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Abstract: The study of ligand-receptor interactions using high resolution NMR techniques, namely the Saturation
Transfer Difference (STD), is presented for the recognition process between La(lll) complexes of DOTA mono(amide)
and DTPA bis(amide) glycoconjugates and the galactose specific lectin Ricinus Communis agglutinin (RCA;y). This
new class of Gd(l11)-based potential targeted MRI contrast agents (CAs), bearing one or two terminal sugar (galactosyl
or lactosyl) moieties, has been designed for in vivo binding to ASGPR (the asialoglycoprotein receptor), which is
specifically expressed at the surface of liver hepatocytes, with the aim of leading to a new possible diagnosis of liver
pathologies. The in vitro affinity constants of the divalent La(lll)- glycoconjugate complexes to RCA;,, Used as a
simple, water soluble receptor model, were higher than those of the monovalent analogues. The combination of the
experimental data obtained from the STD NMR experiments with molecular modelling protocols (Autodock 4.1)
allowed us to predict the binding mode of mono and divalent forms of these CAs to the galactose 1a binding sites of
RCA5. The atomic details of the molecular interactions allowed corroborating and supporting the interaction of both
the sugar moieties and the linkers with the surface of the protein and thus, their contribution to the observed interaction
stabilities.
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Introduction

Molecular recognition events are of paramount importance in chemistry, biology and biomedicine.
A large variety of techniques allow the elucidation of binding events between a ligand and its
receptor. As key examples, ELISA (Enzyme Linked Immunosorbent Assay(1), Immunoblotting,
RIA (Radioimmuno-assay),(2) affinity chromatography(3) or Surface Plasmon Resonance
experiments (Biacore)(4) are nowadays commonly employed for this task. In recent years, NMR-
based techniques(5) have become increasingly popular when filling in the existing gap for
characterization of molecular binding processes at high resolution. Transferred NOESY,(6) NOE
pumping (7) and WaterLOGSY (8,9) are particular and powerful examples of such approaches.
Among them, the Saturation Transfer Difference (STD) NMR technique is probably one of the most
popular and robust methods.(5, 10-14) This technique allows characterizing ligand binding through

intermolecular saturation transfer and, moreover, allows screening of ligand libraries,(11) as well as

1


https://core.ac.uk/display/55614991?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

calculating affinity constants, and mapping the binding epitope.(5, 12-14) In combination with
ligand-protein docking studies, it may also help to derive a consistent 3D model of the
intermolecular complex.(15-21)

It is obvious that many pathologies share a thin line with molecular recognition events and that
targeting specific receptors is one of the approaches that may be employed to prevent, understand
and control diseases. The development of Magnetic Resonance Imaging (MRI) contrast agents
(CAs) specifically targeted to different tissues has become a priority, and is a most profitable
approach in this context. In particular, and within possible targets, the asialoglycoprotein receptor
(ASGPR) is a lectin-type protein only found at the surface of hepatocytes and macrophages, (22-25)
having a determinant role in the targeting of exogenous compounds to the liver tissues, either for
diagnosis or therapy. Based on this knowledge, a new class of CAs has been recently developed with
the intent to be selectively taken up by ASGPR hepatic receptor.(26-28) DOTA-like chelators [DOTA
= 1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazactclododecane] were attached to sugar moieties,
either galactosyl, glucosyl or lactosyl residues, by pendant arms containing aliphatic chains and amide
bonds, resulting in mono or multivalent glycoconjugate derivative agents. After the development of
the DOTA-based glycoconjugates,(26) DTPA bis(amide)-based glycoconjugates [DTPA =
diethylenetriaminepentaacetic acid] were also devised and studied.(27) In both types of CAs, DOTA-
and DPTA-based chelates, the structural peculiarities are similar: a central reporter group complexing
a paramagnetic metal center (Gd®* for MRI, *Sm®" for y-scintigraphy) with high kinetic and
thermodynamic stability and long linear or branched arms with terminal sugar moieties as targeting
groups (Figure 1).

(Insert Figure 1)

Carbohydrate-protein interactions are relatively weak binding processes. Nevertheless, affinity
enhancement is achieved through multiple and simultaneous interactions of glycosides
(multivalency) with their lectin receptors, a process known as the cluster glycoside effect. (29-32)
In this way, higher valencies of the glycosides produce a synergistic effect in affinity constants when
binding to proteins (i.e., tetra > tri > di > mono).(33,34) However, the way how the sugar based
ligands interact with their lectin receptors in order to increase the binding affinity is still controversial
and, most probably, strongly related with the particular ligand structure.(31) There are two main
mechanisms by which the cluster glycoside effect may take place: intra- or inter-molecular
interactions. The intramolecular binding mode is characterized by the binding of multiple sugar
moieties, within the same glycoside molecule, to multiple binding sites at the same lectin receptor.

Therefore, this binding mode is also termed as chelate-type binding, as the glycoside simulates a
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chelate motif imprisoning the metal atom, in this case, the lectin. Moreover, in order to make this type
of interaction possible, the binding sites on the protein surface should be close enough to each other to
allow simultaneous spanning of the interacting sites by the ligand binding moieties. At the same time,
the ligand arms must be significantly long to reach the different binding sites. A conjugation between
the protein and the ligand morphology must support this type of interaction. There are also other
properties that favour the intramolecular binding mode, such as the presence of an hydrophobic linker,
which may promote this binding mode, by enhancing interactions between the linker and the protein
surface.(31,35,36) On the other hand, under the same conditions, a hydrophilic linker could favour an
intermolecular binding mode, which takes place when a single multivalent glycoside molecule binds
to more than one protein molecule, a process that may finally lead to a precipitate.

In this context, we herein present the lectin binding features of this new class of DOTA and
DTPA-based glycoconjugate CAs and explore the affinity of the multiderivative glycoconjugate
agents to a model lectin receptor. To accomplish this task, four different diamagnetic La(lll) chelate
analogues (diamagnetic chelates were needed in order not to quench the STD NMR effect) of the
Gd(11) compounds of this class of CAs were studied, namely, the monovalent La(DOTAGal) and
La(DOTALac), and the divalent La(DOTALac;) and La(DTPAGal,) (Figure 1). Thus, STD NMR was
chosen to study the binding of the DOTA and DTPA glycoconjugates to a well known lectin, Ricinus
Communis Agglutinin (RCA120), that was used as a model of the hepatic asialoglycoprotein-receptor
(ASGPR). Although the carbohydrate recognition domain (CRD) of the H1 subunit of ASGPR (37)
would be a better model system, RCAj20 was used as a simple model of the membrane ASGPR in the
present proof-of-principle study of the employed methodology because it has galactose binding
affinities in the same range as ASGPR, (38) therefore being largely used for binding assays of
galactose derivatives.(39,40) RCA;2 water solubility also favours the in vitro NMR studies. RCAs20
is a dimeric lectin, consisting of two non-covalently bound ricin-like monomers. In turn, each ricin-
like moiety is composed of two covalently linked heterochains, chain A and chain B. Chain A is
responsible for the catalytic effect that gives this protein its toxic character, while chain B is the lectin
domain, responsible for sugar affinity. Every B-chain has, in principle, two sugar binding sites,
dubbed la and 2y. (41-44) However, the exact number of accessible binding sites in each B-chain of
RCA120 was ultimately confirmed by calorimetric assays to be only one (1a), and its identity revealed
by site mutations.(45-48).

Herein, we present the study, at the molecular level, of the binding mode of these
glycoconjugate derivatives compounds to RCAz by using a combination of STD NMR data with
molecular modelling protocols, namely docking calculations.



Materials and Methods

Samples: The DOTA and DTPA glycoconjugate derivatives and their La(lll) complexes were synthesised
and characterized as described previously.(26, 27) The La(lll) complexes were dissolved as 99.9% D,0 /
10% PBS buffered solutions. Ricinus communis agglutinin (RCA) was isolated as previously
described.(49) The protein was dissolved in 99.96% D,O (purchased from Sigma-Aldrich) in the absence of
buffer. Proteins concentration ranged from 10-25 uM depending on the compound studied and the expected
affinity to the protein, in order to achieve a large range of ligand excess. The concentration of the ligands
were selected in order to obtain the majority of the Astp points at the beginning of the saturation curve, with
ligand excess raging from 10 to 50, and a point of large ligand excess, over 200, was also obtained to define
the “plateau” region of the curve. The concentration of the protein and ligand was not constant for every
compound, and were defined according to the desired ligand excess ratio and the available quantities.

NMR studies: All '"H NMR spectra were acquired using a 5 mm pulse field gradient (PFG) triple resonance
inverse probe on a Varian NMRS-600 NMR Spectrometer working at 599.72 MHz. For each sample an one-
dimensional (1D) *H spectrum was obtained, and the spectral assignments from the literature (12,26,27) were
used after being confirmed by two dimensional (2D) gCOSY spectra (data not shown). Saturation transfer
difference (STD) NMR spectra were then acquired, where the Double Pulse Field Gradient Spin Echo
(DPFGSE) sequence (50) was used for water suppression. Since in our NMR system the STD NMR spectra
are acquired directly from phase cycling, the *H 1D NMR spectra were used as off-resonance references in
order to calculate the STD amplification factor.(12) All spectra were acquired using the same parameters:
equal spectrometer gain value, spectral window of 8 kHz, number of scans varied between 128 and 256 for
1D 'H spectra and between 1024 and 2048 in the STD NMR spectra, a previously calibrated spin-lock filter
(T,,) of 30 ms was used to remove protein resonances, the acquisition time was 1 second and the repetition
time was 3.5 seconds. STD experiments were performed using a saturation delay of 2.5 seconds. In order to
compare the reference spectra with the STD NMR spectra, the different number of acquisitions was
normalized according to equation (1),

| .-y X 2% scans

Rel. STD %= STD reference O
I % scansgp

where lstp is the peak intensity of the STD NMR spectra, 10 is the intensity of the peaks in the 1H reference

spectra. Then, the peak intensities were normalized to the amplification factor STD (Astp), equation (2),

A= Rel. STD % x Lig. Exc. @)

Binding Studies: Affinity constant (Kp) estimation was performed by studying the build up behaviour of the
STD NMR spectra in conditions of constant protein concentration and increasing ligand concentration. The Kp

values were estimated by fitting the plotted data points to the one-site binding model, (13, 16) equation (3)



where astp is the maximum Astp and [L] is the total ligand concentration. Plots and fits were obtained using
GnuPlot v4.2-3.
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Docking Calculations: Automated docking was performed using Autodock 4.1(51) and the Lamarckian
Genetic Algorithm (52) as searching procedure. The PDB file corresponding to the protein used, RCA;», was
1RZO. The protein model was kept rigid, torsions were allowed only at the ligand level. Due to the large
number of torsion and the size of the ligands, only the sugar moiety and the adjacent arms were docked. Thus,
the reporter groups (DOTA and DTPA) were removed and, in the case of divalent ligands, just one of the arms
was considered. La(lll) ligand chelates were three-dimensionally designed using Maestro Schrddinger
Software.(53) For glycoconjugate derivatives grid maps were constructed using 50 x 50 x 50 points, with grid
box point spacing of 0.303 A and centred some points below the binding site. The size of the initial random
population was set differently for each compound, 150 for La(DOTAGal) and 50 for La(DTPAGal,). The other
parameters were set common for all runs, the maximum number of generations was 27000, the elitism was 1,
the probability of a gene to undergo a random change was 0.02 and the crossover probability was 0.80. Fifty
docking runs were performed. The maximum number of generations was reached for these calculations and the
total evaluations was kept around 1.1 x 10”. For galactose calculations, grid maps were constructed using 40 x
40 x 40 points, with grid box point spacing of 0.336 A and centred at the ligand that was placed in the binding
site in the PDB file by default. The size of the initial random population was 50 individuals, the maximum
number of energy evaluations was 1.5 x 10, the maximum number of generations was 40000, the elitism was
1, the probability that a gene would undergo a random change was 0.02 and the crossover probability was 0.80.

Fifty docking runs were performed. The results were clustered using a r.m.s.d. cutoff of 0.5 A,

Results and Discussion

Figure 2 represents both the 'H 1D and the STD NMR spectra of the four La(lll) complexed
glycoconjugates in the presence of RCAs2. Resonances from the *H spectra were assigned based on
previous publications (12,26,27) and on gCOSY analysis. The resonances are identified in Figure 2,
following the proton numbering schemes shown in Figure 1. The sugar resonances are the main
visible resonances in the STD NMR spectra, thus proving that these DOTA/DTPA branched
glycoconjugate derivatives specifically interact with RCAuz through the sugar moieties. Due to the
nature of the STD experiment, it is possible to characterize the binding epitope of the ligand for a
particular interaction. Table 1 summarises the determined saturation profiles (relative STD%) for the
sugar and linker protons of the four compounds studied. H protons refer to the protons from the
galactosyl residue, while H' protons refer to those of the glucosyl residues, in the case of lactosyl
derivatives. The evaluation of the saturation profile of the six (twelve) groups of protons from the



(Insert Figure 2)

galactosyl (lactosyl) residues proves that the sugar protons that remain closer to the protein are always
H3 and H2 galactosyl residues, with H4 also experiencing great transfer of saturation.(49) On the
other hand, protons H5 and H6/6' seem to remain somehow further from the protein surface, since
weaker STD effects were observed. The percentage of transferred saturation for protons H5/5'
H66%6'6" and H3/3" in the case of lactosyl derivatives was not considered because these peaks are
superimposed with each other. The binding epitope revealed for these glycoconjugates is in agreement
with the expected epitope on the basis of previous studies for this type of interactions.(12,29) The
anomeric protons were not considered in the group epitope mapping evaluations, because the
DPFGSE water suppression scheme dramatically affected its intensity. Noteworthy, additional STD

effects were observed for the linker protons (see Figure 2), which will be discussed later.
(Insert Table 1)

After normalization of the acquired data points to the STD amplification factors (Astp),(12) the
plots of Asrp versus ligand concentration (uM) were drawn and fit to a one-site binding model.
Figure 3 represents the two plots from the galactosyl and lactosyl derivatives, each one representing
both monovalent and divalent forms. Table 2 summarises the values of the affinity constants
estimated for the corresponding interactions with the lectin. To estimate the affinity constants for
the different compounds, the data points obtained from the H3 protons of the galactosyl derivatives
were used for the calculations since they showed the highest degree of saturation, thus allowing a
more accurate Kp estimation.(16,17) Also, due to degeneration of different proton resonances in the
spectra of the lactosyl derivatives, the affinity constant for these compounds was estimated
according to the data obtained from the galactosyl H4 proton, which remained fairly isolated.
However, taking into account the recently published detailed analysis of the factors affecting the
determination of ligand—receptor dissociation constants by STD NMR titration experiments,(17) the
Kp determinations presented here have to be considered as approximations of the real values. The
calculated Kp values (Table 2) reflect an increase in binding affinity for both divalent compounds
relative to the monovalent ones, also evidenced by the lower Astp values output by the fitting
curves, with a substantial decrease of the dissociation rate (ko) with respect to that of the
monovalent analogues, as it is rather unlikely that, when completely bound, both sugar residues of
the divalent compounds simultaneously dissociate from the two binding sites.(5)

(Insert Table 2 and Figure 3)



The stronger binding of the divalent compounds to the lectin clearly observed in the present
experiments, is in agreement with previous in vivo studies, where the higher affinity of the
multivalent forms of this type of glycoconjugate derivatives showed a more rapid incorporation by
the liver than the monovalent forms.(54)

The STD NMR spectra provided additional information on the slightly different interaction
features for the mono and divalent molecules with RCA;2. For the monovalent compounds,
La(DOTAGal) and La(DOTALac) (Figure 2A,B), the resonances from protons j and k in the linker
arms are barely visible. On the other hand, several proton resonances are clearly visible in the STD
NMR spectra of the divalent compounds, and it is possible to measure the saturation profiles of
resonances n and o for La(DOTALac;) and resonances |, gj and hi for La(DTPAGal,). The
calculated GEM values for protons n and o of La(DOTALac;) were 37% and 44% respectively,
normalized to H2. In the case of La(DTPAGal,) | was measured to have 29% of saturation and gj
and hi, 37% and 28%, respectively, normalized to H3 (Table 1). Although we have to consider that
the gj and hi signal contribution comes from 8 protons, we cannot neglect that the linkers of these
divalent compounds interact with the lectin surface.

An hydrophobic linker is more prone to establish interactions with a lectin protein surface than a
hydrophilic one.(55) In fact, the La(DTPAGal,) linker is longer and more hydrophobic, when
compared with the linker (protons g to j) of La(DOTALac,). It also displays more torsional degrees
of freedom in solution, thus facilitating the interaction with the surface of the protein. That might
explain why we do not observe an interaction of the protons g-j of La(DOTALac;) with the protein.

The presence of hydrophobic interactions between a given ligand and the neighboring regions of
the sugar binding site in the lectin surface has already been reported.(31,35) Although very
frequently this type of binding features has been associated to intramolecular, or chelate-type,
binding modes,(55,56) the 3D structure of the RCA12o protein does not allow such type of binding.
The X-ray diffraction structure available for RCAs2 (pdb file 1RZO) shows a dimer of AB ricin
heterodimers in the crystal. In fact, the distance between the two galactose binding sites within one
heterodimer is 36 A, too far for the two arms of the divalent ligands to span them and account for a
possible simultaneous intramolecular effect. Moreover, the distance between the two closest
galactose binding sites, each one on each B-chain subunit of the two dimers, is even larger, of more
than 50 A. Thus, the ten-fold increased affinity of the divalent compounds to the lectin relative to
the monovalent compounds cannot be explained by an intramolecular mechanism of a cluster
glycoside effect. In the case of an intermolecular mechanism, lectin-lectin interactions and finally
precipitation should occur to produce the increased affinity, which was not observed in the present
case. Therefore, with the available data, the statistical effect of the multiple carbohydrate epitopes



present, together with the interaction of the linkers with the protein surface (see later) is considered
to be responsible for the observed increased affinity.

(Insert Figure 4 and 5)

The empirical results of the STD experiments were substantiated with a 3D model of the
complex, by using molecular modelling calculations based on Autodock 4.1.(51) Docking
calculations were then performed for La(DTPAGal,) with the RCA12 binding site 1o, considering
only one of the sugar arms, following the protocol stated in the Experimental Section. The highest
rank cluster encompassed eight possible binding conformations, with the output geometries
clustered using a root-mean-square deviation (r.m.s.d.) of 2 A. Three out of the eight calculated
conformers were selected according to the orientation of the sugar moiety inside the binding pocket,
and considering they keep conformity with the STD NMR results and with the chemical nature of
the molecule itself. Indeed, the obtained binding mode was completely in agreement with that
obtained for an isolated galactosyl moiety, thus validating the orientation of the saccharide residue
of La(DTPAGal,) within the binding site. Figure 4A shows one representative structure of the
selected cluster, while Figure 4B represents three superimposed structures of the above mentioned
calculations. The galactosyl residues from the different runs, including that for a single galactose
moiety, are oriented in a similar manner, although they are not perfectly superimposed. Nonetheless,
all the intermolecular hydrogen bonds that occur for galactose binding also take place for the
different solutions for this glycoconjugate. With respect to the interactions of the linker with the
protein surface, the obtained models set the long hydrophobic linker of the La(DTPAGal,) chelate
close to a hydrophobic region of the protein surface, thus interacting with the side chains of
different aminoacids. Due to the size of the docked ligand, the obtained structures can be considered
as a good approximation of the interaction mode, which can not be seen within the concept of a
rigid, static representation. \ery probably, different orientations of the linker may be adopted to

properly interact with the lectin, as suggested by the docking calculations.

(Insert Table 3)

Docking studies of the La(DOTAGal) single-arm molecule with the RCA;2 binding site 1a were
also performed, as described in the Experimental Section. Only the structures, which fit the STD
data, were selected for further analysis (Figure 5). In this case, the STD data suggested very weak
interactions between the linker of these monovalent derivatives and the protein surface. Again, the

same region of the protein was targeted by the linker, as for La(DTPAGal,). It can be observed that



the charged regions of the linker were placed near the charged atoms of the surface amino acids,
which could stabilize the conformation by polar interactions. H-H distances between the linkers of
both docking results of La(DTPAGal2) and La(DOTAGal) and the RCA12 binding site 1a surface
were measured using Autodock 4 (Table 3). In average, the protons f-k of the hydrophobic patch at
La(DTPAGal,) linker are closer to the protein surface protons (calculated average distance of 2.9 A)
than the protons i-h of the polar linker of La(DOTAGal) (calculated average distance of 5.8 A). In
fact, as one moves from the sugar moiety of the molecule, the polar linker of La(DOTAGal) tends to
move away from the protein surface, whereas the hydrophobic parts of the La(DTPAGalk) linker far
from the sugar moiety stay quite close to the protein surface.

(Insert Table 4)

Finally, Table 4 shows the output values for the calculated binding structures of
La(DOTAGal) and La(DTPAGal,). The intermolecular energy is lower in La(DOTAGal) and
La(DTPAGal,) runs when compared to the single galactose molecule. As expected from the higher
number of torsions, the average internal energy upon binding is lower in the La(DTPAGal,) runs
than in the La(DOTAGal). The values should be regarded as merely qualitative, given the
simplification of the employed model. The affinity of galactose to RCAsz is 2.2 x 10° M™,(46) a
value which lies between the calculated values for the mono- and divalent compounds, in

qualitative agreement with the estimated free energies obtained by docking calculations.

Conclusion

An STD NMR analysis has shown that the divalent La(DTPAGal;) and La(DOTALacy)
glycoconjugate derivatives have higher affinity for the RCAi lectin than their monovalent
La(DOTAGal) and La(DOTALac) analogues. This effect is therefore concordant with the results
observed in in vivo binding studies to hepatocyte cells with the corresponding *>*Sm** chelates.(54)
The so-called cluster glycoside effect may be invoked to explain the observations. Our present
studies have tried to clarify the binding mode of this new class of potential liver imaging agents,
using the RCAy2 lectin as a simple model receptor, in order to provide new insights into the
development of lead compounds and/or optimization of those already developed. The STD NMR
data, assisted by docking calculations, suggest the existence of interactions between the linkers of
the divalent compounds and the protein surface.

The structural features of RCA;z and the glycoconjugate imaging agents used in this work
preclude the existence of an intramolecular binding process. An intermolecular type of binding
cannot be considered, as it would imply protein clustering and precipitation, which did not occur in
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the experimental conditions used. Taking into consideration the STD NMR data and the docking
results obtained, we can conclude that the main interaction between these ligands and the lectin
protein occurs through the sugar residues, through a combination of hydrogen bonds, van der Waals
forces and CH-n stacking interactions,(57,58) but the hydrophobic linker arms also interact with the
protein surface, specially for the divalent agents. These interactions, together with a statistical effect
of the presence of multiple carbohydrate epitopes, are considered to be responsible for the increased
affinity of the divalent compounds to the lectin. We believe that the approach to study CA — target
protein interactions combining NMR and modelling tools, proposed and exemplified in this work
for the first time, can be very useful in the design of novel targeted MRI contrast agents. In
particular, novel design and production of high affinity glycoconjugates, such these ones, to interact
with lectins, should focus on the optimization of the linker arms, as a protein binding complement
to the sugar residues, regarding their length, flexibility and chemical nature. Such approach will aim
at increasing entropic and enthalpic savings that derive from the linker. A good knowledge of the
structure of the target receptor is also of extreme importance in order to design specific and protein-
directed ligands.
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Figure 1. Chemical structures and proton numbering scheme of the DOTA and DTPA glycoconjugates.

Table 1. Summary of the characterised binding epitopes with STD values relative to
H2 or H3 in percentage (%).

Protons La(DOTAGal) La(DPTAGal), La(DOTALac) La(DOTALac,)
H2 94 95 100 100
H3 100 100 - -
H4 93 64 68 94

H5 H6%/6" 64 65 - -
H2’ 72 80
H4’ 37 34

k 11
j 10
hi 28
gj 37
| 29
n 37
44

0
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Figure 2. *H 1D (top) and STD NMR (bottom) of (A) La(DOTAGal) 0.82 mM (B) La(DOTALac) 6.2 mM (C) La(DOTALac,) 1.1
mM (D) La(DTPAGal,) 0.58 mM in the presence of RCA;,, with the following concentrations (A) 25 uM (B) 10 uM (C) 15 uM and
(D) 15 uM. Selective saturation (2.5 s) was performed at the aromatic region of the protein. The spin-lock pulse was calibrated to

avoid unwanted protein resonances.
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Figure 3. Direct determination of the Ky values of La(lll) complexes of (A) DOTAGal (e) and DTPAGal, (A) glycoconjugates and
(B) DOTALac (e) and DOTALac, (A ) binding to RCA;y by fitting the acquired data points to equation 2.

Table 2. Individual Kp, values for the protons of the
glycoconjugate compounds obtained from the STD NMR
experiments.

Individual Kp Max. STD

Proton e
value [mM] amplification Factor
(La)DOTAGal-H3 1.66 6.5
(La)DTPAGal-H3 0.15 1.6
(La)DOTALac-H4 1.16 5.8
(La)DOTALac,-H4 0.12 2.2
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Figure 4. Automated docking structures of one arm of La(DTPAGal,) in the binding site 1o of the Ricinus communis Agglutinin. (A)
shows in green one of the resulted runs (B) the three most reliable runs. The single docked galactose molecule was also superimposed
to allow a better comparison, and it is displayed in orange. Marked in yellow are the hydrogen bonds considered between the ligand
and the protein, involving OH2 and Lys40, OH3 and Asn46, OH4 and Gly25, OH6 and GIn35. CH-n stacking interactions with
Trp37 also take place. [52]

16



(1) (3)

Figure 5. Docking results of the sugar-linker moiety of La(DOTAGal). (A) represents one of the docked results and (B) represents the
superimposed view of all the selected possible structures. The number of torsional bonds was 13.
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Table 3. H-H linker-protein distance of docked arms of (La)DOTAGal and (La)DTPAGal2. Distances
were measured relative to Ca G25, CP E26 and CP E27 and are presented as average values.

(La)DOTAGal (La)DTPAGal,
Protons Distance (A) Protons Distance(A)
k 3.2 m 2.8
j 4.1 | 3
i 5.2 i-h 2.9
h 6 ¢ 3.1

Table 4. Calculated energies for the ‘single arm’ of La(DOTAGal) and La(DTPAGal.) (kcal.mol™)

Run Intermolecular Internal Energy Torsional Free Unbound System Estimated free energy
La(DOTAGal)/ Energy Energy Energy
La(DTPAGal,)
Run1 -8.62 -1.55 +3.57 -0.46 -6.14
Run2 -7.01 -2.48 +3.57 -0.46 -5,47
Run 3 -8,16 -1.45 +3.57 -0.46 -5.58
Run 4 -8.73 -1.56 +3.57 -0.46 -6.25
Run1 -8.60 -1.82 +4.39 -0.60 -5.43
Run2 -9.13 -1.62 +4.39 -0.60 -5.76
Run 3 -7.86 -1.78 +4.39 -0.60 -4.65
Galactose -6.69 -1.49 1.65 -0.37 -6.16
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