enthalpic de-

stabilisation in D2O versus H2O, as reported for FK506 or rapa-
mycin binding to FKBP-12,[22] and could involve rather slow

water exchange between the protein’s hydration shell and
bulk solvent. For Lac bound hGal-3 CRD, a combination of mo-

lecular dynamics simulations and deuterium NMR relaxation

dispersion experiments demonstrated such exchange of
bound and bulk water molecules on a (sub)nanosecond time-

scale at room temperature.[23] Ongoing crystallographic at-
tempts to characterise the water network for hGal-3[24] may

provide further important insight. Moreover, Lac binding was
found to cause subtle water reorganisation around the central
Trp indole ring in the hGal-1 CRD,[25] which must be considered

to fully understand the detrimental impact on Lac binding
caused by Trp mutation not only to Leu, but also to Phe or Tyr
that both preserve a capacity for CH–p interaction with the
ligand. Finally, a dissolution effect on the binding thermody-

namics was likewise reported for other types of CRD and for
oligosaccharides longer than the essential core.[12, 26]

To further substantiate the indicated water involvement in

galectin binding, we included two chain extended O-galacto-
sides (Scheme S1), DiLacNAc (1) and lacto-N-tetraose (LNT, 2),

in our ITC studies (Table 3; Figures S8 and S9). Of note, mam-
malian Gal-1 and Gal-3 are known to show different affinity

with dependence on the oligosaccharide chain length (more
strongly for Gal-3 than for Gal-1) and positional preference for

the primarily recognised galactose moiety (i.e. , the nonreduc-

ing end LacNAc for Gal-1 vs. reducing-end LacNAc for Gal-
3).[7, 19a, 27] In line with this and previous studies on bovine Gal-

1,[19a] our ITC data (Table 3) shows that the chain length exten-
sion slightly reduces the affinity (and more so for LNT) of

human Gal-1, relative to LacNAc. As expected, human Gal-3
contrarily shows some affinity increase (and more so for DiLac-

Table 3. Thermodynamic data (from ITC) for ligand binding to human hGal-1 and -3 (at 25 8C).

Ligand[a] KD [mm] DG8obs [kcal mol@1] DH8obs [kcal mol@1] @TDS8obs [kcal mol@1] Stoichiometry n/n0

H2O D2O H2O D2O H2O D2O H2O D2O H2O D2O

hGal-1 (n0 = 2)
TDG 82.7:2.9 69.7:1.4 @5.57 @5.67 @11.6:0.2 @11.9:0.1 6.07 6.24 1.00 1.05
SeDG 108.0:1.4 126.0:2.7 @5.41 @5.32 @10.7:0.1 @8.9:0.1 5.27 3.62 0.99 1.04
LacNAc 81.7:1.7 67.0:1.7 @5.57 @5.69 @10.6:0.1 @10.8:0.1 5.03 5.14 1.00 0.98
DiLacNAc 94.7:2.2 101.0:1.4 @5.49 @5.45 @10.0:0.2 @8.2:0.1 4.53 2.70 0.97 1.00
LNT 175.0:3.2 157.0:6.4 @5.13 @5.18 @5.5:0.1 @4.3:0.1 0.34 @0.92 1.01 0.93
hGal-3 (n0 = 1)
TDG 67.6:2.0 51.4:1.9 @5.69 @5.85 @11.1:0.2 @11.1:0.6 5.39 5.27 1.01 0.98
SeDG 93.1:2.6 96.3:4.5 @5.50 @5.48 @9.7:0.2 @9.1:1.1 4.18 3.65 1.12 0.94
DSeDG 2800.0:180 – @3.48 – @9.7:0.5 – 6.23 – 0.95 –
LacNAc 38.6:0.5 32.0:2.2 @6.02 @6.13 @12.9:0.1 @11.9:1.2 6.88 5.80 0.99 0.96
DiLacNAc 5.6:0.1 5.8:0.4 @7.17 @7.14 @9.7:0.0 @13.5:0.3 2.57 6.31 0.96 0.99
LNT 28.1:0.5 27.4:0.8 @6.21 @6.23 @8.3:0.1 @9.0:0.1 2.04 2.80 1.10 1.00

[a] TDG = thiodigalactoside, SeDG = selenodigalactoside, DSeDG = diselenodigalactoside, LacNAc = N-acetyllactosamine, DiLacNAc = di-N-acetyllactosamine,
LNT = lacto-N-tetraose.
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NAc) (Figure 4 C, D). Most intriguingly, however, for both galec-
tins the enthalpic and entropic contributions to tetrasaccharide
binding change more notably than for SeDG or LacNAc, and

differently in D2O versus H2O (Table 3; Figures S8 and S9), al-
though these changes compensate each other in all cases to

preserve similar affinities. Thus, hGal-1 binding of DiLacNAc or
LNT shows an enthalpic destabilisation with balancing entropic

stabilisation in D2O, while the inverse is observed for hGal-3. In

the latter case, an enthalpy-generating stabilisation of solvent
structure is conceivable and could be provided either by direct

glycan-protein contact, as modelled for Gal-3 in complex with
LacNAc di- and trimers,[28] or by ligand induced interactions be-

tween Gal-3 monomers, either via their CRD[29] or N-terminal
tail.[30]

Conclusions

Selenoglycosides offer unique opportunities for studying
glycan recognition by target lectins due to a hydrolytic stability

similar to that of thioglycosides and, particularly, due to the
natural abundance of a stable isotope (77Se) enabling observa-

tion by selective high-resolution NMR spectroscopy. Using sele-
nodigalactoside (SeDG) and the human hGal-1 and hGal-3, we
have confirmed and quantified the significant sensitivity gains

achievable by indirect versus direct 77Se NMR detection. For
the optimal 1H,77Se out-and-back correlation method, a 63-fold
enhancement is predicted, but dissipation of transferable 1H
magnetisation by transverse relaxation and homonuclear 1H,1H’
coupling evolution reduces the gains to about 1=3 in practice.
To eliminate these losses, we introduced the selective hetero-

nuclear H1!77Se Hartmann–Hahn transfer (HeHaHa) experi-

ment which, compared with its nonselective variant, is shown
to yield a threefold sensitivity gain from suppressing any con-

curring homonuclear H1!Hi Hartmann–Hahn (HoHaHa) trans-
fer. Yet, spatial heterogeneity of the 1H and 77Se spin lock fields

and the added sensitivity to transverse 77Se relaxation reduce
these gains to 10 % relative to the benchmark CPMG-HSQMBC

experiment. This latter implicit “T2(77Se) filter” effect of the se-

lective HeHaHa experiment, however, should favourably in-
crease its indicator sensitivity in competitive NMR screening

assays using a selenoglycoside spy ligand. For such applica-
tions, we also characterised the affinity and thermodynamics

of SeDG binding to hGal-1 and hGal-3, which yielded a KD of
about 100 mm and confirmed its equivalence, as a ligand, with

both LacNAc and TDG. The tryptophan at the glycan binding

site of hGal-1 and hGal-3 thereby allowed the site-specific
binding to be monitored by fluorescence anisotropy (FA) as a

fast and robust alternative to CD or ITC. Finally, a comparison
of data obtained in H2O versus D2O revealed no significant sol-

vent isotope effect (SIE) on hGal-1 and hGal-3 binding of TDG
or LacNAc, but hints at a small SIE for SeDG. A clear SIE with
compensation of enthalpic and entropic contributions emerg-

es, however, especially for hGal-3 when binding LacNAc
dimers, indicating some mayor solvent rearrangement at its
binding site as the glycan chain length is extended.

Experimental Section

Galectins and their ligands

Human Gal-1 and -3 were recombinantly produced, purified by af-
finity chromatography on lactosylated Sepharose 4B, and exam-
ined for purity by gel electrophoresis and mass spectrometry as
described.[29b, 31] SeDG and DSeDG were synthesised and analysed
for purity as described previously.[8a]

NMR spectroscopy

All NMR experiments were recorded at 298 K on a BRUKER AVANCE
III 600 MHz spectrometer equipped with a TBI probehead with z-
gradients. All cited 2D 1H,77Se correlation experiments were record-
ed with the relevant NMR parameters given in the text and Figure
legends, and with the pulse program codes printed in the Support-
ing Information.

Figure 5. ITC titration profile of A) hGal-3 (110 mm) with SeDG (6.0 mm),
B) hGal-3 (70 mm) with DSeDG (10.0 mm), C) hGal-3 (135 mm) with DiLacNAc
(6.0 mm), and D) hGal-3 (40 mm) with DiLacNAc (1.0 mm) in phosphate buffer
(pH 7.2) containing 20 mm phosphate, 10 mm NaCl, and 10 mm BME in
water (A–C) or D2O (D). Ligand was injected every 150 s at 25 8C. The top
panels show the experimental ITC data and bottom panels a fit to a one-site
model of the binding data using MicroCal PEAQ-ITC analysis software. Re-
sulting values for the stoichiometry (n), binding affinity (KA), dissociation con-
stant (KD), enthalpy (DH), and change in entropy with respect to tempera-
ture (TDS) are shown in Table 3.
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CD spectroscopy

CD measurements were carried out with a JASCO J-815 spectropo-
larimeter equipped with a Peltier-type temperature controller, a
thermostabilised cell holder, and interfaced with a thermostatic
bath. Near-UV spectra were recorded in a quartz cell of 1 cm path
length at a protein concentration between 2.5 and 3.0 mg mL@1 in
phosphate-buffered saline (PBS), pH 7.0. Ten consecutive scans
were accumulated and the average spectra were stored. Data was
corrected for the baseline contribution from buffer and ligands.
The observed ellipticities were converted into mean residue ellip-
ticities [q] based on a mean molecular per residue mass of 109 Da
for hGal-1, 112.6 Da for hGal-3 CRD, and 112.1 Da for the hGal-3
homodimer. KD values were derived by fitting the CD data to a
nonlinear regression model for single site-specific binding using
GraphPad Prism 8, assuming one binding site for each domain of
hGal-1 and -3 and two binding sites for the hGal-3 homodimer.
Figures were generated with ORIGIN2018 (www.originlab.com).

Fluorescence anisotropy

FA was measured using a Fluoromax-4 (Horiba Jobin Yvon) photon
counting spectrofluorometer with excitation at 295 nm (5 nm band
pass) and emission at 350 nm (5 nm band pass) using 5 V 10 mm
cells at 25 8C. Measurements were carried out at a protein concen-
tration of 0.15 mg mL@1. Freeze-dried protein was dissolved in PBS
(pH 7.0). FA levels were calculated from the excitation/emission po-
larisation combinations, taking into account the G correction factor
and according to standard equations.[32] Equilibrium KD values were
determined as described above for the CD data. Figures were like-
wise generated with ORIGIN2018 (www.originlab.com).

ITC measurements

ITC titrations were monitored in a PEAQ-ITC calorimeter (Malvern,
Westborough, MA, USA) using 200 mL galectin containing solution
in 20 mm phosphate buffer (pH 7.2), 10 mm NaCl, 10 mm b-mer-
captoethanol, injected at 150 s intervals in aliquots of 2 mL (up to a
total of 36.4 mL) at 25 8C, 750 rpm, as described before.[6j, 33] In each
titration, an offset parameter was also fitted to account for poten-
tial background. Data was processed using the MicroCal PEAQ-ITC
Analysis software. Studies in D2O were carried out by dissolving
lyophilised protein (originally dialysed in buffered H2O) in D2O.

2-Azidoethyl (b-d-galactopyranosyl)-(1!4)-(2-acetamido-2-
deoxy-b-d-glucopyranosyl)-(1!3)-(b-d-galactopyranosyl)-
(1!4)-2-acetamido-2-deoxy-b-d-glucopyranoside (1)

2-Azidoethyl (2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-(1!4)-
(3,6-di-O-acetyl-2-acetamido-2-deoxy-b-d-glucopyranosyl)-(1!3)-
(2,4,6-tri-O-acetyl-b-d-galactopyranosyl)-(1!4)-3,6-di-O-acetyl-2-
acetamido-2-deoxy-b-d-glucopyranoside (4, 20.9 mg, 16.3 mmol)
was dissolved in 0.35 mL dry DMSO under N2 at ambient tempera-
ture. Dry MeOH (0.10 mL) was added, followed by NaOMe (2.5 mg,
46 mmol), and the resulting reaction mixture was stirred overnight
until TLC-analysis (3:7, H2O/MeCN) of the reaction mixture showed
full conversion. The mixture was neutralised with freshly washed
DOWEX 8WX50 (H+), filtered, concentrated and lyophilised to
remove remaining DMSO. The crude material (14 mg) was purified
by size exclusion on Bio-Gel P-2 gel (H2O/tBuOH, 99:1). Collection
of the appropriate fraction followed by concentration and lyophili-
sation yielded 1 as a fluffy white solid (12.6 mg, 94 %). [a]20

D =@0.25
(c = 0.30, H2O), 1H NMR (500 MHz, D2O): d= 4.58 (d, J = 8.3 Hz, 1 H),
4.48 (d, J = 8.3 Hz, 1 H), 4.35 (apparent t, J = 8.1 Hz, 2 H), 4.04 (d, J =

3.3 Hz, 1 H), 3.93 (ddd, J = 11.4, J = 5.6, J = 3.1, 1 H), 3.87 (dd, J =
12.4 Hz, J = 2.2 Hz, 1 H), 3.83 (dd, J = 12.3 Hz, J = 2.3 Hz, 1 H), 3.81
(d, J = 3.4 Hz, 1 H), 3.76–3.57 (m, 16 H), 3.55 (dd, J = 10.0 Hz, J =
3.5 Hz, 1 H), 3.51–3.44 (m, 3 H), 3.42 (dd, J = 10.0 Hz, J = 7.8 Hz, 1 H,),
3.37 (ddd, J = 13.7 Hz, J = 7.5, J = 3.0 Hz, 1 H), 3.30 (ddd, J = 13.8 Hz,
J = 5.7 Hz, J = 3.1 Hz, 1 H), 1.92 (s, 3 H), 1.91 (s, 3 H). 13C NMR
(126 MHz, D2O): d= 174 Hz.8, 174.6, 102.9, 102.8, 102.7, 100.9, 82.0,
78.4, 78.1,75.3, 74.8, 74.7, 74.5, 72.4, 72.4, 72.1, 70.9, 69.9, 68.7,
68.5, 68.3, 61.0, 60.9, 60.0, 59.8, 55.1, 54.9, 50.3, 22.2, 22.1. NMR
spectroscopy characterisation of 1 is illustrated in Figure S13 A–C.
HRMS (ESI) m/z calculated for C30H51N5O21: 840.2974 [M++Na]+ ;
found: 840.2964. The data were in agreement with earlier pub-
lished NMR data.[34]

3-Aminopropyl (b-d-galactopyranosyl)-(1!3)-(2-acetamido-
2-deoxy-b-d-glucopyranosyl)-(1!3)-(b-d-galactopyranosyl)-
(1!4)-b-d-glucopyranoside (2)

EtOH (1.2 mL) was added to 3-azidopropyl (3,4,6-tri-O-benzyl-b-d-
galactopyranosyl)-(1!3)-(4,6-O-benzylidene-2-acetamido-2-deoxy-
b-d-glucopyranosyl)-(1!3)-(2,4,6-tri-O-benzyl-b-d-galactopyrano-
syl)-(1!4)-2,3,6-tri-O-benzyl-b-d-glucopyranoside (5, 50 mg,
30 mmol), followed by water (296 mL) and 0.1 m aq. HCl (296 mL,
29.6 mmol). EtOAc was then added dropwise until a homogeneous
solution was formed. Pd/C (5 % wt., 10 mg, 4.7 mmol) and Pd(OH)2/
C (20 % wt., 10 mg, 14 mmol) were added, and the resulting sus-
pension was stirred under H2 (balloon) at room temperature for 19
hours. The suspension was then diluted with water, filtered
through Celite, and concentrated in vacuo. The product was puri-
fied by size-exclusion chromatography on Bio-Gel P-2 gel (H2O/
tBuOH, 99:1) yielding a white solid after concentration and lyophili-
sation (2, 11 mg, 46 %). 1H NMR (400 MHz, D2O): d= 4.76 (d, J =
8.3 Hz, 1 H), 4.53 (d, J = 8.0 Hz, 1 H), 4.48–4.45 (m, 2 H), 4.18 (d, J =
3.2 Hz, 1 H), 4.12–3.97 (m, 2 H), 3.94–3.90 (m, 3 H), 3.88–3.70 (m,
11 H), 3.70–3.46 (m, 8 H), 3.35 (m, 1 H), 3.15 (t, J = 7.0 Hz, 2 H), 2.05–
1.98 (m, 5 H). NMR-spectroscopy characterisation of 2 is illustrated
in Figure S14A, B. HRMS (ESI) m/z calculated for C29H52N2O21:
765.3141 [M++H]+ ; found: 765.3124. The data were in agreement
with earlier published NMR data (2-carbon spacer).[35]
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