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effectively binds to Siglec-9 expressed on the surface of
Chinese hamster ovary (CHO) cells even in the presence of cis
ligands, which triggers a rapid endocytic response.17 Moreover,
BTCNeu5Ac attached to a lipopeptide efficiently blocks ligand-
binding to Siglec-9 expressed in neutrophils, inhibiting
proinflammatory signals and inflammation induced by
COVID-19.18 Lipid-linked glycopeptides decorated with
BTCNeu5Ac can also be inserted into the cell membrane of
macrophages and outcompete cis glycan binders of Siglec-9,
suppressing macrophage activity.19

Given the array of applications that BTCNeu5Ac displays, we
herein disclose the structural and conformational determinants
of the interaction of BTCNeu5Ac with Siglec-9, using nuclear
magnetic resonance (NMR) methods, from both the ligands
and receptors perspective. Additionally, following the analo-
gous approach, we have analyzed the interaction of the 9N-[5-
(2-methylthiazol-4-yl)thiophene sulfonamide]-Neu5Acα(2−
6)Galβ(1−4)GlcNAc analogue (MTTSNeu5Ac), which is
modified at the C9 of the sialic acid15 (Figure 1). In the
absence of any three-dimensional structure for the ECD of
Siglec-9, we have assigned the amino acid backbone in the
NMR spectrum of the variable (V)-immunoglobulin (Ig)-set
domain of Siglec-9 (Siglec-9d1), which harbors the carbohy-
drate recognition domain.20,21 The NMR assignment of the
protein backbone has allowed us to track the changes in the V-
set domain upon ligand binding by using the chemical shift
perturbation (CSP)-NMR methodology. The affinities for
Siglec-9 of MTTCNeu5Ac and BTCNeu5Ac are in the low
micromolar range, as calculated from the experimentally
derived CSPs and by isothermal titration calorimetry (ITC).
Interestingly, MTTCNeu5Ac (KD = 9.6 ± 0.8 μM determined by
ITC) has shown approximately 2-fold higher affinity toward
Siglec-9 than BTCNeu5Ac (KD = 19.5 ± 1.3). Both exhibit >20-

fold higher affinity for Siglec-9 than the glycan with
unsubstituted Neu5Ac.22 For interpretation of the results,
docking and molecular dynamics (MD) calculations have also
been performed. Based on a 76% amino acid sequence
similarity, the three-dimensional (3D) model of the Siglec-9 V-
set domain was generated from the crystal structure of Siglec-
7.23 Overall, Siglec-9 possesses a long and flexible B−C′ loop,
composed of three extra aromatic amino acids in comparison
with Siglec-7. This feature makes the accommodation of
Neu5Ac containing aromatic moieties at position C5 suitable.

■ RESULTS
NMR Assignment of the Backbone 1H and 15N Nuclei

of the Siglec-9 V-Ig Domain. The resonances of the
backbone 1H, 15N, and 13C nuclei of the Siglec-9 V-set domain
(Siglec-9d1) were assigned using recombinant isotopically
labeled protein expressed in the folded form24 together with
well-established triple resonance three-dimensional NMR
methods (Figure S1). During the assignment of Siglec-9d1, a
peak doubling was unexpectedly observed for several amino
acid residues. As the largest chemical shift deviations between
the two sets of signal occur in the B′−C loop and four proline
residues (P40, P46, P53, and P55) are located in this loop
(Figure 2A), the signal doubling was suspected to be caused by
a Pro cis/trans isomerization event.25 The 13C chemical shifts
of these prolines indeed confirmed that the signal doubling was
caused by the P53 residue (observed δ cis Cβ = 33.8 ppm, δ
trans Cβ = 31.4 ppm obtained from a CBCA(CO)NH), which
are typical values for cis- and trans-Pro peptide bonds (average
δ cis Cβ = 34.2 ppm, δ trans Cβ = 31.8 ppm).23,25 It was
concluded that 71% of the species corresponded to cis P53
while 29% corresponded to the trans form. The use of a P53S
mutant allowed assignment of the doubled peaks (Figure 2B),

Figure 1. Studied natural and synthetic sialoglycans. The chemical structures of the sialoglycans studied here are shown. Monossacharides are also
represented with the symbol nomenclature for glycans (SNFG).
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and only one set of signals corresponding to the trans
conformation was left. Some residues, especially those adjacent
to P53 within the B′−C loop but also others relatively distant
in the primary sequence, presented peak doubling (Figure 2B).
The relative intensities showed that the equilibrium is shifted
toward a major cis conformer.

The Epitopes of the Glycans Recognized by Siglec-9.
Saturation transfer difference (STD)-NMR experiments were
carried out with each of the BTCNeu5Ac and MTTSNeu5Ac and

the full extracellular domain (EDC) of Siglec-9 containing the
V-set and two C2-set Ig-like domains (Siglec-9d1‑d3) to map the
ligand binding epitopes. The success of STD-NMR and
trNOESY experiments depends, among other factors, on the
rotational correlation time of the receptor, which is dependent
on its molecular size. Thus, the complete ECD instead of the
simple V-Ig domain was employed to carry out these
experiments to improve the signal-to-noise ratio in the STD-
NMR and trNOESY experiments. For comparison purposes,

Figure 2. Amino acid sequence assignment of the Siglec-9d1 protein backbone and observed peak doubling. (A) Combined 1H and 15N chemical
shift differences between the two sets of observed amide backbone resonances plotted over the residue number. Unassigned backbone residues are
indicated by asterisks and proline residues with P. (B) Homology model of Siglec-9d1 (residues 18−142) generated by RoseTTA Fold32,56 depicted
in cartoon representation. Conserved β-strands are labeled with letters. Residues with peak doubling are colored in cyan, while prolines shown as
sticks are colored in red. (C) Close-up view of the B′−C loop. (D) 13C axis of a 3D CBCA(CO)NH spectrum of Siglec-9d1 of both signals sets for
residues Gly54 and Val57 showing the different Cβ chemical shifts of Pro53 and Pro55, respectively. The major form is indicated by set a, the
minor form by set b. (E) Comparison of the 1H−15N HSQC spectra of Siglec-9d1 and a P53S point mutant protein that does not display the cis-Pro
peptide bond.
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the binding of the same Siglec-9 construct to the natural
α2,3SLN (Neu5Acα(2-3)Galβ(1-4)GlcNAc(β1-OEtN3),
α2,6SLN (Neu5Acα(2-6)Galβ(1-4)GlcNAc), sLeX (Neu5Ac-
(α2-3)Gal(β1-4)[Fuc(1-3)]GlcNAc), and 6-O-sulfated sLeX
(Neu5Acα(2-6)Galβ(1-4)6-O-sulfoGlcNAc(β1-OPrNH2) li-
gands were assessed in separate experiments using the same
methodology. As a control experiment, the binding of sLeX to
mVENUS did not produce any STD NMR signals (Figure S2).
Furthermore, the comparison of the binding epitope obtained
by employing the full ECD domain as a receptor yielded results
consistent with those obtained when the single V-Ig domain
was used (Figure S2), confirming that the binding specificity of
the tested sialoside ligands corresponds to the V-Ig domain.
The analysis of the data (Tables S1−S5 and Figure S3) showed
that, in all cases, the sialic acid moiety gives the highest STD
intensities among the natural ligands, with the largest relative
STD intensity for the N-acetyl group (Figure 3A). Never-
theless, H6, H7, and H9S of the Neu5Ac glycerol moiety also
displayed high intensities, indicating the importance of the
lateral chain for binding.26 The Gal moiety never displayed
significant STD levels, while the GlcNAc moiety ring at the
reducing end showed only marginal STD signals.

For BTCNeu5Ac, the benzhydryl scaffold showed the highest
STD intensities, followed by proton at the triazole ring (Figure
3B). The methylene moiety did not show significant saturation

levels, while the sialic acid moiety also displayed large
intensities. For MTTSNeu5Ac, all protons at the 5-(2-
methylthiazol-4-yl)thiophene presented very similar and high
STD intensities, even larger than those of the N-acetyl group of
Neu5Ac (Figure 3B). Interestingly, for both of these
Neu5Acα2,6Gal-linked synthetic analogues, very similar STD
patterns were found for the Gal and Glc/GlcNAc moieties. In
contrast to the observations for the α2,3-linked moieties, the
N-acetyl group at the GlcNAc moiety of MTTSNeu5Ac showed
significant STD intensity, suggesting that the N-acetyl GlcNAc
group of this analogue provides some contacts to Siglec-9.

Conformational Analysis of the Glycans Recognized
by Siglec-9. The conformational analysis of the α2,3SLN,
α2,6SLN, and sLeX ligands in free solution has been
extensively analyzed, showing that these trisaccharides display
a conformational equilibrium in solution, especially around the
Neu5Ac-Gal linkages.27 Here, we analyzed the conformation of
these ligands in the presence of Siglec-9d1‑d3 (Figure S4). Only
the key H3Gal-H8Neu5Ac NOE remained visible for α2,3SLN
and sLeX in the presence of Siglec-9, while the alternative
H3Gal-H3Neu5Ac NOE vanished. These experimental data
strongly suggest that only the Φ/Ψ −60/0° geometry around
the Neu5Acα2,3Gal glycosidic linkage is recognized by Siglec-
9. For the Gal(β1,4)GlcNAc glycosidic linkage, the expected
H1Gal-H4GlcNAc and H1Gal-H6GlcNAc NOEs were ob-

Figure 3. STD-NMR epitope mapping of α2,3SLN, α2,6SLN, sLeX, BTCNeu5Ac, and MTTSNeu5Ac sialoglycans. (A) Reference off-resonance
spectrum (black) and STD-NMR spectra with 50× amplification (cyan) of the Siglec-9d1-d3 and α2,3SLN, α2,6SLN, or sLeX in molar ratio of 1:40
(Siglec-9: ligand). STD-based epitope mapping for α2,3SLN, α2,6SLN, or sLeX are also indicated. (B, left) Reference off-resonance spectrum
(black) and STD-NMR spectra (50×; cyan) of the Siglec-9d1-d3 and BTCNeu5Ac in molar ratio of 1:40 (Siglec-9/ligand). (Right) STD-NMR
spectra (25×; cyan) of Siglec-9 and MTTSNeu5Ac in in molar ratio of 1:40 (Siglec-9: ligand). STD-based epitope mapping in BTCNeu5Ac and
MTTSNeu5Ac are indicated. The relative STD response is color-coded according to the legend.
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served, highlighting the recognition of the typical syn-exo
anomeric conformation around this linkage.27 Moreover, for
sLeX, regarding the Fuc/GlcNAc glycosidic linkage, the
presence of the key H5Fuc-H2Gal NOE (Figure S4) indicates
that the preferred geometry characterized by the presence of a
nonconventional CH−O hydrogen bond between the C5−H5
of Fuc and the O5 of Gal is maintained also in the bound
state.28 Therefore, a conformational selection process is likely
to take place around the flexible Neu5Acα2,3Gal linkage, while
the geometries for the LacNAc (in α2,3SLN) and LeX core (in
sLeX) are kept in their global energetic minima regions.

The highly flexible Neu5Acα2,6Gal linkage in BTCNeu5Ac
and MTTSNeu5Ac present several interglycosidic NOEs in their
Siglec-9d1-bound states between H8Neu5Ac−H6proRGal,
H3eq/axNeu5Ac−H4Gal, and H3axNeu5Ac−H6proRGal (Figure
S5), suggesting the tg (Φ/Ψ/ω −60/180°/180°) as the bound
major conformer for both molecules (Figure S5). In contrast,
the H3eq/axNeu5Ac−H6 proRGal and H3axNeu5Ac−H6proRGal
cross-peaks are not present in the free form, while the
H8Neu5Ac−H6proRGal NOE is significantly less intense
(Figure S4), pointing out the occurrence of the conformational
selection process that picks the tg conformation.27

In the presence of Siglec-9d1‑d3, the aromatic protons
attached to the HN amide at C5 of BTCNeu5Ac, show a
number of intramolecular NOEs to H9, H7, and H6 at the
glycerol side chain of Neu5Ac, which were absent in the
NOESY recorded for the ligand in the free-state (Figure S5).
For the MTTSNeu5Ac analogue, a H4thiophene−H4thiazole
NOE (corresponding to a distance of 2.2 Å) was evidenced in
the bound form, which was not observed in the free state
(Figure S5). Similarly, additional cross-peaks were detected
between the H3thiophene−H9proS/RNeu5Ac and H3thio-
phene−H8Neu5Ac proton pairs, further confirming the
selection of Siglec-9 for the tg conformer of MTTSNeu5Ac.

Therefore, similar to that concluded for the natural glycans,
conformational selection events are also likely to take place for
BTCNeu5Ac and MTTSNeu5Ac upon binding to Siglec-9. In
principle, this restriction of motion between the free and
bound states should be accompanied by an entropy penalty.

Thermodynamics of the Interaction between Siglec-9
and the Glycomimetics BTCNeu5Ac and MTTSNeu5Ac.
Additional information about the affinity and the thermody-
namic profile of the interaction of Siglec-9 with BTCNeu5Ac
and MTTSNeu5Ac was gained through isothermal titration
calorimetry (ITC) experiments. In both cases, the obtained
dissociation constants (KD) were in the low micromolarity
range (Figure 4). Interestingly, although both glycomimetics
displayed very similar ΔG values, deviating by less than 0.5
kcal/mol, notable differences were found in their entropic and
enthalpic contribution profiles. In any case, the typical
enthalpy−entropy compensation phenomenon described for
glycan−lectin binding29 was evidenced here (Figure 4).
BTCNeu5Ac presented a slightly lesser entropy penalty
(−TΔS = 1.3 kcal/mol) than MTTSNeu5Ac (−TΔS = 3.3
kcal/mol). However, MTTSNeu5Ac showed a considerably
better enthalpy contribution (ΔH = −10.2 kcal/mol) than
BTCNeu5Ac (ΔH = −7.7 kcal/mol).

Mapping the Amino Acid Residues of Siglec-9
Involved in Sialoside Binding. Titration 1H−15N HSQC
experiments were carried out for BTCNeu5Ac and MTTSNeu5Ac
interacting with 15N labeled Siglec-9d1 (Figure 5). The analysis
of the chemical shift perturbations (CSP) in the HSQC cross

peaks of Siglec-9d1 allowed deducing of the regions of the V-set
domain involved in binding. For comparison, we also analyzed
the CSPs on Siglec-9 triggered by binding to α2,3SLN,
α2,6SLN, sLeX, and 6-O-sulfated sLeX.

The chemical exchange rate of the interaction between
Siglec-9d1 and the natural sialoglycan ligands α2,3SLN,
α2,6SLN, sLeX, and 6-O-sulfated sLeX was for most of the
1H−15N resonances, within the fast exchange regime in the
chemical shift time scale, suggesting that the corresponding
dissociation constants are within the high micromolar to
millimolar range. As described above, the cis−trans isomer-
ization equilibrium around the amide linkage of P53 causes
signal doubling for some residues (Figure 2). Nevertheless, the
fitting of the deviations as a function of ligand concentration
showed that there was no significant difference in affinity

Figure 4. Titration with BTCNeu5Ac or MTSSNeu5Ac of Siglec-9d1
monitored by ITC. (A) Representative ITC binding isotherms for
binding of BTCNeu5Ac or MTSSNeu5Ac to Siglec-9d1. (B) The table
compares the thermodynamic parameters of binding of BTCNeu5Ac or
MTSSNeu5Ac to Siglec-9d1 as measured by ITC. The values represent
the average and standard deviation of triplicates. (C) Table showing
the values of the thermodynamic parameters for the interaction of
BTCNeu5Ac and MTSSNeu5Ac with Siglec-9d1 measured by ITC.
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between the Pro-cis and Pro-trans species, at least for the
herein tested ligands.

All tested glycans caused CSP of residues within the F and G
strands (Figure 5), which correspond to the canonical sialic
acid binding site.13,30 The backbone NH of the canonical R120
at strand F, the residue which is known to be essential for
anchoring the Neu5Ac residue via a salt bridge interaction with
the C1 carboxylate,31 was only slightly perturbed in the
presence of all the tested sialoglycans. Nevertheless, this
observation is not unexpected, since the key interaction
involves the positively charged guanidinium of the R120 side
chain, remote from the backbone NH. The α2,6SLN ligand
induced smaller CSPs compared to α2,3SLN. In this case,
minor variations at the C−C′ loop (T68, Q70) and in the F
and G strands (K127) were detected. For α2,6SLN, sLeX, and
6-O-sulfated sLeX, the most affected residues in Siglec-9 were
Y45, F119, R120, I126, K127, and W128, which exhibited
CSPs twice higher than the standard deviation (Figure 5).
Except for T68, no meaningful CSPs were observed at the C−
C′ loop α2,6SLN, the region reported to be responsible for
recognizing the glycosidic linkage in other Siglecs.23 Notice-
ably for sLeX, large CSPs were observed for N67, T68, D69,
and Q70 residues located in the C−C′ loop. Interestingly, the
signal for D69 now disappears during the titration (Figure 5),
suggesting that the Fuc moiety is located around this protein
region. This fact might explain the gain in the estimated
binding affinity (KD 499 ± 74 μM) for sLeX (Figure S6).
Simultaneously, at the G strand, significant CSPs were
observed for residues I126, K127, N129, H133, and R134.
F119 also presents a perturbation, which is located on the F
strand. Finally, Y45, despite not being proximate to the binding
site but on the B−C′ loop, was also highly perturbed. Cross-
peaks of both K127 and N129 vanished during the titration,
indicative of a strong interaction with the ligand. The titration
with the 6-O-sulfo sLeX induced an almost identical CSP
pattern in comparison with the nonsulfated sLeX (Figure 5),
except for F119, which is located on the F strand (preceding
the canonical arginine R120) with its side chain protruding
toward the inside of the hydrophobic core. Additionally, the 6-
O-sulfo sLeX induced higher CSPs than the sLeX with the
addition of less equivalents. The measured binding affinity for
6-O-sulfo sLeX is 4-fold higher (KD = 145 ± 10 μM; Figure
S7) than that of sLeX.

BTCNeu5Ac and MTTSNeu5Ac triggered significant CSPs,
especially at the C−C′ loop and the F and G strands (Figure
5), much larger than those observed for the natural
sialoglycans α2,3SLN, α2,6SLN, sLeX, and 6-O-sulfated
sLeX, especially in the presence of BTCNeu5Ac. The amino
acid residues within the C−C′ and F−G loops were fairly
similar to those observed for the interaction with α2,3SLN,
α2,6SLN, sLeX, and 6-O-sulfated sLeX. The most perturbed
residues within the C−C′ loop were observed for N67, T68,
and Q70, whereas in distinction from sLeX and 6-O-sulfo
sLeX, no perturbation was observed for D69 (Figure 5).
Interestingly, for BTCNeu5Ac, which has additional molecular
fragments extended at position NH5 of the sialic acid, the free-
bound chemical exchange rate was intermediate in the
chemical shift time scale, and a dramatic intensity reduction
of several key peaks occurred during the titration. In this case,
a KD of 34 ± 5 μM was estimated from the CSPs (Figure S8),
which is in agreement with the values reported by ITC (Figure
4). Indeed, complete saturation of Siglec-9 with BTCNeu5Ac
was achieved by adding 16 equiv of ligand. Substantial CSPs

Figure 5. The NMR analysis of the binding of the natural ligands
α2,3SLN, α2,6SLN, sLeX, and the modified BTCNeu5Ac and
MTTSNeu5Ac to Siglec-9 from the lectin’s perspective. Combined
1H−15N CSP plot (Δδ) for 15N-labeled Siglec-9d1 residues upon
titration with the above presented glycans and glycomimetics, plotted
vs the amino acid residues. The secondary structures predicted by the
3D homology model are represented at the top. Residues with
significant CSP (2-times higher than the standard deviation) are
indicated with gray bars, as well as the estimated dissociation
constants. The canonical arginine is indicated with purple bars. The
height of the orange bars, which refer to the residues that vanished
during the titration, were adjusted to match the level of the most
perturbed residue. This adaptation has been implemented to visualize
that the disappearance of signals from specific residues is indeed
indicative of an interaction between the ligand and the protein at
those sites.
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were induced by BTCNeu5Ac at the N-terminus and the B′−C
loops, strongly suggesting that these regions are involved in
accommodating the 1-(diphenylmethyl)-1H-1,2,3-triazole moi-
ety. Moreover, the exhaustive analysis of the CSP revealed that
the side chains of W128Nε1-Hε1 (at the G strand) and
W50Nε1-Hε1 (within the B′−C loop) showed their highest
CSP in the presence of BTCNeu5Ac.

The analysis of the 1H−15N HSQC spectra for the
interaction of Siglec-9 with MTTSNeu5Ac shows that the

chemical exchange events are in the slow-intermediate regime
on the NMR chemical shift time scale. In this case, the
additional fragments are extended over position O9 at the
glycerol chain of the sialic acid scaffold. Indeed, saturation of
Siglec-9 was achieved after adding just eight ligand equivalents.
Given the simultaneous existence of cross peaks for the apo
and bound forms (Figure S9), integration of the corresponding
peak volumes allowed estimating the binding affinity, with a
remarkable KD value of 13.9 ± 2.3 μM that is the same order of

Figure 6. The 3D models of the complexes of BTCNeu5Ac and MTTSNeu5Ac with Siglec-9. (A) Superposition of the models from the MD
calculations for the Siglec-9- BTCNeu5Ac and with Siglec-9-MTTSNeu5Ac complexes. (B) Representative 3D models of the Siglec-9 V-set Ig domain
bound to BTCNeu5Ac and with MTTSNeu5Ac, as deduced from the MD simulation. (C) 2D interaction diagram highlighting the key intermolecular
contacts responsible for the accommodation of BTCNeu5Ac (left) and MTTSNeu5Ac (right) in the Siglec-9 sialic-acid-binding domain. The
computed intermolecular contacts and the geometries of the bound ligands are also depicted and are in full agreement with the ligand- and
receptor-based NMR-based experimental observations.
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magnitude as the KD determined by ITC (Figure 4). In
contrast with the observations for the titration with
BTCNeu5Ac, no meaningful perturbations were observed either
for W50Nε1-Hε1 or for W50N-HN. Other residues at the B′−
C loop presented only minor CSPs as well. However, Y130N-
HN was severely shifted (Δδ 0.36 ppm in 1H and 0.91 ppm in
15N), while the W128Nε1-Hε1 peak vanished and did not
recover (Figure S10). The presented evidence suggests that the
binding mode of this aromatic scaffold differs from that
displayed by the BTCNeu5Ac analogue.

Curiously, some of the duplicated cross peaks (cis−trans P53
isomerization) showed different CSP values in the presence of
BTCNeu5Ac and MTTSNeu5Ac. In the case of BTCNeu5Ac, the
analysis estimated a slightly better affinity for the Pro-trans
versus the Pro-cis isomer (Figure S11). For instance, the KD
values estimated for some cross peaks in the cis form were 37 ±
5 μM (F43), 46 ± 9 μM (V66), and 37 ± 6 μM (G124). For
the trans isomers, the KD values were by a factor of 2 smaller:
23 ± 7 μM (F43), 23 ± 8 μM (V66), and 11 ± 5 μM (G124).

Three-Dimensional Models of Siglec-9 Bound to the
Natural and Modified Glycans. Next, we combined the
experimental data on the interaction of the glycans with Siglec-
9 obtained through NMR with computational models and
molecular dynamics (MD) simulations to gain additional
insights into the recognition of sialoglycans by Siglec-9. In the
absence of any 3D structure of Siglec-9, we employed
RoseTTA fold32 and AlphaFold33,34 to model the V-set
domain. These two sets of structures generated by the
aforementioned software exhibited variations in the cis/trans
conformation of the P53 residue within the B′−C loop (Figure
S12). Considering the HNCO NMR data, where the most
populated conformer observed was the cis conformation, we
selected the model of AlphaFold for subsequent MD
simulations. In the AphaFold model, a CH−π interaction
between the aromatic ring of Y52 and the polarized Hα of P53
is established, which only takes place in the cis-Pro conformer
(Figure S12B).

The start ing geometr ies for the Siglec-9 and
BTCNeu5Ac/MTTSNeu5Ac complexes included initial position-
ing and relative orientation of the aromatic fragments guided
by the observed bound-ligand conformations measured by
NMR. The 3D model structures of the Siglec-9-ligand
complexes were stable during the whole 500 ns simulation
time, showing minor fluctuations around one well-defined
geometry (Figure 6). Nevertheless, a certain flexibility was
observed on the N-terminal and B′−C loop regions, as
highlighted in Figure 6. The key intermolecular salt bridge
interaction between the carboxylate (COO−) group of the
Neu5Ac moiety and the guanidinium of the R120 side chain
was also kept (Figure 6). Moreover, in all cases, H9proS of the
glycerol chain of the Neu5Ac residue established a CH-π
sugar-aromatic stacking35 with the indole ring of W128 (Figure
6 and Figures S13−S15), as also previously described for
Siglec-7 and Siglec-8.23,36 Hydroxyls O8 and OH9 interact via
a hydrogen bond with the backbone amide and the carbonyl
groups of N129, respectively. Additionally, H3 and H4 of the
Neu5Ac make van der Waals contacts with the side chain of
K127, while the N-acetyl group of the sialic acid provides a
hydrogen bond with the backbone carbonyl of K127. The MD
models satisfactorily account for the strong CSPs observed in
the HSQC titrations for K127, W128, and N129, which likely

arose as a consequence of the accommodation of the Neu5Ac
monosaccharide fragment.

The obtained 3D models of Siglec9d1with α2,3SLN, sLeX,
and 6-O-sulfo-sLeX (Figure S14 and Figure S15) suggest that
the N67, T68, and D69 residues at the C−C′ loop of the lectin
are involved in the accommodation of the Fuc and Gal
moieties. In the case of α2,3SLN, Gal establishes a H-bond
interaction with the backbone amide of T68 and the
carboxylate side chain of D69. In the case of sLeX and 6-O-
sulfo sLeX ligands, the Fuc moiety contributes to the binding
with additional H-bond interactions between Fuc and the side
chains of N67 and D69. For the α2,3SLN case, T68 is heavily
involved in the interaction, while the presence of the Fuc
moiety in sLeX and 6-O-sulfo sLeX influences the N67 and
D69 chemical shifts. According to the 3D model structure, the
sulfate moiety in the 6-O-sulfo-sLeX glycan involves the G
strand of the lectin, through the creation of an ion-pair
interaction between the sulfate and the NH3

+ group of K131
and a charge assisted H-bond with the amide side chain of
N129. It is noteworthy in the MD simulations that the bound
conformation of sLeX is very well-defined, as highlighted by
the C−H···O hydrogen bond previously described.28 In fact,
the computed Φ/Ψ dihedral angles around the glycosidic
linkages are in full agreement with the NOESY-derived
distances, predicting a fairly stable bound conformation, with
minor fluctuations around the global minimum, especially for
the Galβ(1,4)GlcNAc glycosidic linkage (Φ = 52 ± 8°, Ψ = 6
± 6°). In contrast, for the α2,3SLN analogue, the same torsion
angles display higher variations (Φ = 45 ± 23°, Ψ = −2 ±
19°), as shown in Figure S16, evidencing the conformational
rigidification stabilized by the Fuc-Gal C−H···O hydrogen
bond.

Interestingly, the glycan scaffold of BTCNeu5Ac and
MTTSNeu5Ac showed common interactions with the N67,
D69, R120, K127, W128, N129, and K131 of the C−C′ loop
and the strands F and G during the MD simulation (Figure 5),
also analogous to those computed for the α2,6SLN ligand.
This match is also in agreement with the STD-NMR-based
epitope map and observed CSPs. For BTCNeu5Ac, the 3D
model can explain the observed CSPs for Nε1-Hε1 W128 and
Nε1-Hε1 W50 (Figure 5 and Figure S13). In fact, there are
stabilizing π−π stacking interactions between the correspond-
ing indole rings of these two tryptophan side chains and the 1-
(diphenylmethyl)-1H-1,2,3-triazole moiety of BTCNeu5Ac.
Fittingly, the intramolecular NOEs observed between the
aromatic protons and H9, H7, and H6 at the glycerol side
chain of Neu5Ac can account for the spin-diffusion effect
mediated by the indole ring of the W128 residue (Figure 5).
The diphenylmethyl scaffold also interacts via π−π stacking
with the Y45 side chain and also establishes hydrophobic
contacts with the isomerizing P46 residue. This fact may
explain the vanishment of the Y45 and S47 cross-peaks during
the 1H−15N HSQC titration.

For MTTSNeu5Ac, the model suggests that W128, Y130,
K131, and H132 within the G-strand are key for accommodat-
ing the 5-(2-methylthiazol-4-yl)thiophene-2-sulfonamide,
along with K21 and L22 residues at the N-terminus. Indeed,
the large deshielding observed for the amide proton of Y130 is
in full agreement with the intermolecular hydrogen bond
between this amide moiety and the sulfonamide group of
MTTSNeu5Ac (Figure S13). Moreover, in the 3D model, the
MTTS fragment establishes π−π stacking interactions with the
W128 and H133 aromatic side chains and protrudes into the
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hydrophobic pocket. This orientation also accounts for the
large perturbation observed in the W128Nε1-Hε1 cross peak
during the titration. Inside the hydrophobic pocket, the
thiazole stabilizes hydrophobic contacts with the aliphatic
side chains of K21 and L22 residues. These interactions nicely
explain the disappearance of the L22 and L23 cross peaks
during the titration. Additionally, for MTTSNeu5Ac, with the
aromatic substituent at position C9, the experimental distance
of 2.7 Å between H4 of the thiophene and H5 of the thiazole
moieties could be deduced in the bound state from the trNOE
analysis. The MD simulation points out that these hetero-
aromatic rings are positioned coplanar with their hydrogen
atoms pointing outward. Furthermore, additional trNOEs were
observed between the H3 of the thiophene and the H9proS,
H9proR, and H8 of Neu5Ac, suggesting a particular presentation
of the heteroaromatic ring toward the sialic acid scaffold.

■ DISCUSSION
Siglec-9 is an inhibitory glycoimmune checkpoint receptor of
particular interest in the context of tumor immunotherapy, as it
is believed to suppress antitumor immune responses through
engagement to sialoglycans expressed on cancer cells,
suggesting that this axis constitutes an interesting target for
checkpoint inhibition.4,5,37 Conversely, the use of Siglec ligand
analogs with improved affinities have been exploited to recruit
Siglecs to enhance suppression of unwanted immune
responses.5−7 As demonstrated by different glycan array
experiments, Siglec-9 exhibits broad specificity for natural
sialic acid ligands, with a slight preference for those presenting
sialyl Lewis X (sLeX) and its 6-O sulfo analogue as terminal
epitopes.38,39 Notably, sLeX-containing glycans are prom-
inently expressed as terminal epitopes on mucin O-glycans,
including the well-studied tumor-associated MUC1, which has
been recognized as a Siglec-9 binder.2,40 However, it is crucial
to highlight that there is a lack of observed binding effects of
Siglec-9 toward the O-glycoengineered cell libraries and O-
glycodomain reporters, including MUC1.41,42 Moreover, the
impact of Siglec-9 binding on fucosylated cellular ligands,
known to influence Siglec interactions,43 has not been
addressed. This notable gap in our understanding underscores
the need for further investigations into the specificity and
binding dynamics of Siglec-9 with diverse glycan structures,
including fucosylated ligands and O-glycoengineered libraries.

In order to generate modified sialic-acid-based ligands with
higher affinity, it has been found that Siglecs bind in general
preferably to analogues with relatively bulky and hydrophobic
substituents at C5 and C9, but not both.17 Furthermore, there
appears to be little preference for the underlying glycosidic
linkage between Neu5Ac and the next monosaccharide,
suggesting that the binding occurs mostly through the
modified sialic acid moiety. A detailed molecular information
on the interactions between Siglec-9 and sialoglycans will help
explain the preferences of this receptor for naturally expressed
ligands (e.g., sLeX or 6-O-sulfo sLeX) and will boost the
development of synthetic sialoglycans.

Here, the molecular recognition features and preferences of
Siglec-9 toward the naturally expressed α2,6SLN, α2,3SLN,
sLeX, and 6-O-sulfo-sLeX have been revealed using a
combination of NMR spectroscopy and MD simulations.
The preference of Siglec-9 for the 6-O-sulfo sLeX glycan is
evident. The Fuc moiety is located close to the C−C′ loop,
while the sulfate interacts with the side chains of the N129 and
K131 residues which protrude from the G strand toward the

inside of the binding groove. Additionally, the Fuc moiety
conformationally constrains the sLeX tetrasaccharide into its
bioactive conformation, minimizing the entropic penalty of the
binding, and thus making it a better binder.44 In Siglec-9, the
α2,6SLN scaffold caused less CSP than the α2,3SLN glycan,
meaning the preference of this Siglec toward α2,3 glycosidic
linkage between the terminal Neu5Ac and the underlying Gal.

In the quest toward generating specific and high-affinity
modified sialoglycans for targeting Siglec-9, the synthetic
analogues MTTSNeu5Ac and BTCNeu5Ac were identified from a
synthetic glycan library.8 The KD values as determined herein
from the CSPs and ITC demonstrate that, while MTTSNeu5Ac
and BTCNeu5Ac are elaborated with the less preferred α2,6
glycosidic linkage, they exhibit higher affinity toward Siglec-9
as a result of their respective substituents.2 Thus, the
substituents at C5 and C9 at Neu5Ac, respectively, are the
main driving forces of the observed improved binding toward
Siglec-9. Indeed, an enthalpy−entropy compensation phenom-
enon describes the binding of BTCNeu5Ac and MTTSNeu5Ac to
Siglec-9, with a better binding enthalpy observed for the
MTTSNeu5Ac. As demonstrated by MD, consistent with the
obtained NMR data, more stabilizing intermolecular π−π
stacking and H-bond contacts with Siglec-9 were found to be
present with the 5-(2-methylthiazol-4-yl)thiophene side chain
and the sulfonamide group of the MTTSNeu5Ac ligand, thus
explaining the observed enthalpy differences. The MTTSNeu5Ac
scaffold displays more torsional degrees of freedom between
the additional molecular fragments and the sugar core, which
may also explain the observed higher entropic penalty.

We also suggest that the rigidification of the lateral chains of
BTCNeu5Ac provides the key interactions with Siglec-9, which
could lead to a lesser entropy penalty in comparison with
MTTSNeu5Ac. The MD simulations further suggest that the
heteroaromatic rings of MTTS bind in a coplanar orientation,
with their hydrogen atoms pointing outward, in agreement
with the NOE-based experimental distance in the bound state
between H4 of the thiophene and H5 of the thiazole moieties
(2.7 Å). Furthermore, additional trNOEs were observed
between the H3 of the thiophene and H9proS, H9proR, and
H8 of Neu5Ac, suggesting a particular and well-defined
presentation of the heteroaromatic ring toward the sialic.
Nevertheless, it may also be possible that the larger
hydrophobic surface of the 1-(diphenylmethyl)-1H-1,2,3-
triazole unit might replace more water molecules from the
hydrophobic binding pocket of Siglec-9 in comparison to the
heteroaromatic scaffold of MTTSNeu5Ac. Alternatively, both
rigidification and solvation/desolvation events can contribute
to the observed distinct entropy penalty for both glycomi-
metics.

Despite the high amino acid sequence similarity between
Siglec-7 and Siglec-9, major differences have been described in
their preferences for glycan binding. Previous studies have
reported that Siglec-7 selectively binds to α(2,8)-disialylated
sialosides,45,46 while Siglec-9 shows a preference for 6-O-sulfo-
sLeX.39 However, recent findings have challenged the notion
that Siglec-7 recognizes gangliosides with 2,8-linked sialic
acids. Instead, it has been postulated that it selectively binds to
disialylated O-glycan tetrasaccharides found on mucin-type
glycoproteins, such as CD43.47

Our structural and molecular recognition analysis of Siglec-9
shows that ligand selectivity, in comparison with Siglec-7, is
mainly due to key structural differences in the C−C′ and B−C′
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loops (Figure S13). The extended C−C′ loop of Siglec-7
drives the preference of this lectin toward longer ligands, such
as α(2,8)-disialylated sialosides (G1Tb),23 compared to Siglec-
9. However, Siglec-9 possesses a longer and more flexible B−
C′ loop comprised by three extra aromatic amino acids, which
make the accommodation of modified sialosides with aromatic
moieties at Neu5Ac C5 suitable (Figure S13).

The experimental observations by Nycholat et al.15 pointed
out that MTT-bearing sialosides also bind Siglec-8. Structural
comparison between Siglec-8 (PDB ID 7QUI) and Siglec-9,
reveals that the hydrophobic residues present at the uniquely
large G-G′ loop of Siglec-8 may interact with the MTTS
scaffold (Figure S13). In contrast, BTCNeu5Ac is recognized by
Siglec-9 by accommodating the 1-(diphenylmethyl)-1H-1,2,3-
triazole scaffold in the highly flexible B′−C loop. This B′−C
loop in Siglec-9 is longer and more flexible than those in
Siglec-7 and Siglec-8 (Figure S13). Moreover, it harbors the
two aromatic residues Y45 and W50. Therefore, relative to the
natural ligands BTCNeu5Ac exhibits both higher specificity and
higher affinity with KD values in the medium-low micromolar
range, as deduced by ITC and NMR, for Siglec-9. The
combination of decorations at C5 and C9 could lead to an
improved glycan mimetic possessing both high-affinity and
specificity for Siglec-9, as modeled in Figure S17. Further
studies on this direction are currently underway.

Overall, our experimental data unveil for the first time the
molecular details of the interaction of the human immune
checkpoint receptor Siglec-9 with its preferred natural
sialoglycan ligands (sLeX and 6-O sulfo sLeX) and explain
how chemical modifications with aromatic substituents at the
C5 and C9 positions of Neu5Ac can enhance the binding
affinity far beyond those of natural ligands in this specific case.
Due to the presence of the unique B′−C loop in Siglec-9, we
infer that modifications at the C5 of Neu5Ac bear the greatest
potential for establishing specificity toward Siglec-9.

■ MATERIALS AND METHODS
Detailed procedures for molecular cloning, protein expression and
purification, NMR protein backbone assignment, and isothermal
titration calorimetry experiments can be found in the Supporting
Information.

NMR Binding Studies. The total volume for the NMR samples
was 500 μL, and 5 mm precision NMR tubes were used (New Era
Enterprises, Vineland, USA). The pH of the samples was monitored
with a Crison Basic 20 pH meter (Crison Instruments SA, Barcelona,
Spain) and adjusted if necessary with NaOH or HCl. All of the
saturation transfer difference (STD NMR) experiments were recorded
in a Bruker AVANCE 2 600 MHz spectrometer equipped with a
standard triple-channel probe and in a Bruker 800 MHz Bruker
spectrometer with a cryoprobe (Bruker, Billerica, MA, United States).

The NMR samples were prepared in deuterated saline-phosphate
buffer (sodium phosphate, 20 mM; NaCl, 150 mM; pH 7.4). The
standard ligand/Siglec-9 ratio was 1:40 for all of the molecules where
the protein (unlabeled) concentration was kept at 50 μM in all cases.
STD experiments were recorded at 298 K. For all of the STD and
trNOESY experiments, Siglec-9d1-d3-mVenus produced in HEK293F
cells were used, in order to diminish the appearance of potential
protein signals in the spectra due to its higher molecular weight (65
kDa), which provides a fast T2 relaxation rate and a faster
transmission of STD and trNOESY informations.

An in-house 1D STD sequence using 12.5 ms PC9 pulses was used.
A T2 filter of 100 ns was employed with the aim of reducing the
protein signals. For the natural ligands α2,3SLN, α2,6SLN, and sLeX,
2 s of saturation time was used. However, for the BTCNeu5Ac and
MTTSNeu5Ac glycomimetics, STD NMR spectra at different saturation

times (0.5 1, 2, and 4 s) were recorded in order to plot a build-up
curve and to normalize the acquired saturation of protons at different
functional groups. The following monoexponential function was
applied:

where STD(tsat) stands for the observed STD intensity at a given
saturation time (t), STDmax is the maximal obtainable STD signal
when a long saturation time is applied, and ksat indicates the
observable saturation rate constant. After the fitting, multiplication of
STDmax and ksat gave the slope of the curve when the saturation time
went to zero.

All of the STD experiments were recorded with a relaxation delay
(d1) of 5 s. The off-resonance frequency was set at −30 ppm and the
on-resonance frequency at 0.77 ppm for all of the experiments except
for glycan mimetic MTTSNeu5Ac, where it was irradiated at −0.03 ppm
due to the proximity of ligand signals. Blank STD-NMR spectra for
the protein in the absence of ligands were also acquired, irradiating at
both 0.77 and −0.03 ppm.

For the NOESY experiments, all the samples were prepared in
deuterated phosphate-buffered saline (20 mM sodium phosphate, 150
mM NaCl, pH 7.4). A protein concentration of 50 μM was used with
a protein/ligand ratio of 1:10 for the ligands α2,3SLN, α2,6SLN,
sLeX, BTCNeu5Ac, and MTTSNeu5Ac. All experiments were acquired at
298 K. An in-house NOESY sequence was used for all of the
experiments. NOESY experiments for the free form of the ligands
were acquired at a 400 ms mixing time. However, in the presence of
Siglec-9d1-d3-mVenus, these experiments were recorded using 100 and
200 ms mixing times, in order to avoid the presence of spin-diffusion
effects.

The 1H−15N HSQC experiments were acquired by using a Bruker
AVANCE 2 800 MHz spectrometer equipped with cryoprobe. The
samples were prepared by using sodium phosphate 20 mM, NaCl 150
mM, at a pH of 7.4, made up with a mix of 90% H2O/10% D2O. For
all of the measurements, 50 μM of uniformly 15N-labeled Siglec-9d1
was used except for ligand 6-O-sulfo sLeX where the protein
concentration was set to 126 μM. Different equivalents of ligands
(stocks at 100 mM concentration) were added until complete or
almost complete saturation of Siglec-9 was reached. The experiments
were carried out at 293 K. In all of the cases, 32 scans were acquired
with 192 (t1) × 1536 (t2) complex data points in 15N and 1H
dimensions, respectively. For analyzing the obtained data, CcpNmr
Analysis software was employed. Average chemical shift changes were
calculated by using the following equation:

For determining the KD of the ligands, CcpNmr Analysis was used,
where the following nonlinear least-squares fit for the employed
amino acids was used:

For the titration of the MTTSNeu5Ac that was in the slow exchange
regime, KD was calculated by integrating the NMR peaks
corresponding to the protein apo [P] and bound [PL] states at 0.8
equiv (40 μM) of the total ligand ([L]t = [L] + [PL]). The total
protein concentration ([P]t = [P] + [PL]) is 50 μM. Since the [P]/
[PL] value can be measured in the HSQC spectrum from the integrals
for the free and bound protein species, the KD value can be easily
estimated by developing and solving the canonical mass action law
equation:
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Molecular Dynamics (MD) Simulations. The homology model
of the V-Ig domain of Siglec-9 was constructed using RoseTTAFold32

and AlphaFold.33 An AlphaFold-built homology model (P53 in cis)
was used to run MD simulations with all of the ligands (Figure S18).
A model built with RoseTTAFold (P53 in trans) was used to run an
MD simulation just with BTCNeu5Ac (Figure S18), in order to
compare the difference in the binding mode of this glycomimetic
when Siglec-9 is found in cis and in trans configurations.

The glycans were manually docked within the sialic acid binding
site by superimposing the Siglec-9 homology model with the
cocrystallized X-ray structure of Siglec-8 with NSANeu5Ac (PDB ID:
7QUI). The corresponding ligand was superposed to the cocrystal-
lized NSANeu5Ac, adopting the same geometry as the Neu5Ac of the
glycomimetic. The docked glycans within the Siglec-9 presented the
bioactive conformation deduced from the trNOESY NMR. The lateral
chain of the BTCNeu5Ac was placed within the B′−C loop and N-
terminal chain, close to residues K21, L22, Y45, and W50, since it was
observed by 1H−15N HSQC that these residues were the most
perturbed ones in this case. Regarding the MTTSNeu5Ac, the lateral
chain conformation was determined by trNOESY NMR, and this was
fitted within the hydrophobic cleft formed between W128 and H132,
as indicated by 1H−15N HSQC NMR.

Then, MD simulations were carried out with the AMBER 2048

package implemented with f f14SB49 for the protein. For the natural
glycans α2,3SLN, α2,6SLN, sLeX, and 6-O-sulfo sLeX, the
GLYCAM06j-150 force field was used, while for the glycan mimetics
BTCNeu5Ac and MTTSNeu5Ac the general Amber force field
(GAFF2)51 force field was chosen. For building the molecules, the
initial structures were neutralized with either Na+ or Cl− ions and set
at the center of a cubic TIP3P52 water box with a buffering distance
between the solute and a box of 10 Å. For each system, we followed a
two-stage geometry optimization approach: the first stage minimizes
only the positions of solvent molecules and ions, and the second stage
is an unrestrained minimization of all of the atoms in the simulation
cell. The systems were then heated by increasing the temperature
from 0 to 300 K under a constant pressure of 1 atm and periodic
boundary conditions. Harmonic restraints of 10 kcal mol−1 were
applied to the solute, under the Andersen temperature coupling
scheme.53 The time step was kept at 1 fs during the heating stages,
allowing potential inhomogeneities to self-adjust. Water molecules
were treated with the SHAKE54 algorithm such that the angle
between the hydrogen atoms is kept fixed through the simulations.
Long-range electrostatic effects were modeled using the particle mesh
Ewald (PME) method.55 An 8 Å cutoff was applied to nonbonded
interactions. Each system was equilibrated for 2 ns with a 2 fs time
step at a constant volume and temperature of 300 K. Five
independent production trajectories were then run for an additional
500 ns under the same simulation conditions, leading to accumulated
simulation times of 2.5 μs for each system.
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(44) Zierke, M.; Smiesǩo, M.; Rabbani, S.; Aeschbacher, T.; Cutting,

B.; Allain, F. H.-T.; Schubert, M.; Ernst, B. Stabilization of Branched
Oligosaccharides: Lewis x Benefits from a Nonconventional C−H···O
Hydrogen Bond. J. Am. Chem. Soc. 2013, 135 (36), 13464−13472.
(45) Nicoll, G.; Avril, T.; Lock, K.; Furukawa, K.; Bovin, N.;

Crocker, P. R. Ganglioside GD3 Expression on Target Cells Can
Modulate NK Cell Cytotoxicity via Siglec-7-dependent and
-independent Mechanisms. Eur. J. Immunol. 2003, 33 (6), 1642−
1648.
(46) Hashimoto, N.; Ito, S.; Tsuchida, A.; Bhuiyan, R. H.; Okajima,

T.; Yamamoto, A.; Furukawa, K.; Ohmi, Y.; Furukawa, K. The
Ceramide Moiety of Disialoganglioside (GD3) Is Essential for GD3
Recognition by the Sialic Acid−Binding Lectin SIGLEC7 on the Cell
Surface. J. Biol. Chem. 2019, 294 (28), 10833−10845.
(47) Wisnovsky, S.; Möckl, L.; Malaker, S. A.; Pedram, K.; Hess, G.

T.; Riley, N. M.; Gray, M. A.; Smith, B. A. H.; Bassik, M. C.; Moerner,
W. E.; Bertozzi, C. R. Genome-Wide CRISPR Screens Reveal a
Specific Ligand for the Glycan-Binding Immune Checkpoint Receptor

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.3c00664
ACS Chem. Biol. 2024, 19, 483−496

495



Siglec-7. Proc. Natl. Acad. Sci. U. S. A. 2021, 118 (5),
No. e2015024118.
(48) Case, D. A.; Belfon, K.; Ben-Shalom, I. Y.; Brozell, S. R.;

Cerutti, D. S.; Cheatham, T. E., III; Cruzeiro, V. W. D.; Darden, T. A.;
Duke, R. E.; Giambasu, G.; Gilson, M. K.; Gohlke, H.; Goetz, A. W.;
Harris, R.; Izadi, S.; Izmailov, S. A.; Kasavajhala, K.; Kovalenko, A.;
Krasny, R.; York, D. M.; Kollman, P. A. AMBER 2020; University of
California: San Francisco, 2020.
(49) Maier, J. A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.;

Hauser, K. E.; Simmerling, C. Ff14SB: Improving the Accuracy of
Protein Side Chain and Backbone Parameters from Ff99SB. J. Chem.
Theory Comput 2015, 11 (8), 3696−3713.
(50) Kirschner, K. N.; Yongye, A. B.; Tschampel, S. M.; González-

Outeiriño, J.; Daniels, C. R.; Foley, B. L.; Woods, R. J. GLYCAM06:
A Generalizable Biomolecular Force Field. Carbohydrates. J. Comput.
Chem. 2008, 29 (4), 622−655.
(51) Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D.

A. Development and Testing of a General Amber Force Field. J.
Comput. Chem. 2004, 25 (9), 1157−1174.
(52) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.

W.; Klein, M. L. Comparison of Simple Potential Functions for
Simulating Liquid Water. J. Chem. Phys. 1983, 79 (2), 926−935.
(53) Andersen, H. C. Molecular Dynamics Simulations at Constant

Pressure and/or Temperature. J. Chem. Phys. 1980, 72 (4), 2384−
2393.
(54) Miyamoto, S.; Kollman, P. A. Settle: An Analytical Version of

the SHAKE and RATTLE Algorithm for Rigid Water Models. J.
Comput. Chem. 1992, 13 (8), 952−962.
(55) Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N·

log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys.
1993, 98 (12), 10089−10092.
(56) Kim, D. E.; Chivian, D.; Baker, D. Protein Structure Prediction

and Analysis Using the Robetta Server. Nucleic Acids Res. 2004, 32,
W526−W531.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.3c00664
ACS Chem. Biol. 2024, 19, 483−496

496


