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RESUMEN

Metodologias innovadoras basadas en YF-RMN de ligando
y técnicas computacionales para el estudio de procesos de
reconocimiento molecular aztcar-lectina

Los carbohidratos juegan un papel fundamental en una enorme variedad
de procesos bioldgicos. Se encuentran en todos los organismos vivos en la
naturaleza, donde intervienen en funciones que abarcan desde su uso como
fuente de energia o como fragmentos estructurales, hasta procesos de
infeccién en organismos superiores. En vertebrados, se localizan tanto en la
superficie celular como en el espacio extracelular, formando estructuras muy
diversas y complejas, pero también estan presentes en el nucleo y citoplasma
de células eucariotas unidos a proteinas (glicoproteinas). Su localizacion casi
universal en el organismo les confiere la capacidad de intervenir en un gran
nimero de procesos de ‘comunicaciéon’ con otras entidades, por ejemplo,
interacciones intercelulares, célula-molécula y célula-matriz extracelular.
Ademas, los carbohidratos median procesos de reconocimiento molecular
entre distintos organismos, como el reconocimiento de patégenos y parasitos
por la célula de un huésped.

De entre todas las biomoléculas que interaccionan con carbohidratos, en
esta Tesis nos hemos centrado en su reconocimiento molecular por parte de
lectinas. Las lectinas son proteinas que carecen de actividad catalitica y no
son producidas por una respuesta inmune (no son anticuerpos). Sin
embargo, juegan un papel fundamental en la comunicaciéon entre células,
median en procesos de infeccién e inmunidad, o participan en la limpieza de
glicoproteinas extracelulares entre otros.

Para abordat el estudio a nivel atémico/molecular de los procesos de
reconocimiento entre azucares y lectinas, hemos empleado la espectroscopia
de Resonancia Magnética Nuclear (RMN) como técnica analitica principal.
En particular hemos utilizado ampliamente RMN de fldor, ya que las
posibilidades que ofrece este heteronucleo desde el punto de vista del analisis
de interacciones ligando-receptor son enormes. Hemos abarcado estos
estudios fundamentalmente desde el punto de vista del carbohidrato, para lo
que hemos utilizado distintos glicomiméticos fluorados (es decir, moléculas
quimicamente modificadas que imitan a carbohidratos naturales). Nuestro
objetivo ha sido doble: implementar nuevas metodologias basadas en RMN
de flbor para la identificacién y caracterizacion del estado unido de azicares
que interaccionan con lectinas; y profundizar en el entendimiento de cémo
estas interacciones suceden.
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De forma paralela a los experimentos de RMN, hemos utilizado métodos
computacionales para dar soporte a los datos experimentales obtenidos. En
concreto, hemos hecho uso principalmente de simulaciones de Dindmica
Molecular (MD) que han sido esenciales en la interpretacién de los resultados
de RMN, asi como para guiar los pasos experimentales a seguir en algunos
casos. Hemos empleado a su vez otras herramientas computacionales en
menor medida, como es el caso de la watriz de relajacion completa e intercambio
conformacional (CORCEMA-ST) que permite calcular intensidades de STD
tedricas para un modelo ligando-receptor dado, pero que sin duda han
resultado de suma utilidad.

A lo largo de los proximos capitulos, expondré las contribuciones que
hemos realizado en los tltimos afios. Estas incluyen:

e Ta descripcion de una metodologia basada en filtros de relajacion T
para, de forma simultanea, identificar en una libreria de azutcares
aquellos que se unen a lectinas, as{ como realizar el mapeo quimico
de los grupos OH implicados en la interaccion.

e Tadeteccion y caracterizacion -aplicando la metodologia anterior- de
un modo de unién desconocido de la interaccion entre la lectina DC-
SIGN vy la manosa.

e Ta aplicacién del nuevo experimento 2D-STD-TOCSYreF, con
deteccion en flior, para estudiar la interacciéon de DC-SIGN con un
glicomimético fluorado, derivado del nicleo trimandsido que se
encuentra en el centro de las cadenas glicanicas de las N-
glicoproteinas de mamiferos. Este experimento resulta especialmente
util en casos en los que el solapamiento de sefiales en el espectro de
"H-RMN hace imposible la estimacién adecuada de los efectos STD
en cada proton.

e Fl desarrollo de una metodologfa para estudiar multiples modos de
unién de ligandos a un mismo receptor en disolucion, utilizando datos
de STD-RMN, simulaciones de MD, calculos de CORCEMA y un
nuevo programa desarrollado para el analisis combinado de todos
estos datos, BM-Mixer.
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ABSTRACT

Novel ligand-based "YF-NMR and computational
approaches for studying sugar-lectin molecular recognition
events

Carbohydrates play a central role in a large myriad of biological processes.
They are found in all living organisms in nature, participating in different
functions ranging from their use as energy source or as structural fragments,
to infection-related processes in complex organisms. In vertebrates, they are
located both in the cell surface and in the extracellular space, forming very
diverse and intricate structures, but they are also present in the nucleus and
cytoplasm of eukaryotic cells bound to proteins (glycoproteins). Their
location almost ubiquitous in the organism confers them the capacity of
mediate in a large number of ‘communication’ processes with other entities,
for instance, in cell-cell, cell-molecule and cell-matrix interactions. In
addition, carbohydrates intervene in molecular recognition processes
between different organisms, such as the pathogen and parasite recognition
by host cells.

Among all the biomolecules that interact with carbohydrates, we have
focused on their molecular recognition by lectins in this Thesis. Lectins are
proteins lacking catalytic activity and they are not produced by an immune
response (they are not antibodies). Nevertheless, they play a fundamental
role in intercellular communication, mediate in infections and immune
processes, and participate in extracellular glycoprotein cleaning among
others.

To address the study at the atomic/molecular level of the recognition
processes between sugars and lectins, we have applied Nuclear Magnetic
Resonance (NMR) spectroscopy as the main analytical technique. In
particular, we have largely used fluorine NMR, since the possibilities offered
by this heteronucleus are enormous. We have fundamentally covered studies
from the carbohydrate point of view, for which different fluorinated
glycomimetics (i.e., chemically modified molecules that mimics the natural
carbohydrates) have been employed. Our objective has been twofold: the
implementation of new methodologies based on fluorine NMR to identify
and characterize the bound states of sugars that interact with lectins; and to
deepen in the understanding of how these interactions occut.

In parallel to the NMR experiments, we have used computational
methods to support the obtained experimental data. In particular, we have
mainly employed Molecular Dynamics (MD) simulations that resulted to be
indispensable in the interpretation of NMR data, as well as a guide for future
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experimental directions to follow in some cases. Furthermore, we have made
use of other computational tools to a lesser extent, such as the COmplete
Relaxation and Conformational Exchange MAtrix (CORCEMA-ST) that allows
calculating theoretical STD intensities for a given ligand-receptor model,
which undoubtedly have turned to be very helpful too.

Throughout the following chapters, I will illustrate the contributions to

the field that we have achieved over the last years. These include:

e The description of a methodology based on T relaxation filters to,
simultaneously, identify from a library of sugars those that bind
lectins, and chemically map the OH groups involved in the
interaction.

e The detection and characterization —by applying the previous
methodology- of an unidentified binding mode in the interaction
between DC-SIGN lectin and mannose.

e The application of the novel 2D-STD-TOCSYreF experiment, with
fluorine detection, to study the interaction of DC-SIGN with a
fluorinated glycomimetic derived from the trimannose core
ubiquitous in mammal N-glycoproteins. This experiment turns out to
be particularly useful in cases in which the signal overlapping in the
"H-NMR spectrum prevents the proper estimation of individual STD
effects.

e The development of a new methodology to study multiple binding
modes of ligands to the same receptor in solution, using STD-NMR
data, MD simulations, CORCEMA-ST calculations and a new
program specifically developed to perform the combined analysis of
these data, BM-Mixer.
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CHAPTER 1

Infroduction and theoretical
framework



The chemistry of
carpbohydrates and
Lectins



1. CARBOHYDRATES

Carbohydrates (also referred to as ghycans, saccharides or simply sugars) are
polyhydroxylated and chiral organic molecules present in all living organisms.
They are involved in a myriad of functions, among which the production of
energy, their role as structural constituents of cell walls and extracellular
matrix, or their participation in molecular recognition events phenomena and
cell signalling are some of major importance (Figure 1). Although they exist
as individual entities, they are usually found conjugated to proteins or lipids,
forming glycoconjugates. In particular, glycoconjugates are among the main
constituents of the external surface of mammalian cells and are expressed at
different phases of differentiation. Modifications in oligosaccharide
composition of the cell surface are related with many different pathological
conditions [1,2].

Carbohydrates, along with proteins, nucleic acids and lipids, are one of
the four essential classes of molecules found in all living systems. Unlike
proteins or DNA, glycans are typically highly branched molecules with a
much wider conformational variability. Therefore, the study of these
molecules is particularly challenging and still relatively underexplored in
comparison with the development in other fields of life sciences (such as
genomics ofr proteomics).

It has been our aim within the work performed along these years to
contribute in extending the knowledge about these fundamental chemical
entities and their role in the biological context.

Bacteria
Other cells /c"\

Y s }_= Antibody

A | Tocecee@
—C }"% Glycoprotein

< o,
“ %ﬁi} Virus

Lectin

Figure 1. Carbohydrates participate in many molecular recognition processes in living
organisms.
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1.1. CHEMICAL FEATURES OF CARBOHYDRATES

Among the possible classification patterns in which sugars can be sorted,
it is especially convenient the one referring to the number of the simplest
‘building blocks’ or units that conform a carbobydrate. In that sense, the
minimum unit that possesses the fundamental features of carbohydrate is
named monosaccharide. More precisely, monosaccharides are polyhydroxy
aldehydes (a/doses) or ketones (kefoses) with at least three carbon atoms (Figure
2). Other molecules derived from these basic units, for instance, by oxidation
of hydroxyl terminal groups to carboxylic acids, or by substitution of
hydroxyl groups by hydrogen or other heteroatoms, are considered
carbohydrates as well. Higher order carbohydrates arise by connecting
monosaccharide units through ghycosidic linkages: oligosaccharides are formed by
2 to 10 monosaccharide units and polysaccharides, by more than 10 units [3,4].

0 H
CH,OH

H OH ——o0
CH,OH CH,OH

2,3-Dihydroxypropanal or

D-Glyceraldehyde 1,3-Dihydroxy-acetone

Figure 2. The simplest aldose and ketose molecules in Fischer projection.

To set the scene, some basic description of carbohydrate nomenclature is
required. For aldoses, the aldehyde function has always the highest priority
for numbering the carbon atoms, thus it is assigned as C1. In the case of
ketoses, the carbon of the ketone function receives the lowest possible
number. Additionally, to distinguish between enantiomers, the D/L
nomenclature introduced by Fischer is employed:

If the hydroxyl group attached to the asymmetric carbon with the highest
numbered position projects on the right when is represented in the
Fischer projection, the compound has the D-configuration by definition.
The reverse situation corresponds to the L-configuration.

D-sugars are the most commonly found in nature. Although several
theories have been proposed to explain this homochirality', its exact origin
is still unknown.

! Homochirality is also observed in the preference for L- over D-amino acids in nature.
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Chemical features of carbohydrates

CHO
2
H————OH
3
HO———H
H———OH
H—t—OH
6
CH,0OH
D-Glucose

'cHo
2
HO——F——H
3
H—————OH
HO—H——H
HO—~—H
6
CH,OH
L-Glucose

Figure 3. Representation of the D and L enantiomers of glucose. The hydroxyl group
attached to the asymmetric carbon furthest from the aldehyde function (C5) is represented
in blue.

In general, trivial names are employed when referring to aldoses and

ketoses with up to six carbon atoms, as shown in Figure 4.
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cHO cHo cHo GHO

)
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FH H H H HO H H HO
o
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Hi0H H0H H0H HOH H0H Hi0H HiOH HaGH
D-allose D-altrose D-glucose D-mannose D-gulose D-idose D-galactose D-talose
D-all D-Ale D-Gle D-Man D-Gul D-Ido D-Gal D-Tal

Figure 4. Structures of the D-aldose series, with up to six carbon atoms. The sugars

highlighted in red (or derivatives) are the ones most commonly employed in this work.

In aqueous solution, monosaccharides of at least four carbon atoms can

undergo an intramolecular hemiacetal formation: the hydroxyl group at C4

or C5 attacks the aldehyde carbon, to yield stable five or six membered rings.

In fact, the equilibrium is highly displaced towards the cyclic forms, and the

acyclic (linear chain) form exists only in trace (< 0.1%) amounts in the case

of pentoses and hexoses. Rings of six and five members are named pyranose
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and furanose respectively. This equilibrium between acyclic and cyclic forms
in solution is known as mutarotation® [5] (Figure 5).

The intramolecular hemiacetal formation implies the creation of a new
stereocenter, since C1 becomes now asymmetric. The hemiacetal formation
can take place from either of the two faces:

The asymmetric center arising at C1 from the intramolecular hemiacetal
formation is named anomeric and the two possible isomers are referred to
as alpha (@) and beta (B) anomers. Using the Haworth projection, the a
anomer is the one in which the exocyclic OH (or -OR) group at the
anomeric center and the -CHzR group (i.e., the substituent at C5) are on
opposite faces. If the two groups are on the same face, the isomer has the

p configuration.

Haworth projections (Figure 5, bottom) are simplifications of the real 3D
carbohydrate structures, useful to illustrate stereochemical relationships.
However, the 3D structure of carbohydrates crucially influences their
physico-chemical properties and reactivity. Thus, it is appropriate at this
point to turn into a motre accurate sugar representation, closer to a realistic
view of the disposition of the ring carbon atoms and their substituents in
space. For pyranose rings, it turns out that the ¢hair conformation is the most
favoured energetically (see the pyranose conformation of D-Man in Figure
5). The conformational preferences of pyranose rings will be addressed in
the following section.

2 In the presence of an alcohol or amine in acidic conditions, the reaction continues to
the acetal formation, and the resulting product is named as glyoside. In that case, since C1 is
an acetal function in glycosides (i.e., the substituent at C1 is a —OR group), mutarotation
does not take place in water for such species.
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0/

«-D-mannopyranose (66 %) 8-D-mannopyranose (34 %

OH OH

Oﬂ‘o OLLO
HO HO

yd

/g
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HO———H
H—+1—0H
a-D-mannofuranose (< 0.1%) CHR0H g-D-mannofuranose (< 0.1%)
D-mannose (aldehyde) (<0.1%)
OH
HO 0
Ao OH fio oH

OH

Figure 5. Mutarotation equilibria for D-Man, using the Haworth projection for the
furanose rings and the chair representation for pyranoses. The anomeric hydroxyl
(aldehyde function in the linear form) is shown in red. Notice that for the & anomer, the
anometic hydroxyl is in axial disposition in the pyranose ring, while for the f anomer this
hydroxyl is equatorial.

The scientific projects addressed throughout this dissertation mainly
involve the study of mono- and oligosaccharides of aldohexoses (aldose with
six carbon atoms), forming virtually only pyranose rings in solution.
Therefore, the following discussion will be particularly focused in these six-
membered ring sugars.

1.2. CARBOHYDRATE CONFORMATIONS

The conformations adopted by carbohydrates are key to understand their
physico-chemical properties and reactivity. As it will be introduced in the
following lines, monosaccharides fundamentally exist in pyranose and
furanose forms, since these shapes minimize eclipsing interactions and
favour certain stable angular torsions. Once the study of the monosaccharide
conformation is addressed, the conformational preferences of
oligosaccharides, which are determined by the torsional angles across the
glycosidic linkage, will be covered.



Carbohydrate conformations

1.2.1. Monosaccharides

Pyranose (and furanose) rings can in theory adopt several conformations
that interconvert one into another just by rotating bonds. The ITUPAC
classifies pyranose ring shapes into 38 different conformations that in turn
are distributed in 5 groups [6,7]: 2 chairs, 6 boats, 6 skew-boats, 12 half-chairs, and
12 envelopes (Figure 6). For energetic reasons, in general only the chair
conformations, abbreviated C, are dominant for pyranose rings.
Nevertheless, although other conformations can be expected in some cases
due to the influence of ring substituents or for reaction intermediates [8]. In
pyranoses, the chair conformation is defined by displaying the four atoms
C2-C3-C5-0O in a reference plane (being O the endocyclic oxygen). The
remaining carbon atoms are then above or below this plane. The positions
of these out-of-plane atoms are given as superscripts and subscripts for the
atoms above and below the plane, respectively.

Chair (C) Half-chair (H)
4 o 1
ey
1 4 \
iC, 'C, ©
Envelope (E) Boat (B) Skew-boat ()

= s

Figure 6. Pyranose conformations from the 5 different groups. In the case of the chair
representations, the only two possible conformers are depicted.

Depending on the particular sugar entity, the *Ci or 'Cy4 chairs are
preferred (Figure 7, see the explanation below). Ultimately, the preference
for one or another of the chair conformations depends on the equilibrium
between torsional and angular energies, steric strain, as well as electrostatic
effects, modulated by the presence of different substituents that might
interact between each other. Moreover, when the substituents are polar
groups, the solvent plays also an important role in determining the preferred
conformations.
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«-D-Glucose a-L-Fucose
4 1C
C, C,

OH

OH
Q
HO ©

HO OH

OH HG

OH OH

Figure 7. Chair representations (top) and 3D models (bottom) of a-D-Glc and o-L-
Fuc. Due to the different substitution patterns, different chairs are preferred in each case.

In the 3D models, hydrogens are omitted for clarity.

An interesting feature of the chair conformations is that substituents may
adopt either axial or equatorial arrangements.

For substituted cyclohexanes, the conformation that places more
substituents in an equatorial disposition is typically the most stable.

This observation has to do with a number of reasons. For instance,
unfavourable 7,3-diaxial interactions, which arise by electronic and steric
repulsion between two axially distributed electronegative substituents
separated by two C-C bonds, are avoided in the di-equatorial alternative. In
monosubstitued cyclohexanes, an additional driving force towards the
equatorial conformer is that the C—X bond (where X is the substituent) is
antipetiplanar (ot #rans’) to two C—C bonds, whereas in the case of the axial
conformer, the C—X bond is synclinal (gazche). When more substituents come
into play, the specific situations must be analyzed similarly and the preferred
conformations will ultimately depend on the nature of those substituents [5].

For carbohydrates in the pyranose form, however, remarkably a
predilection of substituents at C1 position for an axial over an equatorial
orientation is observed (in general, for tetrahydropyran derivatives).

The preference of tetrahydropyrans bearing an electronegative
substituent at position C2 (equivalent to C1 in sugars) for an equatorial
conformation is known as the anomeric effect.

3 Gauche and trans torsion angles correspond to +60° and +180° respectively, within an
interval of £30° (goldbook.iupac.org/terms/view/C01088).
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Carbohydrate conformations

The anomeric effect was originally observed by Edwards and named by
Lemieux [9,10]. The effect becomes more pronounced with the increase in
the electronegativity of the substituent and decrease with the dielectric
constant of the solvent. Two possible explanations to this phenomenon were
initially proposed: a) the stabilization of the axial configuration at C1 arise
from the favourable interaction of the lone electron pair of a molecular
otbital on the endocyclic oxygen and the 0* orbital of the exocyclic C-X
bond (this is known as hyperconjugation); and, b) the dipole-dipole repulsion
involving the endocyclic oxygen and X is minimized in the axial
configuration at C1. Although it is likely that the anomeric effect is the result
of both of these different contributions, the former explanation is more
broadly accepted (Figure 8).

OH Axial lone pair OH Axial lone pair
0D 0D
HO HO
HO

C-O ¢* HO o

OH C-O o*

OH
o-anomer f-anomer

Figure 8. Simplified representation of the anomeric effect for D-Glucose, based on
favourable/unfavourable orbital ovetlapping of the empty antibonding C-O ¢ (in blue)
and one occupied orbital on the endocyclic oxygen. The electron density is more favorable

transferred for the @ anomer.

Finally, the conformations adopted by the exocyclic hydroxymethyl (or in
general, -OR) group in pyranoses must also be noted. The potential energy
surface for rotation about the C5-C6 bond has three minima, giving rise to
three distinct rotamers. To classify these conformers a two-letter
nomenclature is employed, so they are categorized as GG (gauche-ganche), GT
(gauche-trans) and TG (trans-gauche). The first letter indicates the torsion angle
between the endocyclic oxygen O5 and the exocyclic oxygen O6, and the
second letter refers to the dihedral angle between C4 and O6 (Figure 9). It
has been observed that the orientation of the substituent at C4 is the
fundamental factor determining the relative rotameric populations, which are
modulated by 1,3-diaxial interactions, gauche effects', solvation and hydrogen

4The gauche effect refers to the stabilization of the gauche conformation (torsion angle
of about + 60°) of two vicinal electronegative substituents, over the anti (= 180°) that would
reduce steric repulsions. It can be explained by hyperconjugation, similatly to the previously
discussed anomeric effect.

10



Carbohydrate conformations

bonding involving O4 and O6. Additionally, solvent effects, the
configuration at C1 and the particular substituents of the pyranose ring are
also important to a lesser extent [11,12]. It has been observed that D-Glc
and D-Man, whose OH at C4 is in an equatorial conformation, have rotamer
populations of approximately gg:gt:tg = 60:40:0 [11-14]. On the contrary,
for D-Gal, with axial OH at C4, the relative populations found are roughly
ggot:tg = 10-20:50-60:20-30 [11,15,16].

O¢ H' H
Cq4 Os (o Os Cq Os
H' H H O¢ o H'
Hs Hs Hs
gg gt tg

Figure 9. Newman projections around the C5-C6 bond showing the GG, GT and TG
conformations of the exocyclic hydroxymethyl group.

1.2.2. Oligosaccharides

Oligosaccharides are formed when a monosaccharide reacts through its
anomeric carbon (C1) with any of the OH groups of another
monosaccharide, formally giving rise to an acetal and a water molecule. The
new bond created between monosaccharide residues is called ghycosidic linkage.
In the case of two monosaccharides reacting through their anomeric OH’s,
the obtained disaccharide is classified as a non-reducing sugar. On the other
hand, if one of the units still conserve the hemiacetal function at C1 (L., if
the glycosidic linkage is not formed between the two anomeric carbons of
the different monosaccharide units), the resulting sugar is a reducing one’. In
such case, the sugar may continue reacting with other monosaccharides to
form higher order oligosaccharides (trisaccharides, tetrasaccharides, etc.).
Whatever the case, since the glycosidic linkage always implies the anomeric
carbon of at least one of the monosaccharides, it can exist in either an & or
p configuration [4,5].

Whereas the previous conformational portray presented for
monosaccharides in the previous section applies likewise for
oligosaccharides, in order to fully characterize their three-dimensional

5 These terms, which are used for monosaccharides substituted at the anomeric carbon
as well, arise from the capacity of sugars to act or not as reducing agents. They are classified
as reducing sugars if the hemiacetal group is present (or an aldehyde or ketone group in the
open-chain form). If the anomeric carbon is ‘blocked” as an acetal function, they cannot
behave as reducing agents and are named non-reducing sugars instead.

11



Carbohydrate conformations

features it is necessary to introduce following torsion angle definitions
[17,18]:

¢: 05(i) — C1(i) — On(i — 1) — Cn(i — 1)
W C1() —On(i—1)—Cn(i— 1) — C(n— )i — 1)
w: 06(i) — C6(i) — C5(i) — C4(i)

where n is a position in the ring and i indicates a given residue.

¢ and P torsion angles describe the spatial disposition around the
glycosidic linkage and are always required to describe the 3D structure of
oligosaccharides. The angle w is also important when the glycosidic linkage
involves an exocyclic CH,OH group. In fact, w is the torsion angle around
the C5-C6 bond discussed above for monosaccharides in terms of GG, GT
and TG rotamers. Figure 10 shows schematically these dihedral angles in a
disaccharide.

OH

HO
HO

HO

OH
OH

Figure 10. Torsion angles ¢, 1 and w in a disaccharide linked through carbons 1—6.

Notice than w is defined between atoms of the same residue.

The conformations about the anomeric C-O bond are of exceptional
importance in carbohydrate chemistry. As it was firstly observed by Lemieux
[19], substituents at the anomeric OH adopt preferentially a conformation in
which ¢ = 60° for both a and [ anomers. This phenomenon was called
exo-anomeric effect, and, similarly to the anomeric effect, it can be explained in
terms of the favorable interaction between an electron rich molecular orbital
on the exocyclic oxygen when is parallel to the o™ orbital of the C1-O5 bond,
and by steric repulsion effects of substituents at C2 (Figure 11).

12
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B-anomer
Ié% K\ (o] ,,,/”
H
a-anomer

O \\\\\R

b

Figure 11. The exo-anomeric effect is a consequence of favorable orbital overlapping

and steric repulsion. These ate the preferred conformations for @ and f anomers.

1.3. GLYCANS IN THE BIOLOGICAL CONTEXT

Carbohydrates are broadly spread in nature. In mammals, they can be
found in virtually all intracellular compartments and in the extracellular
region, both as free entities or attached to proteins and lipids forming an
enormous variety of glycoconjugates. In fact, all animal cells are covered by
a dense coat of complex glycans, referred to as the ghcocalyx.

The assembly of glycoconjugates takes place by addition of sugars to
proteins or lipids in a non-templated manner. This enzymatic process,
mediated by ghycosyltransferases and glycosidases, is known as glycosylation and take
place in the Golgi apparatus and endoplasmic reticulum (ER). Briefly,
proteins can be linked to glycans through the oxygen atom of the hydroxyl
groups of Ser or Thr residues, or through the nitrogen atom of the amino
group of Asp residues, giving rise to O-glycans and N-glycans respectively.
Moreover, they can also be linked to ghyeosaminoglycans®, phosphorylated glycans,
or  ghyeosylphosphatidylinositel  (GPI)  anchors’.  Among  glycolipids,
hyeosphingolipids are one the most commonly found in cellular membranes,
and are formed by the linking of a glycan to a ceramide [20-22].

Deviations from normal glycosylation patterns in humans is related to
different diseases. For instance, altered glycosylation strongly is associated

¢ Linear polysaccharides formed by repeating disaccharide units
7 A short glycolipid embedded in the cell membrane.

13
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with tumor development and spreading, autoimmune and chronic
inflammatory diseases, as well as congenital disorders of glycosylation.

Glycans are also found abundantly in the surface of many pathogens,
together with sugar binding proteins. In fact, most infectious diseases are
related to protein-carbohydrate interactions between pathogen and host cell
surfaces. For instance, human innate immune cells are able to identify the
so-called pathogen-associated molecular patterns (PAMPs), which are
glycans and glycoconjugates in many cases. The recognition process of these
PAMPs initiates a cascade of intracellular signaling mechanisms leading to
the adaptive immunity [2,23].

Hence, these pathophysiologically significant interactions have attracted
much attention both to understand the molecular recognition processes and
to develop sugar-based drugs capable of interfere on them. However,
carbohydrate-like drugs still represent only a very limited region of the
therapeutic world, probably due to the intrinsic pharmacokinetic limitations
they display [24].

1.3.1. Glycomimetics: F-saccharides

From a physiological point of view, carbohydrates possess relatively poor
pharmacokinetic properties. This is related with their physico-chemical
features: they are highly polar molecules that suffer from passive permeation
problems and low metabolic stability, which translate into low drug
bioavailability, potency and fast renal excretion [24]. To overcome these
flaws, synthetically modified carbohydrate analogues have been widely
developed in recent years. These chemically altered molecules are known as
Ghcomimetics [24,25]. Glycomimetics may not only be superior to natural
carbohydrates in terms of general bioavailability and stability against
enzymatic degradation, but they also can be devised with the goal of
improving the affinity and/or selectivity towatds a target receptor compated
to the original sugar [20].

Nevertheless, the growth of glycomimetic design and synthesis does not
only serve to the purpose of improving the natural sugar properties to
increase its value as potential therapeutic agents. In fact, glycomimetics are
commonly used in the biochemical field in a variety of scenarios, such as in
the study of sugar-receptor interactions or as probes for iz vivo imaging to
assess drug distribution, by employing Nuclear Magnetic Resonance (NMR)
or Positron Emission Tomography (PET). In this scenario, fluorinated
carbohydrates are of central importance [27-30]. Typically, and particularly
in the context of this dissertation, fluoro-sugars are glycomimetics in which
exocyclic OH groups are substituted by I atoms, in a deoxy-fluorination
process. Other F-substitutions have been described as well, such as those

14
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involving the endocyclic oxygen -giving rise to fluoro-carbasugars-, or di and
trifluorination reactions in which C-H groups are also replaced by F [31].

OH OH

HO HO
_—
HO

OH F

OH OH

Figure 12. The substitution of the exocyclic OH by F atoms give rise to deoxy-fluoro
sugars. In this example, 2-deoxy-2-fluoro-a-D-glucose (right) is the fluorinated derivative
at position C2 of a-D-glucose.

Even though O and F are relatively analogous in terms of size and
electronegativity, the C-F bond is stronger, shorter, and more polarized than
the C-O bond. Importantly, the replacement of a hydroxyl group by fluorine
leads to the loss of the hydrogen bond donating capacity and to an evident
weakening of the hydrogen bond acceptor ability, due to the higher
electronegativity of the F atom. Consequently, OH by F substitutions
modulate important physico-chemical properties such as conformation,
anomeric equilibria or lipophilicity, which are related with cell permeability
of sugars and the way they interact with receptors [32-34].

In general, the shape of the pyranose ring does not seem to suffer
important distortions with respect to that of the natural sugars, especially at
the chair level [35,36]. As mentioned in the previous section, the substituent
at C4 may importantly influence the rotamer distribution around the C5-C6
bond, but in the case of the F substitution, similar populations are in fact
observed with respect to the natural monosaccharides [11,31,37]. Regarding
the anomeric equilibria, it has been observed that deoxyfluorination cause a
slight preference for axial anomers in glucose and galactose derivatives,
which might be explained by reduced 1,3-diaxial repulsion as a consequence
of the stronger electron withdrawing capability of F in comparison with that
of OH [38]. Lipophilicity of carbohydrates is also increased with fluorination,
to an extent that depends on the number of fluorine substituents introduced,
their position and the stereochemistry of the particular sugar [35,39].
Lipophilicity is essential in the context of medicinal chemistry, since it is
related with membrane permeability —higher lipophilicity correlates with
better permeability-, as well as affinity of the interaction with carbohydrate
receptors, since it influences the desolvation energy contribution to the total
binding energy.
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Along the following chapters, the work that has been developed using
different fluorinated-sugars, mainly as probes for NMR studies, will be
presented. The enormous advantages of employing "F-NMR spectroscopy
in certain scenarios rather than 'H-NMR will be discussed as well.
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2. LECTINS

Lectins are a subclass of proteins that reversibly interact with sugars in a
non-covalent but high-specific way. They do not possess catalytic activity
and, unlike antibodies, they are not products of an immune response. Lectins
are mainly located at the cell surface or as soluble proteins, both at the intra-
and extracellular region. Structurally, they are frequently oligomeric proteins
containing two or more carbohydrate binding sites that belong to a more
general carbohydrate recognition domain (CRD), which may exist as an
individual entity as well. This polyvalence enables lectins to participate in
multivalent interactions with carbohydrates of the cell surface, leading to
cross-linking of cells and precipitation, a process known as ce// agglutination.
Moreover, lectins can also induce cross-linking between glycoproteins or
other glycoconjugates, causing their precipitation as well [1,40,41].

Lectins are ubiquitous in nature. They belong to different protein families
that broadly diverge in size, structure, and in their binding site composition,
although they show amino acid sequence similarities and common structural
features. They were first discovered in plants at the end of the 19" century®
and in animals during the early 20™, although it was not until 1960s that they
attracted the attention of the research community when they were shown to
be invaluable tools in the study of complex carbohydrates in solution,
especially in physiological and pathological cellular processes involving
carbohydrates. In fact, lectins are mediators in numerous molecular
recognition  processes, including cell-cell adhesion, host-pathogen
interactions, serum-glycoprotein control, malignancy and metastasis, and
innate immune responses [2,41,42].

Apart from the trivial classification of lectins by the organism on which
they are found, lectins can be further grouped according to other convenient
criteria, for example, their structural or sequence similarities. Examples of
such are the C-#ype lectins, in which the sugar binding is mediated by Ca*" ions,
or galectins, whose constituent CRDs are folded beta-sheets of about 140
amino acids. One classification that results particularly useful is that made on
the basis of their carbohydrate specificity, in particular, on the
monosaccharide (or monosaccharides) to which they display the highest
affinity. Nevertheless, some lectins show a rather similar specificity for
different sugars, so that grouping is merely qualitative in some cases.

8 It is believed that the first description of a lectin corresponds to Peter Hermann
Stillmark, who isolated ricin from seeds of Ricinus communis, as shown in his doctoral thesis
in 1888 (University of Dorpat).
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In the following sections, a brief overview of the particularities of the
sugar-lectin interactions, as well as a short description of lectins employed in
this work, will be exposed.

2.1. SUGAR-LECTIN INTERACTIONS AND
MOLECULAR RECOGNITION PROCESSES

In general, lectins bind their preferred carbohydrates with relatively high
specificity, but with low affinity (with K}, typically in the range of 1073 —
107 M). Although binding affinity may increase with the size of the sugar,
the extent of this improvement still lies in the micromolar range. To
overcome this hurdle, multivalency is one of the main strategies followed by
nature. Thus, the ligand may display many copies of the same binding-
epitope, or the interaction could take place through multiple and
simultaneous protein-ligand contacts [2,43].

The overall binding affinity (K,) is determined by the Gibbs free energy
(G) change of the binding process, and depends on the subtle balance
between enthalpic (H) and entropic (S) contributions from the molecules in the
free and bound states:

AG = AH —TAS 1

AG = —RTInK, 2

where R is the universal gas constant and T is the temperature.

On the enthalpic side, the interaction between proteins and sugars at the
atomic level results from hydrogen bonding, pure electrostatic forces, and
hydrophobic contacts, in which the solvent molecules —that solvate the sugar
and lectin- play a crucial role as well (Figure 13, Figure 14). It is common to
find polar charged amino acids (such as Arg, Asp or Glu) and cations (for
instance, Ca** in C-type lectins) in the carbohydrate binding sites of lectins.
Although there are some glycans that contain charged residues or
substituents, most carbohydrates are neutral molecules that mostly interacts
with lectins through complex networks of hydrogen bonds (and
hydrophobic contacts, including CH/ interactions, to a lesser extent). These
interactions are the cornerstones of the stereospecificity of a lectin towards
a particular sugar over others [44—40].
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Figure 13. DC-SIGN lectin bound to a-L-Fuc (from the crystal structure deposited
with PDB ID 1SL5; only the Ca?* interacting residue of the ligand is shown). The
hydrogen bond (yellow dashed lines) network at the binding site determines specificity of
lectins towards particular carbohydrates. The polar interaction between Ca?" and OH
groups is shown as green dashed lines.

On the other hand, entropic factors include the (most commonly)
unfavorable configurational and/or conformational entropy lost by the
ligand/protein upon binding, and the desolvation/reorganization of solvent
molecules both solvating the ligand and receptor, a process that may or may
not be favourable (Figure 14) [47,48]. Therefore, when evaluating the binding
affinity it is crucial to consider the role of the solvent. In fact, X-ray
crystallographic structures and molecular simulations of proteins in the free
state have shown that water molecules generally occupy equivalent positions
to those taken by the hydroxyl groups of the bound ligand. Hence,
qualitatively it is expected that the displacement of water molecules upon
ligand binding does not imply a remarkable gain in terms of enthalpy. On the
contrary, displacing waters from the binding site to the bulk might have
associated important entropic changes [49].

Figure 14. Solvation plays a central role in both enthalpy and entropy of binding.
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Another important factor to take into account when considering binding
affinity is the surface of the receptor accessible to the solvent. Indeed,
solvent exposed binding sites makes easier for solvent molecules to displace
the ligand in comparison with buried active sites, which implies faster off-
rates (i.e, short residence time of the ligand at the active site) and lower
affinities. Moreover, due to the differences in the dielectric constant between
the inner and outer areas of the protein, hydrogen bonds are enthalpically
more valuable in protein cavities. Altogether, these features translate into
higher affinities for lectins displaying buried CRDs [50] (Figure 15).

Figure 15. The human lectin DC-SIGN (g)) and the bacterial lectin FimH (4)) bound
to different high mannose derivatives. FimH has a buried binding pocket, which translates
into slower off-rates and much higher affinities for mannose oligosaccharides than most
mammal lectins, such as DC-SIGN, that display a shallow and solvent exposed binding
site.

2.2. SELECTED LECTINS STUDIED THROUGHOUT
THIS THESIS

Chapters 4 and 5 of this Thesis deal with the human lectin Dendritic Cell-
Specific Intercellular adhesion molecule 3-Grabbing Non-integrin (DC-
SIGN) and its interaction with Man derivatives. Chapter 3 describes the
development and evaluation of a screening and chemical-mapping strategy
that allows deducing the binding profile of lectins in solution. In that work,
several lectins from different sources have been employed: Pisum Sativum
Aglutinin from pea seeds, Glucose and Galactose Binding Protein (GGBP)
found in bacteria, and the human Macrophage Galactose-type Lectin (MGL,
HML). Although they will be described more extensively in the
corresponding chapters, a short description of each is presented herein.
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2.2.1. Pisum Sativum lectin

Pisum Sativum Lectin (also known as Pisum Sativum Agglutinin (PSA) is a
member of the legume lectin family, found mostly in pea seeds. Structurally,
PSA is a dimeric protein with a molecular weight of approximately 50 kDa.
The monomeric units are identical and each contains one carbohydrate-
binding site. In addition, two different metal-binding sites are present in each
of them, one occupied by a calcium ion and the other by a transition-metal,
usually manganese. The Ca®" is located near the sugar recognition spot and
helps into pulling the involved amino acids in the proper positions for sugar
binding, whereas the second metal seems to contribute to the organization
of the previous one. Importantly, neither of these cations participate directly
in sugar binding [51,52].

PSA shows specificity for mannose and glucose entities, and even though
it is able to agglutinate human erythrocytes, it is not specific for any blood
group antigen. It also presents mitogenic activity, similarly to Concanavalin
A lectin [53-55].

2.2.2. Human Macrophage Lectin

The human Macrophage Galactose-type Lectin (MGL), also dubbed
Human Macrophage Lectin (HML), belongs to the type II transmembrane
C-type Lectin Receptors (CLR) family, which recognizes carbohydrates in a
Ca*-dependent manner. These CLR are a type of pattern recognition
receptors expressed by antigen presenting cells, such as macrophages or
dendritic cells, capable of identifying sugar type structures of pathogens and
host tissues. MGL contains a single extracellular CRD and is galactose-
specific. In particular, interacts with terminal Gal/GalNAc moieties such as
the Tn-Antigen (x-GalNAc-Ser/Tht), a known epitope for being expressed
in aberrantly glycosylated Mucin 1 as well as in adenocarcinoma cells.
Therefore, it may also play an important role in tumor immunity [56—60].

2.2.3. Glucose and Galactose Binding Protein

The Glucose/Galactose-Binding Protein (GGBP) is a member of the
sugar-binding protein subclass named Periplasmic Binding Proteins (PBP).
These proteins, present in the periplasmic space between the inner and outer
membrane of gram-negative bacteria, recognize a number of small molecules
and ions. They act as intermediary receptors in the ATP-binding cassette
(ABC) transport system and chemotaxis, crucial for the bacterial survival
[61,62].
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Structurally, GGBP is an @/ protein’ composed by two-fold domains
joined by three peptide segments. It has been shown that it exists in open
and closed forms, being the latter associated with the bound state. Indeed,
ligand binding provoke a classical hinge-bending motion that finally leads to
a global change in the orientation of the domains, which in turn causes the
equilibrium to move from the open to the closed form through a
conformational selection process [63—65]. Unlike other lectins, it shows
specificity towards both glucose and galactose with rather higher affinity (Kp
around 0.2-0.4 uM).

TR

Figure 16. X-Ray crystallographic structure of GGBP/B-D-Glc complex (PDB:
2FVY). The binding affinity of Glc and Gal towards GGBP is rather high compared to
other sugar-lectin systems. This has to do with the somewhat buried location of the
binding pocket, and the high number of interactions taking place with the binding site
residues.

2.3. DC-SIGN

The Dendritic Cell-Specific Intercellular adhesion molecule 3-Grabbing
Non-integrin (DC-SIGN), is a transmembrane receptor belonging to the
same class of proteins than MGL and expressed mainly in dendritic cells
[66,67]. Its involvement in a wide range of pathologies related to the immune
system, such as infections caused by virus or bacteria, cancer and
autoimmune diseases, is now well established. Actually, it has attracted the
attention of the research community for the last twenty years as it is a key
piece in the infection by the Human Immunodeficiency Virus (HIV) [68].
DC-SIGN binds HIV with high affinity through a glycoprotein present on
the envelope of the virus, gp120, which displays abundant N-linked high-
mannose oligosaccharides. Furthermore, it has been shown its participation

9 Classification of a protein by their folding pattern, composed of alternating a-helices
and (-strands.
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in other pathogen-related diseases such as Ebola, dengue, or hepatitis C
viruses.

Each DC-SIGN monomer displays an extracellular domain (ECD)
distributed into a CRD, a neck region, and a small cytosolic tail. The neck
region is involved in the assembly of other three lectin monomers, giving rise
to a characteristic tetrameric structure [69]. DC-SIGN is less specific than
most lectins, although it preferentially recognizes fucose and mannose
derivatives with low affinities [67,70,71]. Indeed, DC-SIGN is a prototypical

example of a ‘promiscuous’ lectin.
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1. INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy [72] is a central
technique in the investigation of the structure, dynamics, kinetics and
molecular interactions of a broad variety of biochemical systems. Since it was
applied for the first time to address problems related with structural biology,
NMR has experienced remarkable developments in many technological
aspects (instrumental electronics, hardware, magnets and probe capacities)
and in the available methodologies, importantly extending its applicability.

NMR is well established nowadays as one of the most powerful tools for
understanding biological processes at the atomic level. Depending on the
time scale of the particular process under study, different NMR experiments
may be applicable. The intrinsic characteristics of the technique makes it
particularly useful to analyze the structure and dynamical properties of
complex molecules, such as carbohydrates, in solution. Among all the
different NMR parameters that can be exploited for such purpose, relaxation
represents a fundamental part. Furthermore, a plethora of experiments have
been developed to study small-molecule interactions with receptors, from
both the point of view of the ligand and the macromolecule.

Unlike other biophysical techniques, such as Surface Plasmon Resonance
(SPR) or Isothermal Titration Calorimetry (ITC) [73-75], NMR
spectroscopy is extremely versatile not only due to the numerous approaches
that provides for studying many different aspects of biomolecular
interactions, but also because of its applicability over a wide range of binding
affinities and the complexity of the systems that can be analyzed [76-79].
Although X-ray crystallography is particularly powerful for the
determination of protein structure and can typically yield a direct, very
accurate picture of the binding mode [80], it lacks the flexibility to study
interactions in physiological conditions, test different ligands/receptors
simultaneously, provide rapid feedback about interaction features, not to
mention the analysis of dynamical properties such as conformational changes
ot the dissociation constant of the ligand-receptor complex [70].

In the end, the combination of the flexibility and dynamic outlook
provided by NMR spectroscopy with the accurate atomic-disposition
information obtained from X-ray crystallographic structures, constitute an
extremely powerful team to tackle the study of very difficult problems.
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2. FUNDAMENTALS OF NMR

From a quantum mechanical perspective, an atomic nucleus with nuclear
spin angular momentum quantum number I (which can be an integer or half-
integer), in an external magnetic field By (which, in general, it is arbitrarily
assigned to be applied in the +z direction), has associated 2I + 1 non-
degenerate energy levels, characterized by the magnetic quantum number m
(which can take values in the interval (=1, 1) in steps of 1). If the nucleus is
isolated (i.e., neglecting chemical shift and J-coupling effects, which will be
discussed shortly after), the energy associated to each level is:

E = —hyBym = hwym 3
wo = —¥By
where h is the reduced plank constant', ¥ is an intrinsic property of each
nucleus known as the gyromagnetic ratio (which may have either sign), By is the
magnetic field strength, and wy is the so called Larmor frequency, arguably one
of the central concepts in NMR spectroscopy [81,82] (Figure 17). Equation
3 states that:

When a nucleus with I # 0 is placed in an external magnetic field, an
interaction between its spin angular moment and the field occurs. The
separation of the nuclear spin levels is named nuclear Zeeman splitting.

. . . . . 1
From here on, the discussion will be focused on nuclei with I = >

(abbreviated spin one-halfj since these are the most exploited in NMR and
employed in the wotk described herein (‘H, "F, “C or N). For spin one-
half nuclei, 2 energy levels are predicted from Equation 5:

E ! h
=-hw
a 2 0
1 4
EB = - E h(l)o

since m can be — % or % Typically, these energy states are labelled as @ (m =
%) and f (m = — %) The transition between @ and 8 has an associated energy
given by:

AEO_,_,[; = Eﬁ - Ea = —fl(,l)o 5

This transition can be associated to a peak in the NMR spectrum at the
Larmor frequency wq (Figure 17, 5)).

1oh=£
2T
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Figure 17. a) Energy levels arising from the interaction of the nuclear spin angular
momentum of different one-half nuclei (‘H in black, °F in blue, and *N in red) with an
external magnetic field. The difference in energy between the a and f states is
proportional to ¥ for each nucleus. b) A transition between states can be associated with a
line in the NMR spectrum.

The presence of an external magnetic field also affects the electronic
density surrounding the nucleus, since electrons possess spin angular
momentum as well. Electrons respond to this perturbation producing small
induced local fields that subtract from or add to the external magnetic field.
Consequently, the nucleus experiences a slightly different magnetic field, and
hence a different Larmor frequency. This contribution from the electronic
chemical environment of the nucleus is known as chemical shift, and provides
important local molecular information about the observed nucleus.

When two or more nuclei are connected through chemical bonds, they
might interact between each other. This phenomenon is known as scalar or |
coupling, and 1s characterized by the coupling constant, ], which is independent
of the strength of the magnetic field. The scalar coupling entails an increment
on the available energy states for this multiple-spin system in comparison
with those shown on Figure 17 for one spin. In turn, other new possible
transitions between states arise, which leads to the appearance of splitting
patters in the NMR spectrum. Since these patters depend on the specific
features of the interaction between the spins (for instance, the chemical
bonds that separates the nuclei or their relative orientation in space), the
scalar coupling is a key NMR parameter to deduce bond connectivity in
molecules.

Although the complete understanding of NMR spectroscopy relies on the
laws of quantum mechanics, it is worthwhile to make use of the classical,
more intuitive picture provided by the wvector model". Therefore, the

11'The vector model is a very useful and simple description of NRM phenomena. It relies
on classical physics and is only fully applicable to non-interacting one-half spins, but for
such systems the results are identical to those derived from quantum mechanics.
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perspective from both approaches will be employed herein to discuss the
NMR phenomena presented when possible. According to the vector model,
the interaction energy between a nuclear magnetic moment g and a uniform
magnetic field By is determined by their scalar product:

As it can be observed in Equation 6, the minimum energy situation occurs
when the magnetic moment of the nucleus is perfectly aligned with -and in
the same direction than- the field, whereas the exact opposite case
corresponds to the highest energy state (Figure 18).

a) b) / \ N
By — \\ /
\

. NN~

Figure 18. a) The interaction of a uniform magnetic field and the magnetic moment of
the nuclear spin. b) The nuclear magnetic moments are randomly distributed in a sample at
thermal equilibrium in the absence of an external magnetic field.

However, in a typical macroscopic sample, such isolated nuclear spin
situation does never occur. Rather, a collection of millions of magnetic
moments at thermal equilibrium is found. In the absence of an external
magnetic field, the magnetic moments of all nuclei are Zsotropically distributed
(since there is not any preferential direction for them to adopt, Figure 18, 4)).

When the sample is placed in a magnetic field, an interaction energy of
the field with the nuclear magnetic moments arises.

This energy, however, is much lower than the thermal energy, and it is
precisely the random thermal motion of the molecules which prevents all
spins to adopt the magnetically preferred configuration. Still, in time, and
averaged over the whole sample, a slight preference of the magnetic
moments to align with the field exists, which give rise to a net magnetization
or bulk magnetization ot equilibrium magnetization. This magnetization of the
sample as a whole can be described by a bulk magnetization vector M, which is
stationary and aligned parallel to B (Figure 19).
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y

Figure 19. In the presence of By, a small preference of the nuclear spin magnetic
moments (shown in blue) to align with the field arises. This leads, on average, to a net
magnetization of the sample, represented by the bulk magnetization vector M. The vector
model deals with the behavior of M to describe the NMR phenomena.

It can be proved that the magnitude’” of M is proportional to the
difference in population between the two energy levels predicted in Equation
4. At thermal equilibrium it is given by

h?y2NB,
4kgT

where kg is the Boltzmann’s constant, N the number of individual nuclei, T

1
My, = EhyAneq = 7

the temperature, and An,, represents the difference in the a and 8 state
populations, which can be computed using the Boltzmann distribution.

Mgq trepresents the maximum magnetization achievable at equilibrium
(also referred to as polarization) for a particular nucleus, and thus it is
related with the sensitivity of that nucleus to the NMR experiment.

A
In practice, the ratio % is of the order of 107° for 'H at 298 K, which

means that NMR spectroscopy is intrinsically a low-sensitivity technique.
Importantly, since the net magnetization M, shows a quadratic correlation

with ¥, nuclei with higher gyromagnetic constants are more sensitive to the
effects of external magnetic fields, and therefore, their use is appropriate for
NMR spectroscopy. This is, for instance, the case of 'H or "’F.

This slight net magnetization along the gz-axis, however, is still not
measurable. In order to generate an observable NMR signal, M must be
perturbed somehow and brought into the transverse xjy-plane, producing
transversal magnetization since the spectrometer detector (a coil wound) is
placed there (Figure 20). A brief description of a usual NMR experiment is
given in the following lines.

12 1.e., the norm of M.
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By applying an oscillating transverse magnetic field at (or close to) the
Larmor frequency, called radiofrequency (RF) field or RE pulse and typically
labeled By, it is possible to move M away from the z-axis. Such field is said
to be on-resonance with the Larmor frequency of the nuclei. Depending on the
duration the By is applied, the magnetization vector can be rotated an angle
0 (Figure 20). The transversal magnetization is maximum at 8 = 909, and

in such case its magnitude is equal to M.
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Figure 20. Schematic view of the NMR experiment. First, the bulk magnetization
vector is displaced to the transverse plane by the effect of a RF-pulse oscillating at the
Larmor frequency of the nucleus. The bulk magnetization comes back to its equilibrium
state by precessing about the external field at the Larmor frequency. The free induction
decay signal is recorded by the detector (the ‘eye’ in the figure) and fourier transformed to
yield a line in the NMR spectrum at the Larmor frequency

Once the bulk magnetization vector has been tilted from its equilibrium
position, it starts rotating about the direction of the magnetic field By, in a
motion called precession. It turns out that the precession frequency of M is
precisely the Larmor frequency wg. The oscillating magnetization vector
induces a current in the detection coil, which is subsequently amplified and
recorded. This signal is known as the fiee induction decay (FID). Afterwards,
the FID, which is a time-domain signal, is submitted to a mathematical
procedure named Fourier Transform (FT), to yield the common frequency-
domain NMR spectrum (Figure 20)". This whole process -from the
application of the RF-pulse to the signal acquisition- constitutes a scaz, and
it is repeated a number-of-scans times so that the signal-to-noise ratio increases

[81,83].

13 Notice that the complete picture for applications in chemistry, such as chemical shifts
and coupling constants, can only be fully described using a quantum mechaniccal treatment,
outside the scope of this Thesis.
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As it will be shown in the following section, from the moment it is
perturbed, the bulk magnetization progressively returns to its equilibrium
state in a process named relaxation (this is the reason why the free induction
signal actually decay), which is central in NMR spectroscopy.

2.1. Relaxation in NMR

In the context of NMR, relaxation is described as the phenomena through
which the bulk magnetization returns to its equilibrium value after the
perturbation caused by a RF-pulse. Following with the simplified view
provided by the vector model, at equilibrium M is aligned with the external
field, so that only z-magnetization exists. Mathematically, the components of
M in this scenario can be expressed as:

M, = M,,
M, =0 8
M, =0

When a RF-pulse close to the Larmor frequency of the observed nuclei is
applied, M is tilted away from its equilibrium position. In that case, the
situation is the following:

M, < M.,
My, # 0

Obviously, the components of the magnetization vector changes with

9

time as a consequence of the precession of M about the By. From the
moment it is perturbed, the net magnetization tries to recover its equilibrium
value, ie., to return to the situation of Equation 8. The relaxation
phenomenon can be defined in terms of two different relaxation processes:

The longitudinal relaxation depict the return of z-magnetization (M) to its
equilibrium value, a process that can be described as an exponential decay
characterized by a constant named /longitudinal relaxation time Ty. On the
other hand, the #ransverse relaxation refers to the decay of transverse
magnetization (My, My) to zero, which is approximately exponential and

can be described by the transverse relaxation time Ty.

The equations describing the time evolution of the components of the
magnetization vector are

M,(t) = [M,(0) — Mpgle™ ™ + M,, 10

M,y (t) = M, (0)e~ /T 11

31



Fundamentals of NMR

where My, represents the projection of M on the xy-plane, i.c., the size of
transverse magnetization (Figure 21) [84,85].

Frequency

3
Time (s)

Figure 21. T, determines the rate of decay of the My,, magnetization after a RF-pulse.
In the simulations on the left, the signal colored in teal is characteristic of a small molecule
(T, = 1.5 s, in this simulation), wheteas the one in warm pink is chatracteristic of a large
macromolecule (T, = 0.1 s). The corresponding FT's of these decaying signals are
represented on the right. T is also related with the linewidth at half height (Awp=4/5) of
the observed NMR peak.

Microscopically, for relaxation to occur it is necessary the presence of
oscillating /ocal magnetic fields that interact with individual spins, producing
changes in the orientation and magnitude of their magnetic moments.

In particular, the components of their magnetic moments that are
perpendicular to the transverse components of the local field will be
changed. Importantly, the local fields must be oscillating at or near the
Larmor frequency. From a quantum-mechanical perspective, this situation
corresponds to transitions between the allowed spin states of the individual
nuclei.

Local fields may arise from different sources, but the two most important
mechanisms contributing to relaxation for spin-half nuclei are the through-
space dipole-dipole (DD) or dipolar mechanism, and the chemical shift anisotropy
(CSA) mechanism [81,82,85]. In the case of transverse relaxation, an
additional contribution to relaxation exists, and is brought about local fields
not necessarily oscillating at the Larmor frequency. This distinctive
characteristic of transverse relaxation turns out to be key in the application
of T;-based methods to the detection of interactions between small ligands
and macromolecules, as it will be presented later on.
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Figure 22. Local magnetic fields lead to relaxation. For one-half nuclear spins, these
are mainly generated by: a) CSA of the electron clouds and b) through space dipole-dipole
interactions. The DD interaction depends on the distance between the involved nuclei,
their gyromagnetic constant and the angle between the direction of the external field and
the vector connecting the two spins

In the dipolar mechanism, the local field is produced by one nuclear spin,
propagated through space, and experienced by another nucleus nearby
(Figure 22, b)). The local field depends linearly on the gyromagnetic ratio of
each spin, the orientation between the vector joining the nuclei and the
external magnetic field, and is strongly distance dependent (1/73, where 7 is
the distance between the two nuclei). In practice it is only effective at, say,
up to distances of 5 A for two 'H nuclei. Importantly, this mechanism does
not implicate the electron clouds of the atoms.

The chemical shift anisotropy refers to the different chemical shift
experienced by a nucleus depending on its orientation with respect to the
external magnetic field (Figure 22, a)). Since the chemical shift is a
consequence of minor local fields produced by electrons around the nucleus,
which vaties in direction and size as the molecule tumbles in solution, CSA
is also a source of relaxation. Therefore, the more anisotropic is the electron
density around a nucleus, the more effective is the CSA mechanism. This is
the case of "’F, and indeed it is one of the main reasons that makes it such
an interesting nucleus to study ligand-receptor interactions, as it will be
presented in the following sections. CSA relaxation is proportional to the
square of the applied magnetic field.

As before mentioned, the local fields required for relaxation arising from
DD and CSA mechanisms must be varying continuously in time, which is
brought about by thermal motion. A molecule in solution experiences

14 In solution, the rapid tumbling of molecules produce an effective (macroscopic)
averaged chemical shift, called isotropic shift.
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collisions with others, and gradually is rotated in small steps, in a
characteristic motion named rotational diffusion. This motion, in turn, is
described by the time it takes on average for a molecule to modify its
orientation about 1 radian from its starting position, known as the correlation
time T.. Ultimately, relaxation occurs because rotational diffusion cause
motion of averaged frequency w, in the proper range to cause relaxation. It
can be proved that:

The rapid motion of small molecules in solution is less effective in causing
transverse relaxation than the motion of large macromolecules. This
means that bigger molecules (such as proteins) exhibit smaller transverse
relaxation times.

The reason has to do with the fraction of total motion that is present at
the proper frequency to cause relaxation, and is provided by the spectral density
Sfunction":

J(w) = B2 - _ e 12
- ole ] 4 w22
where @ is the average of the square of the local fields.
It is possible now to describe the relaxation rates R; (the inverse of the
corresponding relaxation times Tj, where i = 1,2) as the sum of the
contributions from DD (R;pp) and CSA (R;css) mechanisms'®, and as

functions of J(w):

Ry =Ripp + Rycsa = a-J(wy)
R, =Rypp + Rycsa = b - J(wy) +c-J(0)

being wq the Larmor frequency, and 4, 4 and ¢ constants that include the

13

gyromagnetic ratio of the particular nucleus. Figure 23 shows the evolution
of Ry and R, with T.. As the correlation time increases, the longitudinal

relaxation rate reaches a maximum when 7, = 1/wg . On the contrary, the
transverse relaxation rate increases permanently, which is a consequence of

its dependence on J(0) (see Appendix A.I).

15 This is the simplest example of a spectral density function, assuming spherical
molecules in viscous medium that undergo isotropic tumbling.
16 Assuming that DD and CSA mechanisms are uncorrelated.
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Figure 23. Dependence of Ry and R, relaxation rates with the molecular correlation
time. Ry reaches a maximum at T, = 1/w,, while R, is a monotonically increasing
function.

It is common in NMR to distinguish between two different motional
regimes. Motion is considered fast on the relaxation NMR time scale when
woT, K 1, and slow when wgT, > 1. The former is the case observed for
small molecules, because these usually exhibit fast molecular motion with
low T; the latter is associated with large molecules, with slower tumbling and
higher 7, values. As it will be shown in the following sections, these
differences can be exploited to study the interactions of small molecules with
larger biomolecules by a variety of NMR methods [86].

2.2.Longitudinal relaxation of two nearby nuclei. The
Nuclear Overhauser Effect (NOE)

In this section, the previous discussion of relaxation via the dipole-dipole
mechanism is extended to include a key concept involving the longitudinal
relaxation of two close spins: cross-relaxation. Cross-relaxation refers to the
through-space transfer of z-magnetization from one spin to another nearby,
by means of different relaxation pathways [81,84,87].

The cross-relaxation is responsible of the so called Nuclear Overbanser Effect
(NOE)", which can be defined as the change in the intensity of
resonances from one spin, when the transitions of a sufficiently close spin
are perturbed from equilibrium.

7 This effect was firstly observed in metals as the polarization of the nuclei when
irradiating their electron spin resonances [198].
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As shown in previous sections, the z-magnetization at equilibrium is
proportional to the population difference between the a and f§ energy levels,
according to the Boltzmann distribution. Thus, it is convenient at this point
to discuss the longitudinal relaxation in terms of the possible occurring spin
transitions in a simple isolated two-spin system coupled through space.

Quantum mechanics shows that for a system comprised by two spin one-
half nuclei, sufficiently close between each other so that they interact through
dipolar coupling, four possible energy states arise. In the diagram shown in
Figure 24, L and S are the two nuclei, and the states @ and f§ are the spin
states corresponding tom = +1/2 and —1/2 respectively, as shown before.
Let us consider now an ensemble of these nuclei L. and S. According to the
Boltzmann distribution, the aa state will be slightly more populated than the
BB. For simplicity, let us assume as well that the aff and fa states are
isoenergetic, so that their populations are the same at thermal equilibrium
(Figure 24).

N-8
BuBs
Wi (L) Wi (S)
aBs Bras
N W, N
Wi (S) Wi (L)
QO
N+&

Figure 24. Schematic representation of the energy levels arising from the coupling of a
homonuclear two-spin system. The available relaxation pathways are shown in colored
arrows, and the population of each energy state at equilibrium is shown in bold.

If the equilibrium population of the system is perturbed somehow,
longitudinal relaxation comes into play in an attempt to re-establish the
original situation. In this scenario, six possible transitions or relaxation
pathways between those states arise for this two-spin system. Each transition
has associated a #ransition rate constant or transition probability, which describe
the rates at which transitions come about. These have been labelled as W,
in Figure 24, where Am indicates the variation in the magnetic quantum
number associated with the particular transition.

W, characterizes the already described longitudinal relaxation pathway by
which spins either of L or S can flip between their allowed states (while those
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of the other partner remains unchanged), known as single-quantum (SQ)
transition. Wy and W, however, are the transition probabilities associated to
the simultaneous flipping of both spin states of L. and S, which are referred
to as gero-quantum (£ZQ) (between states aff < fa) and double-quantum (DQ)
transitions (between states aa <> f5). Together, these transitions ate
generally named cross-relaxation pathways, and are responsible of the
Nuclear Overhauser Effect (NOE). It is important to notice here that,
according to quantum mechanical selection rules, only states with Am = +1
are ‘allowed’, so that ZQ and DQ) transitions are ‘forbidden’. In practice, this
implies that these transitions cannot be directly observed (i.e., they are not
associated with a signal in the NMR spectrum), although they can be
manipulated indirectly. On the contrary, SQ transitions are ‘allowed’ and in
fact these are the ones that produce peaks, at the associated frequency of the
transition, in the NMR spectrum.

Deviations from the equilibrium population difference involving the SQ
transitions, as a consequence of ZQ and/or DQ processes, will translate
into changes in the height of the peak in the NMR spectrum, which is the
experimental manifestation of the NOE.

The system can be perturbed by selectively equilibrating the populations
of, say, S, using a sufficiently long interval of low-power on-resonance RF
irradiation -a process known as saturation-. The consequence of this
saturation is that the net z-magnetization for S will vanish, since the
populations of its & and 8 energy levels will be equal. As a consequence, the
SQ transitions of S do not participate in the relaxation process (Figure 25).

N-&6/2
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N+8/2

Figure 25. When the SQ transitions of S ate saturated, the recovery of the equilibrium
magnetization can be driven by Wy and W, processes, giving rise to the NOE.

The same would in principle apply for those SQ transitions of L in the
shown diagram, since the difference in population of the involved energy
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levels remains constant (Figure 25). However, from the moment the system
is perturbed, longitudinal relaxation by dipolar (and other) mechanisms
modifies the initial populations and hence relaxation via Wj occurs.

On the other hand, spins from the aa state towards the B state will flow
by the W, proccess, to re-establish the equilibrium population differences on
the S energy states. This, in turn, will increase the imbalance in the population
difference across the L transitions. In practice, the W, process results in an
overall increase of the L spin signal intensities in the spectrum; i.e., a positive
NOE. Similatly, via the Wy process spins will be transferred from the fa to
the a8 state, trying to equilibrate the equilibrium populations of the S energy
levels. This time, a decrease in the population difference over the two L
transitions occurs, and thus the Wy pathway leads to a net drop of the L spin
resonance intensities in the spectrum; i.e., a zegative NOE.

In the end, the subtle balance between the three processes competing
between each other (the zero-, single- and double-quantum pathways) will
determined the sign of the observed NOE, in the event it is developed (since,
for instance, if Wy (L) is very efficient, then the NOE may not be developed
at all). When the system is perturbed as described herein'®, the competition
of relaxation pathways can be succinctly gathered using the Solomon equations
to yield the NOE enhancement:

W, — W, o
n.{S} = ﬁ[ L ] = [—LS] 14
v Wy + 2w, (D +w,) ~ lps

where Ys and y, are the gyromagnetic ratios of the S and L nuclei

respectively. 05 is the cross-relaxation constant for the two spins, and its
sign determines the overall NOE effect observed.

As it was shown before, the longitudinal relaxation rate depends on the
spectral density at the Larmor frequency J (wg). Thus, it is not surprising that
the transition probabilities W depends on wy as well. Specifically, it can be
proved that

Wy « J(wg)
Wy « J(w, — wg) 15
W, « J(w,, + ws)
where w; and wg are the Larmor frequencies of the L and S nuclei
respectively.

The implications of Equation 15 are very important to understand the

NOE effects observed for molecules of different sizes.

18 This is known as steady-state NOE experiment.
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Small molecules, which tumble rapidly in solution and has low correlation
times T, typically exhibit a wide distribution of tumbling frequencies
J(w). This means that small molecules may use DQ transitions for cross-
relaxation more efficiently, and hence g5 > 0 giving rise to a positive
NOE. In contrast, high molecular weight molecules tumble more slowly,
displaying longer 7., and so the lower frequencies are especially
populated. Therefore, large molecules will benefit from ZQ transitions
for cross-relaxation more efficiently. Thus, in general for large
macromolecules, 076 < 0 and the resulting NOE will be negative.

Cross relaxation and NOE effects for the different tumbling regimes of
small and macromolecules represent the foundation behind the popular
Saturation Transfer Difference (STD) NMR experiment, which will be
discussed extensively afterwards.

2.3.PF-NMR

In the last decades, "F-NMR has emerged as an invaluable tool in a wide
range of scenarios involving the study of biomolecular systems. From the
NMR point of view, the fluorine nucleus presents very attractive magnetic
properties with inherently appealing characteristics. Its active isotope, "F,
has a natural abundance of 100% and is a spin-half nucleus as "H. This means
that the analysis of "F-NMR spectra is straightforward, as the same rules
than for 'H apply. Importantly, its gyromagnetic ratio is relatively high (83%
that of yy), meaning that it is almost as sensible as 'H for NMR purposes’.
Moreover, the absence of the strong NMR signal from water media in "“F-
NMR spectra, avoid problems associated with the dynamic range of the
experiments and possible overlapping of ligand signals. Finally, F exhibits
a very large chemical shift range in comparison with 'H (and even compared
to °C), thus being a very sensitive reporter of even minute changes in its
electronic local environment.

"F-NMR has been extensively employed to address the study of
biological systems. Although it has been applied to investigate structural
features, conformation and function of proteins [88—90] and nucleic acids
[91-93], even in living cells [94] (in-ce/l NMR) from the point of view of the
receptor, it is among the NMR ligand-based approaches where it has resulted
to be more fruitful [95-100], with a especial relevance in the drug-discovery
field. Remarkably, "F-NMR is arguably one of the most potent tools for
screening mixtures of compounds against a target receptor [29,101-103].

19 The gyromagnetic ratio has also important consequences for dipolar relaxation, as
discussed before.
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The reasons why the "’F nucleus is an excellent probe for ligand-observed
NMR experiments are numerous. To begin with, "F-NMR spectra do not
suffer from the presence of background signals neither coming from
receptors nor ligand molecules that otherwise difficult spectra interpretation.
In this sense, the use of "H-NMR limits to a few the number of molecules
that can be employed at the same time for the binding experiments, which is
a critical disadvantage for screening purposes. Furthermore, ’F detection
also overcome the need of using deuterated solvents and buffers that could
affect protein stability and solubility, let alone the cost of the highly
deuterated reagents. Finally, the large CSA and exchange contribution
exhibited by fluorine, which will be discussed in detail later on, makes it an
extremely powerful reporter of binding events using different NMR
strategies [104,105].

3. BINDING EQUILIBRIA FROM THE NMR POINT OF
VIEW

At this point, it is important to dedicate a few lines to address the
equations and features that rules binding equilibria. In the simplest situation,
a one-site binding process between a ligand and a receptor can be described
as:

L+P=LP 16

in which L and P are respectively the ligand and receptor species in the free
state, and LP is the their bound form. The rate constant of the complex
formation, kyy,, is related with the probability of having a productive
encounter between ligand and receptor, ie., an encounter that leads to
formation of LP. The dissociation of LP to yield L and P is accounted by
the off rate of the process, k,rs. These rate constants are related through
the temperature-dependent equilibrium dissociation constant (or its inverse
equilibrium association constant, K):

_ 1 _LIPY _ kosr .
P K, [LP] T kon

where the brackets indicate concentration of the species. It might be useful

to define as well the total ligand concentration ([L]7) in solution (either free
or bound), and the fractions of free (py) and bound (pp) ligand in
equilibrium:
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[Llr = [L] + [LP]
[L]

pr =
L]
) (P 18
Po =111,

The interpretation of binding experiments by NMR requires a closer view
to the chemical exchange process. Chemical exchange refers to the change in
the chemical environment of a nucleus when it is found in different states,
and can be described by an exchange rate constant Ko, (Appendix A.II) [806].
Indeed, this is the case for L and P nuclei since they exchange between the
bound and free state in solution. When the ligand binds the receptor, it
adopts the macromolecule NMR characteristics for the time the complex is
formed. Likewise, the receptor’s binding site is perturbed by the presence of
the ligand in the bound state.

For a given NMR parameter @ (cither from the ligand or the receptor
perspective), it is possible to distinguish between three general cases: if
kex > AQ, the exchange is considered fast on the NMR timescale; if
kex < AQ, the exchange is considered slow; and when kg = AQ the
exchange is referred to as mntermediate (AQ = |Qg — Qrl; @p and Qf atre
the parameters of the bound and free state, respectively).

Let us illustrate this with a practical example. Let Q be the Larmor
frequency, and consider an ensemble of uncoupled spins of the same type
giving rise to a NMR signal characteristic of the free state, and a different
signal characteristic of the bound state. For simplicity, let us consider that
the population of the two states are equal. The fast exchange regime translate
into a new signal appearing at the frequency corresponding to the weighted-
average frequencies of the characteristic signals of the free and bound states.
When the molecule is in slow exchange, two different signals appear, each
corresponding to a different state (free and bound). In the case of
intermediate exchange, a situation in between the other two takes place, and
the signals are typically broader with lower intensity (Figure 26) [86,106,107].
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Figure 26. Schematic representation of the exchange effect on an ensemble of similar
spins between two equally populated states.

4. NMR TECHNIQUES TO STUDY LIGAND-
RECEPTOR INTERACTIONS

NMR spectroscopy is extraordinarily valuable for studying interactions of
biomolecules with ligands in physiological conditions [108—119]. It allows
monitoring ligand-receptor” interactions by tracking changes in NMR
observables (chemical shifts, relaxation, etc.) of any of the involved partners
(ligand or receptor), induced by the binding event (Figure 27). Many NMR
experiments and methodologies have been proposed to exploit those
differences [86,107,120—132], and can be broadly classified into receptor-
based or ligand-based approaches depending on the observed species (Table
1). In fact, typically a combination of different sets of experiments is
employed to get a complete picture of the protein-ligand interaction.

20 In the context of the work presented in this dissertation, the receptor ot farget molecules
are lectins, and /gands are carbohydrates.
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Table 1. Summary of common NMR strategies to study ligand-receptor interactions

Disturbed NMR
Observation parameter upon NMR measure What to look for Main use(s)
binding

Variations in chemical-shifts of the receptor Peiesien etz

. " Chemical-Shift A . Mapping receptor binding
Chemical shifts resonances upon binding. There might be
calshi Perturbation (CSP) s in‘:%nols'sh(;pi o renslx?y o sites. SAR by NMR. Affinity
RECEPTOR ) measurements.
. " Residual Dipolar " . . Bound state orientation of
Dipolar couplings Coupiing (RDC) Differences in RDCs in the free and bound state ligands
Paramagnetic Broadening/reduced-intensity of
LIGAND/RECEPTOR Relaxation/NOE Relaxation receptor/binder signals as a consequence of Detection of binders

Enhancement (PRE) paramagnetic relaxation effects

Detection of weak binders.
Epitope mapping. Affinity
measurements by
competition.

Changes in signal intensities of the ligand, due to
receptor-ligand NOE effects when the receptor
isirradiated.

Saturation Transfer
Difference (STD)

Detection of binders.
Screening. Affinity
measurments by
competition.

Broadening/reduced-intensity of ligand signals
T, relaxation as a consequence of increase in R ; relaxation
Relaxation/NOE upon binding

LEND Changes in signal intensities of the ligand by

WaterlOGSY NOE effacts from wat er molecules Detection of weak binders
Differences in NOEs signs of the ligand in the free  Detection of weak binders.
Transferred NOE/ROE and bound state. Intermolecular receptor- Conformation of flexible
ligand NOE effects. ligands in the bound state.
Re.sponse r»o magnetic Diffusion Ordered Differences in dlffusl(?n r.ctes of ligands upon Detection of binders
field gradient pulses SpectroscopY (DOSY) binding

The most widespread receptor-based method, Chemical Shift
Perturbation (CSP), exploits differences in chemical shifts observed in
"N/'H (or "C/'H) two-dimensional correlation spectra of the target in the
presence and absence of a ligand [125]. If previous knowledge of the protein
resonance assignment exists (usually this is possible for proteins up to 40
kDa), it permits to locate specific binding sites of the receptor [133].
Moreover, it allows studying both higher and lower affinity ligands.
However, the need of over-express and purify high quantities of protein (in
the order of mg), finding expression hosts capable of facing isotope
enrichment for assignment (°C, "N, *H), as well as the stability of the protein
samples over the time required to perform the potentially time-consuming
NMR experiments, are important factors that may limit the applicability of
the approach.

In general, ligand-based methods are devoted to detect ligand-protein
interactions even if the binding is (very) weak and transient, by scrutiny of
changes in different NMR observables of the ligand upon binding (especially
those involving relaxation, as shown in Table 1) [76]. These methods
overcome the problem of preparing mg quantities of isotope-labeled protein,
requires lower protein concentration (some of them, only in the range of low
uM) and can be performed typically on a more reasonable time scale than
receptor-based strategies. Therefore, although in principle they do not
provide information about receptor binding site(s), they turn out to be very
useful as screening methods allowing the study of large mixtures of
compounds simultaneously, or to validate binding of other molecules.
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Furthermore, they can be applied to unravel ligand binding epitopes and their
bound state conformation, which is an especially powerful approach when
combined with structural information of the receptor if it is available (for
instance, obtained by X-Ray crystallography, NMR or molecular modelling).

Figure 27. Ligands display different NMR properties in the free and bound states. The
'H, 5N and 3C resonances of aminoacids at (or close to) the binding site are also
perturbed by the presence of the ligand in the bound state.

4.1. Ligand-observed "F-NMR-R: method to detect
ligand-receptor interactions

As discussed before, "F-NMR is particulatly useful for studying mixtures
of compounds, among other things, due to the large CSA exhibited by “F
which hugely reduces the likelihood of signal overlapping. But as seen before,
CSA can also be a relaxation source. It turns out that, in the case of the "F
nucleus, the CSA mechanism contributes very importantly to the relaxation
process. As it will be shown, this can be exploited to detect binding by
monitoring changes in the T, (or R,) relaxation time of the ligands when a
protein is present in solution.

In previous sections, it was shown that both R; and R, depends
ultimately on the correlation time T, of the molecules (Equation 13).
However, the dependence of R, on the spectral density function at J(0)
entails a linear relationship with the correlation time of the molecule (and
hence roughly, with its molecular weight). When a ligand binds to the
receptor, it mimics its correlation time during the time the interaction last,
what provokes an important decrease in its overall transversal relaxation rate.
In a NMR spectrum, this entails a broadening of the observed peak for the
bound ligand (Figure 21). On the contrary, Ry does not depends on J(0),
and reaches a maximum value when plotted against the correlation time
(Figure 23). Hence, it is an insensitive reporter of binding.

Compared to 'H, these effects are much more intense for ’F because 'H
nuclei mainly relax through the DD mechanism. However, due to the high
anisotropy of the F nuclei, besides the dipolar relaxation there exists an
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additional contribution from the CSA mechanism (see Appendix A.I)
[86,100]. In fact, at the strong magnetic fields used routinely nowadays, the
CSA contribution to the "F nucleus relaxation is the dominant mechanism.
As a consequence, the large CSA of "F results in a very significant difference
in linewidth of the fluorine resonance of a molecule between its free and
bound states. Hence, the particular features of "’F relaxation make it possible
to detect even a minuscule fraction of bound molecules [134].

Although it is possible to monitor the differences in linewidths of fluorine
resonances of ligands in the presence and absence of a receptor, in practice
it is more convenient to employ an alternative approach: measuring signal
intensity evolution via the Carr-Purcell-Meibom-Gill (CPMG) scheme
[135,130].

CPMG is classically used to measure the transversal relaxation times T,
of molecules. A graphical representation of how the experiment works is
shown in Figure 28. The pulse sequence is as follows: [D-90.-(T-180,-T),-
acquire], where 90, and 180, are RF-pulses applied about the x and y axis*,
D is the recovery delay (i.c., the time passed before a new scan starts), T is the
evolution time and n indicates the repetitions of the spin-echo before signal
acquisition. Briefly, the 90° pulse creates transversal magnetization by tilting
M to the xy-plane. Then, the magnetization is allowed to evolve during a
time T and then refocused by applying an on-resonance 180° degree pulse, after
which the magnetization evolves during T again. Finally, the FID is acquired.
The sequence (7-180,-7) is referred to as spin-echo, and has the effect of
rotating the magnetization vector in the xy-plane”. Since T, relaxation drives
naturally xy-magnetization to its equilibrium value of zero, after each
repetition of the spin-echo block the measured transversal magnetization will
be lower and so it will the intensity of the acquired NMR signal. By recording
the FID at increasing time intervals t (i.e., at increasing spin-echo repetitions,
n), a set of intensity-time data can be obtained and then fitted to the
exponential decay curve:

I1(t) = Ipe™ /2 = [e~"2t/T 19

where I(t) is the intensity at time t and I the intensity at t = 0.

2 The phase shift between the 90° and 180° pulses aims at compensating imperfections
in the pulses that otherwise may accumulate during the NMR experiment.

22 'The objective of the spin-echo sequence is to eliminate the effects caused by field
inhomogeneities in the estimation of T. Microscopically, after the 90° pulse each individual
spin evolves at its larmor frequency (wo) plus a contribution caused by field inhomogeneities
(Winhom), which tend to disperse the transverse magnetization. The winhom term can be
reversed by applying a spin-echo sequence.
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Figure 28. Schematic representation of the CPMG pulse sequence.
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In practice, "F-NMR CPMG experiments (also dubbed "F-NMR-R; or
relaxation filtered) for monitoring ligand-receptor interactions are performed
first on a sample of the ligand alone, and then on a sample of both protein
and ligand . Differences in T, as a consequence of binding translate into a
reduction of the signals for a particular number of spin-echo repetitions n
[101]. Thus, it is possible to detect binding simply by comparing peak heights
in the presence and absence of receptors at different n. Alternatively, the full
decay of transversal magnetization can be tracked for both samples, which
allows the quantitative calculation of the transversal relaxation times of the
ligand nuclei in the free state, T, ¢ and their observed relaxation times in the
presence of the receptor, T ops [137,138].

In the case of weak affinity binders, the observed transversal relaxation
rate in the presence of the protein is given by [86]:

Ry ops = PfRoy + PpRop + Rex 20

where R, ¢ and Ry, are the transversal relaxation rates of the ligand in the
free and bound states respectively. pr and pj, are the fraction of free and

bound ligand, as defined in Equation 18. The last term in Equation 20 is
usually named exvhange contribution, and arises from the non-equivalence

between free and bound ligand chemical shifts [104,139]:
pytanh(

—)
prres 21

T/ Tres

Ry = pbpszres47T2(5f - Sb)z 1-

where Ty is the ligand residence time, 8¢ and 8, are the chemical shifts of

the ligand in the free and bound states, respectively, and 7 is the evolution
time of the CPMG pulse sequence.

Equation 20 shows that binding can be detected if the averaged relaxation
rate is dominated by the term ppR, }, which implies a broadening of the

observed signal as a consequence of the decrease in T.. Due to the fact that
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typically Ry, > Ry ¢, it is feasible to detect binders even under the typical
experimental conditions of p, < ps for weak binders. Interestingly, Rex
depends on the strength of the applied magnetic field, meaning that the
effects of the binding will be even more pronounced at higher fields.
Moreover, Ry, and hence Rj,ps, can be modulated by controlling the
pulsing rate 1/(27) of the CPMG experiment. In the limit of fast exchange
(Tres = 0), Rex becomes zero. In any case, it can be manipulated to control
the broadening effect.

The sensitivity and simplicity of this methodology explains why it is
regarded as one of the most powerful tools for the screening of small

molecules against a larger receptors, broadly used for High-Throughput
Screening (HTS) [120].

4.2. STD-NMR

When low or medium molecular-weight ligand molecules bind to
macromolecules, such as proteins, the observed ligand NOEs may undergo
strong changes (for the reasons exposed in previous sections). This
transferred NOE effect is the origin on which the STD-NMR experiment is
based [115,140]. STD-NMR is one of the most employed ligand-based
techniques for the detection and characterization of ligand-receptor
interactions of weak binders. It has been extensively applied to study a variety
of biomolecular systems, including interactions between sugars and lectins
[141-140], ligands with diverse proteins [114,147-150], nucleic acids [151—
153] and viruses [154-150].

The following discussion will focus on 'H-STD experiments, since 'H is
by far the most employed nucleus in this kind of experiment. Subsequently,
the particularities of STD expetiments based on "”F will be discussed as well.

In general, the samples studied by STD-NMR experiments comprises a
solution containing a ligand (or small library of compounds) and a target
receptort, typically in a 1:20 to 1:100 receptor/ligand molecular ratio. In its
simplest form, the STD experiment consists on observing differences in the
intensity of ligand resonances in the NMR spectrum recorded when the
receptor is selectively irradiated (on-resonance spectrum), and in another
spectrum recorded without protein saturation (gff-resonance spectrum). Then,
subtraction of these two spectra is performed, so that, in principle, only the
signals of those nuclei from the ligand that are close enough to the protein
(= 5 A) will remain in the difference spectrum. On the contrary, resonances of
other ligand 'H’s far from the protein or other species that do not bind the
receptor, if present, will vanish (Figure 29) [140,157].
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Figure 29. Representation of the STD NMR experiment. The off-resonance
experiment, without protein saturation (upper panel), gives rise to a spectrum with
unperturbed signal intensities, I,rr. When the protein is selectively saturated in the on-
resonance experiment (middle panel), the magnetization is transferred to the protons of
the ligand closer to the receptor (represented as red spheres) by dipolar relaxation. The
saturated ligands are accumulated in solution, and the on-resonance spectrum shows a
decrease in the intensity of those proton signals, I,,. The difference spectrum (bottom)
reveals only the signals corresponding to the protons that received saturation from the
protein, with intensity Igrp.

STD values are usually specified as the fractional intensity change
between the on- and off-resonance spectra for each proton of the ligand:

Lsr—1 I
% STD = -2 °" . 100 = 3T2. 100 )
Logr Logr

where I,r¢ and Iy, are the intensity of a particular ligand signal in the oft-

and on-resonance spectra respectively, and Isyp is the absolute intensity
change.

In the on-resonance experiment, only protein resonances must be
selectively saturated, so it is particularly important to select an area free from
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ligand frequencies. Thus, typically the selective irradiation is performed on
the aliphatic (< 1 ppm) or aromatic (> 6 ppm) region, depending on the
density of ligand signals in those regions. Once some protein protons have
been saturated, the magnetization spread rapidly to other protons of the
protein via cross-relaxation very efficiently, a process known as spin diffusion
(as the polarization diffuses over many spins, Figure 30).

Figure 30. Schematic representation of the spin-diffusion. After selective saturation of
some protein resonances (left), the magnetization is quickly spread all over the protein
residues (right). The effectiveness of the spin diffusion is roughly proportional to the
molecular weight of the receptor.

When a ligand binds to the protein, the saturation will be transferred
preferentially to those protons closest to the receptor. Globally, the degree
of saturation of the ligand nuclei depends on the residence time (1/k,f) of
the ligand at the binding site. Upon dissociation, the ligand moves back to
the bulk solution carrying the saturation information from the protein. These
saturated ligand molecules free in solution give rise to resonance signals with
thin linewidths (as these are characteristic of the free state), but likely
different intensities, in the NMR spectrum.

The underlying idea behind the STD-NMR experiment is that the
saturation of the protein and bound ligand occurs much faster than the time
it takes for the saturated ligand nuclei to re-establish their equilibrium
magnetization via longitudinal relaxation. Consequently, the off-rates must
be fast enough so that saturated ligands can accumulate in solution before
they lose the transferred magnetization from the protein. This is typically the
case for medium/strong binders, with Kp in the low uM or nM range.
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However, if the off-rate is extremely fast, the STD effects will be very weak
(or negligible) as the probability of the molecules being in the bound state is
minimal. Thus, STD-NMR is specially suitable for dissociation constants Kp
approximately in the range of 1073-1078 [140].

Importantly, from the discussion above it is inferred that the intensity of
the signals in the difference spectrum are not directly proportional to the
binding strength in general. In contrast, STD intensities increase with the
saturation time and the ligand concentration, up to a maximum value.
Actually, an increment in the ligand/protein ratio implies an increment in the
absolute STD signal I¢rp although the proportion of saturated ligands is
reduced [115,124]. In addition, the use of high ligand/protein ratios is
convenient since it decreases the likelihood of saturated ligands re-entering
the protein binding site, which would preclude otherwise obtaining trustable
information about the conformation of the ligand with respect to the protein
residues at the binding site, the ligand binding epitope.

It is worth mentioning that binding affinity can be measured from STD-
NMR spectra by competition titration experiments, as long as the binding
constant of the competing molecule to the receptor is known. By monitoring
the decrease in the peak height of a STD signal of the ligand upon increasing
amounts of the competing molecule, it is possible to obtain its dissociation
constant employing a one-site competition model [115,124].

4.3.STD-NMR for determining the binding epitope

As it has been shown, the STD-NMR experiment can be used not only
as a method to detect binding, but also to measure ligand binding constants
and to determine the binding epitope of a ligand to a target protein. The
latter typically requires more thorough experimental designs, such as
irradiation at different saturation times ot the use of different protein/ligand
ratios, to avoid unambiguous interpretations of the ligand STD profile. It is
worth noting here that the definition of ‘binding epitope’ is somehow diffuse.
It may refer to the specific parts of a polymeric molecule (for example, a
polysaccharide) that are closer to the protein residues upon binding, without
specifying exactly their orientation in space. Alternatively, ‘binding epitope’
may denote in some cases the detailed location of the protons from the
ligand with respect to those of the protein at the binding site, and hence, the
precise ligand conformation at the bound state that can be deduced in
combination with theoretical saturation transfer calculations [115,145,158].

In general, some difficulties inherently associated with the experiment
exists, which become more evident as the information intended to be
obtained is more precise. For instance, intra-ligand relaxation rates may give
rise to an ‘apparent’ epitope map, which could not be fully representative of
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the bound state epitope (this might be particularly pronounced for geminal
protons, which can display smaller STDs even if they are close to the
protein)[158]. Moreover, the use of longer saturation times, which yield
stronger STD signals, has associated other potential issues such as the
somewhat complex influence of the free ligand correlation time and
conformation on STD intensities [158].

Another issue that can affect the interpretation of STDs for epitope
mapping is the residence time of the ligand. If it is too long, spin diffusion
may effectively ‘dilute’ the transferred magnetization over the ligand protons,
making the distinction between closer and farther protons from protein
residues within the binding site impossible. Similarly, the size of the receptor
can influence the observed STD profiles. In general, the bigger the target
protein is, the more intense STD signals will be observed (due to the larger
difference between ligand and receptor correlation times). Although this can
be advisable if the only purpose of the experiment is the detection of binding,
it might be an obstacle when trying to deduce subtle details about the ligand
conformation at the binding site, since the spreading of the magnetization
throughout the ligand would difficult the STD interpretation (this is
analogous to the effect observed for too long residence times of the ligand).
In this sense, using a smaller portion of the receptor (for example, only the
CRD in the case of lectins) can serve both to achieve a somewhat more
selective saturation spot in the protein (due to the reduce effectiveness of
spin diffusion as a consequence of the lower molecular weight) and a well-
defined epitope mapping of the ligand, with substantial differences in the
STD intensities of each proton. Additionally, irradiation of the receptor at
different frequencies (for instance, at aromatic and aliphatic protons
independently) can be exploited as well to obtain further information about
the mode of binding [123,149,159].

Fortunately, a meticulous experimental design and analysis can help
reducing the uncertainties of the results. For instance, STD with short
saturation times do not depend on the free ligand correlation time and
conformation, and indeed reflects more precisely the ligand-protein
interproton distances at the bound state. In contrast, short saturation times
translate into poor STD intensities with low signal to noise (S/N) ratios. To
circumvent this dichotomy, it is a recommendable practice to perform a set
of STD experiments varying the saturation time of the receptor, and fitting
the STD intensities of each proton to the following equation [151]:

Isrp (8) = Ierp ™™ (1 — e(Tksar®)) 23

where Igpp™* is the maximum value of the Igrp curve at long saturation

times, and Kgq represent the experimental saturation rate constant. This
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allows extrapolating the STD values to zero saturation time, which represent
better the ‘true’ saturation profile in terms of ligand-protein interproton
distances and reduce the likelihood of introducing noise in the observed STD

intensities [151]:
d (ISTD (t))
<T = Lsrp" " ksar 24
t=0

To conclude, the use of computational models of the complex and other
tools to support the experimental results and help with their interpretation is
advisable, especially in the ligand-based approaches such as STD in which
no explicit information of the receptor is obtained. If the structure of the
complex or the protein alone is available, the COmplete Relaxation and
Conformational Exchange MAtrix (CORCEMA) theory might be a very
useful resource to complement the experimental results [158]. For a given
model (from X-ray crystallography, NMR, or computational prediction)
CORCEMA is able to estimate the absolute or fractional intensity changes
of the STD signals for the reversible binding of a ligand and a protein
forming a binary complex, thus providing a quantitative measure of the
theoretical STD profile of the system under study. Then, this profile can be
compared with the experimental STD using an error function, dubbed R-
NOE factor, to extract conclusions about the suitability of the proposed
model to explain the STD results.

4.4.”F-STD-NMR based experiments

The basic 1D STD-NMR experiment can be combined with other pulse
sequences (for example, 2D-TOCSY [140]) to extend the information they
provide and circumvent the limitations associated to 1D NMR spectroscopy.

Interestingly, STD experiments has also been adapted in the last decades
for F detection. In particular, two versions of the experiment have been
developed: one with direct heteronuclear magnetization transfer (via dipolar
coupling) 'Hiecepor—>""Fligand [160]; and the more sensitive 'H—'H-STDreF
[160,161], in which the magnetization transfer in the first step is
homonuclear "Hiecepror—>'Higand, followed by an intra-ligand relay to "F (reF)
through scalar Jur coupling for observation. The explanation behind this
gain in sensitivity in the reF experiment is the less effective heteronuclear
cross-relaxation 'H—"F with respect to the homonuclear case.

More recently, the evolution of the 'H—'H-STDreF lead to the
development of the 2D STD-TOCSYreF experiment [37]. This new NMR
strategy overcomes the lack of spatial coverage of the previous mono
dimensional experiment, limited to the magnetization transfer coming from
geminal and trans-vicinal protons to fluorine, where Jur coupling is large.
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Clearly, that limitation was insufficient for epitope mapping. However, in the
2D STD-TOCSYteF version, the introduction of a 'H,'H-TOCSY building
block allows efficiently extend the STD polarization to all protons of the spin
system, followed by the relf transfer from geminal and trans-vicinal protons
of F nuclei.
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1. INTRODUCTION

Computational simulations are an invaluable tool for interpreting
experimental data regarding the structure, dynamics and molecular
interactions of complex systems. Ideally, these techniques would be able to
work the other way around: predict the outcome of experiments beforehand.
Although the field has undergone a huge breakthrough within the last two
decades, along with the development of computing power and Graphics
Processing Units (GPUs) as potent platforms for scientific calculations,
universally applicable models are still far from being a reality. In fact, this is
not a (big) problem, since different approaches might be employed for
distinct situations [162,163].

In general, the size of the system under study and the scientific question
that one wishes to answer, determines the methodology that can be applied.
For instance, Quantum Mechanical (QM) methods explicitly consider
electronic effects on the molecule and make use of different approximations
to solve the Schrodinger equation. Accordingly, these methods can be used
to study reaction mechanisms, bond formation and cleavage, predict
spectroscopic data, or to study molecular structures of excited states, to name
a few. Although they provide the most rigorous approaches to investigate
molecular systems, they require an enormous computational cost and are in
practice only applicable to subsets of a few hundred atoms at most. On the
other hand, Molecular Dynamics (MD) simulations rely on molecular
mechanics to describe systems. MD simulations neglects the quantum nature
of atoms and use classical physic laws to examine the interactions between
them. This approximation hugely simplifies the problem and consequently
MD methods can be used to study the structural and dynamical evolution of
systems comprised by thousands of atoms, explicitly, even at the millisecond
time scale [163,164].

Given the inherent structural complexity of carbohydrates, and aiming at
better understanding the way they interact with lectins from a dynamic point
of view, MD simulations have been chosen as the main computational
technique employed herein to support the experimental NMR data, as it will
be presented in the following chapters.
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2. STATISTICAL MECHANICS

The link between computer simulations —which provide detailed
information of a system at atomic level-, and experimental observations, is
the field of statistical mechanics. Statistical mechanics establishes
relationships between experimentally observed thermodynamic properties of
a system, such as pressure or volume, and the positions and momenta of
each particle comprising that system.

Let us consider a system containing N atoms. The position r and
momenta P of all the atoms of the system define a point in a 6N-dimensional
space treferred as phase space. If we denote I'(t) = (r(t), p(t)) as a particular
point in the phase space at time t, then the instantaneous value of a property
A can be written as A(I'(t)). Since the system evolves in time, it is reasonable
to assume that the experimental value observed for the property, Ayps,
should be equal to the time average of A over an (infinite) time interval
[165,160]:

t
Aops = (AT hime = im 1/¢ | AG@,p@)de 25
t=0

There are several difficulties with this approach. In principle, it would be
possible to determine the evolution of I'(t) by applying the Newton’s
equations of motion (if the forces acting between particles are known) for a
simple classical system. However, for the typical number of particles of real
systems (N & 1023), it is not practicable to calculate even a small fraction of
the whole trajectory since that would imply the integration of the equations
of motion for a huge system during an enormous (infinite) period of time.
To circumvent this problem, Maxwell, Boltzmann and Gibbs postulated the
ergodic hypothesis, which is central in statistical mechanics:

The time-average is equal to an ensemble average of a large number of
replications of the system.

In this regard, an ensemble is a (virtual) large collection of systems, say m,
each one being a replica on a macroscopic (thermodynamic) level of the
particular system of interest. For instance, for an isolated system
characterized by having N atoms in a volume V, with total energy £, the
ensemble would be formed by mN atoms, in a volume mV with total energy
mE. FEach replica corresponds to a (potentially) different system
configuration (wicrostate) compatible with the fixed (at constant N, V and E,
-or NVE in short-) thermodynamic state (wacrostate). This is known as the
Postulate of Equal a priori Probabilities:
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Any system has an equal probability of being in any microstate consistent
with its fixed macrostate.

In other words, the systems forming an ensemble are thermodynamically
identical, but not necessarily identical at the atomic level. As before, each
system configuration conforming the ensemble can be described as a point
['(r, p) in phase space. Then, Equation 25 can be replaced by [165,167]:

Aops = (A(F))ens = ff A(r, p)p(r' P)ensdrdp 26

where (A(T"))ens tepresents the average value (or expectation value) of A
over all the replicas of the ensemble”. The term p(7,p) is the probability
density function of the ensemble, which is defined by the chosen macroscopic
parameters (NVE, NVT, etc.). p(r,p) indicates the probability of finding a
member of the ensemble in the interval (r, p) + (r, p)drdp.

One of the most commonly used ensembles in statistical mechanics is the
NVT ot canonical ensemble, in which N, V and T are fixed. It turns out that
for this ensemble, the probability density function is the Boltzmann
distribution:

e~ E@p)/(KT)

p(r,Pnyr =—F—— 27
Qnvr

where k is the Boltzmann constant, T is the temperature, E is the total
energy” and the normalization factor Q is the partition function of the
ensemble. The previous equation is a central result in physical-chemistry: the
partition function is the bridge between the individual molecular
configurations of the system and its thermodynamic properties. In other
wortds, by knowing @ one can basically access to all the information about
the macroscopic properties of the system. In the case of the canonical
ensemble, Q has the following particular form [167]:

Qnvr = Jj e E@P)/ (D) qrdp 28

Q has different expressions depending on the ensemble of interest (Table
2). However, for systems of the size of Avogadro’s number, these differences
vanish®. This behavior is known as the thermodynamic limit and it is universal
for any thermodynamic property in any ensemble. As it will become clear
soon, this property is important for molecular simulations of large systems,

23 A double integral sign is used for clarity, but rigorously there are 6N integral signs
corresponding to the 3N positions and 3N momenta of the N particle system.

24 The total enetgy is the sum of the kinetic and potential energies: E = K(p) + V()

2 It can be proved that the fractional fluctuation of measurable properties in any

ensemble scale roughly as 1/ VN.
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since it allows us to choose the ensemble that is mathematically most
appropriate to work with, or the one that better mimics the laboratory
experimental conditions.

Table 2. Summary of common ensembles
Microcanonical

(NVE)

Canonical J’ f e~E(rp)/(kT)

w(E)

(NVT)

Isobaric-
Isothermal f f o~ (EP)+PV(rp))/(KT)

(NPT)
Grand

Canonical f f e ~(E@p)+uN(r,p))/(kT)
(nVT)

w(E) is the degeneracy (number of microstates or configurations) for a particular energy E.

From Equations 27 and 28, it is now possible to estimate the average
value for any given observable. The only remaining question is how one can
generate replicas of the system to conform an ensemble. As we will see
below, this is the goal of molecular simulation methods.

3. A GENERAL VIEW OF MOLECULAR DYNAMICS
SIMULATIONS

Molecular simulation methods aim to produce a set of relevant
microstates for a particle-based system. There are two main techniques
devised to achieve that goal, referred to as Molecular Dynamics (MD) and Monte
Carlo (MC) simulations, and both can be used to calculate relevant properties
of the system by averaging over the output microstates. In this dissertation,
only MD simulations will be discussed.

The molecular dynamics method produces an ensemble of states by
integrating the Newton’s equations of motion. Unlike MC, which is a
stochastic method, MD 1is deterministic in the sense that it provides

information about the ‘time™ evolution of the properties of a system. In fact,

26 Notice that this is not a ‘real time’ in any physical sense. As stated before, in MD
simulations properties are computed from eusenble averages instead of time averages. This is just
an index used to account for the steps of the simulation.
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knowing the position and velocities of the particles forming the system at an
initial (simulation) time Ty, it is possible to predict its configuration at any
time. The trajectory followed by every particle can be obtained by solving
the following equations:

—VV(TL) = Fi 29
Fi _dr 30
m; dt?

where V(1;) and F; are respectively the potential energy and the force acting
over the particle i, m; is the mass of the particle. In a typical MD simulation,
initial positions 1;(T() and velocities v;(7y) are assigned to each atom of
the system”. Then, forces acting over each particle are calculated from a
given set of potential energy function and parameters known as force-field by
applying Equation 29, and Newton’s equation of motion are solved to
determine how the particles respond to the acceleration produced by the
force F. To obtain the time evolution of the position, it is necessaty to solve
the differential Equation 30 by integration using different methods. This
integral is computed numerically, so a ‘small’ time-step AT (ideally, the time-
step size should be significantly shorter than the fastest motion on the
simulation) is chosen. Finally, the particles are moved to their new positions,
the simulation time is increased by AT, and the cycle is repeated again until
the total number of MD simulation steps is reached [165] (see Figure 31).

Different algorithms used to perform the integration of the classical
equation of motion have been proposed [168], but basically all assume that
positions and velocities of the particles can be described as Taylor series
expansions:

ri(t+ A1t) =r;(t) + v;(1) AT + %a(r)ArZ + %b(r)m’3
F e
v;(t + A1) = v;(1) + a;(T)AT + %b(‘[)ATZ + -
a;(t+ At) = a;(t) + b(r)At + -

31

where the terms ¥, @ and b (and the subsequent) are the velocity (fitst
derivative of the position with time), acceleration (second derivative), and
the third derivative terms respectively (and so on). The order of the Taylor

27 The initial coordinates of each particle of the system may come from experimental
data, such as X-ray crystallographic structures, or from a theoretical model. Initial velocities
can be assigned by random selection from a Maxwell-Boltzmann distribution at the required
temperature.
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expansion is typically truncated after the acceleration term, since higher order
terms are difficult to compute and contribute much less in the expansions
than those of lower order.

Set initial positions (r(tg);) and
velocities (v(ty);)

Calculate forces:
-VV(r;) = F; = mja;

Move particles and update

velocities at t =ty +At, Bepeat
according to some f(aj,t): during M MD
steps

r(t);; v(t)

Update time counter:
t=t+At

Figure 31. Schematic view of a typical MD simulation program.

This way, a MD simulation generates a #rajectory that describes the
evolution of a system along the simulation time. Specifically, it produces a
collection of possible configurations of the system (i.e, a collection of points
I'(r,p) in phase space) for a given set of macroscopic variables. If MD
simulations were capable of exploring all the points of phase space, then the
partition function could be exactly determined by summing up every
individual contribution from each microstate (Equation 28). In that case, the
system would be ergodic. However, in practice, for a system of the size
typically studied by computational simulation methods, the magnitude of the
phase space is incommensurable, and thus attempting to obtain an ergodic
trajectory to calculate the partition function is virtually infeasible.

The alternative approach followed by MD (or MC) simulations is to visit
a representative large enough subset of the most informative microstates (i.e,
points in phase space) to approximate the partition function propetly. This
process of exploration of phase space in a simulation is dubbed sampling.
Obviously ‘good’ sampling is an essential requirement to obtain accurate
physical properties of the simulated system. It turns out that, for mechanical
properties’ of the system (such as pressure or internal energy), the low energy

28 Morte specifically, mechanical properties are those that depends on the derivative of the
partition function. On the other hand, zhermal properties depends on the partition function
itself.
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states contribute more importantly to the partition function, and indeed
those states are the ones preferentially generated by MD simulations. Thus,
these thermodynamic properties are well defined and can be propetly
predicted in simulations. In contrast, the partition function for thermal
properties (such as entropy) is also dependent on high energy states and,
consequently, their estimation using MD generated configurations will be
poor and inaccurate [165,160]. For such calculations, advanced simulation
approaches and sampling methods must be employed.

Under the previous assumption, estimated average values of basic
thermodynamic properties can be easily obtained from MD trajectories. The
link between the theoretical framework presented in the previous section for
a continuous ensemble, and the ensemble generated by MD simulations,
arises from the discretization of Equation 206:

1 M
(Aens = MZAi 32
1=

where M is the number of smulation steps (Figure 31) —ie, system
configurations- and A; is the value of the observable A at the i step.

4. FORCE FIELDS

Force-field is the term used to refer to a particular set of potential energy
function and its parameters, which describes the interaction between every
particle in the system. These functions are built on the basis of the Born-
Oppenheimer approximation. Thus the electronic motions are ignored and
the energy depends only on the nuclear positions. Therefore, MD
simulations use intrinsically classical mechanics to model a wide variety of
phenomena, which allows to address the study of systems that are
prohibitively large to be evaluated by other methods that explicitly represents
electrons in the calculations (guantum mechanical methods).

Any force-field typically describes the molecular features as a sum of
different energy terms: bond lengths and angles between particles are
represented as harmonic potentials, bond rotations or dihedral angles are
modelled using periodic functions, and electrostatic and van der Waals
interactions (also known as #non-bonded terms of the functional) are accounted
by using Coulomb’s law and Lennard-Jones potentials, respectively. A
general force field function is shown below:
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V(TN) = Z Kr(rij - req)z + Z K9(9ijk - Heq)z
bonds angles
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where TV refers to the positions of all particles of the system®. Briefly, the
first summatory term extends to all covalent bonds in pairs of connected
atoms [, the second term involves the bond angle between sets of ijk
contiguous atoms, and the third is a sum over all torsional angles defined by
sets of {jkl atoms. Lastly, the fourth term, which is the most computationally

demanding to calculate, corresponds to the intra and inter-molecular non-
bonded interactions [165,160].

Bonded interactions Non-Bonded interactions

Angle bending

-~
- ~ -
-
”
»
. van der Waals
Bond stretching o

2L %O

Dihedral

Figure 32. Representation of the 4 basic terms typically found in molecular force
fields.

Force-fields differ from each other not only by their functional form but
also by the parameters they use (the constants in Equation 33). These
functions and parameters are obtained from laboratory experiments and

29 Notice that we here emphasize that TV corresponds to the position vector of each
particle for clarity. We have previously used 7 referring to all the particles as well in the
previous discussion, without the superscript for simplicity.
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from precise quantum mechanical calculations. Force-fields are in principle
designed to reproduce the structural features of the molecules, but they are
also devised to predict other molecular properties as well, for which they are
parametrized accordingly. Therefore, force-fields are purely empirical in the
sense that there is not any single or ‘correct’ procedure to develop them, but
rather they are built with the aim of properly reproducing molecular features.
Ideally, a force field should be able to replicate not only specific experimental
features for the molecules used to its parametrization (known as #raining sef),
but also for other molecules of the same kind (i.e, proteins, DNA, lipids,
etc.). The success or failure of a force field in predicting how the particles in
the system behave or how well a specific property is characterized, is what
ultimately determines their validity for studying a particular system.

There are a variety of force-fields that might be used to model distinct
molecular systems in different situations. Some of them are summarized in
Table 3. All the MD simulations described in this essay has been performed
using the AMBER suite of biomolecular simulation programs [169,170]. The
force-fields GAFF2 [171], ff14SB [172] and GLYCAM_06j [173] have been
employed to parametrize organic molecules (except non-modified sugars, in
general), proteins and carbohydrates.

Table 3. Some examples of force fields employed in computational simulations. The

force fields shown here are periodically updated and extended.

ff14SB Proteins
GAFF Small organic molecules
OPLS Small organic molecules
GLYCAM_06 Carbohydrates
LIPID17 Lipids
CHARMM36 Proteins, DNA, RNA, lipids
AMOEBA Polatizable FF

Coarse-grained proteins, lipids,

MARTINI carbohydrates, nanoparticles

REF15 Proteins, DNA, RNA, small molecules
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5. MD SIMULATIONS IN EXPLICIT SOLVENT

A common problem when performing MD simulations of molecules in
explicit solvent, is the treatment of those molecules placed at the boundaries
of the container, that necessarily experience different forces from those
molecules of the bulk liquid. This problem may be overcome by using a
method known as periodic boundary conditions (PBC), which aims at representing
the properties of a macroscopic system with a much smaller but infinitely
periodic one [160].

When PBC are employed in a simulation, the system is placed in a 3D
container called ‘primary cell’ or ‘box’. This primary system cell is then
replicated infinitely (Figure 34). The simplest cell to repeat in all directions
has a cubic form, but other shapes are also used in practice. Whenever a
particle moves out of the main cell during a simulation, one of its images
enters through the exact opposite face with the same velocity. Therefore, the
number of molecules in the unit cell is conserved, and only their coordinates
must be computed. However, the forces acting over each particle are
calculated considering every other in the infinite array that is relevant to the
calculation.

The success of PBC depends importantly on the range of the non-bonded
interactions that are accounted for. Since every particle could actually interact
with its other images from neighboring boxes, the risk of introducing a
certain symmetry in a fluid that should otherwise be isotropic appears. This
flaw is easily citcumvented by using a sufficiently large box to minimize the
Lennard-Jones interactions (since V(1;) & r76), but can have important
consequences for the long-range electrostatic potential (V(r;) o< ™1,
(Figure 33). Moreover, the energy evaluation in a system with PBC would
require the calculation of an infinite number of interaction terms, arising
from the infinite repetition of the original system. Even for a single cell, the
calculation of non-bonded interactions scales with N2, which means that
they are computationally very expensive.
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Figure 33. Variation of electrostatic (colored blue) and van der Waals (174l orange)
potential energy functions with the distance between a pair of atoms 73;. The van der

Waals term approaches to zero much faster than the electrostatic one.

In order to reduce the cost of the simulations, the two following strategies
are typically applied to biomolecular simulations for the non-bonded
interactions: the mnimum image convention and the use of a non-bonded cutoff. The
minimum image convention considers the interaction of a particular
molecular entity with every other molecule of the infinitely repeated system
only once. To further reduce the computational cost, a non-bonded cutoff
can be applied as well so that only the molecules whose geometric center lies
in a specific region around the main molecule are considered in the force
calculations (Figure 34). This implies that, when a cubic box is employed for
PBC, the size of the cutoff necessarily must not be larger than half the length
of the cell to be consistent with the minimum image convention.
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Figure 34. A 2D representation of a subset of an infinite replicated system formed by
5 molecules, using periodic boundary conditions with a cubic cell. For clarity, the primary

cell at the center is shown in blue. Linear momenta (black vectors), minimum image
convention (dashed blue squate) and a cutoff for non-bonded interactions (dashed orange

circle or radii 7y,;) for molecule 4 are represented as well.

Although the use of distance cutoffs is computationally efficient and easy
to implement, it entails an important limitation: the potential function finds
a discontinuity at the cutoff distance. This, in turn, results in simulations in
which the total energy of the system is not conserved. For this reason, the
previous approach is especially inadequate for treating long-range forces, as
the electrostatic potential (Figure 33). To circumvent this problem, the
Particle Mesh Ewald (PME) method (which is a particular implementation of
a more general procedure known as Ewald summation [174]) was proposed by
Darden [175,176]. It is now one of the most popular and accurate
approximations to estimate the electrostatic energy. While a full description
of the procedure is beyond the scope of this Thestis, it essentially consists on
splitting the contribution of the total electrostatic potential into two terms: a
short-range term calculated in real space, and a long-range contribution
computed in the reciprocal space (Fourier space). This approach has the
advantage that both terms of the summation converges quickly in their
respective spaces, solving the mentioned problem of the potential truncation.
The key difference of the PME with respect to the standard Ewald method
is that the computation of the long-range part can be carried out using the
so-called fast Fourier transform (FFT) algorithm (ref), which allows to
drastically reduce the computation time. In summary, the methodology
allows the calculation of the full electrostatic energy (i.e, the potential is not
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truncated at all) with high accuracy and efficiency, as has been proved even
for highly charged polar systems [176,177].

6. SIMULATIONS IN THE NVT /NPT ENSEMBLES

In the standard MD simulation procedure described above, the
integration of Newton’s equation of motion implies that the total energy is
conserved. Therefore, the system is isolated and strictly the simulation takes
place in the microcanonical NVE ensemble. However, inaccuracies in the
numerical integration and the use of the different cutoffs normally translate
into the total energy not being conserved and the system being heated.
Moreover, it is typically more interesting to run MD simulations in different
conditions than NVE. In fact, a much more common practice is to use
constant temperature settings, since this is the usual scenario in which
laboratory experiments are conducted. For that reason the canonical (NVT) or
isobaric-isothermal (NPT) are typically the most used ensembles for simulation
of biomolecules in liquid phase. As mentioned above, while all these
ensembles are only rigorously equivalent in the limit of an infinite system,
thermodynamic properties calculated from statistical averages in any
ensemble are very similar for systems of a few hundred particles.

Some of the methods typically employed to obtain constant temperature
or pressure simulations, with special focus on those used in this dissertation,
will be discussed in the following lines and in the corresponding Appendix.

6.1. Temperature control

Several methods have been developed in order to control the temperature
of the system during a simulation, which can be divided into two main
categories: stochastic and non-stochastic methods”.

Non-stochastic methods simply use velocity scaling to update the velocities of
each particle in order to be consistent with the user required system
temperature (Appendix A.III). One of the main drawbacks of these methods
is that, since the only condition imposed to the system is restricting the total
kinetic energy to agree with the required temperature, solutes and solvent
can indeed have different velocities still fulfilling that condition. This
phenomenon of having an inhomogeneous distribution of temperature
throughout a heterogeneous system leads to the ‘hot-solvent, cold-solute’
[178,179] or the ‘flying-ice-cube’ [180] problems frequently observed in the
literature. Furthermore, they do not sample from any known ensemble.

30 There also exists the so-called extended system methods, such as the Nosé-Hoover scheme,
that will not be covered here.
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Stochastic methods, on the contrary, alleviate many of the issues encountered
with the previous methods. First, they act on a particle-centered instead of a
system-as-a-whole basis for temperature control, circumventing the ‘hot-
solvent, cold-solute’ and the ‘flying-ice-cube’ artifacts. Second, they do
strictly generate canonical ensembles.

One of the most broadly employed stochastic methods is the scheme
proposed by Andersen [181], which is discussed in Appendix A.IV. Another
common approach, and the one preferentially applied in the MD simulations
performed in this dissertation, is the Langevin thermostat [166,182,183]. In
this scheme, two forces are applied to every particle in the system at each
time step, simulating the contact with a beat bath. The temperature is
controlled via these two force terms, which modify the equation of motion
described in Equation 29 in the following manner:

F;=-VV(r) —mvyy +W,; 34

where Y is a friction constant (i.e, a collision frequency) and Wy is a random
force, uncorrelated with the positions and momenta of the particles, that
follows a Gaussian distribution of zero mean and variance:

W; =./2mykgT /At 35

with At being the MD time step and kp the Boltzmann constant.

Conveniently, the Andersen and Langeving methods sample correctly the
NVT and NPT ensemble probabilities, and indeed are effective for
temperature control. Thus, the estimation of thermodynamic averages can
be this way calculated in the pursued laboratory conditions. Additionally, the
Langevin thermostat (and to a certain extent, the Andersen thermostat as
well) allows using larger time steps to integrate the equations of motion so
that simulation times can be importantly extended (in combination with the
use of SHAKE, see below), in comparison with the standard time steps used
when simulations are conducted in the microcanonical ensemble. As a
downside, the use of stochastics methods impede the calculation of time-
dependent properties such as diffusion coefficients, as a result of the
discontinuity introduced in the trajectory with respect to the Newtonian
dynamics.

6.2.Pressure control

Simulations in the isothermal-isobaric ensemble (NPT) relies on similar
stochastic and non-stochastic algorithms to control the pressure of the
system. The general details of how the pressure is computed in MD
simulations can be found in Appendix A.V. Most simulations described
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herein have been computed using the Berendsen scheme, which will be
presented below. An alternative stochastic approach is discussed as well in
Appendix A.VL

To maintain a constant pressure during a simulation, the volume must
fluctuate. This can be accomplished by simply scaling the volume, similarly
to the velocity scaling for temperature control before mentioned.
Alternatively, the pressure of the system can be modulated according to the
same principle of the scaling method used by Berendsen to maintain a
constant temperature (see Appendix A.III) [165,184]. In this case, the system
can be imagined to be coupled with a ‘pressure bath’, and the volume of the

box is adapted by a factor 4 to preserve the desired pressure:
At
A=1-B—(Pr—Py) 36
Tp

where Tp is the ‘coupling constant’ of the bath, At is the MD time step used,
B is the isothermal compressibility™, and Py and Py are the current and the
target pressure of the system, respectively. As it can be observed in Equation
306, Tp controls the strength of the coupling, and thus can be used to regulate
the smoothness of the scaling.

Assuming the system is placed in a cubic box (according to PBC) of
volume Vo o, the volume is then scaled as:

Vbox,f = /1Vbox,0 37
and the center of mass coordinates of each molecule is thus scaled as:
ry = AY3r, 38

being 1y and 1y the current and scaled center of mass vector position,
respectively. In this example the scaling is performed isotropically, but
anisotropic scaling can be chosen as well. Although this Berendsen scaling
method is widely employed in MD simulations and proved to work propetly
when a sufficiently large Tp (> 0.1 ps) is used [184], it does not strictly sample
from any know ensemble.

3t can be defined as the fractional change in volume of a fluid due to a change in
a . . . .
pressute: = _%(B_Z) . It is typically set to the experimental of the solvent used in the
T

simulation.
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7. CONSTRAINED MD SIMULATIONS

A common practice in current MD simulations of large biomolecular
systems is the use of constrains. These are imposed requirements that the
system must fulfill. For instance, it is a common practice in MD simulations
to use constraints on bond lengths, so that they are forced to adopt specific
values. Thus, the equations of motion are solved taking into account the
modified constrained terms.

Probably, the most widely employed algorithm to perform constrained
MD simulations is SHAKE [185] (or others based on it [180]). It works by
solving each constraint equation in an iterative manner, up to a point in
which all have been satisfied within a certain tolerance. This process is
performed at each time step to avoid drifting in the constraint values along
the simulation. When using constrains, it is important to ensure that the
influence of the algorithm over the trajectory is small. For example, the
fluctuations introduced should be smaller than those caused by other sources
(such as the already mentioned non-bonded cutoffs), and the affected
degrees of freedom must be weakly coupled to other degrees of freedom of
the system. Obviously, the constrained degrees of freedom should not be
participating in any of the important phenomena under study. In practice,
the use of SHAKE is typically restricted to stretching of bonds involving
hydrogen atoms, since these are the ones with higher vibration frequency.

The main advantage of setting constrains in a simulation is that larger time
steps can be used, which allows notably extending simulation times (up to
the millisecond timescale) and thus —hopefully- improving the exploration of
phase space. Currently, the use of constrains in combination with
temperature control schemes (such as the Langevin or Andersen
thermostats) is a widespread protocol in MD simulations of large
biomolecular systems, and as such it has been employed throughout most
simulations described in the following chapters.

8. MD SIMULATIONS OF CARBOHYDRATES

Carbohydrates are in general very flexible molecules. From a
conformational  perspective, crystallographic  structures are clearly
insufficient to explain behavior in solution of sugars apart from the simplest
cases. In contrast, solution NMR spectroscopy is especially suitable to
address their study [109,112]. The observed NMR data, however, is averaged
over all conformational states that takes place in solution sufficiently fast.
This is the case, for instance, of the rotameric populations about the C5-C6
bond in pyranoses (defined by w angle, as seen before). Therefore, the
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deconvolution of the observed NMR properties into the individual three-
dimensional structures contributing to them is mandatory to propetly
interpret the experimental results.

MD simulations in explicit solvent have become the preferred
computational approach to tackle this problem. The first attempts to
correlate NMR derived properties with those calculated 77 vacuo by first
principles or molecular mechanics failed, especially due to the overestimation
of intramolecular hydrogen bonds, and only seem to work when those
hydrogen bonds were diminished somehow [13,187,188]. On the contrary,
MD simulations have proved to accurately predict the conformational states
of simple sugars present in solution [173,187,189-191], thanks to the
remarkable improvements in classical mechanical force fields in the later
years, together with the increased simulation times accessible nowadays. Still,
the question of how much sampling is sufficient has been an issue since the
beginning of MD simulations for all kind of molecules. In the case of
carbohydrates, it seems that, when several glycosidic bonds are present in the
studied molecule, convergence may be reached, if ever, well into the
microsecond time scale [192].

Nevertheless, it is not always necessary to get a complete prediction of
rotametic populations. For instance, when trying to derive populations from
observed scalar couplings (J coupling) it is sufficient that all relevant states
be identified during the simulation. Then, the MD generated ensembles can
be combined with quantum mechanical predicted ] values and experimentally
observed | couplings to yield to populations of each conformer [189]. Other
NMR observables can be combined as well with the MD ensembles,
including residual dipolar couplings (RDCs) [193,194], NOEs [195] or
recently STD effects (this, in particular, is addressed in Chapter 5).

The interactions of proteins and carbohydrates can be scrutinized as well
by MD simulations, which can provide an atomic resolved interpretation to
the NMR experiments performed. The combination of different but
compatible force fields for proteins and sugars (and other type of molecules)
has permitted to obtain significant insights into how these protein-glycan
interactions occur. Moreover, computational simulations can help
disentangle the energy components involved in the molecular recognition
process [49,190].
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CHAPTER 2

Objectives & Route Map of
the Thesis



Objectives

This section aims at providing a general vision of the projects addressed
during the predoctoral research period, which are gathered in the following
chapters. The main objectives of these investigations will be exposed, as well
as the link between the following chapters presented in this dissertation,
including a brief introduction to each of them.

OBJECTIVES

The main objective pursued in this Thesis has been extending the scope
of the applications of ligand-based NMR strategies to the study of molecular
recognition processes involving carbohydrates and lectins. In particular, we
were interested on the use of "“F-NMR spectroscopy (although
complemented by 'H, °C and/or "N-NMR experiments).

Then, as a complementary objective, we aimed at revealing important
features of the mechanisms implicated in different recognition processes
taking place between lectins and glycomimetics, and how the chemical
modifications of the natural sugar could affect the binding event.

Finally, it was also our goal to conceive and test the scope of new
computational protocols, based on existing methods (for example, MD
simulations and CORCEMA-ST), to deepen into the mechanisms of the
molecular recognitions processes and fitting our experimental designs.

These scientific objectives have been intimately related to the training
aims, focused on the acquisition of high-level knowledge in state-of-the-art
NMR methods and computational chemistry approaches, and their
applications to problems of biological interest.

ROUTE MAP OF THE THESIS

Carbohydrate-mediated interactions are involved in a variety of
recognition events in nature, either related with normal physiological
functions occurring in bio-organisms or in disease. Therefore, a profound
understanding of the mechanisms taking part in these interactions is of
paramount importance to eventually be able to modulate them. With this in
mind, we embarked on their study by means of different "F-NMR ligand-
based techniques and computational methods to complement the
experimental data. The results and conclusions reached during these
investigations are gathered in the following chapters. Herein, a brief
summary of their content is provided.

In Chapter 3, entitled Fluorinated Carbohydrates as Lectin Ligands: Sinultaneons
Screening of a Monosaccharide 1.ibrary and Chemical Mapping by ”"F NMR
Spectroscapy, it is described a strategy based on the use of simple "F-NMR
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relaxation filtered experiments that allows the simultaneous screening of a
library of mono-fluorinated monosaccharides against different lectins, and
assessing which are the sugar hydroxyl groups crucial for binding. The
methodology relies on the rational design of the fluorinated-sugar library,
which permits unequivocally deducing the key OH groups in the overall
interaction with the lectin. Thus, the methodology extends the information
gained with standard screening procedures, in which only the binders in a
pool of compounds are identified, but the fine details of their interactions
with the receptor remains unveiled.

The application of this methodology to study DC-SIGN interactions is
shown in Chapter 4. DC-SIGN is an important C-type lectin receptor which
specifically recognizes highly-glycosylated patterns at the surface of
pathogens and host glycoprotein, including HIV and Ebola viruses. The
results described in Chapter 4, entitled Unraveling Sugar Binding Modes to DC-
SIGN by Employing Flnorinated Carbohydrates, revealed a new binding mode for
Man moieties to DC-SIGN, which was not observed before in X-Ray
crystallographic structure. Strikingly, we found that this binding mode
imitates the binding architecture of Fuc with DC-SIGN, which is the
preferred ligand of the lectin.

Lastly, in Chapter 5, named The Interaction of Fluorinated Glycomimetics with
DC-SIGN: Multiple Binding Modes Disentangled by the Combination of NMR
Methods and MD Simulations, the study of the interaction between a branched
trifluorinated derivative (and its two forming di-fluorinated branches
individually) of the ubiquitous trimannoside core with DC-SIGN is adressed.
It had been previously reported that the ligand binding occurred
preferentially through the terminal D-Man unit of the 1—3 branch, and the
possibility of multiple binding modes taking place in solution proposed.
Although 'H-STD-NMR seemed an attractive technique for this task,
unfortunately the huge signal overlapping of the three Man units prevented
obtaining reliable STD profiles. Thanks to the novel 2D-STD-TOCSYreF
experiment, it was possible to acquire STD spectra with exquisite signal
dispersion, although the STD data obtained were still difficult to interpret
solely in this qualitative manner. Therefore, a protocol in which the
theoretical STDs of MD simulation trajectories of the different ligand-lectin
complexes are estimated by using CORCEMA-ST was proposed. The
calculated STDs were then submitted, together with the experimental STD
data, to BM-Mixer calculations. BM-Mixer is an in-house program designed
to find the proportion of each ligand-protein complex in solution that best
fit the experimental STD.

93



CHAPTER 3

Fluorinated carbohydrates as
lectin ligands: simultaneous
screening of @
monosaccharide library and
chemical mapping by 17F
NMR spectroscopy



FLUORINATED CARBOHYDRATES AS
LECTIN LIGANDS: SIMULTANEOUS
SCREENING OF A MONOSACCHARIDE
LIBRARY AND CHEMICAL MAPPING BY '7F
NMR SPECTROSCOPY

Reproduced with permission from the authors: Ana 1. Manzano, Eva Calvifio, Ana de
Diego, Borja Rodriguez de Francisco, Cecilia Romano, Stefan Oscarson, Oscar Millet, Hans-
Joachim Gabius, Jesus Jiménez-Barbero, Francisco J. Cafiada. ‘Fluorinated Carbohydrates
as Lectin Ligands: Simultaneous Screening of a Monosaccharide Library and Chemical
Mapping by "YF NMR Spectroscopy’, The Journal of Organic Chemistry 2020 85 (24), 16072-
16081.

Abstract: Molecular recognition of carbohydrates is a key step in essential
biological ~ processes.  Carbohydrate  receptors can  distinguish
monosaccharides even if they only differ in a single aspect of the orientation
of the hydroxyl groups or harbor subtle chemical modifications. Hydroxyl-
by-fluorine substitution has proven its merits for chemically mapping the
importance of hydroxyl groups in carbohydrate-receptor interactions. “F
NMR spectroscopy could thus be adapted to allow contact mapping together
with screening in compound mixtures. Using a library of fluorinated glucose
(Glc), mannose (Man) and galactose (Gal) derived by systematically
exchanging every hydroxyl group by a fluorine atom, we developed a strategy
combining chemical mapping and "’F NMR T filtering-based screening. By
testing this strategy on the proof-of-principle level with a library of 13
fluorinated monosaccharides to a set of three carbohydrate receptors of
diverse origin, i,e the human macrophage galactose-type lectin, a plant lectin,
Pisum sativum agglutinin, and the bacterial Gal-/Glc-binding protein from
Escherichia  coli, it became possible to simultaneously define their
monosaccharide selectivity and identify the essential hydroxyls for
interaction.
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1. INTRODUCTION

Molecular recognition events are at the heart of health and disease. From
the chemical perspective, understanding the details of interactions for the
underlying functional pairings may provide key information for innovative
drug discovery and design. In this context, carbohydrate oligomers
(saccharides, glycans) are ubiquitous in nature, commonly presented on cell
surfaces by protein and lipid scaffolds [1-4]. Structurally, an exceptionally
large diversity can be generated by simply exploiting permutations of linkage
points and anomeric position at each glycosidic linkage [5]. As a
consequence, glycans are “ideal for generating compact units with explicit
informational properties”[6], and this information is being disclosed to be
‘read’ and ‘translated’ into (patho)physiological processes by lectins [4,5].
Thus, the analysis of glycan-lectin recognition has become a topic with
biomedically promising perspective [7,8] and a fructiferous ground to
enhance the symbiosis of Chemistry and Biology as L.emieux asked for [9].

From the molecular recognition perspective, different approaches have
been tested to examine the relevance of hydroxyl groups from saccharide
units in binding to receptors. One of them extensively applied rests on
screening a given set of available closely related saccharides that display
different stereochemistry and/or substitutions at a certain site within the
sugar ring [10-19]. This protocol synthetically eliminates or modifies
hydroxyl groups (deoxygenation, methylation, exchange by halogens)[20]. In
particular, hydroxyl-by-fluorine substitution has been used to trace key
hydroxyl groups for contact with either lectins, antibodies, transporters or
enzymes [21].

Fluorine can be considered as an isosteric mimic of the hydroxyl group,
although without the capacity to act as hydrogen-bond donor and with a
diminished hydrogen-bond acceptor competence [22-24]. Additionally, its
particular physicochemical properties [25] introduce electronic and polar-
hydrophobic effects [26]. Indeed, fluorine modulates the population of the
conformational space [27,28] and lipophilicity of fluorine-containing
carbohydrates [29]. Smart use of these features has already allowed
developing new molecules that efficiently act as substrates [30] and inhibitors
of glycosidases [31,32]. Advances for fluorine introduction into organic
molecules have made available a large variety of mono- [33] and
polyfluorinated saccharides, [33-40] which are highly attractive as chemical
probes from different point of views [21]. It is also well known that fluorine-
containing molecules are extensively used in bioorganic and medicinal
chemistry [23,41]. Many of these studies have driven the development of “F
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NMR-spectroscopy methodologies as valuable tools to study molecular
recognition events or to screen compounds libraries [42,43].

In this context, we and others have applied "F-observed NMR strategies
to study glycan-protein interactions by means of saturation transfer
difference (STD NMR-spectroscopy) measurements using 1D [44] and 2D
[34] experimental designs, by monitoring chemical shifts perturbations and
exchange kinetics [45,46], by observing line broadening of the “"F NMR
signals, [47,49] or by employing relaxation filtering protocols [50,51].

Herein, we propose a robust and general method to efficiently pick up
and study the interactions of a library of fluorinated sugars with a given
receptor. Taking advantage of the large chemical shift range of the "“F
nucleus and its sensitivity, monitoring sugar-protein interactions by a panel
of 13 different monofluorinated sugars (with up to 26 well resolved "F NMR
signals considering the presence of the « and B-anomers for each sugat,
Figure 1, Table S1) provides information on the selectivity of the binding
event in a single setup. This methodology extends the applicability of the
reported To-filtering strategy, and overcomes the limits of 'H NMR
resolution (see spectrum in Figure 1b).
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Figure 1. 2) "F NMR (*H decoupled) spectra recorded for each individual
monofluorinated monosacchatide as anometic mixture. The o/ anomeric ratios are given
between brackets. Lower panel, YF-NMR spectrum of the full library. Each peak is
numbered from lower to higher field. b) 'H NMR spectrum of the mixture of the 13
monosaccharides. ¢) Representation of the structures of the different monodeoxy-
monofluorinated monosaccharides present in the library. The corresponding peak number
for each anomer in the 'F NMR spectrum is indicated.

el

As proof-of-concept, two lectins and a sugar transporter of diverse
origins and selectivities have been chosen: the human Macrophage
Galactose-type Lectin (MGL, CLEC10A, CD301), a C-type lectin binding
N-acetylgalactosamine in O-glycans (T, antigen, CD175) and in N-glycans
(LacdiNAc) [52-54]; Pisum sativum agglutinin (PSA), a plant lectin selective

for o-mannopyranosides and [15,55]; the

-glucopyranosides and
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glucose/galactose-binding protein (GGBP) [56-58], a bacterial sensor for
free monosaccharides. From the analysis of data from simple 1D "F NMR
experiments by applying transversal relaxation filters, screening and chemical
mapping are simultaneously achieved. In essence, information on the
monosaccharide selectivity for a particular sugar receptor is obtained
(screening) together with the direct identification of hydroxyls that are
essential for binding and those that can be chemically substituted or modified
without critically compromising the binding event (chemical mapping).

2. RESULTS

Three different types of sugar receptors are deliberately selected herein to
illustrate broad applicability, i.e. a2 human lectin involving Ca®" for direct
ligand contact, a plant agglutinin, and a bacterial sugar transporter.

MGL belongs to the C-type lectin family characterized by containing a
calcium cation at the binding site, directly involved in carbohydrate
recognition by coordination bonding [52,53]. MGL, like the hepatic
asialoglycoprotein receptor, is a transmembrane protein with the
carbohydrate recognition domain (CRD) on top of its extracellular stalk that

oligomerizes to trimers [59]. GalNAcin a/f linkage are the preferred ligands
(Kp = 12 uM for Me a-N-acetyl-galactosaminide, Me a-GalNAc), galactose
being a weaker binder (Kp = 0.9 mM for Me a-Gal) [53]. To perform the
recognition studies, the soluble extracellular ectodomain containing the CRD
was used. It is known that the Ca*" in the binding site makes contact to its
Gal/GalNAc ligands through the equatotial/axial OH-3 and OH-4 groups
[53]. In order to study the importance of each hydroxyl group of the Gal
moiety, the binding of the four possible monodeoxy-monofluorinated Gal
analogues (at positions 2, 3, 4, and 06), keeping free the anomeric position,
was tested to detect those hydroxyl-to-fluorine substitutions that impair
binding. A similar strategy, using an extended mixture of mono- and
polyfluorinated galactopyranosides and applying a diversity of techniques,
has allowed to identify OH-3 and 4 as the coordinating groups in a calcium-
dependent bacterial galactophilic lectin [33].

Since every monosaccharide exists as a mixtutre of its « and 3 anomers in
equilibrium, eight different molecules are present in solution. The "F NMR
spectrum of the mixture is pleasingly simple, just showing eight individual
“F NMR signals (Figure 2a), one for each monofluorinated Gal anomer in
the mixture. Their intensities are governed by the anomer ratio at equilibrium
[60].
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Figure 2. a) ’F NMR ('H decoupled) spectra of the F-Galactose mixture (2F-Gal (0.5
mM); 3F-Gal (0.68mM), 4F-Gal (0.37 mM) and 6F-Gal (0.45 mM) in absence of the
protein, without T’ relaxation filter (lower panel), and after applying a 800 ms T’ relaxation
filter (upper panel). b) ’F NMR ('H decoupled) spectrum of the same mixture in the
presence of 0.015 mM MGL before (lower panel) and after (mid panel) the application of
a 800 ms T relaxation filter. The upper panel shows the spectrum after the addition of 0.5
mM Me a-GalNAc with the same relaxation filter.

The transverse relaxation time (T5) for each compound was measured in
the free state in the absence of lectin, ranging between 1.2 to 1.8 s for Gal
derivatives (Table S1). The monofluorinated Gal mixture was added to a
solution of MGL and the T, filtering strategy [50,61,62] was applied to
identify the binders. Briefly, those molecules that bind to the protein
drastically change their hydrodynamic behavior in the bound state, and thus
their rotational motion correlation time increases towards that of the large
protein, with a concomitant reduction in T, Additionally, the effective
transverse relaxation is also affected by the kinetics of the chemical exchange
process between the free and bound states, further reducing the observed T,
especially if the system no longer follows the fast chemical exchange regime.
This reduction in T,, which is in first instance manifested in standard 1D
NMR spectra as signal broadening, can be easily transformed into a signal-
intensity reduction by the application of a standard Carr—Purcell-Meiboom—
Gill (CPMG) spin echo pulse train sequence before acquisition. The filtered
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NMR spectrum displays the NMR signals of the binders significantly reduced
or even suppressed, compared to those of the unbound compounds.

Figure 2b shows the comparison of the "F NMR spectra recorded for the
mixture of monofluorinated galactose derivatives in the presence of MGL,
(lower panel) with that obtained by applying a spin-echo filter of 800 ms
(central panel). The drastic reduction of the intensity of signals in presence
of protein (Figure 2b central panel) relative to the experiment in its absence
(Figure 2a upper panel) corresponding to 2F-Gal (B = 2% , o = 4%) and GF-
Gal (B = 1%, =7%) is cleatly observed, while the NMR signals obtained
for 3F-Gal (B = 57% , « = 73%) and 4F-Gal (B = 98% , o = 80%) are
significantly less altered.

To confirm that this selective signal reduction is due to the binding of the
PF-containing Gal entities to the CRD, a competition expetiment was
performed by adding Me a-GalNAc to the mixture. The recovery of the 2FF-
Gal and 6F-Gal signals was evident, indicating that they are displaced from
the binding site by the strong competitor (Figure 2b, upper panel).

Drawing a conclusion from chemical mapping [30,49] is straightforward:
the modification of either hydroxyl at 3 or 4 eliminates a coordination bond
in the interaction between sugar and Ca®". Therefore, the signals
corresponding to 3F-Gal and 4F-Gal are not affected by the lectin and do
not show significant signal reduction. On the contrary, the hydroxyls at
positions 2 and 6 can be substituted by fluorine. Their ’F NMR signals are
clearly reduced in the presence of the MGL due to binding.

Since the broad dispersion of "F NMR chemical shifts of the four
anomeric pairs of the monofluorinated Gal analogues is more than 30 ppm
(between -199 and -230 ppm), the feasibility to test a broad panel of
monofluorinated monosaccharides was envisioned. Thus, the four
monodeoxy-monofluorinated D-glucoses (2F-Glc, 3F-Glc, 4F-Glc and 6F-
Glc) and D-mannoses (2F-Man, 3F-Man, 4F-Man and 6F-Man) together
with 2-deoxy-2-fluoro-L-fucose (2F-Fuc) were added to provide a library
with 13 different anomeric pairs of monofluorinated monosaccharide
(Figure 1). All compounds were available from commercial sources except
0F-Man that was chemically synthesized (see experimental section).

This mixture with the 13 fluorinated monosaccharide anomeric pairs
gives a very crowded 'H-NMR spectrum (Figure 1b). In contrast, its proton-
decoupled "F NMR spectrum presents well-resolved individual signals for
each of the 26 different molecules in the sample, which are spread over 40
ppm (Figure 1a). Thus, the extended compound library, including the
monofluorinated Gal, Glc and Man analogues, was now tested with MGL,
applying again the T»-filtering strategy (Figure 3). For qualitative visualization
of the NMR signals affected by the lectin, the obtained filtered "F NMR
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spectrum was subtracted from the non-filtered one following the protocol
described in the experimental section (a correction factor fwas applied to the
filtered spectrum to account for the signal reduction due to transversal
relaxation unrelated with the presence of the protein). Only the "F NMR
signals corresponding to binders should appear in the difference spectrum.
Indeed, the peaks corresponding to 2F-Gal (peaks 13 and 14) and 6F-Gal
(peaks 21 and 22) are clearly displayed in the difference spectrum (Figure 3)
in accordance with the results of the experiment described above for the
smaller sized Gal library.
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Figure 3. F NMR ('H-decoupled) T>-filtered spectra recorded for the fluorinated
monosaccharide library (Man, Glc, and Gal analogues) in the presence of MGL (30 uM).

a) Spectrum acquired with a short 8 ms T filter. b) spectrum acquired with long 160 ms
T> filter factored 1.1 times. ¢) Difference spectrum.

Given the encouraging results for the first system, the suitability of the
monofluorinated monosaccharide library for simultaneous ligand screening
and chemical mapping was further tested with two other types of
carbohydrate receptors with different sugar selectivities.

PSA. Pisum sativum agglutinin (PSA), a leguminous lectin with a “jelly roll”
fold [63], was also tested. PSA is selective for Man/Glc-containing
oligosaccharides without involvement of Ca*" in contacts to the sugar, but
displays weak affinity for single monosaccharides: 0.53 and 1.15 mM for
methyl a-mannopyranoside (Me a-Man) and methyl a-glucopyranoside (Me
a-Glc), respectively [55].

Several "F NMR peaks diminished (Figure 4a,b) when the T: filter was
applied. Those present in the difference spectrum (Figure 4c) correspond to
2F-Glc (peaks 5 and 6) and 2F-Man (11 and 20), 3F-Glc (1 and 7), 3F-Man
(3 and 10), 6F-Glc (25 and 26) and 6F-Man (23 and 24). Neither 4F-Glc nor
any Gal derivatives were observed in the difference "F NMR spectrum.
However, a limitation of the method was detected. The difference "F NMR
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spectrum also displays “false positives” corresponding to fast relaxing signals
(see below), especially when the applied T filter is long enough (720 ms in
this experiment). This was the case for 4F-a-Man (peak 12, "F-Tge. = 0.7 5),
whose signal relaxation was significantly faster than that of the other signals
of the molecules present in the mixture (Table S1).
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2F-B-Glc \ 2F-a-Man 6F-a-Man  6F--Glc
2F-a-Gle
ok 4F-a-Man
. Mian
3F--Man| | 3F-a-Gl J/ 2F-B-Man 6F-B-Man || 6F-a-Gl
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Figure 4. ’F NMR ('H-decoupled) T>-filtered spectra recorded for the fluorinated
monosaccharide library in the presence of PSA (25 uM, ligand/protein ratio around 36:1).
a) Spectrum acquired with a short 8 ms T5 filter. b) spectrum acquired with 720 ms of T>
filter factored 1.6 times. c) Difference spectrum. The peak corresponding to 4F-a-Man, in
red, is a "false positive" (see text). **2-fluoroethanol added as internal reference.

To confirm specific binding, the difference "F NMR spectrum was again
complemented with competition experiments (Figure 5) in the presence of a
known ligand (Me a-Man). The signals corresponding to the 2F- and 3F-
Man/Glc derivatives were now cleatly observed, indicating that 2F/3F-
Man/Glc ate indeed displaced from the binding site by Me a-Man. On the
contrary, no difference in the intensities of the 4F-a-Man signal was observed
in the absence and presence of the competitor (Figure 5), indicating that this
molecule is not a binder of the lectin. Very likely, the signal observed in the
difference spectrum described above is due to the intrinsic fast relaxation of
4F-a-Man ("F-Tage = 0.70 s, Table S1). Analogous results were observed in
the absence of the lectin, i.e, T> of 4F-Man is not affected by the presence of
PSA. A mixed situation took place for the 6F-Man and 6F-Glc derivatives
(Figure 5). In these cases, the observed signals in the difference experiment
are due to ligand binding and to fast relaxation. In fact, the intrinsic T . for
the corresponding “F signals of the 6F-Man ("F-Tsee = 1.00 s and "F-Ta e
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= 0.82 s for the B and o anomers, respectively) and 6F-Glc ("F-Ta e = 0.92
s and "F-Taee = 0.90 s for the B and o anomers, respectively) derivatives is
also rather short. On the other side, indeed, the initial decrease in signal
intensity induced by the presence of the protein was subtle, but recovery was
almost complete after addition of a small concentration of competitor, thus
also confirming affinity, although likely weaker.

M -PSA, - Me a-Man

o 18 mM Me a-Man
6.3 mM Me a-Man

B 0mM Me a-Man

- - . - -
3F-a-Cle 4F-B-Glc 2F-o-Man  4F-a-Man 6F-B-Man 6F-0-Man 6F-B-Glc 6F-0-Glc

Figure 5. Close-up view of selected F NMR peaks recorded in the "F NMR T»-
filtered spectra (720 ms) of the fluorinated monosaccharide library in the absence of lectin
(green), in the presence of PSA (blue), and when adding different concentrations of Me a-

Man.

Interestingly, it has been described that hydroxyls at positions 2 and 3 of
glucose can be substituted by fluorine while retaining binding by PSA;
however, when F is at the 6 position the reported binding was minimal and
modifications at OH-4 abolished the binding [15,64], supporting the results
presented here regarding PSA selectivity.

GGBP. The third receptor is the bacterial GGBP. It is involved in
chemotaxis and sugar transport in bacteria and has a very high affinity for
Glc (0.04 pM) and Gal (0.13 pM) [65,66] typical for bacterial binders of free
monosaccharides. Its structure consists in two globular Rossman fold
domains and, differently to the tested lectins, GGBP presents a deep binding
pocket at the hinge connecting and closing both domains around the
monosaccharide ligand [56,57]. When GGBP was added to the
monofluorinated monosaccharide library, the signals belonging to Glc and
Gal molecules with F atoms at positions 4 or 6 showed reduced peaks
intensities in the Tr-filtered spectrum (Figure 6). On the contrary, those
signals corresponding to Glc and Gal moieties substituted at either positions
2 or 3 were not affected by the presence of GGBP. These evidences indicate
that the OH groups at those 2 and 3 positions are required for the binding
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to take place and cannot be substituted by a fluorine atom. In the difference
"F NMR spectrum, signals for 2F-a-Man, 4F-o-Man and 6F-a-Man also
appear (Figure 6¢). However, when Glc was added to the library/receptor
mixture as competitor, the corresponding signals of those fluoromannoses
were not recovered (Figure 7). In the cases of 4F-a-Man and 6F-a-Man, as
for PSA, this behavior is again due to the intrinsic fast relaxation of the 4F-
«-Man and 6F-a-Man "F signals. Interestingly, 2F-o-Man is a special case, its
signal reduction only takes place in the presence of the protein and it is not
affected by glucose (Figure 7). This result suggests 2F-a-Man interacts with
GGBP but at a location different of the canonical sugar-binding site.
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Figure 6. F NMR ("H-decoupled) T>-filtered spectra recorded for the fluorinated
monosaccharide library in the presence of GGBP (25 pM, ligand/ protein ratio ca. 36:1). a)
Spectrum acquired with a short 8 ms T filter, b) spectrum acquired with long 400 ms of
T> filter factored 1.3 times, ¢) difference spectrum. For peaks labeled in green and red see
text. ** 2-fluoroethanol added as internal reference.
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Figure 7. Close-up view of selected F NMR peaks recorded in the YF NMR To-
filtered spectra of the fluorinated monosaccharide library in the absence of receptor
(green), in the presence of GGBP (blue), and when adding different concentrations of the
Glc competitor (0.23 mM orange and 0.9 mM black). In all cases, the NMR experiments
were acquired using 720 ms of T? filter.

3. DISCUSSION

The tested screening method is based on the dramatic differences in
transverse relaxation observed for binders within a library of fluorinated
monosaccharides, when acquiring NMR spectra in the absence or presence
of a carbohydrate-binding protein. The transversal relaxation time is related
to the rotational motion correlation time of the molecule, and it sharply
decreases as the correlation time increases. When monosaccharides interact
with a large receptor, they adopt the correlation time of the macromolecule
during the time the complex is associated, and thus undergo a critical
decrease of their T». This change in T» may be followed in a straightforward
manner under fast exchange conditions between bound and free states.
Thus, only a single ’"F NMR signal appears in the spectrum at the averaged
chemical shift of the exchanging states weighted by their corresponding
molar fractions. In fact, the observed effective T also depends on the
kinetics of the exchange between the free and bound forms. Both rotational
motion and exchange effects add together in the T filtering strategy and
allow the efficient detection of medium to low-affinity binders (from low
micromolar to millimolar Kp), even using high ligand/protein ratios [62].
The application of the CPMG-based T, filtering scheme is fairly
straightforward and usually a reasonable number of spin-echo loops before
acquisition is sufficient to obtain highly sensitive NMR spectra with the
required information discriminating binders from non-binders. From the
practical perspective, the current library renders very well resolved "F NMR
spectra with separated signals for all different monosaccharide moieties in
the mixture. Obviously, other fluorinated saccharides could well be added to
the mixture increasing the screening power of the concept. As an added value
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for the "F observation, the experiments do not requite any deuterated buffer,
thus simplifying the experimental setup.

Regarding the screening process, in first instance, and assuming that all
"F nuclei in the library have similar T relaxation times when free in solution,
it should be possible to qualitatively visualize those signals that are affected
by the protein. To do so, a difference NMR spectrum is obtained by
substracting the spectrum recorded using a short spin-echo delay from a
second one measured employing a longer delay. However, the "F NMR
signals of some molecules, such as 4F-o-Man, 6F-o./3-Man and 6F-o/-Glc
(Table 1), relax significantly faster (T> < 1s) than the others (T> > 1.2 s) and
their peaks consistently appear in the difference spectrum when long spin-
echo relaxation delays are used. Therefore, to unambiguously assess the
existence of specific binders at the carbohydrate-binding site, the difference
YF spectrum should be complemented with the information provided by
additional competition experiments carried out by adding a known ligand of
the lectin. The comparison of the recovered "F NMR signals in the presence
of an excess of the competitor in the lectin/library sample can be expressed
as the ratio of signal intensities, I+c/), measured in spectra acquired with a
relaxation filter #in presence (+C) and absence (-C) of competitor (C), thus
highlighting the specific binders (Figure 8).

SF-p-Man 23 a) MGL b) PSA c) GGBP
6F-a-Man 24
4F-B-Man 17
4F-a-Man 12
3F-p-Man 3
3F-a-Man 10
2F-f-Man 20
L

2F-a-Man 11

6F-B-Glc 25
6F-a-Glc 26
4F-B-Glc
4F-a-Glc
3F-p-Glc
3F-a-Glc
2F-B-Glc
2F-a-Glc
2F-p-Fuc
2F-a-Fuc

ne

peak

PO NN =SNG

[

T T T T T T T T T T T T T

0 2 4 6 8 100 2 4 6 60 2 4 6 8 10 12 14

Figure 8. Competition experiments and '"F NMR T>-filtered spectra for the analysis
of the interaction of the fluorinated monosaccharides library with the different lectins. The
x axis corresponds to the signal intensity recovery, L+c/.c), expressed as the ratio between
the relative decay at time #in the presence (+) and absence (-) of competitor (C). From left

to right: a) MGL, T3 filter #= 720 ms. MGL (30 uM) and competitor Me a-GalNAc (0.9
mM)b) PSA, T filter #= 720 ms, PSA (25 pM) and competitor Me «-Man (18 mM) and c)
GGBP. T: filter 7= 400 ms, GGBP (25 uM) and competitor Glc, at (0.9 mM). In all cases

the mixture with 0.9£0.3 mM of each monosaccharide was used.
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At least qualitatively, these signal recovery data allow distinguishing the
specificities of the three sugar receptors, correlating them with their known
monosaccharide selectivity: MGL only recognize Gal moieties, PSA binds
Glc and Gal analogues, while GGBP interacts with Glc and Gal
monosaccharides. Additionally, information on the selectivity for the
anomeric configuration can be gleaned from the signal recovery data in the
T>-filtered competition experiments. For instance, for PSA, the a-anomers

show a higher recovery ratio than their corresponding B-anomers in
accordance with previous reports. On the contrary, based on X-ray and

NMR structural data, GGBP has been described to display specificity for -
anomers”’. The recovery ratio data here presented are in agreement with that
selectivity but also show that the a-anomers are binders, as previously
suggested by means of ligand-binding kinetic experiments [65,60].

As mentioned above, the OH by F substitution has been extensively used
in carbohydrate chemistry to map the key hydroxyl groups of a given sugar
that are involved in their recognition by lectins, antibodies, transporters or
enzymes [10-20]. The methodology presented herein, which employs a
rationally assembled collection of monofluorinated monossaccharides for
which their hydroxyl groups have been systematically substituted by fluorine
atoms, allows dissecting chemical mapping information regarding the
importance of each individual hydroxyl group in the interaction with its
receptor. For MGL, the same experiment allows identifying its selectivity for
Gal moieties and simultaneously shows that hydroxyls at positions 3 and 4
are essential to keep the interaction ability of the Gal analogue, while
hydroxyls 2 and 6 can be modified still maintaining binding to MGL. PSA
can recognize Man and Glc, epimers at position 2. Thus, the orientation of
OH-2, axial in Man, equatorial in Glc is not essential for binding and,
consequently, both fluorinated epimers 2F-Man and 2F-Glc are recognized.
Moreover, it can be inferred that modifications at OH-3 are tolerated, as F
to OH substitution at this position does not block binding to the lectin. On
the contrary, OH-4 is essential for binding while the modification at position
6 still sustains a weak interaction. Finally, for GGBP, which also recognizes
two monosaccharides that share the equatorial configuration at C2, i.e. Glc
and Gal, OH-2 and OH-3 are necessary for binding, while OH-4 (either axial
in Gal or equatorial in Glc) and OH-6 can be modified. Thus, the binding
pattern is completely opposite to that observed for PSA. Additionally, for
GGBDP, the possibility of a secondary binding site has been deduced, given
the existence of binding to 2F-a-Man (see Figure 6, 2F-a-Man is marked in
green) and the fact that this interaction is not abolished by Glc (see Figure 7,
the signal intensity of 2F-a-Man is not recovered after addition of Glc), the
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canonical ligand of GGBP. The implications of this result remain to be
explored.

Although T filtering has been merely applied herein from a qualitative
perspective, the obtained data clearly pave the way to perform further
quantitative affinity studies. In fact, such values could be in principle deduced
for each isolated monosaccharide from competition experiments, using a
competitor with a known affinity constant [67].

In summary, using this ’F NMR-based To-filtering strategy using a library
of fluorinated monosaccharides generated through systematic OH-to-F
substitutions allows i) defining sugar selectivity of the tested receptor, ii)
detecting its anomer preference and iii) identifying the key hydroxyls for
binding, distinguishing them from those that can be chemically modified in
the quest to find new binders. Extending this approach to other saccharides
(aminosugars and sialosides) and to synthetic libraries of disaccharides, will
especially be attractive to screen a variety of carbohydrate-receptor families,
on the way “from biology to drug target” [68]. In this sense, Siglecs, sialoside
receptors proposed to act as “immune cell checkpoints in disease” [69], or
the multifunctional galectins [70,71], look like exciting targets to start with.
The versatility of the described strategy is evident: it shows applicability to
lectins and sensor/transport proteins, and proved to be suitable to cover
diverse selectivities and wide-ranging affinities, from sub-microM (40 nM for
the Gle-GGBP complex) to over mM (1.15 mM for the Me B-Glc/PSA
complex) dissociation constants. Thus, the method is robust and envisioned
to find wide application.

4. EXPERIMENTAL SECTION

4.1. Materials

PSA was from commercial source (Sigma Aldrich-Merck) and dissolved
in phosphate-buffered saline at pH 7.5. MGL ectodomain was recombinantly
produced in E.co/i, and routinely checked for purity and activity as previously
described, including ascertaining GalNAc-inhibitable histochemical
staining®”, the samples for NMR were prepared in deuterated Tris buffer
(10 mM), containing CaCl, (1 mM) and NaCl (75 mM) at pH 7.5 by means
of five ultrafiltration-dilution buffer exchange steps with a 10 kDa cut-off
membrane. GGBP was expressed in E. /i and purified as previously
described™ and the samples prepared in 20 mM Tris, containing 150 mM
NaCl and 10 mM CaCl; at pH 7.0. Protein concentrations were measured by
UV spectrometry.

The monofluorinated monosaccharide mixtures were prepared from
concentrated stock solutions of each individual monosaccharide depending

109



Fluorinated Carbohydrates as lectin ligands

on their availability, either commercial or from synthesis. Final
concentrations in the mixtures were centered around 0.5 mM or 0.9 mM,
depending on the experiment, with variations in £35% range. Given the
intrinsic different equilibrium populations of the different anomers for a
given monosaccharide, it is impossible to use the same concentration for
each individual species.

Fluorinated monosaccharides: 2-deoxy-2-fluoro-glucose, 3-deoxy-3-
fluoro-glucose, 4-deoxy-4-fluoro-glucose, 6-deoxy-6-fluoro-glucose, 2-
deoxy-2-fluoro-galactose, 3-deoxy-3-fluoro-galactose, 4-deoxy-4-fluoro-
galactose, 6-deoxy-6-fluoro-galactose, 2-deoxy-2-fluoro-mannose, 3-deoxy-
3-fluoro-mannose, 4-deoxy-4-fluoro-mannose, and 2-deoxy-2-fluoro-
fucose,  2-fluoroethanol, Me «-N-acetylgalactosaminide and Me o-
mannopyranoside were from commercial sources (Sigma-Aldrich Merck,
Spain; Carbosynth, UK). 6-Deoxy-6-F-mannose was synthetized as
described in the supporting information, and its analytical data were
consistent with literature values 7. Characterization of the intermediates in
reaction steps in the synthesis are described below. NMR peak assignments
were made using correlation spectroscopy (COSY) and heteronuclear single-
quantum coherence (HSQC).

Methyl 2,3,4-tri- O-benzoyl-6-deoxy-6-fluoro-«-D-manno
pyranoside (2). Compound 1[74] (50 mg, 0.098 mmol) was dissolved in dry
CHCl; (1.2 mL), then the solution was cooled to -78 °C and DAST (98 puL,
0.74 mmol) was slowly added drop-wise. The reaction mixture was kept at -
78 °C for 30 min, then warmed to RT and left stirring overnight. The
solution was then cooled to -20 °C and the reaction quenched with MeOH.
The solvents were evaporated and the residue was purified by silica gel
column chromatography (toluene/EtOAc, 98:2—8:2, v/v) to give 2 as a
yellowish solid (37 mg, 0.07 mmol, 74%). R¢= 0.8, toluene/EtOAc 8:2; 'H
NMR (400 MHz, CDCls): & 8.14 — 8.05 (m, 2H, Hs,), 8.02 — 7.94 (m, 2H,
Hs,), 7.86 — 7.78 (m, 2H, Hg,), 7.64 — 7.59 (m, 1H, Hs,), 7.56 — 7.46 (m, 3H,
Hs,), 7.46 — 7.36 (m, 3H, Hg,), 7.29 — 7.23 (m, 2H, Hs,), 5.94 — 5.85 (m, 2H,
H-3, H-4), 5.68 (dd, ] = 3.0, 1.8 Hz, 1H, H-2), 5.02 (d, ] = 1.8 Hz, 1H, H-1),
4.64 (dt, ] = 46.9, 3.7 Hz, 2H, H-6ab), 4.34 — 4.21 (m, 1H, H-5), 3.55 (s, 3H,
OCH3). "F NMR (376 MHz, CDCly): 8 -231.70 (td, ] = 47.2, 22.9 Hz). All
analytical data were consistent with literature values [74].

1- O-acetyl-2,3,4-tri- O-benzoyl-6-deoxy-6-fluoro-«-D-
mannopyranoside (3). Compound 2 (180 mg, 0.35 mmol) was dissolved in
AcO/AcOH (2:1, 3.5 mL). HoSO, (4 pL, 0.07 mmol) was slowly added
drop-wise at 0 °C and the mixture was stirred for 5 h. The reaction was then
diluted with AcOEt and washed with sat. NaHCOj (aqueous). The organic
layer was dried over MgSQO,, filtered and concentrated. The residue was
putified by silica gel flash column chromatography (Toluene/EtOAc,
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98:2—8:2, v/v) to give 3 as a white powder (150 mg, 0.28 mmol, 80%). Rs=
0.62, Tol/AcOEt 9:1; [a]3%= -64.1 (c=0.6, CHCL;); '"H NMR (500 MHz,
CDCl): 6 8.13 —8.06 (m, 2H, Hg,), 8.02 — 7.94 (m, 2H, Hs,), 7.86 — 7.77 (m,
2H, Hs,), 7.66 — 7.60 (m, 1H, Hs,), 7.56 — 7.52 (m, 1H, Hs,), 7.50 (t, ] = 7.8
Hz, 2H, Hg,), 7.47 — 7.43 (m, 1H, Hs,), 7.40 (t, ] = 7.8 Hz, 2H, Hs,), 7.28 (t,
J =79 Hz, 2H, Hs,), 6.39 (d, ] = 2.0 Hz, 1H, H-1), 5.99 (t, ] = 10.1 Hz, 1H,
H-4),5.92 (dd, ] = 10.1, 3.3 Hz, 1H, H-3), 5.72 (dd, ] = 3.4, 2.0 Hz, 1H, H-
2), 4.69 — 4.56 (m, 2H, H-6ab), 4.34 (ddt, | = 23.3, 10.1, 3.2 Hz, 1H, H-5),
2.28 (s, 3H, OCOCH;). "C{'H} NMR (126 MHz, CDCl;): & 168.25
(OCOCHS3), 165.70 (COs,), 165.40 (COs,), 165.35 (COs,), 133.86 (Cs.),
133.78 (Cs.), 133.53 (Cs,), 130.13 (2Cs,), 129.94 (2Cs,), 129.89 (2Cs,), 129.02
(Cg.), 128.89 (Cs,), 128.85 (Cs,), 128.81 (2Cs,), 128.67 (2Cs,), 128.51 (2Cs,),
90.81 (C-1), 81.34 (d, ] = 176.4 Hz, C-6), 71.92 (d, ] = 19.3 Hz, C-5), 69.72
(C-3), 69.30 (C-2), 65.78 (d, ] = 7.0 Hz, C-4), 21.11 (OCOCH3). "F NMR
(376 MHz, CDCls): 6 -232.65 (td, | = 47.0, 23.3 Hz). HRMS (ESI-TOF) m/z
[M+Na]" caled for CoHxsFOyNa 559.1380; found 559.1396.

6-Deoxy-6-fluoro-D-mannose (4). Compound 3 (150 mg, 0.28 mmol)
was dissolved in dry MeOH (2 mL), then solid sodium methoxide was added
until pH=10-11. The reaction was stirred for 3 h, then quenched with Dowex
50WX8 H' form, filtered and concentrated. The residue was purified by silica
gel flash column chromatography (CH.Cl::MeOH, 98:5, v/v) to give 4 as a
white solid (40 mg, 0.22 mmol, 78%, a:3 9:1). R= 0.2, CH,Cl,/MeOH 9:1;
"H NMR (500 MHz, CD;OD): § 5.11 (d, ] = 1.7 Hz, 1H, H-1a), 4.73 — 4.54
(m, 2H, H-6a, H-6b), 3.91 (dddd, J = 26.0, 10.0, 4.7, 2.0 Hz, 1H, H-5), 3.83
(dd, J = 3.4, 1.7 Hz, 1H, H-2), 3.80 (dd, ] = 9.2, 3.4 Hz, 1H, H-3), 3.69 (t, ]
= 9.6 Hz, 1H, H-4). "F NMR (470 MHz, CD;OD) & -233.99 (td, ] = 47.9,
23.8 Hz), -234.81 (td, ] = 47.8, 25.8 Hz). All analytical data were consistent
with literature values [73].

4.2.NMR experiments

All NMR spectra were recorded on a 500 MHz Bruker spectrometer
(470.56 MHz for fluorine) equipped with a "F probe (“F, 'H SEF from
Bruker) at 298 K in D,O unless otherwise is indicated. Standard pulse
sequences 1D 'H with and without decoupling “F and 1D-"F with and
without decoupling 1H included in Topspin acquisition software were used.
For measuring transversal relaxation times, T», the CPMG pulse sequence
was used [75,760]. It was as follows: [D-90.-(7-180,-T),-acquire], with a
prescan delay of 4 s and a pre and post 180° pulse echo delay t of 2ms. The
number n of echo loops varies from 2 to 2000, depending on the experiment.

The 90, and 180, pulse durations were calculated for each sample. .Total time
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used for the relaxation filter corresponds to n times the spin echo pulse

applied: n(ZT + 180y), (typically between 8ms to 8 s).
X

[ ¥
- T —= -— T —I:‘ nl | \
I : noon

il

“F was set as the observe nucleus, and proton decoupling was carried out
during acquisition using WALTZ-16 scheme.

4.3. Transverse relaxation time of F-monosaccharides

To carry out the relaxation filtered experiments, individual stock solutions
around 50 mM in deuterated water of each fluorinated monosaccharide
(glucose, galactose, mannose and L-fucose) were prepared. These stock
solutions were appropriately mixed and diluted to the final concentration
used in each experiment. The concentrations were estimated by integrating
the corresponding signals in the "F-spectrum. 2-Fluoroethanol was added to
the mixture as internal reference. To prepare the samples of the
monosaccharide library in the presence of proteins, 0.2 mL or 0.5 mL (for
using 2 mm and 5 mm NMR tubes, respectively) aliquots of the mixture with
0.9 mM of each fluorinated monosaccharide were dried in a speed-vac and
the resulting powder reconstituted with the same volume of the
corresponding buffer with and without protein. T, values were obtained
from a series of CPMG experiments recorded with increasing number n
(spin echo loops). Experiments with up to 16 different spin echo total
relaxation times ranging from 8 to 8000 ms were determined.

4.4.Detection of ligand binding by T:-filtered
experiments

A general protocol was followed using a protein-containing solution with
a concentration between 10 pM and 30 pM. The mixtures of
monofluorinated monosaccharides were prepapred by mixing aliquots of
each monosaccharide from highly concentrated. The final concentration of
each monosaccharide in the mixture was around 0.9 mM ([«]+[B]) ranging
between 0.6 to 1.2 mM depending their availability. The ligand to protein
ratio (L/P) was maintained between 20 to 150 fold excess, optimized in each
case to yield comparable T, decay responses between the three systems (PSA,
GGBP and MGL). CPMG experiments were carried out as previously
described, but recording an initial reference experiment with 2 CPMG loops
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with 7= 2ms (8 ms total relaxation time) and one to five additional
experiments with CPMG filters between 16-400 CPMG echo loops (64 to
1600 ms, respectively; the exact values of the spectra selected are indicated
in each experiment).

In order to obtain the difference spectrum, the T filtered spectra were
multiplied by a factor f to correct the signal decay in the absence of protein.
fis defined as the mean value of the ratio of "F signal intensities after the
first (I;) and the last (I[;) CPMG experiments for all the fluorinated
monosaccharides in the mixture: f = I,/I;. The first CPMG spectrum is
acquired with t; = 8 ms, and the last one att = 160,720 and 400 ms in
each case, yielding a factor fof 1.1, 1.6 and 1.2 as shown in Figures 3, 4 and
0, respectively.

4.5.Detection of ligand binding by competition
experiments

Competition (displacement) experiments were performed by adding an
excess of a cognate sugar to the lectin/monofluotinated monosaccharide
mixtures. In particular, Me a-N-acetylgalactosaminide (12 uM Kd) up to 1
mM for MGL [53], Me a-mannopyranoside (530 uM [55] up to 18 mM for
PSA and glucose (0.04 pM) [65] up to 1 mM for GGBP. Equivalent
experiments, with the same CPMG relaxation filter parameters to those used
for detection of ligand binding, were carried out to observe recovery in
signals that had previously diminished as a consequence of binding. Each
experiment was repeated upon sequential addition of the competing ligand.

The signal recovery ratio represented in Figure 8 for each fluorinated
monosaccharide in the presence of the lectin after relaxation time ¢,
lt;(+c/-c) » with (+C) or without (-C) competitor was calculated from the
ratio of relative signal decays in presence (It;/It,)+c and in absence
(It;/1¢,)—c of competitor for 7 = 8 ms and # = 720, 720 and 400 ms for
MGL, PSA and GGBP, respectively.
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6. SUPPORTING INFORMATION

Synthesis of 6-deoxy-6-fluoro-D-mannose (4)

HO— OBz .. B2 OBz F— OH
BzO—~ 0 _WU W Bro o o E o
|a/t:u§_,L.1 BZO Y«ﬁ ZzM =

1 OMe 2 OMe 3 OAc 4 OH

Scheme 1: Synthetic route to compound 4. (i) DAST, CH2Cl, -78 °C—RT, 74%; (ii)
H2SO4, Ac2O/AcOH, 0 °C, 80%; (iii) MeONa, MeOH, 78%, «:8, 9:1.

NMR Spectra, 'H, BC and “F, of compounds 2, 3 and 4
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Figure S1. '"H NMR (400 MHz, CDCl;3) spectrum of methyl 2,3,4-tri-O-benzoyl-6-
deoxy-6-fluoro-a-D-mannopyranoside (2)
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Figure S2. 3C NMR (126 MHz, CDCls) spectrum of methyl 2,3,4-tri-O-benzoyl-6-
deoxy-6-fluoro-a-D-mannopyranoside (2)
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Figure S3. YF NMR (376 MHz, CDCls) of methyl 2,3,4-tri-O-benzoyl-6-deoxy-6-
fluoro-a-D-mannopyranoside (2)
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Figure S4. '"H NMR (400 MHz, CDCls) spectrum of acetyl 2,3,4-tri-O-benzoyl-6-
deoxy-6-fluoro-a-D-mannopyranoside (3)
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Figure S5. 3C NMR (126 MHz, CDCl3) spectrum of acetyl 2,3,4-tri-O-benzoyl-6-
deoxy-6-fluoro-a-D-mannopyranoside (3)
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Figure S6. F NMR (376 MHz, CDCls) spectrum of acetyl 2,3,4-tri-O-benzoyl-6-
deoxy-6-fluoro-a-D-mannopyranoside (3)
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Figure S7. 'H NMR (400 MHz, CD30D) spectrum of 6-Deoxy-6-fluoro-D-mannose
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PF-NMR spectra of F-monosaccharides (470.55 MHz, D,O)
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Figure S10. F NMR spectrum of 2-F-monosaccharides.
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Figure S11. ’F NMR spectrum of 3-F-monosaccharides.
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Unraveling sugar binding
modes to DC-SIGN by
employing fluorinated
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UNRAVELING SUGAR BINDING MODES
TO DC-SIGN BY EMPLOYING
FLUORINATED CARBOHYDRATES

Reproduced with permission from the authors: Pablo Valverde, Sandra Delgado, Cecilia
Romano, Bruno Linclau, Niels C. Reichardt, Stefan Oscarson, Ana Ard4, Jesus Jiménez-
Barbero, F. Javier Cafiada. ‘Unraveling Sugar Binding Modes to DC-SIGN by Employing
Fluorinated Carbohydrates’, Molecules 2019, 24(12), 2337

Abstract: A fluorine nuclear magnetic resonance (’F-NMR)-based method
is employed to assess the binding preferences and interaction details of a
library of synthetic fluorinated monosaccharides towards dendritic cell-
specific intercellular adhesion molecule 3-grabbing non-integrin (DC-
SIGN), a lectin of biomedical interest, which is involved in different viral
infections, including HIV and Ebola, and is able to recognize a variety of
self- and non-self-glycans. The strategy employed allows not only screening
of a mixture of compounds, but also obtaining valuable information on the
specific sugar—protein interactions. The analysis of the data demonstrates
that monosaccharides Fuc, Man, Glc, and Gal are able to bind DC-SIGN,
although with decreasing affinity. Moreover, a new binding mode between
Man moieties and DC-SIGN, which might have biological implications, is
also detected for the first time. The combination of the “F with standard
proton saturation transfer difference ('H-STD-NMR) data, assisted by
molecular dynamics (MD) simulations, permits us to successfully define this
new binding epitope, where Man coordinates a Ca** ion of the lectin
carbohydrate recognition domain (CRD) through the axial OH-2 and
equatorial OH-3 groups, thus mimicking the Fuc/DC-SIGN binding
architecture.
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1. INTRODUCTION

Carbohydrates are ubiquitous in nature in different combinations, from
single monosaccharides to extremely complex glycoconjugates. The
possibility of finding different molecular structures, by variation of the
stereochemistry of hydroxyl groups and the regiochemistry of the glycosidic
linkages, grows geometrically as compared with other linear biopolymers.
Ligand-based NMR experiments are widely used to study the interactions
between carbohydrates and receptors in solution [1-4]. Among these
methods that are especially powerful for screening purposes, "F-based
approaches present a number of important advantages [5—8]. In this study,
we applied a strategy that allows the screening of a library of synthetic
fluorinated monosaccharides to study the interactions with the biologically
relevant lectin dendritic cell-specific intercellular adhesion molecule 3-
grabbing non-integrin (DC-SIGN) [9] and, at the same time, obtain ligand-
specific chemical mapping information.

DC-SIGN is a C-type lectin expressed by dendritic cells [10]. It acts as an
adhesion receptor in cell—cell interactions, and plays crucial roles in the DC
migration and adaptive immune response initiation [10]. It is extensively
reported that DC-SIGN is able to bind the HIV-1 envelope glycoprotein, gp
120, which is exploited by the virus to enhance its infectivity of T cells
[11,12]. The importance of DC-SIGN is, therefore, evident and a full
understanding of the recognized mechanism and its different ligands remains
a matter of interest. Glycan binding to DC-SIGN occurs through direct
coordination with one of the structural Ca** ions of the lectin carbohydrate
recognition domain (CRD) and the additional contacts with the surrounding
amino acid residues define the sugar specificity. An evaluation of the
monosaccharide binding affinity revealed Fuc as the preferred ligand,
followed by Man (two-fold weaker) [13]. However, the binding specificity of
DC-SIGN is remarkably broad, and its glycan binding promiscuity has been
related to its different biological roles [14].

In this study, the sugar recognition profile of DC-SIGN is studied in
detail. Employing the screening and ligand chemical mapping protocol with
a rationally designed mixture of 26 monofluorinated monosaccharides, we
confirm the previously reported preference for Fuc and Man moieties
exhibited by DC-SIGN. Interestingly, evidence of the interaction between
Gal moieties and the lectin is also found, as well as the existence of a new
binding epitope for Man residues that involves direct contacts of Man
02/03 with the Ca** of DC-SIGN CRD, which was not previously detected.
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2. RESULTS AND DISCUSSION

2.1. ®PF-NMR-Based Chemical Mapping

The wide range of chemical shifts displayed by the "F nucleus permits
the identification of every fluorine-containing monosaccharide within the
complete mixture in a straightforward manner, using a standard proton
decoupled "F spectra. Both a- and B-anomers ate perfectly distinguished for
every sugar. Therefore, the spectrum of the mixture contains 26 different
PF-NMR signals (13 distinct fluotine-containing monosaccharides and two
anomers of each, Figure 1).
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|
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3F-a-Man

2F-B-Man
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3F-B-Gl 4F-B-Gl
B-Glo ~ -~ 4F-B-Glo 6F-B-Glc
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/ 4F-g-Gal

2F-p-Gal

IF-p-Gal
JF-a-Gal

UM L L
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Figure 1. P’F-NMR proton decoupled spectra of the monofluorinated
monosaccharides grouped by sugar type: F-Gal (yellow), F-Glc (blue), F-Man (green), and
F-Fuc (red). The mixture of all fluorine-containing monosaccharides employed herein is
shown in black at the bottom. A close-up of the 2-F-a-Man and 4-F-a-Man signals is
indicated for clarity. The concentration of the molecules was 0.8 mM (Ja]+[B]). A total of
16 scans were acquired, with a repetition time of 3 s.

First, the transverse relaxation times (T%) of the corresponding "“F nuclei
were quantitatively estimated using the conventional Carr-Purcell-Meiboom-
Gill (CPMG) spin echo pulse sequence [15] as a reference for the following
analysis (Table S1 in supporting information). The screening is based on
monitoring changes in the transversal relaxation times of the fluoro-
monosaccharides, before (T2 ) and after (T2 addition of the lectin, which
are indicative of binding. Although visual comparison of the signals in the
absence and presence of the lectin for a specific relaxation filter time, or the
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observation of the time evolution of the signals (Figure 2), allows a rapid hit
identification, it is considerably more reliable to calculate the complete
relaxation curves to estimate Tss of the "F nuclei in the mixture.

c)

L Iﬂm m |
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. L I
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Figure 2. PF-NMR relaxation filter experiments performed for the fluorine-
containing monosaccharide library in the presence of tetrameric dendritic cell-specific
intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN). The F-sugar/lectin
ratio was 47:1. (a) Spectrum acquired without T relaxation filter, (b) spectrum acquired
after 2.4 s of T relaxation filter, and (c) difference spectrum. Only the peaks of those
molecules that display a significant decrease in their T are present. These peaks
correspond to DC-SIGN binders.

Thus, the interaction of tetrameric full-length DC-SIGN with the
monosaccharide library was evaluated by computing the decrease of the T»
values of the fluorinated molecules (Figure 3) in the presence of a given
amount of the lectin, normalized for each peak with respect to its Ta e [8]:

T —T
% TZ,decrease = e 2,083 x 100 1)

Tz,free

In particular, controlled amounts of increasing DC-SIGN concentrations
were added to the fluorinated sugar library and the observed T values were
calculated. The analysis of the data showed a systematic reduction of the
signal intensities in specific cases (Figure 3), which were correlated with the
presence of binding. Interestingly, even rather weak interactions of the
molecules with the lectin were detected. Very few signals, corresponding to
3-, 4-, and 6-F-Gal, 3-F-Man, and 3- and 4-F-Glc, were very poortly affected
by the presence of DC-SIGN (T decay below 40%). The most perturbed
signals corresponded to both anomers of 2-F-Fuc (about 90%), followed by
Man moieties with fluorine substitution at positions 2, 4, and 6 (60—80%).
As well, 2-, 6-F-Glc, and 2-F-Gal underwent a measurable reduction in their
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T, (40% to 60% of decay). Fittingly, these observations are in good
agreement with previous reports on the natural nonfluorinated sugars [13].
The obtained data also indicate that the anomeric OH does not seem to be
involved in the sugar recognition by the lectin. It is evident that the sensitivity
of this NMR protocol is fairly high, and that even very low mM affinities
binders (such as Gal (Kp 72 mM), a five-fold weaker binder than Man) is
also detected [13]. Indeed, the architecture of the CRD of DC-SIGN allows
a rather shallow and solvent exposed sugar-binding site, which is fairly
accessible to poor affinity ligands.
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Figure 3. Percentage of decrease of the T> values between the free and bound states
of the fluorine-containing monosacchatride library obtained from the 1°F CPMG
expetiments. In this particular case, the ligand/DC-SIGN ratio was 47:1. Binders of the
lectin display a remarkable decrease in the normalized T values, above 40%. Qualitatively,
very weak or non-binders show decreases below 40%. The order in the x-axis corresponds
to the IF chemical shift of each molecule, from the lowest to highest shifts.

From the structural perspective, it was shown that Fuc, Man, and even
GlcNAc in different oligosaccharides are able to coordinate the calcium ion
of DC-SIGN CRD through their OH-3 and OH-4 diols, which also
establishes key hydrogen bonds with the neighboring amino acid residues
[16,17]. Other C-type lectins also interact with sugars through these hydroxyl
groups (i.e., LSECtin and Langerin with Fuc, Man, and GIcNAc) [18,19]. In
fact, it has been described that the Man versus Gal specificity in C-lectins is
dictated by a short amino acid sequence at the lectin binding site [20].
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Therefore, given the subtle interaction network of the coordinating OH, it
was expected that replacement of any of these OH-3 and OH-4 hydroxyl
groups by a fluorine atom would preclude the sugar-lectin recognition.

As anticipated, the chemical mapping analysis reveals the involvement of
Man OH-3, Glc OH-3, and Glc OH-4 as crucial elements in the binding
event, but surprisingly not Man OH-4. It also highlights the absence of
strong interactions between most Gal moieties and DC-SIGN, with the
exception of 2-F-Gal, which could coordinate the calcium ion of the lectin
through OH-3 and OH-4. A similar binding mode has been described for
Langerin, another C-Type lectin closely related to DC-SIGN [21]. The fact
that 6-F-Gal barely interacts with the receptor, despite having the OH-
3/OH-4 groups available, suggests some participation of the OH-6 in the
very weak binding of the Gal residues [13]. To our knowledge, this is the first
evidence of the interaction between Gal and DC-SIGN through OH-3/OH-
4-Ca™ contact, disregarding the reported nonphysiological binding detected
for Gal with C-type mannose-binding proteins via coordination of Ca*" with
OH-1 and OH-2 [13,22]. It is worth mentioning that the residual binding
observed for the molecules exhibiting a T» decrease below 40% (i.e., for
those species considered here as very weak or non-binders), might be related
with such a nonphysiological interaction. Interestingly, an anomeric
preference for the beta configuration is deduced for those fluorinated-Gal
and Glc entities that are scarcely affected by the presence of the lectin,
namely 3-, 4-, and 6-F-Gal, and 3- and 4-F-Glc. Since this differentiation
does not occur for 3-F-Man, whose hydroxyl at position two is in an axial
arrangement, it is possible that the OH-1/OH-2 Ca®" interaction requires a
fixed equatorial-equatorial disposition of the contiguous hydroxyl groups in
order to take place.

Although the relative decrease in T, of the compounds in the mixture by
the presence of the lectin depends on several factors, it is related, at least
qualitatively, with ligand-receptor affinity as certain conditions are favorable
in this particular fluorinated library. Given the small size of the ligands and
their similar shape and chemical nature, it is assumed that their T, values in
the bound state and association rate constants, ko, (probably under diffusion
control), will be similar. The T values in the free state (1.43 £ 0.73 s), as well
as the employed ligand concentrations (0.50 * 0.15 mM), are also
comparable. In addition, it is expected for these molecules sharing the same
binding spot on the lectin that the chemical shift differences of the “F
nucleus between the free and bound states, which dictates the exchange
contribution to the observed T [5], will also be alike (especially for pairs of
anomers when the binding does not involve the hydroxyl at C-1 position).
Indeed, the obtained results suggest a general affinity tendency that is in
agreement with the current knowledge of DC-SIGN sugar preferences.
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Table 1 shows the average decrease in T values by monosaccharide type,
discarding those that show a T decrease lower than 40%, herein considered
non-binders. Even though only semiquantitative, the fluorine-containing
Fuc and Man species experience a more pronounced decrease in their
observed T values, followed by Glc and Gal residues.

Table 1. Fluorinated monosaccharides that display effective binding to DC-SIGN and
observed averaged decrease in Ta. These values are qualitatively related with the relative
binding affinity: Fuc moieties interact better, followed by Man [13]. The Gal moieties
displayed a small change in the observed averaged decrease in T2 g, highlighting that
they are rather poor binders of DC-SIGN [13]. The average T2 .. was calculated for all
the species depending on the particular sugar. The average T decay % was computed

for those species that exhibited a T2 decay over 40%.

Sugar Tzfree Average % T2decease Average  Binding Molecules

Fuc 2,0 90 (a,)-2-F-Fuc
Man 1,3 70 (a,)-2-,4-,6-F-Man
Glc 1,3 60 (a,3)-2-,6-F-Glc
Gal 1,8 51 (o,8)-2-F-Gal

In addition to the identification of 2-F-Gal as a DC-SIGN ligand, these
NMR experiments also revealed unexpected findings regarding the binding
with Man. As mentioned before, the available X-ray structures show that the
interaction of oligosaccharides through Man moieties exclusively takes place
by the simultaneous contact of the Ca®* at the DC-SIGN binding site with
hydroxyls OH-3/OH-4. The results presented above, however, suggest that
the OH-4/Ca” interaction is actually not essential for binding since 4-F-Man
moieties are recognized by the lectin. Indeed, all fluorinated Man molecules
displayed a marked decrease in their observed T: values upon increasing
amounts of tetrameric DC-SIGN in solution, except both 3-F-Man anomers
(Figure 4). This fact provides further evidence that the presence of fluorine
at position three prevents binding, while the recognition process still takes
place when the F substitution occurs at C4. Thus, in the absence of a donor
hydroxyl group at position four, other alternative binding modes take place.
Based on the sugar recognition requirements observed for DC-SIGN and
other C-Type lectins, it can be hypothesized that the alternative binding
modes would likely involve the simultaneous contact of hydroxyls OH-
2/OH-3 with the Ca*" ion.
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Figure 4. Percentage of decrease of the T values for different ligand/lectin molar
ratios deduced for the fluorine-containing Man moieties, as obtained from the ’F-NMR
relaxation filter experiments.

The feasibility of these alternative binding modes was explored using
molecular modeling procedures. In particular, two putative binding poses
were initially built. The first one, binding pose A, was generated using the
geometry with PDB code 1SL5 (DC-SIGN complexed to lacto-IN-
fucopentaose), placing the 4-F-Man moiety at the Fuc site by superimposing
the OH-2/OH-3 groups of 4-F-Man with OH-4/OH-3 of Fuc (see Figure
5a and Figure 6a, with an equivalent Man molecule in this binding pose). The
second one, binding pose B, was generated using the geometry with PDB
code 2IT5 (DC-SIGN bound to Man6, a high-mannose N-glycan, with the
sugar arranged in the major observed orientation), placing the 4-F-Man
moiety at the calcium coordinating Man site by superimposing the OH-
2/OH-3 groups of 4-F-Man with OH-4/OH-3 of Man (see Figure 5b and
also Figure 6b,with an equivalent Man molecule in this binding pose). Both
proposed poses are related through a 180° rotation around the line that
bisects the pyranose ring across the C3—C2 bond and display two contiguous
hydroxyl groups attached to the calcium ion.
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Figure 5. Representative structures of 3-4-F-Man binding pose A, mimicking Fuc (a)
and binding pose B, mimicking Man (b).

2.2.Molecular Dynamics Simulations

The conformational stability of the complexes was studied by molecular
dynamics (MD) simulations in explicit water. To begin with, MD simulations
were run for the complexes of DC-SIGN CRD with the natural sugars -
Fuc and «-Man coordinating the principal Ca**, as found in the 1SL5 and
2IT5 X-ray structures (the other residues of the original oligosaccharides
were removed).

The MD simulation showed a stable lectin-Fuc complex throughout the
complete trajectory. Apart from the typical coordination of the Ca** by the
equatorial 3- and the axial 4-OH hydroxyl groups of the a-Fuc pyranose ring,
essential sugar-lectin hydrogen bonds are also observed with amino acids
that coordinate the Ca*" ion during the simulation. Key binding interactions
take place with Glu354, Glu347, Asn365, and Asn349. The «-Fuc OH-3 and
OH-4 act both as hydrogen bond donors and acceptors, while OH-2 acts
only as a donor. Moreover, stabilizing van der Waals contacts of a-Fuc H-2
with the methylene group of Val351 are observed, as previously proposed by
Drickamer et al [17]. These major interactions throughout the simulation
time are summarized in Table S2.

After Fuc, Man is the monosaccharide that displays higher affinity for
DC-SIGN, even though the binding is still weak[13]. It has been suggested
that the smaller affinity as compared with that of Fuc could arise from the
above-mentioned hydrophobic contact between Fuc H-2 and Val351, which
is not present in the complex with Man. In all X-ray diffraction structures,
the orientation of Man at the binding site allows its equatorial OH-3 and
OH-4 groups to coordinate the Ca** ion. Accordingly, the MD simulation
revealed that these groups provide stabilizing contacts with Glu354, Glu347,
Asn365, and Asn349, although in an inverted fashion with respect to a-Fuc
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(Table S3). In contrast, no sugar hydroxyls other than the calcium
coordinating groups are involved in binding to the lectin. Remarkably,
conversion from the X-ray binding mode (involving Ca** coordination by
OH-3/OH-4), to the proposed pose A (involving Ca®* coordination by OH-
2/OH-3) is also observed during the MD simulation (beyond 100 ns of
simulation time).

The simulation procedure was then tested for the complex of DC-SIGN
CRD with the natural a-Man (nonfluorinated) using the two proposed
binding poses involving Ca®" cootrdination by OH-2/OH-3, A and B, as
starting geometries. In pose A, the a-Man pyranose ring is entirely
superimposable with that of a-Fuc (PDB 1SL5), fulfilling the same geometric
features described above for such. More specifically, the oxygen and C3
atoms of the ring coincide in both sugars, while the other carbon atoms are
symmetrically presented in one sugar with respect to the other (specifically
Clyan-C5pue and C2yan-Cérye, Figure 6a). In pose B, the O2-C2-C3-O3
segment of the a-Man pyranose ring is superimposed onto the O4-C4-C3-
O3 of Man found on the X-ray crystal structure (PDB 2IT5), which translates
into a change in the orientation of the pyranose ring plane (Figure 6b). As
mentioned above, binding poses B and A are related through a 180° rotation
about the C2—C3 bond bisector (Figure 5).

Glu3a7

Asn365

() (®)

Figure 6. (a) Superimposition of Man (blue) in binding pose A and Fuc (orange) as
found in PDB code 1SL5 and (b) superimposition of Man in binding pose B (light blue)
with Man (purple) as found in PDB code 2IT5. Oxygen atoms that coordinate Ca?* are
indicated in the same color as their sugar ring. The most relevant residues of the protein
stabilizing the sugar at the binding site are shown in each case. All ligand hydrogens have

been removed for the sake of clarity.

Interestingly, both simulations displayed rather different behaviors. When
binding pose A was used as a starting geometry, the «-Man moiety is able to
switch its pose along the MD trajectory (after approximately 100 ns),
adopting the binding mode described for Man in the available X-ray crystal
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structure of PDB 2IT5 (Figure 7). In fact, as mentioned above, this
interchange between the two binding poses (the one of the crystal structure
and binding pose A) takes place regardless of the starting geometry used.
Thus, «-Man in binding pose A turns around the O3-Ca*" bound axis, to find
the usual binding pose that shows the direct interaction of the equatorial
OH-3 and OH-4 hydroxyl groups with the Ca** ion. Nevertheless, during
the first 100 ns of simulation where binding pose A takes place, the observed
protein—sugar interactions (Table S4) resemble those described above for a-
Fuc, with the corresponding geometry changes (Clyan—Cbrue and C2yan—
Cdyue, Table S2). Stabilizing hydrogen bonds between Man OH-4 (as donor)
and Glu354 are predicted, accompanying those involving «-Man OH-2 and
OH-3, as well as hydrophobic contacts between a-Man H-4 and Val351. In
particular, a-Man OH-4 only acts as a hydrogen bond donor, while a-Man
OH-3 acts as both a donor and an acceptor.

In the second part of the simulation, a-Man adopts the presentation
described in the X-ray complexes, and O3 and O4 now coordinate the Ca*
ion (Table S5). The analysis of the interactions during the whole simulation
is gathered in Table S6 and Figure S1. Obviously, the most populated
hydrogen bond contact is that between a-Man OH-4 and Glu354, shared in
both binding modes (Figure S2), which takes place for 99% of the time the
complex remains bound.
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© @

Figure 7. Snapshots from the moleculat dynamics (MD) simulation of 3-d-Man/DC-
SIGN complex using pose A as the starting geometry. The general view is presented at the
top panels, while expansions of the binding site are shown at the bottom panels. Panels (a)

and (c) show Man (blue) in binding pose A. Panels (b) and (d) show Man in the binding

pose of the X-ray crystal structures. Both binding modes are found during the MD

simulations, regardless of the selected starting pose.

On the other hand, MD simulations for a-Man, using pose B as the
starting geometry, showed only this particular binding mode during the
whole trajectory (200 ns). The key contacts are described in Table S7. Herein,
the participation of a-Man OH-3 in establishing hydrogen bonds is rather
minor, in contrast to the observations for the reference X-ray structure.
Instead, a-Man OH-4 acts now as a hydrogen bond donor, and there is no
hydrophobic stabilization with Val351. Overall, the number of observed
interactions for this binding mode is smaller than those for binding mode A.

Once the MD protocol had been satisfactorily evaluated with Fuc and
Man, the simulations were conducted for 3-4-F-Man bound to DC-SIGN
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CRD. The two proposed binding poses described above were employed as
starting geometries.

For the complex starting from pose A, the analysis of the trajectory
revealed similar interactions to those described above for a- Fuc (Table S8),
including the stabilizing van der Waals contact with Val351. The major
difference in the recognition pattern for both sugars is found at position four
of B-4-F-Man (equivalent to position two of a-Fuc). The presence of the
fluorine atom prevents the formation of the hydrogen bond with the
carboxylate group of Glu354, which was present throughout the simulation
time with «-Fuc. The Man OH-2 mainly acts as hydrogen bond donor, with
a smaller role as an acceptor, while Man O3 is involved as both a donor and
an acceptor (Figure S3). The MD results for this analogue are also similar to
those predicted in the first part of the MD simulation carried out for a-Man
in this pose. The MD results also suggest that the anomeric position is not
directly involved in the recognition process, in agreement with the
experimental observations. As expected, the fluorine atom does not seem to
play a role on the sugar stabilization at the binding site.

The analysis of the MD simulations carried out with 3-4-F-Man in binding
pose B showed that the main stabilizing interactions correspond to the
hydrogen bond network formed between the Ca**-cootrdinating O2 and O3
atoms of the 4-F-Man moiety with the side chains of Glu347, Glu354, and
Asn365 at the binding site. There is no participation of Asn349, contrary to
the simulation with the X-ray geometry and the a-Man structure in binding
pose B. In addition, Man OH-3 is now strongly involved as a donor in the
hydrogen bond interaction with Glu347, taking the role of OH-4 in the
regular sugar (Table S9 and Figure S4). Nevertheless, the orientations of -
4-F-Man and «-Man at the binding site are very similar (Figure S5). Again,
there is no van der Waals contact between the sugar and Val351, and neither
the fluorine atom nor the OH at the anomeric position, which is solvent
exposed, are involved in intermolecular interactions with the lectin.

In summary, the interactions established by «-Man and $3-4-F-Man in
binding pose A are similar to those found for Fuc in PDB 1SL5. Obviously,
for binding pose B, the sugars exhibit a totally different binding mode from
that described for Man in PDB 2IT5. The detailed analysis of the MD
trajectories suggests that binding pose A is more favorable than pose B,
according to the number of stabilizing interactions found for both.
Furthermore, the simulations suggests that the fluorinated molecule 4-F-
Man is recognized by DC-SIGN with smaller affinity than the natural Man.
Additionally, the corresponding poses were tested for a putative complex
with a-3-F-Man, but all the trials showed the dissociation of the complex
prior to the production dynamics stage, in agreement with the experimental
results.
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2.3.'"H-STD Experiments

"H-STD NMR expetiments were then catried out for a mixture of DC-
SIGN with a-OMe-4-F-Man to experimentally evaluate the binding epitope.
As described above, the "F-NMR relaxation filter experiments showed that
the anomeric configuration does not seem to play any important role in the
binding event, which was also corroborated by the MD simulations.
Anyhow, additional MD simulations were performed for the corresponding
A and B poses of the a-OMe-Man/DC-SIGN system to verify once again
that this was still the case and that the obtained trajectories were indeed
similar to those described above for the free anomer. Fittingly, the use of the
«-OMe derivative notably simplifies the 'H-NMR spectrum, allowing to
satisfactorily assign the STD intensities (Figure 8).
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Figure 8. Expansion of the sugar region of the STD-NMR spectrum obtained for o-
OMe-4-F-Man (5 mM) in the presence of DC-SIGN (65 uM, ligand/lectin ratio is 77/1).
Top: Off-resonance spectrum. Bottom: STD spectrum. H-4 shows the largest STD signal.
The spectra were obtained for 1024 scans at 298 K with off-resonance irradiation at 60
ppm. In this particular case, protein irradiation was set at 0.81 ppm with a saturation time
of 2's. Additional experiments were carried out irradiating at the aromatic region and
employing different saturation times (0.5, 1.0, and 3.5 s). No STD was obviously observed
in the absence of DC-SIGN.

Upon irradiation at the aliphatic region, H-4 showed the largest STD,
followed by H-6 (65% with respect to H-4), while H-3 and H-2 showed the
lowest STD responses (40%—50%, Figure 9, Table S10 and Figure S0).
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OMe

Figure 9. Relative STD profile for a-OMe-4-F-Man (5 mM) in the presence of DC-
SIGN (65 uM, ligand/lectin ratio is 77/1), normalized to that of the H-4 proton (100%
relative STD).

The observed large STD at H-4 is satisfactorily explained by pose A, since
when using this geometry this proton is in direct contact with Val351 (Figure
10a). Furthermore, the observed STD for H-6 also agrees with this binding
mode, as these protons are also close to the aliphatic chain of Val351,
whereas H-2 and H-3 are far from the hydrophobic site. On the other hand,
the opposite STD profile should be expected for binding mode B, in which
H-2 and H-3 are facing Val351 while H-4 and H-6 are far from aliphatic
hydrogens, exposed to the solvent (Figure 10b). Therefore, the STD results
strongly support the presence of a major contribution of binding pose A with
respect to pose B, and confirm the presence of a binding mode for 4-F-Man
to DC-SIGN, which involves a direct contact of OH-2 and OH-3 with the
Ca™ ion. Regarding the influence of the "’F nucleus in the observed STD, it
is safely assumed that it is almost negligible. We have extensively explored
the 'H to "F saturation transfer process [6], which was found rather difficult
to detect. In fact, the best way to use "’F to detect STDs was to employ the
regular 'H to 'H STD, followed by coherence transfer to “F through the
’JFH/’JFH scalar coupling constants [6,23].
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Figure 10. Model frames from the MD simulation performed for a-Me-Man bound to
DC-SIGN in poses A (a) and B (b). For pose A, H-4 and H-6 are close to Val351, whereas
H-2 and H-3 points towards the polar region defined by Asn349, Asn365, and Glu354. In
contrast, for pose B, the alternative situation takes place, with H-2 and H-3 pointing
towards Val351.

3. MATERIALS AND METHODS

3.1. Preparation of F-Monosaccharide Library

The library of mono-fluorinated monosaccharides was rationally prepared
using the three basic monosaccharide units: D-glucose (Glc), D-galactose
(Gal), and D-mannose (Man). The fluorine-by-hydroxyl substitution took
place at every position (2-, 3-, 4- and 6-) with the exception of the anomeric
site, therefore, ending up with a mixture of o/B-anomers of each fluoro-
sugar. Additionally, a l-fucose (Fuc) derivative, 2-deoxy-2-F-fucose, was also
included in the library. Most fluorinated monosaccharides were obtained
from a commercial source (Sigma-Aldrich, Madrid, Spain; or Carbosynth,
Compton, UK): 2-deoxy-2-F-glucose, 3-deoxy-3-F-glucose, 4-deoxy-4-F-
glucose,  6-deoxy-6-F-glucose,  2-deoxy-2-F-galactose,  3-deoxy-3-F-
galactose, 4-deoxy-4-F-galactose, 6-deoxy-6-F-galactose, 2-deoxy-2-F-
mannose, 3-deoxy-3-F-mannose, 4-deoxy-4-F-mannose and 2-deoxy-2-F-
fucose. The 06-deoxy-6-F-mannose and o-Methyl-4-deoxy-4-F-mannose,
employed in the '"H-STD experiments, wete prepared by the group at Dublin
and their synthesis is reported elsewhere. A stock solution of the fluoro-
monosaccharide mixture was prepared in a buffer of 25 mM Tris-HCI, 150
mM NaCl, 4 mM CaCl, pH 8.
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3.2.Preparation of DC-SIGN Tetramer

The fragment of DNA encoding the full extracellular domain (ECD,
residues 70-404) was inserted in a pET15b plasmid and digested with Ndel
and BamHI (Thermo Fischer Scientific, Madrid, Spain). The resulting
plasmid was transformed on E. /i BL21/DE3 competent cells for
subsequent overexpression (Sigma-Aldrich). A single colony holding the
expression construct was inoculated into 5 mL. LB medium containing 100
ug/mL ampicillin and allowed to grow overnight at 37 °C with shaking. The
culture was then added to 1L of LB medium containing ampicillin and grown
at 37° C until exponential phase. The cells were induced with 100 mg/L
IPTG and growth continued overnight at 20 °C. The induced culture was
harvested by centrifugation at 7500 g for 20 min. The pellet was suspended
in 10 mL lysis buffer (10 mM Tris-HCI pH 8.0) and the cell suspension was
lysed by sonication. Inclusion bodies were isolated via centrifugation at 3000
g for 20 min at 4 °C. The insoluble pellet was further solubilized by gentle
rotation for 16 h at 4 °C, with 10 mL of pH 8.0 buffer containing 100 mM
Tris-HCl, 6 M urea, and 0.01% v/v 2-mercaptoethanol. The mixture was
centrifuged at 100,000 g for 2 hours at 4 °C, and soluble protein was dialyzed
against 2 L. of 100 mM Tris-HCI, pH 8.0, 0.01% »/» 2-metcaptoethanol, 10
mM CaCl2, 4 M urea; subsequently against the same buffer with 2 M urea,
and finally with no urea. The last dialysis step was done with 100 mM Tris-
HCI, pH 8.0, 10 mM CaCl2. Then, the precipitate was removed by
centrifugation at 100,000 g for 30 min at 4 °C. The propetly folded DC-
SIGN present in the soluble fraction was purified via affinity
chromatography using mannose-Sepharose (Sigma-Aldrich), washed in 10
column volumes of loading buffer 20 mM Tris, 150 mM NaCl and eluted in
the same buffer containing 10 mM EDTA. Additional purification was
performed by size exclusion chromatography using a Superdex 200 column
and AKTA liquid chromatography system (GE Healthcare) with a pH 8.0
buffer of 20 mM Tris and 1 mM EDTA. Fractions were concentrated and
the buffer was changed to 20 mM Tris, 4 mM CaCl,, and 150 mM NaCl at
pH 8.0, then analyzed by 4-12% SDS-PAGE. Protein concentrations were
quantified using a NanoDrop UV-Vis spectrophotometer (Thermo Fischer
scientific). The identification of the protein was further confirmed by LC-
MS. The tetrameric state of the lectin was confirmed by TEM (Jeol JEM-
1230, Tokyo, Japan) using negative staining (Figure S8).
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3.3.PF-Based Screening and Chemical Mapping NMR
Experiments

Al NMR spectra were recorded on either Bruker AV500 or AV600 NMR
spectrometers, equipped with a ’F probe (Bruker Espafiola S. A., Madrid,
Spain), 5 mm SEF "F-1H with Z gradient). The "F-NMR transmitter
frequencies were 470.56 MHz and 554.56 MHz, respectively. The
experiments were carried out at 298 K in the same buffered solution as that
of the lectin (20 mM Tris, 4 mM CaCl,, and 150 mM NaCl at pH 8.0), as
described above. For the "F-NMR signal assignment and sample control,
standard coupled and decoupled 'H and “F monodimensional spectra were
acquired. The “F transmitter frequency offset and spectral width were set to
—215 ppm and 50 ppm, respectively, in order to include the range of Larmor
frequencies of all species in the mixture. The typical CPMG pulse sequence
was used for the relaxation filtered experiments, as follows: [D-90.-(T-180,-
T),~acquire], with a recovery delay D = 4 s, a free evolution delay T = 2 ms,
and n spin-echo loops vatying from 2 to 4000, depending on the
experiment. The overall time employed corresponds to 1 times the applied
spin echo pulse (n27 = n4 ms) plus the almost negligible contribution of
the refocusing pulse (= n (15us)). The T relaxation times are obtained by
fitting the observed data points to the exponential decay curve:

1(t) = Ipe™ /T2 = [je™"2/T2 2)

where, I(t) stands for the intensity of a particular peak at time t, I is its
intensity at t = 0, and T is the transversal relaxation time.

For the "F-NMR relaxation filter expetiments, an aliquot of the library
diluted to 1 mM (i.e, for each sugar type the concentration of each anomer
is: [a] + [B] = 1 mM) was used. After measure transversal relaxation times
of the species in the free state, To e, several additions of DC-SIGN tetramer
directly into the NMR tube were carried out and the observed transversal
relaxation times, T5ns, computed. The range of ligand/protein ratios covered
in the experiments varied from 23 to 235. The employed lectin tetramer
(ECD) concentrations varied from 16 to 104 pM, while the ligand
concentrations, varied from 600 to 890 uM.

To reduce the likelihood of observing nonspecific binding, low
ligand/receptor molar ratios wetre explored. Moreover, relaxation filter
experiments were repeated after addition of a known competitor, Mana1-
3Mana1-6-Man (Carbosynth), to the F-sugar/lectin mixtures (Figure S7).

Control experiments varying the 180° pulse repetition frequency using
different T delays between 0.1 and 20 ms for 4F-Man in the presence of DC-
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SIGN showed the presence of chemical exchange. This fact hampers the
estimation of quantitative binding affinities from the observed T, values
[24,25]. In any case, in order to minimize this effect short T delays (2 ms)
were used with the monosaccharide mixture. Given the close chemical nature
of the ligands, the exchange contribution was expected to be relatively similar
for these molecules, allowing us to make justifiable qualitative conclusions
regarding binders versus non-binders.

3.4."H-STD NMR Experiments

"H-STD NMR experiments[1] were acquited on a Bruker AV600 NMR
spectrometer at 298 K for a sample containing a-1-Met-4-F-Man (5 mM) and
DC-SIGN CRD (65 uM), corresponding to a 77/1 ligand/protein molar
ratio. A deuterated buffer for the STD experiments was used, similar to that
described for the CPMG experiments: 20 mM Tris-di1, 4 mM CaCly, and 150
mM NaCl at pH 8.0 in D»O. The on-resonance irradiation was set at 0.81
ppm to selectively saturate the aliphatic region of the lectin, while the off-
resonance frequency was set at 60 ppm. There were 1024 scans recorded in
each experiment, using 6 s of recovery delay, with a spin-lock relaxation filter
of 20 ms to reduce the receptor background signals. For selective protein
saturation, the standard Bruker gradient shape file was used, SMS(Q10.100,
which is rectangular in shape with smoothed edges to give a gradient integral
of 90% of a square pulse. The STD build-up curve for each proton was
computed by conducting the experiment at four saturation times, from 0.5
to 3.5 s. The STD experimental data was fitted to the mono-exponential
equation [26]:

STD(t) = STD™**(1 — e(—ksat*t)) 3)

where, STD(t) is the STD signal intensity of a particular proton at saturation
time t, STD™%* stands for the maximum value of the STD intensity cutve at
long saturation times, and kg4 refers to the experimental saturation rate
constant. To avoid Ti bias, the STD contribution of each proton was
estimated from the slope of the STD build-up curve at saturation time zero
(Table S10, Figure S6), and a relative scale of STD (fit) values referenced to
proton H4, which displays the highest STD for epitope mapping discussion.
The T relaxation time of each proton was further estimated employing the
inversion recovery pulse sequence (Table S10). Control experiments were
also performed in the presence of EDTA to sequester the Ca® ion. As
expected, no STD was detected under these conditions.
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3.5.Molecular Dynamics Simulations

The lectin structure used in all the simulations was derived from the high-
resolution crystal structure of DC-SIGN CRD bound to LNFP III (PDB
code 1SL5) [17]. The structure contained three Ca®* ions, one of them
directly bound to the ligand. The spatial coordinates of all the sugar atoms
employed in the computational studies were generated as follows:

1. For the simulations conducted using the sugar geometries of the
crystal:

e The starting structure of a-Fuc from the original 1SL5 ligand was
used, and the remaining parts of LNFP III were removed;

e The a-Man starting geometry was built from another DC-SIGN
crystal in complex with a high-mannose derivative (PDB code 21T5,
using the geometry of the sugar bound in the major orientation) [27],
removing the remaining residues.

2. For the simulations conducted using the geometry of the proposed
binding poses A and B:

e The OH-2/OH-3 groups of (-4-F-Man were manually
superimposed onto the OH-4/OH-3 pair of L-Fuc from the original
crystal structure 1SL5 to create the model for binding pose A.
Binding pose B was generated by superimposing the OH-2/OH-3
groups of B-4-F-Man to the OH-4/OH-3 pair of Man from the
structure 2IT5;

e The a-Man starting structure was built as in the case of 3-4-F-Man.

MD simulations were conducted using version 16 of the Amber
molecular dynamics software package[28]. All simulations were run in
explicit TIP3P water [29]. The £f14SB [30] and GAFF [31] force fields were
employed for the description of the protein and monosaccharides (both
natural and fluorinated), respectively. In addition, the MD simulations with
the natural sugars (nonfluorinated) were repeated using the GLYCAM [32]
force field, as a control for those simulations run using the GAFF parameters
for the sugar. The Li/Merz ion parameters for the ions Ca®* and CI
(necessary to neutralize the charge of the system) in TIP3P water (12-6
normal usage set) were employed [33].

A general protocol consisting of two minimization stages, heating of the
system from O to 300 K, density equilibration for a total of 2 ns and
production dynamics in the NPT ensemble at 300 K/1 bar was employed in
every case. The long-range electrostatic interactions were treated using the
particle mesh Ewald summation. In order to maintain a constant
temperature, the Langevin thermostat with a collision frequency of 1 ps was
used. Simulation times from 20 to 50 ns were used for the study of the 4-F-
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Man/DC-SIGN complexes, and 100 to 200 ns for the natural sugar
complexes.

4. CONCLUSIONS

The screening and chemical mapping strategy was based on simple "F-
NMR relaxation filter experiments in order to assess that monosaccharides
Fuc, Man, Glc, and Gal bind to DC-SIGN with decreasing affinity, the latter
showing extremely weak, but still detectable binding. Moreover, a new
binding mode for Man moieties was detected and described, which involves
the direct coordination of DC-SIGN Ca** by OH-2 and OH-3 groups at the
sugar recognition site, by employing a combination of 'H-STD experiments
and MD simulations. Our results suggest that two possible binding modes,
via O3/04-Ca* and via O2/03-Ca*, may coexist for the natural sugar. In
fact, the detailed analysis of the interaction network formed in both cases
indicates that more favorable contacts are present in the new pose,
resembling those found on Fuc units. The biological relevance of these
findings is still to be demonstrated, but could open new avenues for the
design and synthesis of novel DC-SIGN inhibitors.
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6. SUPPORTING INFORMATION

Table S1. Transverse relaxation times deduced for the fluorine-containing

monosaccharide library using the CPMG spin echo pulse sequence.

Peak 8 (ppm) | Assigment | T, free (s)
1 -195.041 3F-B-Glc 1.46
2 -198.140 4F-a-Glc 1.59
3 -198.675 3F-B-Man 1.58
4 -199.151 3F-B-Gal 1.74
5 -199.273 2F-B-Glc 1.61
6 -199.412 2F-a-Glc 1.90
7 -199.939 3F-a-Glc 1.42
8 -200.153 4F-B-Glc 1.56
9 -203.250 3F-a-Gal 1.77
10 -203.870 3F-a-Man 1.30
11 -204.747 2F-a-Man 1.68
12 -204.802 4F-a-Man 0.70
13 -207.385 2F-B-Gal 1.66
14 -207.542 2F-o-Gal 1.94
15 -207.730 2F-B-Fuc 1.89
16 -207.974 2F-a-Fuc 2.16
17 -208.374 | 4F-B-Man 1.54
18 -217.479 4F-B-Gal 1.57
19 -220.024 4F-a-Gal 1.73
20 -223.158 2F-B-Man 1.80
21 -229.641 6F-B-Gal 1.40
22 -229.779 6F-a-Gal 1.40
23 -233.625 | 6F-B-Man 0.99
24 -234.449 6F-a-Man 0.83
25 -234.773 | 6F-B-Glc 0.92
26 -235.497 6F-a-Glc 0.90

Table S2. Main interactions found on the MD simulations for L-Fuc bound to DC-
SIGN in the X-Ray crystal structure. Fraction is referred to the number of frames in

which the complex is fully associated. In this case, ca. 100 % of the total simulation time

(100 ns).
Donor Aceptor Avg Distance (A) Fraction
a-Fuc HO4 Glu347 0 2.6 1
a-Fuc HO2 Glu3s4 0 2.6 1
Hydrogen Bond a-Fuc HO3 Glu3s54 0 2.7 0.89
Asn365 NH a-Fuc 03 3.2 0.81
Asn349 NH a-Fuc 04 3 0.70
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Charge-dipole oFuc 03 Caze 265 099
a-Fuc 04 Ca2+ 2.6 1
Atom1 Atom2 Avg Distance (A) Fraction
Van der Waals Val351 H a-Fuc H2 2.4 0.90

Table S3. Main interactions found on the MD simulations performed for D-Man
bound to DC-SIGN in the X-Ray ctystal structure. Fraction is referred to the number of
frames in which the complex is fully associated. In this case, ca. 100 % of the total

simulation time (100 ns).

Donor Aceptor Avg Distance (A) Fraction
B-Man HO4 Glu354 O 2.65 0.99
Asn365 NH B-Man O4 3.1 0.96
Hydrogen Bond
B-Man HO3 Glu347 0 2.65 0.88
Asn349 NH B-Man O3 3.1 0.50
. B-Man O3 Ca2+ 2.6 1
Charge-dipole
B-Man 04 Ca2+ 2.65 0.96

Table S4. Major stabilizing interactions found on the first part (ca. 112 ns) of the MD
simulation performed for D-Man in binding pose A and DC-SIGN. Fraction is referred
to the number of frames in which the complex is fully associated before the switch in

the binding pose occurs. In this case, ca. 56 % of the simulation time (200 ns).

Donor Aceptor Avg Distance (A) Fraction
B-Man HO4 Glu354 O 2.7 0.95
B-Man HO2 Glu347 0 2.6 0.94
Hydrogen Bond B-Man HO3 Glu354 0 2.7 0.91
Asn365 NH B-Man O3 31 0.87
Asn349 NH B-Man 02 3.1 0.51
B-Man 02 Ca2+ 2.6 1
Charge-dipole
B-Man 03 Ca2+ 2.6 0.96
Atom1 Atom2 Avg Distance (A) Fraction
Van der Waals Val351 H B-Man H4 2.8 0.86

Table S5. Major stabilizing interactions found on the second part (ca. 113-185 ns) of
the MD simulation performed for DC-SIGN and D-Man in binding pose A as the
starting configuration. These interactions are similar to those found on the X-Ray

structure of D-Man at DC-SIGN’s binding site (Table S3). Fraction is referred to the
number of frames in which the complex is fully associated after the switch in the

binding pose (113-185 ns). In this case, ca. 36 % of the simulation time (200 ns).

Donor Aceptor Avg Distance (A) Fraction
B-Man HO4 Glu354 0 2.7 1
Hydrogen Bond
Asn365 NH B-Man 04 3.0 0.98
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B-Man HO3 Glu3470 2.7 0.91

Asn349 NH B-Man O3 3.1 0.17

B-Man O3 Ca2+ 2.6 1
Charge-dipole

B-Man 04 Ca2+ 2.7 1

Table S6. Main interactions found on the complete MD simulations of the complex
between DC-SIGN/D-Man starting from binding pose A. Fraction is referred to the
number of frames in which the complex is fully associated. In this case, ca. 93.5 % of
the total simulation time (187 ns). The relative populations of both binding modes in

this MD simulation can be extracted from the relative fractions of the oxygen-calcium

interactions.

Type of . .

- Donor Aceptor Avg Distance (A) Fraction
B-Man HO2 Glu354 0 2.7 1

B-Man HO2 Glu347 O 2.7 0.59

B-Man HO3 Glu354 0 2.7 0.57

Hydrogen Bond | Asn365 NH B-Man 03 3.1 0.54

Asn365 NH B-Man 04 3 0.40

B-Man HO3 Glu347 0 2.7 0.39

B-Man 02 Ca2+ 2.6 0.62

Charge-dipole p-Man 03 Cazv 2.6 0

B-Man 04 Ca2+ 2.7 0.4
Atom1 Atom?2 Avg Distance (A) Fraction

Van der Waals Val351 H B-Man H4 2.8 0.57

Table S7. Key interactions in the MD simulations performed for the complex between
D-Man and DC-SIGN using binding pose B as starting geometry. Fraction is referred to
the number of frames in which the complex is fully associated. In this case, ca. 100 % of

the total simulation time (200 ns).

Donor Aceptor Avg Distance (A) | Fraction

Man HO4 Glu347 0 2.7 0.98

Asn365 NH Man 02 3.1 0.95

Hydrogen Bond Man HO2 Glu354 O 2.7 0.91

Asn349 NH Man 03 3.2 0.36

Man HO3 Glu347 0 2.8 0.28
. B-Man 02 Ca2+ 2.6 1

Charge-dipole

B-Man O3 Ca2+ 2.7 1

Table S8. Main interactions in the MD simulations performed for the complex between
4-F-Man and DC-SIGN using binding pose A as starting geometry. Fraction is referred
to the number of frames in which the complex is fully associated. In this case, ca. 15 %

of the total simulation time (100 ns).
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Donor Aceptor Avg Distance (A) Fraction
Hydrogen Bond | B-4F-Man HO2 Glu3470 2.6 1
B-4F-Man HO3 Glu3540 2.7 0.98
Asn365 NH B-4F-Man O3 3.2 0.71
Asn349 NH B-4F-Man 02 3 0.55
Charge-dipole B-4F-Man 02 Ca2+ 2.6 1
B-4F-Man 03 Ca2+ 2.6 1
Atom1 Atom2 Avg Distance (A) Fraction
Van der Waals Val351 H B-4F-Man H4 2.7 0.94

Table 89. Main interactions In the MD simulations performed for the complex between
4-F-Man and DC-SIGN using binding pose B as starting geometry. Fraction is referred
to the number of frames in which the complex is fully associated. In this case, ca. 40 %

of the total simulation time (100 ns).

Donor Aceptor Avg Distance (A) | Fraction
Hydrogen Bond | Asn365 NH B-4F-Man 02 |3.05 0.99
B-4F-Man HO3 | Glu347 O 2.7 0.94
B-4F-Man HO2 | Glu354 O 2.8 0.75
Ser360 OH B-4F-Man O6 | 3.0 0.23
Charge-dipole | B-4F-Man 02 Ca2+ 2.63 0.98
p-4F-Man 03 | Ca2+ 2.58 1

Table S10. Initial STD slope (t=0) for each proton of the 4F-Manl ] OMe detivative
calculated from the fitted exponential equation. % STD (fit) values are normalized with
respect to H4, set to 100%. As expected, T relaxation values for Hos are considerable
lower than those exhibited by the other protons, highlighting the importance of using
initial slopes (at ty=0) to avoid misinterpretation of ligand-receptor proton distances.

HS5 and H6 build-up curves practically converge at 3.5 of protein saturation, whereas H2

and H4 are still growing at that point.

T1 (s)
H4 4.323 100.00 2.24
H3 1.987 52.07 2.26
H2 1.662 40.25 2.86
H6 2.808 64.94 0.94
H5 2.590 59.90 -
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Figure S1. The complete MD simulation of the complex between DC-SIGN/D-Man
starting from binding pose A shows the sugar moiety switching its position from the
starting geometry. The distance between Man O2, O3 and O4 groups and the Ca2+ ion is
shown. Top) frequency and trajectory of the O2-Ca2+ distance. Middle) frequency and
trajectory of the O4-Ca2+ distance. Bottom) frequency and trajectory of the O3-Ca2+
distance. The positional switch between binding pose A (02/03 attached to the Ca2+
ion) and the X-Ray binding pose (O3/04 attached to the Ca2+) ion takes place at ca. 113
ns.
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Figure S2. Populations of the different HB found along the MD simulation (187 ns)
of the D-Man/DC-SIGN complex using binding pose A as starting geometry, which
switches to the X-Ray crystallographic pose. The blue bar refers to the HB shared in both
binding modes. The green and orange are characteristic for Man in binding pose A and in
the X-Ray structure, respectively.
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Figure S3. Populations of the different HB found along the MD simulation of the D-
Man/DC-SIGN, 4-F-Man/DC-SIGN, and L-Fuc/DC-SIGN complexes using the
corresponding binding poses A as starting geometries. For D-Man and L-Fuc, the data
refer to the complete 100 ns simulation time, while for 4-F-Man, it is referred to the time
the complex remain fully associated, 15 ns.
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Figure S4. Populations of the different HBs found along the MD simulation of the D-
Man/DC-SIGN and 4-F-Man/DC-SIGN complexes using binding pose B as starting
geometry. The role of Man HO3 as donor is drastically enhanced in the 4-F-Man analogue
with respect to Man, obviously due to the lack of HO4 in the fluorinated compound. For
D-Man, the data refer to the complete 200 ns MD simulation time, while for 4-F-Man, it is
referred to the time the complex remain fully associated, 50 ns.

Figure S5. Superimposition of two snapshots taken from the MD simulations carried
out for D-Man and 4-F-Man (yellow) bound to DC-SIGN using pose B. The green
backbone corresponds to the complex with 4-F-Man. The key difference involves the role
of Glu347, which establishes HB interactions with OH4 (D-Man) and with OH3 (4-F-
Man).
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Figure S6. STD build-up curves for 4F-ManxOMe as a function of the saturation
time. The STD™* value and the saturation rate constant ke, were detived by least-squares
fitting of the experimental data (triangle) to the monoexponential function STD =
STD™* (1 — e(“ksar D)y,
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Figure S7. Superimposition of ’F-NMR relaxation filter spectra in absence (green)
and presence (red and blue) of a competing molecule (Manal-3Mana1-6-Man) to assess
the specific binding of some fluorinated monosaccharides to DC-SIGN. The T3 relaxation
filter duration was 241 ms. The equivalents of the competitor are with respect to the
concentration of the fluorinated monosaccharide mixture (for each sugar type the
concentration of each anomer is: [a] + [8] = 0.55 mM). The close-ups corresponds to
the binders a- and 3-2-F-Fuc (a)), a- and 3-4-F-Man (b)), and the non-binders o- and 3-3-
F-Man.
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Figure S8. Electron microscopy pictures using negative staining. Representative areas
of digital micrographs are shown at the left. Selected class averages resulting from 2D
reference-free alignment at the right. Model exhibit a tail with a length of 245-250 A and a
diameter of 25-30 A, whereas the head has a length of 70 —75 A and transverse
dimensions in the range of 50 to 80 A.
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THE INTERACTION OF FLUORINATED
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Reproduced with permission from the authors: Angela S. Infantino, Pablo Valverde,
Tammo Diercks, Sandra Delgado, Niels-Christian Reichardt, Ana Arda, Francisco Javier
Cafiada, Stefan Oscarson and Jesus Jiménez-Barbero. “The Interaction of Fluorinated
Glycomimetics with DC-SIGN: Multiple Binding Modes Disentangled by the Combination
of NMR Methods and MD Simulations’, Pharmacenticals 2020, 713(8), 179.

Abstract: Fluorinated glycomimetics are frequently employed to study and
eventually modulate protein—glycan interactions. However, complex glycans
and their glycomimetics may display multiple binding epitopes that
enormously complicate the access to a complete picture of the protein—
ligand complexes. We herein present a new methodology based on the
synergic combination of experimental “F-based saturation transfer
difference (STD) NMR data with computational protocols, applied to
analyze the interaction between DC-SIGN, a key lectin involved in
inflammation and infection events with the trifluorinated glycomimetic of
the trimannoside core, ubiquitous in human glycoproteins. A novel 2D-
STD-TOCSYreF NMR experiment was employed to obtain the
experimental STD-NMR intensities, while the COmplete Relaxation MAtrix
Analysis (CORCEMA-ST) was used to predict that expected for an ensemble
of geometries extracted from extensive MD simulations. Then, an in-house
built computer program was devised to find the ensemble of structures that
provide the best fit between the theoretical and the observed STD data.
Remarkably, the experimental STD profiles obtained for the ligand/DC-
SIGN complex could not be satisfactorily explained by a single binding
mode, but rather with a combination of different modes coexisting in
solution. Therefore, the method provides a precise view of those ligand—
receptor complexes present in solution.
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1. INTRODUCTION

Molecular recognition processes are essential for communication of
biological entities. In this context, the three-dimensional structures of the
partners that are involved in the interaction are strongly related to the
corresponding biological response. Within biomolecules in nature, the
chemical diversity of carbohydrates (oligosaccharides, glycans) endows them
with a strong capacity for coding messages and translating them. [1-5].

The last years have enjoyed large advances in the Glycoscience field [6—
11], providing new tools and perspectives to expand the understanding on
the structure-function relationship of the events mediated by sugar—lectin
interactions. These developments have also led to important progress in the
use of glycomimetics [12,13], sugar analogues devised to bind lectins,
antibodies, or enzymes [14—16]. These synthetic molecules are structurally
related to sugars although granted with altered physical chemical properties
through structural modifications [17]. One of the most common alterations
uses fluorine [18], the less abundant halogen in metabolites in nature, but
highly present in drugs and pharmaceuticals [19,20], where it may boost
adsorption and distribution properties [21].

In the NMR context, "F spectroscopy is especially suitable for
monitoring molecular recognition events. Besides, the intrinsic sensitivity of
the “F nucleus, "F-NMR parameters provide additional chemical and
structural information complementary to that achieved by using standard 'H
and "C-NMR [22]. Particularly in glycans, the tremendous overlap of 'H
NMR signals can be overcome by introducing specific fluorine atoms in the
molecule. Thus, glycomimetics decorated with fluorine atoms may be used
in medicinal and pharmaceutical chemistry as well as in chemical biology and
their interactions can be monitored by "F-NMR experiments [23-26].

Among glycan binding proteins, C-type lectins mediate efficient immune
responses. They feature broad recognition profiles that nevertheless can be
precisely tuned with the chemical complexity of the saccharide. The
Dendritic Cell-Specific ICAM-3-Grabbing Non-integrin, DC-SIGN, is one
of the most widely studied C-type lectins. This lectin is highly abundant in
dermal dendritic cells (DCs) [27-29], and is integrated in the
asialoglycoprotein receptor-(ASGPR)-related and endocytic DC membrane
receptors [30,31], which play key roles in innate immunity [29,32]. It is
directly involved in HIV infectivity [33-36] and it is also crucial for the
development of other pathogen-involved diseases, such as Ebola [37] and
dengue [38—40], which has boost its attraction as a therapeutic target.

With respect to its glycan binding selectivity, DC-SIGN represents the
paradigm of binding promiscuity [41-43]. This fact is strongly related to its
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3D architecture. The primary Ca**site is located at a flat surface, exposed to
the solvent and displays very few projecting amino acid sidechains. Thus, this
construction enables the adaptation of a large variety of sugars. DC-SIGN
preferentially binds D-mannose (Man) and L-fucose (Fuc), but also D-
glucose (Glc), N-acetyl-D-glucosamine (GlcNAc), and N-acetyl-D-
mannosamine (ManNAc) [42]. Despite this fact, its biological and biomedical
interest have encouraged the design, synthesis, and applications of diverse
glycomimetics.

The possibility of employing fluorinated glycomimetics to address their
recognition features in comparison to those of their natural counterparts was
explored in this study. In particular, we explored the binding features of a
trifluorinated glycomimetic (1) of the ubiquitous trimannoside present in the
inner core of N-glycans (Ib), and its two constituent difluoro mannoside
disaccharides 2 and 3 (Figure 1), to DC-SIGN by using an integrated
approach of ""F-based STD-NMR spectroscopy methods and computational
techniques. The novel 2D-STD-TOCSYreFF NMR experiment [44] was
employed, in combination with COmplete Relaxation and Conformational
Exchange MAtrix Analysis of Saturation Transfer (CORCEMA-ST) and
extensive Molecular Dynamics (MD) simulations, to deduce the binding
epitope of each ligand. For that purpose, we designed an in-house computer
program that is able to find the ensemble of structures that provide the best
fit to the experimental NMR data. Remarkably, none of the experimental
STD profiles obtained for each ligand bound to DC-SIGN can be
satisfactorily explained by a single binding mode, but rather with a
combination of different modes coexisting in solution.
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Figure 1. The trifluorinated trisaccharide glycomimetic 1 and its disaccharide
components (2,3). The natural trimannoside core (Ib) and related monofluorine-
containing glycomimetics (1c,1d) are also shown. The non-reducing terminal residues are
labelled as Man I (1—3 linkage) and Man IT (1—6 linkage). The reducing (branched)
residue in the trisaccharide is Man III.

2. RESULTS AND DISCUSSION

The interaction of DC-SIGN with Man-containing oligosaccharides has
been widely studied at the molecular level [43,45—47]. Man moieties interact
with DC-SIGN by anchoring the Ca*" at the primary binding site through
03-04 (or its alternative O4-O3 pose) [45] or O2-O3 diols [48]. For
high-Man ligands with the core trimannoside (1b) motif, the Mana1-3Man
branch coordinates the Ca*" ion of the lectin, whereas the Manal-6Man
branch is typically accommodated in a secondary site facing Phe313 (PDB
codes: 1SL4, 1K9I) [43,47]. A different binding mode to DC-SIGN has been
described (PDB: 2XR5) [49] for a pseudo-1,2-mannobioside ligand
consisting of a Man moiety attached to a cyclohexane ring. In this case, the
Man unit binds to the Ca** ion through the O3-O4 diol, while the
cyclohexane ring folds towards the Val351 side chain, establishing van der
Waals contacts.

In order to determine the bound conformations of each fluorinated
glycomimetic to DC-SIGN, a protocol that combines the versatility of STD-
NMR experiments with extensive computational data was adopted. First,
2D-STD-TOCSYreF NMR spectra [44] were recorded to take advantage of
the increased resolution of these "F-NMR experiments over the regular 'H-
NMR based methods. In this manner, the experimental STD data, which
contain the binding epitope information, were measured. In a parallel
manner, the possible binding poses for each ligand, based on previously
reported X-ray [43,45,47,49] and NMR data [46,48,50], were employed as
starting geometries for extensive MD simulations. For every proposed
binding mode, a large number of frames from the computed MD trajectories
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were submitted to CORCEMA-ST calculations [51,52] to predict their
expected STD profiles. Finally, a computer program was developed to
iteratively search for the best combination of MD frames that are able to
quantitatively fit the experimental STD-NMR data. As a result, the
contribution of every binding mode present in solution was assessed.

2.1.2D-STD-TOCSYreF experiments and affinity
measurements

The interaction between DC-SIGN and the three Man-based 2-deoxy-
fluoro oligosaccharides (Figure 1) was first analyzed using 2D-STD-
TOCSYreF experiments [44] (Figure 2). A long TOCSY mixing time (128
ms) was used to extend the polarization to all protons within the same spin
system for each Man ring. The enhanced resolution of the 2D-TOCSYrel?
allowed the assignment of most of the STD NMR cross peaks with high
reliability for the three fluorinated compounds (Figure 2 and Table 1).
Generally speaking, the inherent loss of sensitivity due to the heteronuclear
reF  transfer in the 2D-STD-TOCSYreF experiments [44] is
overcompensated by the gained spectral dispersion. Nevertheless,
overlapping of some signals still occurred in 3, as indicated in Figure 2.

I STD
mmmm Off-Resonance
N o A\
‘N,‘\‘ W' et
A £
1 1 g
[ Ha+H =
[
He' @ 1 i | HE'D -
H5, 1 Hé @ 1 @ o
fa-g I H3 @ e Thathe Man il
H3- 1 1 LS
He @ 1 ] = 9%
1 1
1 ] HO
1 1
' H Man I H
w
: : [ ru {8 OH
1 1
' | 2o .
HI+H2 e . '
° ] ] o OH
1 1 Fa
' lwe - @ 47 %
1 1 SE—
1 1
| @ |
1 1
°F (opm}  -204.18 -204,82 -205.93 %STD O 20 40 60 80 100

170



The interaction of fluorinated glycomimetics with DC-SIGN

LB

1 “\\\ AY
mmm Off-Resonance \ Re ‘;\0“ _
| | 3 Man IlI
a
1 =
1 B3
Hs © [
Ha+He' @ IHEQZSQ
h o
He' @ 1 e .
Hoe o Man 1
< H
/J”“H . H e}
HO— 4 1 o™ ~
HO &

4.5

50
0
©
=S

|
|
|
|
|
|
|
o | S e
- “
|
|
|
1

- H @
5F (ppm) 204,04 204,83 % STD 0 20 40 60 80 100
2
= ST . ®
o o
mmm Off-Resonance W W £
g Man II
s
s
Ha+HA+HE+HS' e
Hé+HS o |
Hs' g @ o
H3tH6 @ =
He
e &
n
-+
H2
e - &
HI
o -
3
H & - o
°F (ppm) -205.8 -206,0 %STD 0
3

Figure 2. 2D TOCSYreF off-resonance spectrum (red) and 2D STD-TOCSYreF
peaks (blue) obtained for 1 (top panel), 2 (central panel) and 3 (bottom panel) in the
presence of DC-SIGN. The "F-NMR frequencies are given in the abscissa axis and the
'H-NMR frequencies in the ordinate axis. The STD cross peaks are shifted to high field in
the F frequency to facilitate visual inspection. Every blue cross peak corresponds to the
STD-NMR intensity of the particular 'H-NMR nucleus in a given monosaccharide, which
is encoded by the F frequency. The ligand concentration was 1.4 mM in each case, with
9.14 uM of DC-SIGN tetramer, thus containing four carbohydrate recognition domains
(CRD) (ligand/protein-CRD ratio is 38:1). The on-resonance irradiation was set to 0.85
ppm, with a saturation time of 2 s. The relative STD values, shown by colored circles, are
obtained from the ratio between the corresponding peaks in the 2D STD-TOCSY-rel and
2D-TOCSYreF off-resonance spectra, and normalized to the largest STD in each
molecule. The circles connected by a colored thin line correspond to overlapped signals in
the spectrum, so that the STD intensity is shown as ‘spread’ between the corresponding
'H nuclei (meaning each of these protons may contribute or not to the total STD
observed). In this case, the added STD intensity is given. The total relative STD per Man
ring for each molecule is also specified with a colored tag, using the same color code as the
circles.
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The 2D STD-TOCSYreF analysis of each molecular system revealed the
parts of the ligand receiving efficient saturation from the protein (Table 1).
For 1, the terminal 1-3 and 1-6 branches exhibited the highest relative STD
intensities (47% and 44%, respectively, normalized to the global observed
STD), while the STD effects for the central Man III were notoriously weaker
(9%). For disaccharide 2, a large STD was observed at Man I (89% relative
STD) versus Man III (11%), whereas for 3, the observed STDs were 70% at
Man II and 30% at Man II1. Fittingly, these results agree to some extent with
those observed for the trisaccharide 1, whose STD profile is roughly the
addition of the observed STDs for the two disaccharides. Noteworthy, the
STD displayed by the central Man III is much lower than that of the terminal
Man I and Man II units. Indeed, this behavior is also noticeable on the
dimannosides 2 and 3, for which the reducing Man III unit always displays
the lowest STD effects. In all cases, H3 or H4 of either Man I (in 1 and 2) or
Man II (in 3) always showed the highest STD-NMR intensity when on-
resonance saturation was set at the aliphatic region (0.85 ppm).

Table 1. Normalized STD NMR data from 2D-STD-TOCSYreF experiments for the

fluorinated glycomimetics 1-3.

Ligand H % STD

Manl-1 16

Manl-2 42

ManI-3 100

1 ManlII-1/2 31
ManlI-1 19

ManlI-2 31

ManlII-3/6 47

ManlI-4/5 52

ManlI-1 15

ManlI-2 33

ManI-3 74
2 Manl-4 100
ManlI-5 22

ManlIII-1 17

ManIII-2 14

ManlII-1 33

ManlIII-2 31
ManlII-3/4/5/6 47

3 ManlII-1 31
ManlII-2 45

ManlI-3/6 86
ManlII-4/5 100
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Although the experimental information obtained is reliable, it is not
straightforward to translate it into a particular binding pose. As mentioned
above, multiple binding modes have been widely observed for Man-
containing ligands when interacting with DC-SIGN. In particular, Man
moieties may interact with DC-SIGN through direct coordination of the
Ca™ via O3-O4 or the ‘inverse’ O4-O3 [45], and also through the O2-O3
diol [48]. Although the presence of a fluorine atom at position C-2 in 1-3
precludes this binding mode herein, the possible binding poses for these
ligands in solution are still numerous.

In addition to the binding epitope, the binding affinities of 1-3 to DC-
SIGN were also deduced by competitive "F-R; filtered NMR experiments,
using 6-F-ManaOMe (Kp 1.3 mM) as a spy molecule (see experimental
section and Figure S1 in SI). In order to gain insights into the effects that the
different fluorination patterns may have in the binding event, the affinities
of 1b, the natural analogue of 1, as well as 1c and 1d, two partially fluorinated
trisaccharides, were also estimated. (Table 2, Figure S1).

Table 2. Affinities determined by competitive F-R filtered NMR experiments.

Structure *K; (mM) SD (mM) b
1 25 0.7 0.91
1b 1.1 0.2 0.97
1c 1.0 0.1 0.99
1d 1.1 0.2 0.98
2 9.6 3.5 0.77
3 4.0 0.6 0.98

*Ki is determined by non-linear least squares fitting (see SI). * Coefficient
of determination for the fitting.

The results indicate that the best binders are the natural molecule 1b and
the two monofluorinated analogues, 1c and 1d, which essentially display the
same affinity. The trifluorinated trisaccharide 1 is two-fold weaker, while the
difluorinated disaccharides 2 and 3 are nine- and four- fold weaker ligands,
respectively.

Interestingly, mono-fluorination at C-2 of 1b at the branched Man III (to
give 1c) or at the terminal Man I (to give 1d) do not appreciably influence
affinity. However, when all the three Man moieties are fluorinated (1), the
affinity drops by half. In a qualitative manner, these data suggest that,
individually, the contribution of Man I and Man III’s OH-2 to the interaction
with the lectin is negligible, while that of Man II is relevant. Whether the loss
in affinity observed for 1is caused by the fluorination of Man II or rather by
a combined effect of the simultaneous fluorination of the three Man rings,
cannot be directly inferred solely from these affinity measurements.
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2.2.Molecular Dynamics Simulations

Molecular Dynamics simulations were then employed to provide possible
3D models of the complexes between DC-SIGN and each fluorinated
glycomimetic. As mentioned above, X-Ray crystallography and NMR studies
have demonstrated that Man-containing saccharides may bind this lectin in
different poses, given the diverse possibilities of the Man O3 and O4 atoms
to coordinate the key Ca*". Therefore, several starting geometries were
generated for the complexes of glycomimetics 1-3 with DC-SIGN, by
considering the following restraints:

e The vicinal O3 and O4 atoms of any Man residue coordinate the key

Ca™.

e The corresponding Man moiety was superimposed with the
equivalent Man unit deposited on PDB 2IT5 [45]. This
crystallographic structure contains two alternative O3-O4 (major) and
04-0O3 (minor) poses, respectively.

Thus, there are four potential binding modes for 1 (O3-O4 and O4-O3
alternatives at Man I and the equivalent ones at Man II). Similarly, there are
four potential poses for 3 (through Man II and Man III) while there are only
two (through Man I) for analogue 2, since Man III O3 is now involved in the
glycosidic linkage. Overall, 10 different starting geometries of the DC-SIGN-
glycomimetics complexes were tested and analyzed by long MD simulations
in explicit water.

In order to classify the different binding poses, a nomenclature for each
ligand was defined as follows: “name of the Man unit interacting with Ca**
+ identifier of the coordinating oxygen closer to the viewer + identifier of
the other coordinating oxygen” (Figure 3). For instance, the two possible
binding modes for 2 are dubbed “Manl_0O3-O4” and “Manl_04-O3”. The
modelled complexes are gathered in Table 3, while their corresponding 3D
structures are given in Figure S3.
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Figure 3. Schematic view of one possible complex between 1 and DC-SIGN
describing the employed Cartesian system to describe the coordinating oxygen atoms. The
geometric center of the three Ca?* ions of DC-SIGN is on the xy plane, the key Ca?*
(green sphere) is set at the origin, and the other two ions (yellow spheres) are placed in the
first quadrant. The coordinating oxygen closer to the viewer is first specified (O3 in this
case), and the other one (O4) is named later. Therefore, this binding pose is “Manl_O3-
o4,

The stability of the different complexes during the MD simulations was
evaluated. In general, the major stabilizing contacts with the lectin involve
the Man unit that coordinates the Ca*" ion either via O3-O4 or O4-O3. A
well conserved hydrogen bond (HB) network is observed for the three
glycomimetics in all binding poses. The OH groups at positions 3 and 4
establish HB contacts with Glu354, Glu347, Asn365 (>80% of simulated
time in which the complex is associated), and Asn349 (50-80%). More
specifically, for the O3-O4 binding modes, OH-3 contacts the side chains of
Glu347 and Asn349, whereas OH-4 interacts with Glu354 and Asn365.
These interactions are swapped for the O4-O3 poses (see Figure S5 in the SI
for a detailed summary of all interactions).
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Table 3. Modelled structures for MD simulations. The stability of the different
complexes is also given as the association time averaged for the different MD replicas (6—
12 replicas of 400 ns each). The Manl_O3-O4 pose for 1, Manl_03-O4 for 2 and
ManlII_0O3-O4 for 3 are the most stable ones.

Ligand Binding Poses Complex stability (ns) '

Manl_03-0O4 321
1 Manl_0O4-O3 9
Manll_0O3-0O4 27
Manll _0O4-O3 22
’ Manl_03-0O4 77
Manl_0O4-O3 18
Manll_0O3-O4 400
3 Manll_04-O3 22
Manlll_03-O4 19
ManlII_0O4-O3 1

The most stable binding mode found for 1 was Manl_0O3-O4, where the
ligand adopts an extended conformation which resembles those present in
PDB structures 1SL.4 and 1K91 [43,47]. In the alternative O4-O3 pose, the
ligand is folded over Val351, as found for the pseudo-1,2-mannobioside in
2XR5. Several van der Waals contacts are detected along the simulations,
mainly involving H-3, H-4, and H-5 of any of the three Man moieties,
depending on the particular binding mode (Figure S5). Finally, for the
Manll_0O3-O4 pose, the ligand is mostly solvent exposed, since the large
mobility of the 1-6 branch hampers the existence of stable interactions of
the rest of the ligand with the lectin side chains.

Regarding the fluorinated dimannoside 2, the binding mode Manl_O3-
O4 is the most stable and somehow similar to the equivalent in 1, but since
it lacks the Man II unit, the ligand displays more mobility over the lectin
surface. In the alternative pose, the less stable Manl_O4-O3 geometry,
occasional van der Waals contacts of Man II H-4 and Man I H3 with Val351
are detected (10% of simulated time), and the ligand is more solvent exposed
(Figure S5).

Finally, 3 shows a rather variable stability for its different binding modes.
Remarkably, the Manll_0O3-O4 geometry binds very tightly in the
simulations (400 ns of association time on average) and displays HBs
involving OH-3 and OH-4 of Man II and Glu358. A CH-n between Phe313
and H-3 Man III is also present for most of the simulated time (Figure S5).
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2.3. CORCEMA-ST and Best-Model STD Fitting

As mentioned above, the interpretation of the entire set of experimental
STD NMR intensities in terms of ligand/lectin moleculatr complexes is not
straightforward, even considering the MD simulations described above.
Thus, a quantitative approach was applied. First, the computed MD
trajectories were submitted to a COmplete Relaxation and Conformational
Exchange MAtrix Analysis of Saturation Transfer (CORCEMA-ST) analysis
[51,52] to estimate the expected STD-NMR intensities. Interestingly,
CORCEMA-ST has been previously employed to explore multiple binding
events in sugar-lectin complexes. As leading examples, the dual binding
mode of Man-containing saccharides to DC-SIGN [46,50] has been shown,
as well as different interaction possibilities of Tn-bearing glycopeptides to
bind MGL [53].

Then, an in-house computer program dubbed BM-Mixer was developed
and applied to find the relative proportion of each binding mode that best
fit the theoretical to the experimental STD NMR values. This protocol,
which might be of general application, allowed the contribution of the
different binding modes of each ligand to be dissected when bound to DC-
SIGN. In particular, the procedure employs the complete set of calculated
STDs from the MD trajectories of each modelled binding mode and search
for the combination of poses that better explain the experimental STD data
in a fully automated manner (see experimental section for a detailed view of
the protocol).

BM-Mixer calculations were performed using ensembles of 400-800
frames per simulated binding mode. Only reliable experimental STDs were
used in the calculation, to avoid the introduction of noise. In cases of
isochronous NMR frequencies, the observed experimental STD was
considered as the sum of the individual contributions from each signal (see
3.5 section in "Material and Methods" part). The fractions of each binding
mode of 1-3 to DC-SIGN that better fitted the experimental STD data are
shown in Figure 4 (see also Table S1). Globally speaking, the predicted
contributions for each binding mode agree with the relative stability
observed in the MD simulations of each ligand (Table 3).
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Figure 4. Contributions of the individual binding modes that provide the best fit to
the experimental STD NMR data. Representative structures along with the associated
NOE R-Factorrel of the best binding mode combination found for compounds 1a, 2b,
and 3c are shown. Val351, which is the only aliphatic residue at the lectin binding site, is
colored in orange.

According to the computational procedure for the complex of
trimannoside 1 with the lectin, the best fit was obtained with a combination
of 60% Manl_0O3-04, and 40% Manll_0O4-O3 (Figure 4a). Thus, both Man
I (major) and Man II (minor) directly interact with the calcium at the binding
site. For the Manll_O4-O3 geometry, stabilizing intermolecular van der
Waals contacts are predicted with Val351. Qualitatively, the presence of this
geometry in the distribution allows an explanation for the strong STD
observed for Man I H-3. In contrast, the observed STDs at Man I1T (H-1/H-
2) are probably accounted for by its vicinity to Phe313 in the major
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Manl_0O3-O4 geometry. Remarkably, the most populated binding modes
tound by BM-Mixer are similar to those of the deposited X-ray structures
1K91 and 1SL4 (Manl_0O3-0O4, 60%) and 2XR5 (Manll_0O4-O3, 40%).
Fittingly, BM-Mixer is able to find the best solution taking from the complete
MD ensemble calculated for each binding mode instead of using just a
limited number of representative structures.

Interestingly, the predicted major pose, Manl_03-04, is the only one in
which several potential interactions involving the substituent at C-2 with the
lectin side chains could take place. Thus, the corresponding geometry was
built for the natural analogue 1b bound to the lectin, and submitted to MD
simulations. The analysis of the trajectory revealed the existence of
intermolecular HB interactions involving OH-2 groups, obviously absent in
the trifluorinated glycomimetic 1. For the major Manl_0O3-O4 geometry,
OH-2 of the terminal Man II acts as a HB donor to Asn362 during 40% of
the simulation time. Furthermore, HB contacts between OH-3 of the same
Man II with Asn344 and Asn362 are more populated in 1b than in 1 (70%
versus 10%). Additionally, the MD simulations carried out for 1b predict that
OH-2 of the central Man III may be involved in HB interactions with Ser360
(as a donor) and with Glu358 (as an acceptor) around 70% of the simulation
time (Figure 5). In fact, the averaged complex stability of trifluorinated 1 in
the MD simulations is significantly smaller (lower association time) than that
of 1b (>400 ns in 5 MD replicas). The mobility of the ligand at the binding
site is also much higher for 1 than for 1b (see Figure S6 for a detailed
summary of the interactions and Figure S7 for a summary of the computed
torsion angles and root-mean-square Deviation (RMSD) plots).
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Figure 5. Possible intermolecular hydrogen bond interactions predicted by the MD
simulations for the complex between DC-SIGN and the core trimannoside 1b. These
hydrogen bonds (HBs) are absent in the corresponding complex with the trifluorinated
glycomimetic 1. Hydrogen bonds involving OH-2 groups of Man II and Man III are
colored orange, and the ones involving OH-3 are in blue. The most stable binding pose,
Manl_0O3-O4, was used as starting geometry.

For the complex of DC-SIGN with 2, with O3 of Man III involved in the
1-3 linkage, only two poses are possible. The best fit was found for a
population distribution of 65% Manl_03-O4 and 35% of the alternative
Manl_0O4-O3 pose. The obtained major geometry is in agreement with that
described above for the trisaccharide 1, while the intermolecular contacts are
also analogous, with the obvious exception of those that involve Man II.
Indeed, the experimental STD profile for Man I is analogous to that
observed for 1, with the added contribution of H-4 arising from the
alternative Manl_0O4-O3 pose.

In the complex of compound 3, Man III can also participate in the
coordination of the Ca*". In fact, the best fit is provided by a large
contribution of the Manll_03-O4 (50%) and ManlIII_O3-O4 (40%) poses,
with a small participation of the Manll_0O4-O3 geometry (10%). The latter
was predicted to a larger extent for the complex of trisaccharide 1. However,
in that case, Man I provided contacts with Val351 further stabilizing the
pose. Interestingly, the major Manll_0O3-O4 geometry for 3 cannot take
place in 1, given the presence of Man I, which would collapse with the protein
surface.

Moreover, the analysis of the geometries permits an explanation of the
observed relative affinities. As described in Table 2, the trifluorinated ligand
1 displays about half the affinity of its natural counterpart 1b, and its
monofluorinated analogues 1c and 1d versus DC-SIGN. Therefore, it is
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likely that the predicted hydrogen bonds involving OH-2 and OH-3 at Man
IT are at the heart of the observed loss of binding energy. In any case, the
combined effect caused by the simultaneous fluorination of the three Man
units is rather low in terms of binding energy (2.5 fold variation in binding
affinity amounts to ca. 1 kcal/mol in binding free energy). The lack of Man
IT in 2 and of Man I in 3 precludes a number of stabilizing HBs and van der
Waals contacts that lead to the observed loss in affinities in the fluorinated

disaccharides versus the trisaccharide 1 (ca. four-fold 1 versus 2 and ca. two-
fold 1 versus 3).

3. MATERIALS AND METHODS

3.1. Man-Based Ligands

The synthesis of compounds 1, 1b, 2, and 3 has already been described
[44]. The synthesis of 1c and 1d is detailed in SI and Scheme S1. 'H/"F-
NMR  assignments for 1, 2, and 3 are compiled in
Table S2, and where previously described in [44].

3.2.DC-SIGN ECD Preparation

Plasmids pET15b holding the DC-SIGN full extracellular domain (ECD,
residues 70-404, Thermo Fischer Scientific) were amplified in E. coli DH5a
and subsequently transformed on BL21/DE3 competent cells (Sigma-
Aldrich). A single colony was added to a preinocule of 100 mL, in the
presence of 100 mg/L ampicillin, and grown overnight at 37 °C under
continuous shaking. Then, each preinocule was diluted up to 1 L of Luria-
Bertani (LB) broth containing 100 mg/IL. ampicillin, and cell growth was
maintained at 37 °C with gentle shaking until OD = 0.60-0.65. Cultures were
finally induced with 1 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG)
and allowed to grow overnight at 20 °C. The resulting pellets were harvested
by centrifugation (4 °C, 4500 rpm, 20 min) and resuspended in the minimal
amount of Tris-HCl buffer 10 mM (pH = 8.0).Cells were lysed by sonication
and the unfolded ECD was separated in the insoluble fraction by
ultracentrifugation (4 °C, 30 k rpm, 60 min). The isolated inclusion bodies
were further solubilized in 6 M urea and 2 mM B-mercaptoethanol (0.01%
v/v). By ultracentrifugation (4 °C, 40 k rpm, 180 min), the remaining
insoluble cell debris were sedimented and the supernatant containing the
unfolded ECD was carefully decanted. Protein refolding was performed by
stepwise dialyzing the supernatant against 2 L of 100 mM Tris-HCI buffer
(NaCl 150 mM, CaCl, 10 mM, pH = 8.0, 24 h each step), containing 4 M
urea, 2 M urea, and no urea, respectively. The ECD was first purified by
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affinity chromatography in a Mannose—Sheparose column, using as loading
buffer Tris-HCI 20 mM, NaCl 150 mM, CaCl, 10 mM, pH = 8.0; and as
elution buffer, 20 mM Tris-HCI, 150 mM NaCl, 10 mM EDTA, pH = 8.0.
Eluted fractions containing significant amounts of the ECD (A(kas0) > 0.10)
were mixed and repurified by size exclusion chromatography (AKTA sys.,
GE Healthcare) in a Hiload 26/600 Superdex 200 column (UV i at Ve =
140 mL, flow rate 2.5 mL/min) using as elution buffer Tris-HCI 20 mM,
NaCl 150 mM, EDTA 1 mM, pH = 8.0. Conditions of the collected pure
ECD fractions were changed to Tris-di1 20 mM, CaCl,4 mM, NaCl 150 mM,
pH = 8.0 (D:0), using Vivaspin membrane filters of 100k MWCO. The
tetrameric state of the lectin was previously confirmed by TEM [48]. The
presence of the protein was monitored throughout the entire protocol by 4—
12% SDS-PAGE, and ECD concentrations were determined by UV-Vis
Spectroscopy (e2soemmer = 280,600 M~ cm ™, estimated from ProtParam).

3.3.NMR Experiments

All spectra were acquired at 298 K on either a Bruker AV500 or AV600
NMR spectrometers, equipped with a F probe (5 mm SEF "F-'H with Z
gradient). All the samples were prepared using the same protein buffer (20
mM Tris-di1, 4 mM CaCl,, 150 mM NaCl, pH = 8.0, in D,O) was employed.
For molecular recognition experiments, controls were performed in the
presence of either EDTA to sequester the Ca”" or a known DC-SIGN ligand,
to assess specific binding at the primary binding site.

Samples for the 2D STD-TOCSY -reF contained 9.14 uM ECD (tetramer)
and 153 eq. of ligand (1.4 mM, the ratio ligand/protein (CRD) is 38:1) in
each case. The 2D STD-TOCSY-reF setup consists on a proton saturation
transfer scheme (‘Hyprowein—>'Higana-STD) with subsequent evolution through
Jun couplings (TOCSY), to finally refocus the STD-edited information in the
“F dimension (reF). As STD parameters, selective saturation was applied for
2 s using 90° PC9 pulses of 10 ms length, with on-resonance saturation set
at 0.85 ppm and off-resonance at 60 ppm. The TOCSY mixing time used
was 128 ms, and the corresponding Jur evolution and refocusing delays in
the reF module were A" = 10.4 ms and A" = 6 ms, respectively. The relative
saturation values (%) were calculated from the ratio between peaks in the 2D
STD-TOCSY-relF spectrum and the corresponding ones in the off-
resonance TOCSY-relF spectrum. The values were normalized by assigning
a 100% value to the peak that displayed the highest STD ratio.

"F-NMR R./T: experiments for affinity measurements were carried out
employing a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence as follows:
[D — 90, — (r — 180,, — 1), — acquire], with a recovery delay D = 4 s,
and a list of 18 values for the spin-echo loop n to yield T, by fitting to I(t) =
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Ioe™"?%/T2 [48]. For Kp estimation of 6-deoxy-6-F-Man (the spy-molecule),
the free evolution delay was set to an optimized value T = 1 ms, after using
relaxation dispersion experiments to assure a negligible chemical exchange
contribution to Raes (Figure S1, a)). The K of 1, 1b-d, 2, and 3 with DC-
SIGN (ECD) was determined by titration experiments in a competitive
fashion [54,55]. Increasing amounts of the competitor molecules
(compounds 1, 1b-d, 2, and 3) were added to a solution mixture of the spy
molecule and the protein in each case, calculating the Roos of the spy
molecule at each competitor concentration while the ratio [Spy-

molecule]/[Protein] is fixed (40:1) (Figure S1, c)).
3.4.Molecular Dynamics Simulations

All compounds were initially built using Glycam-web tool [56]. The
fluorinated glycomimetics 1, 2, and 3 were generated by modifying the
Glycam structures with Discovery Studio or PyMol according to the
particular molecule. Then, the fluorinated structures were submitted to
energy minimization, charge and atom type assignment using Antechamber
[57].

The deposited protein structure on PDB 2IT5 [30] was used as the lectin
geometry for all MD simulations, after removing all but one CRD with its
corresponding structural Ca** ions. The two models of the crystalized Man
ligands coordinating the Ca®* at the primary binding site served as templates
for superimposing the starting geometries for the O3-O4 (most populated
ligand orientation on 2IT5) and O4-O3 (less populated one) 3D models.
Then, the crystalized ligands on the original 2IT5 structure were removed as
well.

Overall, 10 models of DC-SIGN in complex with the ligands 1 (4 binding
modes), 2 (2 binding modes), and 3 (4 binding modes) were built according
to the criteria specified in the MD simulations section on Resu/ts and Discussion
(also see SI). Additionally, a model of DC-SIGN with the natural analogue
1b in the binding pose Manl_O3-O4 (see Results and Discussion) was also
prepared.

All MD simulations were conducted using AMBER molecular dynamics
simulations software (version 16). The employed preparation, minimization
and production protocol was the same for all the simulations. First, solutes
(either ligand or protein-ligand complexes) were solvated using a
pre-equilibrated TTP3P rectangular water box, spanning 10 A from the solute
in each direction. CI ions were added to neutralize the system, using Li/Merz
parameters [58]. The AMBER’s ff14SB force field [59] was used to
parametrize the protein, while either GAFF2 [60] (for analogues 1, 1b—d, 2,
and 3) or GLYCAMOG6 [50] (for 1b) parameters were employed for the
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ligands. The system was minimized in two stages, starting with the solvent
and counterions while keeping the solute fixed, and following with a general
minimization of the whole system. Then, gradual heating from 0 to
300 K in the NVT ensemble for 100 ps was performed. Further equilibration
was run at 300 K in NPT during 1 ns, employing a Langevin thermostat with
collision frequency 1 ps. The production dynamics were run in the NPT
ensemble at 300 K, 1 bar, using the Langevin thermostat as in the previous
stage. SHAKE was employed to constrain bond lengths on hydrogen atoms
during production dynamics, and the time step was set to 2 ps. The cutoff
for non-bonded interactions was set to 10 A, and the Particle Mesh Ewald
Method was used to introduce long-range electrostatic effects. The
simulation time of the complexes in water was set to 400 ns, and 6 to 12
replicas were run in each case.

Additional MD simulations of 500 ns of the ligands 1 and 1b in explicit
water were also conducted, to assess the average conformational dispositions
of the free molecules in solution (Table 2). The MD protocol employed was
the same as beforementioned.

3.5.CORCEMA-ST and Best-Model STD Fitting

CORCEMA-ST allows prediction of the theoretical STD-NMR
intensities of the ligand protons in a given receptor-ligand complex
[51,61,62]. The STD profile depends on the geometry of the complex,
rotational motion correlation times of the system, irradiation conditions, and
dissociation constant, among others.

The following protocol was employed. For every ligand, a subset of 400—
800 frames extracted from the MD trajectories computed for each binding
mode (BM) was randomly selected. Only the BMs whose averaged
association time in the MD simulation was larger than 5 ns were analyzed.
The predicted STDs for each individual frame according to CORCEMA-ST
were compiled and submitted to a Python based program, dubbed BM-Mixer,
which aims to find the minimum ensemble of conformations of the bound
ligand that best fits the experimental STD data, in an iterative manner. This
fitting is guided by the minimization of the relative NOE R-factor
(agreement factor), which is defined as follows for the ensemble of binding
mode geometries [52]:

NOE R — factory,
. \/ éc=1(STDexp,rel,i - STDI:eor,rel,i)2 (1)

Iicz 1 (STDexp,rel,i) 2
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where STDgyp rer,; 1s the experimental STD value of proton i normalized to
the most intense experimental peak, and Wteomu is the calculated
averaged STD value of proton i, normalized to the most intense calculated
peak for the particular combination of binding mode frames. It was observed
that, in general, BM-Mixer calculations converged when a minimum number
of about 400-800 frames are used in the calculations, depending on the ligand
mobility at the binding site.

The results of the search for the best combination of binding modes is
now exemplified for 2. Conveniently, only two binding modes are possible
for this ligand. Figure 6 shows the evolution of the 20 iterations required to
screen the space of possible BM combinations, expressed as the percentage
of each BM in the x-axis. As it can be observed, the agreement between the
calculated and the experimental STD data is rather poor when either of the
two ensembles of structures representing each binding mode (100%
Manl_0403 or 100% Manl_O304) are separately considered. However,
the NOE R-factot.. converges to a minimum when 65% of the ManI_0O304
binding pose is considered.
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Figure 6. The fit of the NOE R-factor,q value computed by BM_Mixer to the relative
population of Manl_ O304 frames. Obviously, the percentage of the alternative binding
mode Manl_0403is 100 — %Manl_0304. The quantitative STD data predicted by
CORCEMA-ST for 800 frames from the MD simulations were employed. Each colored

line represents a different iteration of the main loop of the program (only 10 out of 20 are
shown for clarity). Blue circles represent the mean value among all iterations for that
particular combination of binding modes. The minimum NOE R-factot,. is reached for an
ensemble of structures formed by 65% of Manl_0O304 and 35% of Manl_0O40O3. All the
assigned experimental STD intensities were used in the calculations. In this case, 400
frames from the Manl_0O40O3 trajectory and 400 frames from the Manl_O304 trajectory
were employed.

The list of experimental STDs provided to BM-Mixer is crucial to obtain
reliable results. It is essential to use a large enough number of experimental
STD peaks to minimize possible ambiguities. It was observed that different
BM combinations may provide a similar NOE R-factor.. Since errors for
very weak experimental STD signals (close to zero STD) may be rather high,
it is advisable to discard these signals. Thus, the list of experimental STDs
used for the calculations should only contain the reliable assigned STD
peaks. Notably, the very weak peaks can be introduced in the computation a
posteriori as internal controls for detecting false positives.

Obviously, it is convenient to examine whether each individual MD
ensemble provides STD profiles that are different enough. Otherwise, BM-
Mixer will provide an ambiguous fractional contribution of the possible
binding poses. In these cases, additional experimental information may be
required to differentiate between them.

For those peaks that are virtually isochronous in the NMR spectrum, the
experimental STD intensity observed can be considered as the sum of the
individual contributions of each individual proton (see Figure 5). BM-Mixer
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handles this ‘aggregated’ experimental STD file and automatically performs
the corresponding sum of contributions of the CORCEMA-ST predicted
STD values for the overlapped protons. In this manner, both calculated and
experimental STD aggregate can be evaluated using the agreement factor. It
was assumed that the shapes of the NMR signals are similar, and the protons
are isochronous. Nevertheless, if the overlapped protons display rather
different T> relaxation times or their resonance frequencies are not exactly
the same, considerable errors could be introduced in the calculations. For
instance, in the case of compound 3, the experimental STD cross peak
observed for Man III at 3.7 ppm could correspond to H-3, H-4, H-5 or H-
0'. Since considering the measured STD intensity as the sum of the individual
contribution from four H atoms would introduce noise in the search, the
corresponding STD peak was not considered in the best-model fitting shown
in Figure 5.

Since CORCEMA-ST is designed to calculate the absolute intensity of
1D '"H-STD-NMR spectra, some considerations were taken to assess its
application to the analysis of the 2D-STD-TOCSYreF experiments. In
particular, the experiment employed herein includes a homonuclear "H-
TOCSY block and a heteronuclear 'H,"F reF transfer. Thus, the absolute
STD intensities are not directly comparable to those of the regular 1D-STD-
NMR experiment. However, the relative STD profiles (i.e, the STD
intensities normalized to the most intense STD peak) are expected to remain
similar. Regarding the employment of the F nucleus, since the 'H—"F
heteronuclear cross-relaxation is largely less efficient than the 'H—'H
homonuclear one, it is not expected that its effect is noticeable. In any case,
as control, CORCEMA-ST calculations were also performed using
molecular models the “F atoms were replaced by 'H. Fittingly, these
CORCEMA-ST controls demonstrated that the predicted contribution of
each binding mode that provided the best NOE-R-factor. was rather
insensitive to the presence of the F atom (Table S3).

4. CONCLUSIONS

A new protocol for unraveling multiple binding modes is presented and
employed to study the interaction of the trifluorinated mimetic of the
trimannoside core with DC SIGN. Although applied to fluorine containing
sugars, it might be used for all types of molecules. The protocol is based on
the synergic combination of the novel 2D STD-TOCSY-reF experiment to
extract reliable STD values, with extensive MD simulations and CORCEMA
calculations. Finally, a new computer program, BM-Mixer, has been able to
find the combination of geometries from the complete MD ensembles of the

187



The interaction of fluorinated glycomimetics with DC-SIGN

ligand/protein complexes that provided the best match to the experimental
data. The results indicate that no single solution can account for the
experimental results, and strongly suggest the existence of more than one
binding mode.
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6. SUPPORTING INFORMATION

Synthesis of 1c and 1d

Scheme S1. Synthesis of compounds 1c and 1d.

Methyl 2,3,4,6-tetra-O-benzoyl-«-D-mannopyranosyl-(1—3)-
[2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl-(1—6)-]-2-deoxy-
2-fluoro-a-D-mannopyranoside (5)

4,6-diol acceptor 2 and donor 4 were coupled to give trisaccharide 5

(55%). Ry 0.38 (toluene/EtOAc, 7:1). [a]ZDO -32.1 (¢ 1.0; CHCl). 'H NMR

(500 MHz, CDCly) & 8.16 — 8.00 (m, 10H; Hy), 7.99 — 7.94 (m, 2H; H.,,),
7.84 (m, 4H; Hy), 7.58 (m, 4H; Ha,), 7.53 — 7.33 (m, 16H; H.,), 7.31 — 7.22
(m, 4H; Hy), 6.15 — 6.05 (m, 2H; H-4’, H-4”), 6.01 — 5.93 (m, 2H; H-3’, H-
3”), 5.85 (dd,]z’,3’ =33 HZ,]z’,]’ =1.8 HZ, 1H; H—Z’), 5.79 (dd,]z”,s” =34 HZ,
Jo = 1.8 Hz, 1H; H-27), 538 (d, Jv» = 1.8 Hz, 1H; H-1°), 5.23 (d, [ =
1.8 Hz, 1H; H-1), 5.05 — 4.89 (m, 1H; H-2), 4.81 — 4.66 (m, 4H; H-1, H-5,
H-6'2, H-672), 4.63 (ddd, Js-+ = 10.1 Hz, J5-¢ = 4.5 Hz, [0 = 2.5 Hz, 1H;
H-5"), 4.53 (m, 2H; H-6’b, H-6”b), 4.12 (m, 2H; H-4, H-6a), 4.04 — 3.85 (m,
3H; H-6b, H-3, H-5), 3.45 — 3.36 (m, 3H; OCH}), 3.32 ppm (d, Jors = 3.5
Hz, 1H; OH-4). ®C NMR (126 MHz, CDCly) & 166.24, 166.05, 165.62,
165.58, 165.51, 165.44, 165.38, 165.29 (8 COPh), 133.52, 133.46, 133.38,
133.33,133.24,133.07, 133.01, 129.96-128.25 (48 Ci.), 99.95 (C-1°), 98.28 (d,
J =29.1 Hz; C-1), 97.63 (C-17), 88.13 (d, ] = 177.6 Hz; C-2), 81.42 (d, ] =
17.1 Hz; C-3), 71.19 (C-5), 70.49 (C-27), 70.33 (C-27), 70.21, 70.07 (C-3", C-
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3%), 69.62 (C-5), 68.85 (C-5), 66.86 (C-06), 67.12, 66.69 (C-4, C-47), 65.90
(C-4), 63.04, 62.97 (C-6”, C-6"), 55.22 ppm (OCHs). "F NMR (376 MHz,
CDCls) 6 -203.00 ppm (ddd, Jr. = 49.2 Hz, Jr; = 29.4 Hz, Jr1 = 7.5 Hz; 1F,
F-2). HR-MS (ESI) [M+Na]" 7/ z caled for C1sHgsO23FNa 1375.3798; found
1375.3844.

Methyl «-D-mannopyranosyl-(1—3)-[«-D-mannopyranosyl-
(1—6)-]-2-deoxy-2-fluoro-«-D-mannopyranoside (1c)

Compound 5 was deacylated to give 1c (91%). Rf 0.11

(EtOAc/MeOH/water, 7:2:1). [oc]zDO + 79.6 (¢ 0.25; water). "H NMR (400

MHz, D,O) 6 5.00 (as, 1H; H-1°), 4.92 — 4.74 (m, 3H; H-1, H-2, H-17), 3.98
—3.90 (m, 2H; H-2°, 1H-6), 3.90 — 3.50 (m, 15H), 3.32 ppm (s, 3H; OCH}).
PC NMR (101 MHz, D;O) & 102.45 (C-17), 99.41 (C-17), 98.00 (d, ] = 29.3
Hz; C-1), 88.78 (d, | = 172.9 Hz; C-2), 77.92 (d, ] = 16.8 Hz; C-3), 73.27,
72.65, 70.61, 70.53, 70.30, 69.87, 69.82, 66.61 (overlapping), 65.37, 64.82,
60.88, 60.86, 55.11 ppm (OCH3). “F NMR (376 MHz, D,O) 8 -204.15 ppm
(ddd, Jr2 = 49.1 Hz, Jr3 = 32.9 Hz, Jr1 = 7.3 Hz; 1F, F-2). HR-MS (ESI)
[M+Na]* 7/ % caled for C1oH33015FNa 543.1701; found 543.1687.

Methyl 3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-a-D-
mannopyranosyl-(1—3)-[2,3,4,6-tetra-O-benzoyl-a-D-
mannopyranosyl-(1—6)-]-2-O-acetyl-a-D-mannopyranoside (6)

4,6-diol acceptor 3 and donor 4 were coupled to yield 6 (64%). R¢ 0.31

(toluene/EtOAc, 2:1). [a]ZDO +10.9 (¢ 1.0; CHCLy). 'H NMR (500 MHz,

CDCLy) & 8.12 — 8.01 (m, 4H; Ha,), 7.97 — 7.92 (m, 2H; H.,), 7.85 — 7.79 (m,
2H; Hy,), 7.62-7.54 (m, 2H; Hy,), 7.53-7.47 (m, 1H; Hy), 7.46-7.33 (m, 7H;
Ha), 7.29 — 7.22 (m, 2H; Hyy), 6.12 (at, Jers = Jes» = 10.0 Hz, 1H; H-4”),
5.94 (dd, [+ = 10.0 Hz, Jy2» = 3.2 Hz, 1H; H-3"), 5.78 (dd, J»s» = 3.2 Hz,
Jo = 1.8 Hz, 1H; H-2”), 5.40 (dd, Jrr = 7.3 Hz, Jr» = 1.3 Hz, 1H; H-1),
534 (at, Jos = Jos = 10.1 Hz, 1H; H-4%), 5.27 (d, Ji> = 1.8 Hz, 1H; H-17),
5.26 — 5.16 (m, 2H; H-2, H-3"), 4.88 (m, 1H; H-2’), 4.77 — 4.70 (m, 2H; H-
6”a, H-1), 4.58 — 4.48 (m, 2H; H-5”, H-6”b), 4.27 (dd, Jeaen = 12.3 Hz, Jeus
= 5.7 Hz, 1H; H-6’a), 4.20 — 4.07 (m, 5H; H-5", H-6’b, H-6a, H-4, H-3), 3.95
(dd, Jone = 11.6 Hz, Jans = 1.9 Hz, 1H; H-6b), 3.81-3.75 (m, 1H; H-5), 3.41
(s, 3H; OCH), 2.83 (d, Jors = 4.6 Hz, 1H; OH-4), 2.16, 2.11, 2.09, 2.07 ppm
(4s, 12 H; 4 OCOCH,). *C NMR (125 MHz, CDCly) 8 170.70, 170.56,
170.14, 169.56, (4 OCOCHS>), 166.30, 165.49, 165.46, 165.20 (4 COPh),
133.43, 133.41, 133.18, 133.08, 129.82 -128.29 (24 Cy,), 98.86 (J = 29.9 Hz;
C-1°), 98.51 (C-1), 98.07 (C-17), 86.79 (J = 180.0 Hz; C-2’), 77.13, 71.65 (C-
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5), 71.25 (C-2), 70.30 (C-27), 70.00 (C-37), 69.85 (] = 16.8 Hz; C-3°), 69.43,
68.88 (C-57), 67.12 (C-4”), 66.96, 66.39 (C-6), 65.56 (C-4), 62.95 (C-67),
62.18 (C-6"), 55.13 (OCH3), 20.75, 20.73, 20.67, 20.59 ppm (4 OCOCH;). “F
NMR (376 MHz, CDCL3) 8 -203.61 ppm (ddd, Jr» = 49.4 Hz, Jrs = 28.2 Hz,
Jer = 7.3 Hz; 1F, 2-F). HR-MS (ESI) [M+Na]" 7/ caled for CssHs7Oa3F
1127.3172; found 1127.3116.

Methyl 2-deoxy-2-fluoro-a-D-mannopyranosyl-(1—3)-[«-D-
mannopyranosyl-(1—6)-]-«-D-mannopyranoside (1d)

Compound 6 was deacylated to give trisaccharide 1d (80%). R¢ 0.15
(EtOAc/MeOH/H,0O, 7:2:1). oc]zDO + 99.0 (¢ 0.5; water). 'H NMR (500
MHz, D;O) & 5.16 (dd, Jvr = 8.0 Hz, Jv» = 1.8 Hz, 1H; H-1°), 4.80 — 4.64
(m, 2H; H-17, H-2°), 4.57 (as, 1H; H-1), 3.94 (as, 1H; H-2) 3.89 — 3.71 (m,
7H), 3.70 — 3.47 (m, 9H), 3.25 ppm (s, 1H; OCH;). "C NMR (126 MHz,
D,0O) & 100.96 (C-1), 99.44 (C-17), 99.32 (d, ] = 30.4 Hz; C-1°), 89.55 (d, ] =
172.3 Hz; C-27), 79.006, 73.27, 72.71, 70.81, 70.60, 69.96, 69.60 (d, ] = 17.5
Hz; C-3), 69.49, 66.73, 66.60, 65.52, 65.21, 60.95, 60.50, 54.85 ppm (OCH3).
"F NMR (376 MHz, D,O) -204.73 ppm (ddd, Jr> = 49.3 Hz, Ji» = 31.6 Hz,
Jer = 8.0 Hz; 1F; F-2%). HR-MS (ESI) [M+Na]" 7/ caled for Ci9H33015FNa
543.1701; found 543.1709.

NMR experiments
Table S2: 'H and '"F NMR assignment of compounds 1, 2 and 3

Table S2a. 2-F-Mans, compound 1.

Manl ManlIT ManIIl
PUJZ.Z.Z.O” lH 19F lH 19F 1H 19F
1 5.27 5.06 4.90
2 4.81 -204.86 4.75 -205.97 4.89 -204.21
3 3.87 3.83 3.92
4 3.66 3.66 3.86
5 3.75 3.66 3.82
6,6" |3.82,3.73 3.82,3.73 4.03,3.72
Me 3.37
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Table S2b. 2-F-Man, 1.3, compound 2.

Manl ManllT
Position T R q R
1 5.28 491
2 4.81 -204.82 4.87 -204.03
3 3.87 3.92
4 3.65 3.75
5 3.75 3.65
6,6’ 3.81,3.73 3.83,3.73
Me 3.37
Table S2c. 2-F-Man, i, compound 3.
. Manl ManlIIT
Position o= g o R
1 5.07 4.90
2 4.75 -205.86 4.70 -206.00
3 3.83 3.76
4 3.66 3.73
5 3.66 3.75
6,6’ 3.83,3.73 4.00, 3.74
Me 3.37

YF-R; filtered expetiments

The Kp of compounds 1, 1b-d, 2 and 3 was estimated applying a "F-R.
filtered approach. 6-F-ManaOMe, which weakly binds to DC-SIGN, was
selected as the spy molecule. Relaxation rates Ry were determined employing
a CPMG pulse sequence, by fitting the observed "F signal intensity to the
exponential decay curve:

I(t) = Ipe™tR2 = [je ™Rz (1)

where I(t) refers to intensity at time t, I is intensity at t = 0, and R, is
the transversal relaxation rate (R, = 1/T,).

In the limit of fast exchange where the exchange contribution to the
observed transversal relaxation rate R, o is insignificant (Figure S1, a)), the
following equations apply:

Raobs = Rap + (Rop — Ra Db @
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)

Py = [Pl + [L1r + Kp = ([P]r + [L17 + Kp)? — 4[P]7[L]r
2

[L]r

where [P]r and [L]r are the total protein and ligand concentrarion
respectively, [R]; s and [R]; p are the relaxation rates in the free and bound
states, Py 1s the fraction of bound ligand and K, the dissociation constant of
the protein-ligand complex. [R]; ¢ of 6-F-ManaOMe was measured in
absence of the lectin, and Equation 2 was used to estimate Kpand [R],, for
the complex (Figure S1, b)).

Then, K; of compounds 1, 1b-d, 2 and 3 was measured in a competitive
manner. Ry ,ps of 6-F-ManaOMe (spy molecule) in solution with DC-SIGN
ECD was monitored at 5 different competitor concentrations ([/]) in each
case with a fixed [P]r/[L]7 ratio (Figure S1, ¢)), to derive K; by fitting to
Equation 2 with pj, as defined in Equations (4) and (5) (Table 2):

2cos(?/3)VaZ=3b—a

Pp = )
" 3K, + 2 cos(9/3)\/a2 —3b—a
_ _1 [—2a3+9ab-27c _ _
6 = cos (—Zm ),a—KD+KI+[L]T+[I]T [Plr, 5

b = (I]r — [P1r)Kp + ([L]r — [P]1)Kp + K;Kp, ¢ = —K;Kp[P]
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Figure S1. YF-R; filtered experiments. a) Relaxation dispersion experiment for 6-F-

ManaOMe (the spy molecule). Rz ops of the PF nucleus is measured for different values of
wcpmc. Ligand and protein sample concentrations were: [6-F-ManaOMe] = 400 uM, [DC-
SIGN (CRDs)] = 10 uM (counting concentration of CRDs, i.e, 4 CRDs per DC-SIGN
ECD tetramer). For wcpmc > 1000 s, there is virtually negligible exchange contribution to

Ry. Therefore, all the subsequent Ry filtered experiments were carried out with tcpmg =
1/wepmc = 1 ms. b) Kp determination of 6-F-ManaOMe with DC-SIGN. R, was
measured for increasing amounts of [6-F-ManaOMe]/[DC-SIGN (CRDs)] (blue dots). Kp
and Ryp were obtained from fitting to Equation 2, which is valid in the fast-exchange
regime (Rex = 0) [39a]. The predicted values at each [6-F-ManaOMe]/[DC-SIGN (CRDs)]
are shown as red stars for comparison c) Titration curves showing the variation in F-

Rzbs Of the spy molecule 6-F-ManaOMe, when increasing amounts of the competitors (1)
1, 1b-d, 2 and 3 are added to a mixture [6-F-ManaOMe] = 400 uM, [DC-SIGN (CRDs)] =

10 uM.
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MD simulations

1b 1

1-3 branch
Density map of PhiPsi values
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Figure S2. Conformational maps. Density of conformers populations around ¢/ ¢
torsion angles computed for 1 and 1b during a 500 ns MD simulation in explicit TIP3P
water. ¢ and { torsion angles are defined as O5(7)-C1(3)-On(i-1)-Cn(7-1) and C1(5)-Omn(-1)-
Cn(i-1)-C(n-1)(i-1) respectively, where # indicates ring position and 7 a given residue. For
1b, the GLYCAM 06-j [40] forcefield was employed, whereas GAFF2 [44] was used for 1.
The MD protocol in both simulations is described in the Materials and Methods section.
The maps are fairly similar, independently of the employed force field.

Density map of PhiPsi values
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Ligand 1
Manl_03-04 Manl_04-03

Manll_04-03

Ligand 2
Manl_03-04 Manl|_04-03

Ligand 3
Manll_03-04 Manll_04-03

Manlll_O4-03

Figure S3. Selected MD frames: Representative optimized structures of each
proposed binding mode for 1, 2 and 3 in complex with DC-SIGN after system
minimization of the first MD replica.
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Figure S4. MD derived complexes association times: Box plot representation of
association times observed in the MD simulations of the different ligand-protein
complexes. The number of MD replicas ran in each case varies from 6 to 12, depending
on the variability observed. Outliers are represented as red dots.
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Fraction

Fraction

Fraction

Fraction

H-Bonds.

Mani_0-4

H-Bonds

Ligand 1
Manl|_03-04

Other Interactions

Type Ligand Group Amino acid Fraction (%)
CH-Pi Manlll_H6/H6’ Phe313 8

Manl_04-03

Other Interactions

Type Ligand Group Amino acid Fraction (%)

VdW Manl_H-3 Val3s1 21
Vdw Manll_H-4 Val351 29
VdW Manlll_H-3 Val351 27
VdW Manlll_H-5 Val351 23

Manli_03-04

Other Interactions

Type Ligand Group Amino acid Fraction (%)
Vdw Manlll_H-4 Val351 20

Manli_04-03

Other Interactions

Type Ligand Group Amino acid Fraction (%)

Vdw Manl_H-3 Val351 50
vdw Manl_H-5 Val351 15
vdw Manll_H-3 Val351 40
vdw Manlll_H-3 Val351 10
Vdw Manlll_H-4 Val351 13

Ligand 2
Manl_03-04

Manl_04-03

Other Interactions

Type Ligand Group Amino acid Fraction (%)
vdw Manl_H-3 Val351 12
Vdw Manll_H-4 Val351 14
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Ligand 3
Manll_03-04
H-Bonds
S
£ o Type Ligand Group Amino acid Fraction (%)
. CH-Pi Manlll_H-3 Phe313 70
Manll_04-03

Other Interactions

Type Ligand Group Amino acid Fraction (%)
vdw Manll_H-3 Val351 27

Fraction

Manlll_03-04

Fraction

Manlll_04-03
H-Bonds

+a - oz

Figure S5. Ligand-protein interactions: Significant ligand-protein interactions
computed during the MD replicas. The fraction axis shows the percentage of the
simulation time that the interaction is found. Hydrogen-bonds are accounted from the
MD trajectories based on distance and angle criteria: d(A-H-D) <3 A and (A-H-D) <
130°, where H refers to the coordinates of the hydrogen atom, D and A the hydrogen
bond donor and acceptor, respectively. Similarly, CH-Pi interactions are accounted by the
distance of the aromatic ring-center to the hydrogen atom involved in the interaction
according to dRing-H) < 3 A, as well as the C/H/ Ring-center angle (C-H-Ring) > 120°.
Van der Waals interactions are considered when the interatomic distance of the atoms
involved is lower than 1.2 times the sum of the VAW radii of the atoms.

Fraction
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Ligand 1b
Manl_03-04

H-Bonds

o4 Type Ligand Group Amino acid Fraction (%)
II CH-Pi Manlll_H1 Phe313 31
3

Figure S6. Ligand-protein interactions for ligand 1b: Significant ligand-protein
interactions computed during the MD of DC-SIGN bound to 1b 2z Manl_0O3-O4. All
interactions are accounted in the same way as described in Figure S5

Fraction
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a) 1b 1
1-3 branch

Density map of Phi/Psi values Density map of Phi/Psi values

1-4 branch

Density map of Phi/Psi values Density map of Phi/Psi values

b)

b
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Figure S7. Conformational population comparisons: Comparison the populations
around /¢ torsion angles () and the RMSD (b)) of the ligands computed in a 500 ns MD
simulation of 1 and 1b bound vz Manl_03-O4 to DC-SIGN. It can be observed the
larger mobility of the glycomimetic 1 with respect to the natural trimannose 1b at the
binding site when bound through the same pose.
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CORCEMA-ST

The CORCEMA-ST script was ran sequentially for 400-800 frames
extracted from each MD simulation trajectory. The same experimental
parameters employed in the STD-NMR experiments were used in the
calculations: [DC-SIGN] = 9.14 uM, [Ligand] = 1.4 mM, 2 s saturation time.
Different ko, values in the range of 10°-10° M s'and Kp 0.5-3 mM were
tested with all the complexes, giving rise to very similar normalized calculated
STD profiles. Thus, a ko, of 10°M"'s™, of the same order of other sugar-
lectin systems [1,2], was used for all the models. Kp was set to 1 mM, similar
to the observed Kp of other Man derivatives in complex with DC-SIGN [3-
5]. An instantaneous irradiation of the aliphatic receptor residues Ile, Leu,
and Val methylgroups to account for the selective on-resonance irradiation
of the STD-NMR experiment, 0.85 ppm, was used. The size of the relaxation
matrix was adjusted using a distance cutoff, 4, of 10 A away from any ligand
atom, since virtually the same STD profiles were obtained for larger values,
while some differences appeared when 4 < 10 A. The value of the order
parameter S* and the methyl group internal cotrelation time 1. were set to
0.85 and 10 ps respectively, as previously described [6]. A typical value for
the free ligand correlation time 1. = 0.5 ns was used, whereas for the bound
ligand a correlation time assuming a tetrameric protein of globular shape was
estimated as 1, = 85 ns.

Since CORCEMA-ST does not recognize ’F as an active nucleus in the
relaxation matrix, the effect of the presence of an active nuclei at position C-
2 in the 2-F compounds 1, 2 and 3, was assessed by substituting all fluorine
atoms by hydrogens in each analogue, while keeping the original C-F
distance. Then, CORCEMA-ST calculations were ran with the same
parameters described in the previous paragraph. This way, the 'H nucleus is
used as a probe to simulate the most pronounced expectable effect (since it
can give rise to homonuclear cross-relaxation) on the observed STD signals.
Remarkably, it was found that the predicted best fitting models with BM-
Mixer are in general unaffected by the presence of the active nucleus at C-2
for the three ligands (see Table S3).

Best-model STD fitting

BM-Mixer is able to find the best combination of frames (in %) from
different MD trajectories explaining the experimental STD-NMR data. For
the program to work propertly, it is important to use a list of experimental
STDs only containing reliable assigned peaks. In this work, we used the list
provided in Table 1 in the main text, with the exception of compound 3. For
compound 3, the experimental STD cross peak observed for Man IIT at 3.7
ppm could correspond to H-3, H-4, H-5 or H-6. As accounting the
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measured STD intensity as the sum of the individual contribution from four
H atom would potentially introduce noise in the search (see CORCEMA-ST
and best-model STD fitting heading in the experimental section), the
corresponding STD peak was not taken into account in the search for best-
model fitting showed in Figure 4 and Table S2.

There are two main parameters that must be set in a BM-Mixer run:
mix_leap and search_iterator. mix_leap defines the minimum percentage of
frames to be used from each trajectory to explore the different combinations.
For example, setting mix_leap = 5 allows the program to combine frames
from different trajectories using a minimum of 5 % of the frames. Although
it depends on the number of frames and binding modes (trajectories) to work
with, typically a value of mix_leap = 10 is sufficient to get accurate enough
results (according to NOE R-Factorrs) in a decent amount of time.
search_iterator specify how many times the program is run before computing
the final NOE R-Factorra averages. Every time a new iteration start (when
search_iterator > 1), the frames used in each combination are randomly
selected, so that the larger the value of search_iterator, the better sampling of
the trajectory-space is done. In general, we have found that for the studied
systems, when using 400-800 frames of each binding mode trajectory, best
NOE R-Factorra averages are similar when setting search_iterator > 15.

Table S1. Best-model STD fitting by BM-Mixer: Top 3 best-model STD fitting
results for each ligand, found by BM-Mixer. For ligands 1 and 3, 800 frames from each
simulated binding mode were used in the calculations, while 400 frames were employed
for 2. mix_leap was set to 10 for ligands 1 and 3, and to 5 for 2; a search_iterator of 30 was
used in all cases.

Ligand 1
Manl_03-04 (%)  Manl_04-03 (%) Manll_03-04 (%) Manll_04-03 (%)  NOE R-Factorgel
60 0 0 40 0.2010
50 0 0 50 0.2201
40 0 10 50 0.2238
Ligand 2
Manl_03-04 (%) Manl_04-03 (%) NOE R-Factorgel
65 35 0.1380
60 40 0.1396
70 30 0.1575
Ligand 3
Manll_03-04 (%) Manll_04-03 (%) Manlll_03-04 (%) NOE R-Factorgel
50 10 40 0.1470
50 0 50 0.1482
40 10 50 0.1496
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Table S3. Best-model STD fitting by BM-Mixer with non-fluorinated control
Top 3 best-model STD fitting results found by BM-Mixer for each ligand-control
CORCEMA-ST calculated STD. Ligand-controls were built by substituting all fluorine
atoms in the MD trajectories by hydrogens, and then computing CORCEMA-ST on
those. The same BM-Mixer set up described in Table S2 was used.

Ligand 1
Manl_03-04 (%)  Manl_04-03 (%) Manll_03-04 (%) Manll_04-03 (%)  NOE R-Factorgel
60 0 0 40 0.2143
40 0 10 50 0.2212
40 0 10 50 0.2368
Ligand 2
Manl_03-04 (%) Manl_04-03 (%) NOE R-Factorgel
70 30 0.1467
65 35 0.1538
75 25 0.1681
Ligand 3
Manll_03-04 (%) Manll_04-03 (%) Manlll_03-04 (%) NOE R-Factorgel
50 0 50 0.1555
40 10 50 0.1645
50 10 40 0.1654
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Conclusions

CONCLUSIONS

From the work described on this essay, the following foremost
conclusions can be drawn:

» "F-NMR provides a myriad of possibilities to address the study
of carbohydrate-lectin interactions from the point of view of the
ligand. Additionally, it presents a number of important advantages
from a practical perspective too. To name a few, the fluorine
detection in NMR enormously facilitates the spectra
interpretation -especially in cases where several molecules are
present in solution-, circumvents the need of using deuterated
buffers (that are expensive, might harm the receptor, and require
tedious and time consuming procedures of solvent exchange), and
"F-NMR-based experiments can be typically acquired in a
reasonable period of time without requiring complicated
experimental setups (in general).

» The use of a rationally designed library of mono-fluotrinated
monosaccharides -in which each OH group is systematically
substituted by F- in combination with "F-NMR-T} experiments,
have demonstrated to be a simple and versatile approach to
perform screening and chemical-mapping analysis, applicable to
lectins from various sources. In particular, it allowed deducing
that:

o MGL recognizes Gal moieties, pointing out the
importance of the sugar hydroxyls 3 and 4 for binding.

o PSA binds Glc and Man analogues and tolerates OH-by-
F modifications at OH 2 and 3, whereas substitution at
OH 6 seems to reduce binding, which is abolished when
the substitution takes place at position 4.

o GGBP interacts with Glc and Gal monosaccharides, and
only OH 2 and 3 turns out to be crucial for binding (the
pattern is completely opposite to PSA).

» 'The study of the interaction of DC-SIGN with a library of mono-
fluorinated monosaccharides by means of the abovementioned
screening and chemical mapping strategy, revealed the existence
of an alternative binding mode (with respect to the natural sugar)
for the 4F-Man/DC-SIGN complex. 'H-STD experiments and
MD simulations confirmed that the binding pose mimics that of
Fuc/DC-SIGN complexes. These results suggest that both the
crystal-observed and the herein-described binding poses of Man
at the binding site coexist in solution.
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» The 2D-STD-TOCSYreF experiment provides a powerful tool to
help determine the binding epitope of fluorinated ligands in
complex molecules. The H-F heteronuclear correlation
dramatically improves the resolution of the STD-NMR spectra.
Although the overall the sensitivity of the experiment is lower
(which translates into increased acquisition times), the quality of
the obtained STD information significantly outperforms the
sensitivity loss in the study of complex systems.

» A computer program, named BM-Mixer, which allows
disentangling the individual contribution from different binding
modes to the experimental STD of ligands that weakly bind to
receptors in a multi-modal manner, has been written. BM-Mixer
analyzes the ensembles of theoretical STD data from different
binding modes of the ligand-receptor complex, obtained by
means of CORCEMA-ST calculations performed on different
MD trajectories, and compares these with the experimentally
obtained STDs. By performing sequential mixing stages that
exhaustively cover different proportions of the modeled binding
modes to create new combined theoretical STD data sets, which
are evaluated with a NOE R-factor-like function, the program is
capable of finding the contribution from each binding mode that
best fit the experimental STD data.

» In order to interpret the experimental data from the 2D-STD-
TOCSYteF experiments on the DC-SIGN/(2F-Man), system, a
new protocol combining extensive MD simulations, CORCEMA-
ST calculations and BM-Mixer post-processing has been
proposed. This protocol permitted quantitatively analyzing the
STD intensities of the 2D-STD-TOCSYreF experiments,
determining the proportions of each ligand-protein complex
coexisting in solution which best matched the observed STD data.
Interestingly, the most populated complexes were similar to those
found in several X-ray crystallographic structures.
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A.l R equations for YF and 'H
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where ¥ is the gyromagnetic ratio, w is the Larmor frequency of the nucleus,
TH;H; is the internuclear distance between the observed proton nucleus H;
and all neighbor protons Hj, 1py; is the internuclear distance between the
observed fluorine nucleus and all neighbor protons H;, Ao is the chemical

shift anisotropy, N¢sa is the asymmetry parameter, and 7. is the rotational
correlation time. In practice, notice that Aop > Aoy.

Al k., expressions

The ligand and receptor exchange rate constants for the process described
in Equation 16, are:

kgx = kon[P] + koff 3

kgx = kon[L] + koff 4

where k,p is the rate constant of the complex formation, k,¢s the rate

constant of the complex dissociation, and [P] and [L] are the concentrations
of receptor and ligand respectively.
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A.l11l Non-stochastic methods for temperature control

The link between the average kinetic energy (i.e, particle velocities) and
temperature is given by the equipartition theorenr:

2(K)yr  1(mv?) 1 <
T=- == = m;v;° 5
3 Nk; 3 ks  3Nkg Z ’
i=

where (K)yyr is the average kinetic energy. From Equation 5 is easy to

derive a relationship for the change in temperature with a scaling factor A:
N
1 2 2
AT =T, =Ty = 3Nk, (m;(Av;)* — mv;©)
i=1

1
"~ 3Nk

Tr and T are the requested and current system temperature respectively. At

N
Zmiviz(/lz - 1) = TO(AZ - 1)
i=1

each simulation step, velocities of all particles are adjusted using A calculated
from Equation 7.

Other typical approach consists on coupling the system to an imaginary
‘heat bath’ at the desired temperature. This bath is able to remove or supply
heat from the original system as needed on a finite timescale [184]. This way,
the strength of the coupling between the bath and the system is controlled
via a coupling parameter T, so that the scaling factor takes the form:

At T
A= 1+—(GE-—-1 8
T(TO )

where At is the time step of the simulation. This method, which is equivalent
to simply velocity scaling when T = At, allows the temperature to fluctuate
around its requested value, so that the perturbation of the system as a
consequence of the scaling can take place softer than in the previous case.

A.1V The Andersen scheme for temperature control

The Andersen method basically consists on simulating imaginary sporadic
collisions of a heat bath with randomly selected particles of the system,
employing a user-defined collision frequency. The velocity of the selected
particles after each fictitious collision is drawn from a Maxwell-Boltzmann
distribution at the desired temperature. Between collisions, the energy is
constant and the Newtonian motion applies. Therefore, the optimal collision
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rate would be one sufficiently high so that the canonical distribution was
propetly sampled, but without disturbing the system so frequently that the
configurational space was sampled slowly, and the kinetic energy fluctuations
was not able to fluctuate. Different variants of the Andersen thermostat (for
instance, differences in the number of particles that experiences the
imaginary collisions, or the way in which the particles undergoing a collision
are chosen) can be found on different MD simulation programs.

AV Pressure computation

The pressure is usually computed in MD simulations via the virial theorem
of Clausius, and in the case of a real gas or liquid is given by [197]:

1
P=2 NkBT——Z Z Fi(ri—1))] 9

i=1 j=i+1
where F;j is the force acting on molecule i due to molecule j. To notice, the
sum generally include only interactions between molecules, since
intramolecular forces do not contribute to the pressure. Therefore,
coordinates and forces are evaluated at each molecular center of mass.
Equation 9 shows that pressure changes can take place by varying the virial
through scaling of intermolecular distances.

A.VI Monte Carlo barostat

Monte Catlo barostats regulate the pressure of the system by introducing
trial moves on the volume of the periodic box at some fixed time interval.
These trial moves are randomly generated, and are submitted to an
acceptance critetia according to the standard MC probability™. In this case,
the true NPT ensemble is sampled, and the computation is in general
substantially more efficient than for the previous method, since it is not
required to calculate the virial at each time step. The use of stochastic
algorithms alter the true dynamics of the system, which might be distorted
to some extent, preventing the calculation of time-dependent properties.

32 Moves are accepted only if the potential energy of the new configuration (i.e, with
corrected volume) is lower than the previous one, and otherwise according to the probability

given by the Boltzmann factor e~AV/KT,
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