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ABSTRACT: Understanding interactions of bacterial surface
polysaccharides with receptor protein scaffolds is important
for the development of antibiotic therapies. The correspond‐
ing protein recognition domains frequently form low‐affinity
complexes with polysaccharides that are difficult to address
with experimental techniques because of the conformational
flexibility of the polysaccharide. In this work, we studied the
tailspike protein (TSP) of the bacteriophage Sf6. Sf6TSP
binds and hydrolyzes the high‐rhamnose, serotype Y
O‐antigen polysaccharide of the Gram‐negative bacterium
Shigella flexneri (S. flexneri) as a first step of bacteriophage
infection. Spectroscopic analyses and enzymatic cleavage
assays confirmed that Sf6TSP binds long stretches of the
S. flexneri O‐serogroup Y polysaccharide. Crystal structure
analysis and saturation transfer difference (STD) NMR spec‐
troscopy using an enhanced method to interpret the data
permitted the detailed description of affinity contributions
and flexibility in an Sf6TSP‐octasaccharide complex. Dodeca‐
saccharide fragments corresponding to three repeating units
of the O‐antigen in complex with Sf6TSP were studied com‐
putationally by molecular dynamics simulations. They
showed that distortion away from the low‐energy solution
conformation found in the octasaccharide complex is neces‐
sary for ligand binding. This is in agreement with a weak‐
affinity functional polysaccharide‐protein contact that facili‐
tates correct placement and thus hydrolysis of the polysac‐
charide close to the catalytic residues. Our simulations stress
that the flexibility of glycan epitopes together with a small
number of specific protein contacts provide the driving force
for Sf6TSP‐polysaccharide complex formation in an overall
weak‐affinity interaction system.

example, polysaccharides interact with proteins of the bacte‐
rial glycan synthesis and the export apparatus transferring
them to the outer membrane leaflet or into extracellular
space.1 Furthermore, polysaccharide‐protein complexes are
found in interactions with host immune systems2, during
3
biofilm formation , and in pathogenesis, which emphasizes
the important role of bacterial polysaccharides as vaccine
4
targets. In contrast to their ubiquitous relevance in biology,
descriptions of these complexes on a molecular level are
scarce. Polysaccharide repeat units (RUs) in complex with
antibodies have been analyzed with X‐ray crystallography,
molecular dynamics (MD) simulations and NMR spectrosco‐
5‐6
py. The complex of a biofilm forming exopolysaccharide
with a periplasmic transporter was characterized by X‐ray
crystallography and subsequent simulation of monosaccha‐
7
ride building blocks along an extended binding groove.
However, in most cases studied, rather short oligosaccha‐
rides (i.e. up to hexamers) were observed in direct contact to
the protein, and so far only one decasaccharide and another

Scheme 1: Repeat structure of Shigella flexneri
serogroup Y O‐polysaccharidea

a

INTRODUCTION
In the bacterial cell, polysaccharide‐protein interactions
play a significant role from formation of structural compo‐
nents of the cell wall to functions in metabolic pathways. For

Two repeat units of the Shigella flexneri O‐serogroup Y
polysaccharide antigen with the sequence [→3)‐α‐L‐Rhap‐
(1→3)‐β‐D‐GlcNAcp‐(1→2)‐α‐L‐Rhap‐(1→2)‐α‐L‐Rhap‐(1→]2.
Capital letters CDAB label monosaccharides, roman numer‐
9
als glycosidic linkages as described elsewhere.

6,8

dodecasaccharide complex have been described.
With
growing chain length, the number of possible conformations
increases quickly, and intramolecular H‐bond formation may
favor the occurrence of glycan secondary structure leading to
a number of conformational epitopes.9 Accordingly, the
characterization of longer saccharide chains has to rely on a
combination of experimental techniques and computer
10,11
simulations.
As part of the bacterial cell surface, polysaccharides are also a
receptor for bacteriophages. Certain bacteriophages specifi‐
cally recognize the O‐antigen polysaccharide of Gram‐
12
negative bacteria using tailspike proteins (TSP). TSP attain
specificity via long and shallow binding grooves, and several
complexes of TSP with oligosaccharide fragments up to
13‐14
nonamer length have been described.
The Gram‐negative
bacterium Shigella flexneri (S. flexneri) causes bacillary dys‐
entery with high mortality in infants in countries with low
medical standards, and it therefore is an important vaccine
15
target. Most of the infective strains share a similar
O‐antigen with a polyrhamnose backbone. In this work, we
have analyzed the binding of the O‐antigen polysaccharide of
S. flexneri to TSP of the bacteriophage Sf6 (Sf6TSP) to exam‐
ine how extended polysaccharide chains interact specifically
with a protein surface. The O‐antigen consists of a carbohy‐
drate backbone with high (75 %) rhamnose content, and a
growing body of evidence suggests that this specific composi‐
16,17
tion gives rise to highly flexible, dynamic polymers.
Viru‐
lence of S. flexneri is intimately linked to this specific and
8,18
dynamic O‐antigen composition.
The basic unbranched
serogroup Y antigen is composed of tetrasaccharide repeat
units (RU) with the structure →2)‐α‐L‐Rhap‐(1→2)‐α‐L‐Rhap‐
19
(1→3)‐α‐L‐Rhap‐(1→3)‐β‐D‐GlcNAcp‐(1→
(Scheme 1).
Sf6TSP recognizes specifically this O‐antigen polysaccharide
and cleaves the α‐1,3 glycosidic bond between two rhamnose
20,21
units, producing oligosaccharides.
Sf6TSP forms a homo‐
trimeric complex (MW = 166 kDa) with a parallel β‐helix ar‐
chitecture and three O‐antigen binding sites located in long
22
grooves at the subunit interfaces. In the present work, we
have analyzed Sf6TSP in the presence of polysaccharide
fragments of different length and used a thorough experi‐
mental description as the starting point for computer simula‐
tions of long glycan fragments on the protein surface. We
found that in the overall weak‐affinity Sf6TSP polysaccharide
interaction system specific protein contacts as well as the
high flexibility of the binding partners are a prerequisite for
complex formation.

RESULTS
Crystal structure analysis. Diffracting crystals were ob‐
tained for various complexes of Sf6TSP with octa‐, dodeca‐
and lipopolysaccharides of S. flexneri O‐serogroup Y. Only
for the double mutant Sf6TSP E366A/D399A (Sf6TSPmut),
22
which is catalytically inactive (Figure S1 the Supporting
Information), an octasaccharide ligand could be observed in
the binding site (Figure 1A and Figure S2 in the Supporting
Information) using a 1.95 Å resolution data set with space
group P21 with six Sf6TSPmut chains per asymmetric unit (see
Supporting Information for all crystallographic data). The
previously described wild‐type protein (Sf6TSPWT) had been
crystallized in space group R3 with one molecule per asym‐
22
metric unit. Analysis of the atomic displacement factors
(ADF) showed

Figure 1. Figure caption. (A) Crystal structure of Shigella
flexneri O‐serogroup Y octasaccharide bound to Sf6TSPMut.
(Left) Initial m|Fo|‐D|Fc| electron density (red, 2.5 σ) and
non‐crystallographic‐symmetry (NCS)‐averaged m|Fo|‐D|Fc|
electron density (green, 2.0 σ). After refinement, six ligand
molecules in the asymmetric unit superimposed with a root
mean square deviation (rmsd) of 0.30 Å. (Right) 2m|Fo|‐
D|Fc| electron density (blue) after refinement (1.0 σ). The
building blocks of RU1 and RU2 are defined as RAM (α‐L‐
rhamnose) and NAG (N‐acetyl‐ β‐D‐glucosamine). (B) Bind‐
ing site of the Sf6TSPMut/octasaccharide complex between
two subunits (orange and blue). RAM8 represents the reduc‐
ing end of the octasaccharide. RU1 and RU2 sites mark the
position of the repeating units 1 and 2, respectively, of the
octasaccharide. 19 direct or water‐mediated H‐bonds are
formed between ligand and protein. A366 and A399 are the
mutated catalytic residues Glu and Asp, respectively.

increasing flexibility of the monosaccharide units towards
3
the reducing end, where in one of the octasaccharides the S1
ring conformation was found for the terminal rhamnose in‐
1
stead of the anticipated C4 conformation (see Figure S3 in
the Supporting Information). The overall architecture of lig‐
and‐bound Sf6TSPmut is identical with respect to ligand‐free
Sf6TSPWT (rmsd = 0.33 Å). The binding pocket of the
Sf6TSPmut‐octasaccharide complex consists of a large groove
formed by adjacent β‐helix domains of different subunits in
the trimer. The binding groove accommodates 2RU of
O‐antigen in the RU1 and RU2 sites (Figure 1B) flanked by
22
the catalytic residues E366 and D399. RU1 of the oligosac‐
charide forms a total of six direct H‐bonds, one water‐
mediated H‐bond, as well as three hydrophobic interactions
with nine amino‐acid residues in total (RU1 site). RU2 follows
the binding groove with fewer polar interactions than RU1
(two direct, one water‐mediated H‐bond), but with three
hydrophobic interactions (RU2 site). Overall, fifteen ordered
water molecules were found in H‐bonding distance to the
ligand.

1

1

Figure 2. Figure caption. (A) H, H‐trNOESY spectrum with
1
selected inter‐glycosidic cross‐peaks annotated. (B) H NMR
spectrum (top) and a STD spectrum (bottom) of Sf6TSP with
the octasaccharide in D2O. The irradiation frequency in the
STD experiment was set to 7 ppm, and the saturation time
was 2 s.

NMR studies of S. flexneri O‐serogroup Y octasaccha‐
ride bound to Sf6TSP. We analyzed the Sf6TSPmut‐
1
1
octasaccharide complex in a 2D H, H‐trNOESY experiment
1
(for the H NMR characterization of the free ligand in solu‐
tion see Table S3 in the Supporting Information). The bound
octasaccharide showed the strongest inter‐glycosidic cross‐
peaks from anomeric protons to protons on glycosyloxylated
carbons (e.g. H2 or H3) for each glycosidic linkage (Fig‐
ure 2A), as would be anticipated for an all‐syn
23
conformation. Additional transglycosidic trNOEs were
found between RAM5‐H1 and NAG6‐Ac, but not for the cor‐
responding protons in RU1, which can be explained by a
shorter distance between the spins in RU2. Likewise, a cross‐
peak was found in a spectral overlap region; due to its shape
it was assigned to a correlation between the methyl group in
NAG2‐Ac and RAM1‐H2. For RU2 the corresponding cross‐
peak was missing. These results are in agreement with a
change between the φ1 and φ5 torsion angles of 9 °‐ 15 ° as
well as 15 °‐ 20 ° for the Ψ1 to Ψ5 torsion angles, as seen in
the crystal structure and in the MD simulations (see below
and Supporting Information). The N‐acetyl groups also show
transglycosidic trNOEs to the H4 protons of RAM3 and
RAM7. Furthermore, trNOEs were observed for the methyl
groups of RAM3, RAM7 and RAM4 to RAM4‐H1, RAM8‐H1
and RAM5‐H2. Together with the absence of transglycosidic
trNOEs from any of the methyl groups of RAM1 and RAM5,
all results from trNOESY‐NMR are in good agreement with
the bound octasaccharide conformation seen in the crystal
1
structure. H saturation transfer difference (STD) NMR ex‐
periments were performed (Figure 2B) and initial slopes of
STD amplification factor build up curves (STD‐AF0) were
calculated (see tabulated values in the Supporting Infor‐
mation). The methyl group of RAM4 has the highest STD‐
AF0 when saturating aromatic protein residues, which is in
agreement with the crystal structure where it is buried in the
protein in close proximity to Tyr282. The second strongest
STD‐AF0 is the average of RAM3‐H4 and RAM7‐H4, of which
the latter is adjacent to Trp304. The absence of aromatic
residues is more profound at the non‐reducing end of the
binding pocket, and this is reflected in the lower STD‐AF0
values for NAG2‐Ac compared to NAG6‐Ac. A particularly
weak STD‐AF0 found forRAM5 may be explained by a longer
distance to the protein surface for this residue due to the
pucker in the saccharide chain (see Figure S4 in the Support‐
ing Information).
Molecular dynamics simulations. We started simula‐
tions of Sf6TSP in complex with tetrasaccharide fragments
(Figure 3A), with the protein kept at the geometry of the X‐
ray structure. During MD runs of at least 100 ns length, tetra‐
saccharides remained stable in the RU1 site ‐2 reproducing
the binding mode found in the crystal structure including
22
some of the structural water molecules. The bound tetra‐
saccharide assumes the solution conformer close to the glob‐
al free‐energy minimum. Also, an octasaccharide resided
stably in the binding site during MD simulations, both in the
Sf6TSPWT and Sf6TSPmut in a conformation similar to those
observed in the X‐ray structure (Figure 3B). The H‐bond pat‐
tern found in the crystal structure was well reproduced
showing that the octasaccharide was mainly fixed in the
binding site via RAM1, RAM3 and RAM8. Average torsion
angles within RU1 of the bound octasaccharide settle in the
same energy minima as in RU2 (Figure 3C and Tables S5 and

S6 in the Supporting Information). Rmsd values of monosac‐
charide positional variations increased from 0.9 Å at the non‐

for full description of the CORCEMA‐ST‐CSD analysis see
the Supporting Information). The simulated CORCEMA‐ST
output for each interval n (STD‐AFCORCEMA‐ST,n) was multi‐
plied with the corresponding Xsat,n and the sum over all n
reported as the final simulated result (STD‐AFsim, equation 1).
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Simulated STD‐AF showed good agreement with experi‐
mental values when the average ligand atomic coordinates
from the MD trajectory were evaluated with an RNOE between
0.32 and 0.53. When using the ligand model from the crystal
structure, good agreement with the experiment was only
found for STD‐AFsim from resonances at the non‐reducing
end (Figure 4A). By contrast, STD‐AFsim of RAM8 deviated
from experimental STD‐AF significantly (Figure 4B). These
results emphasize the dynamic nature of the reducing end
and show that MD simulations fully accounted for the octa‐
saccharide dynamics experimentally observed in the binding
site, whereas the crystal structure accounted for the observed
reducing end flexibility only by showing increased atomic
displacement factors.

Figure 3. Figure caption. MD simulations of Sf6TSP oligosac‐
charide complexes. obtained with Amber/Glycam force
fields. (A) Tetrasaccharide complex with Sf6TSP wild type
(red) in comparison with position in the crystal structure
(blue; pdb:2VBM). (B) Octasaccharide complex with Sf6TSP
wild type (red) or mutant E366A/D399A (yellow) in compari‐
son with position in the crystal structure of the mutant
E366A/D399A (blue; pdb:4URR). (C) φ‐Ψ‐distributions of
the octasaccharide bound to Sf6TSP. Black and red dots rep‐
resent the φ‐Ψ distributions of site ‐2 and site ‐1, respective‐
ly. Free energies were calculated for linkages I,II, III and IV
17
(cf. Scheme 1) in disaccharides as described previously.
Linkage II is only present in the octasaccharide. For a com‐
parison of torsion angle distributions see Table S5 in the
Supporting Information.
reducing end to 2.6 Å at the reducing end in agreement
with increased atomic displacement factors found in the
crystal structure.
Simulation of STD‐NMR build‐up curves using a novel
modified CORCEMA approach accounting for chemical
shift dispersion (CSD) in large proteins. In order to fur‐
ther validate the X‐ray and computational protein‐ligand
models we simulated STD‐AF build‐up curves by employing
a complete relaxation and conformational exchange matrix
24
(CORCEMA). Sf6TSP is a trimeric protein complex with a
molecular weight of 165 kDa. To describe the magnetic satu‐
ration of this large protein‐ligand complex accurately, the
chemical shift dispersion (CSD) caused by rapid transverse
relaxation had to be considered. In the resulting CORCEMA‐
ST‐CSD approach the NMR line shapes influenced by the
transverse relaxation time T2 were taken into account by
looping the CORCEMA‐ST program for narrow intervals (n)
over the whole spectrum. Concomitantly, relative contribu‐
tions to the spectral intensity within the defined irradiation
bandwidth (Xsat,n) were calculated for protons in the binding
site and with chemical shifts within an interval n (Scheme 2;

Figure 4. Figure caption. CORCEMA‐ST‐CSD simulated
STD‐AF for RAM1‐H1 (A) or RAM8‐H1 (B) anomeric reso‐
nances. Ligand coordinates used from molecular dynamics
simulations (yellow circles) and X‐ray ligand B (blue squares)
compared to experimental STD‐AF (crosses).

Scheme 2:

b

The

1

CORCEMA‐ST‐CSD

approachb

Simulated H NMR spectrum of Sf6TSPmut with protons
within an irradiation bandwidth between 6 to 7 ppm depict‐
ed separately (in front). Green: protons with chemical shifts
within the irradiation bandwidth that are still within the
irradiation bandwidth. Blue: protons with chemical shifts
within the irradiation bandwidth that populate parts of the
spectrum beyond the irradiation bandwidth due to relaxa‐
tion.

ed at the RU1 site. Mutation of residues in the RU1 site dras‐
tically increased octasaccharide flexibility in the binding
groove and illustrates its important role in generating speci‐
ficity (Figure S11 in the Supporting Information). Given that
the catalytic residues are located at the C‐terminal end of the
binding groove next to the RU2 site, this binding mode must
also influence the size of polysaccharide cleavage products.
After Sf6TSPΔNWT lipopolysaccharide (LPS) hydrolysis we
indeed only found the octasaccharide as the main product
(Figure 5B), in agreement with at least the RU1, RU2 and an
additional RU3 site occupied during cleavage. By contrast,
starting with octasaccharide as educt, it was not cleaved into
tetrasaccharides, even after several days of incubation with
Sf6TSP, whereas tetrasaccharides could be produced from
21
the dodecasaccharide. This further corroborates that also
the RU2 site has to be occupied for successful cleavage and
probably contributes most to substrate affinity.

Figure 5. Figure caption. (A) Potential of mean force (PMF)
curves for tetrasaccharide (score ‐36 kJ mol‐1, red) and octa‐
saccharide (score ‐45 kJ mol‐1, black) Sf6TSP complex for‐
mation. As reference the highest scores obtained by docking
are given as horizontal lines. (B) Sf6TSP cleavage products of
Shigella flexneri serogroup Y oligosaccharides or lipopolysac‐
charide (LPS). Samples were analyzed by capillary electro‐
phoresis with laser‐induced fluorescence detection (CE‐LIF)
after fluorophore labeling. From bottom to top: LPS cleavage
products, octasaccharide control, dodecasaccharide control,
dodecasaccharide with fluorescence label at the reducing end
incubated with Sf6TSP, octasaccharide incubated with
Sf6TSP.
Determinants of affinity in the Sf6TSP binding site. Ar‐
omatic as well as glutamate residues near the ligand are un‐
derrepresented in Sf6TSP when compared with rhamnose‐ or
N‐acetylglucosamine‐binding proteins (see Figure S10 in the
Supporting Information). Together with the small number of
ligand‐protein contacts observed this points to low octasac‐
charide affinity. In fact, attempts to quantify the affinity of
complex formation with isothermal titration calorimetry
failed and we could only estimate the dissociation constants
for the Sf6TSP‐octasaccharide complex to lie in the mM
range. Using docking, the binding poses from x‐ray analysis
were recognized as low‐energy, (Figure 5A). Potential of
mean force calculations by umbrella sampling showed that
energies needed to pull tetra‐ or octasaccharides to large
radial distances agreed well with the free energies obtained
from docking which illustrates that adding the second repeat
unit increased the binding affinity only moderately. This
agrees with the finding that the H‐bond network fixing the
octasaccharide in the Sf6TSP binding groove is mainly locat‐

Figure 6. Figure caption. S. flexneri serogroup Y polysaccha‐
ride binding to Sf6TSP. (A) Surface plasmon resonance (SPR)
‐1
response upon binding of Sf6TSP (100 µg ml ) of cleavage‐
deficient mutant D399A to immobilized LPS (solid) or to
immobilized LPS enzymatically pretreated with Sf6TSP wild
type (dashed) Error bars represent standard deviations from
three injections at 25 °C. (B) Normalized protein fluorescence
spectra of 184 nM Sf6TSP E366A/D399A in the absence (open
‐1
circles) or presence of 33.2 µg ml (open squares) or
‐1
66.2 µg ml
(filled triangles) polysaccharide. Control:
‐1
66.2 µg ml polysaccharide without protein (open triangles).
(C) Relaxation to binding equilibrium at 10 °C upon manually
mixing 184 nM Sf6TSP E366A/D399A with 33.2 µg ml‐1 poly‐
saccharide (open squares) described by a biexponential mod‐
‐2 ‐1
‐2 ‐1
el with k1 = 5.73±0.94∙10 s and k2 = 0.76±0.04∙10 s (solid
line). (D) Concentration dependence of apparent rate con‐
stants kapp. of slow (filled circles) and fast (open squares)
kinetic phases. A polysaccharide dissociation rate constant of
‐1
0.022±0.003 s was determined from the linear fit of the fast
25
phase as described elsewhere.

Binding studies of Sf6TSP with long O‐antigen frag‐
ments. Polysaccharide interactions of Sf6TSP were analyzed
on surface‐immobilized LPS preparations of S. flexneri
serogroup Y with surface plasmon resonance (Figure 6A). To
prevent polysaccharide cleavage, the catalytically inactive
Sf6TSPD399A mutant was used. The protein specifically
bound to long O‐antigen chains, but was unable to recog‐
nize LPS preparations that were pretreated enzymatically
with Sf6TSPWT to cleave off the O‐polysaccharide from the
surface. We can therefore exclude that LPS core‐ or lipid A‐
moieties interact with Sf6TSP. Rather; the long O‐antigen
chains on intact LPS are required for stable interaction.
Moreover, dissociation off‐rates from the LPS surface were
comparable to those measured as protein fluorescence signal
relaxation rates obtained upon manual mixing with polysac‐
charide preparations of different concentrations (Fig‐
ures 6B‐D and Figure S12 in the supporting information).
Off‐rates of similar magnitude were also found for dissocia‐
tion of a Salmonella O‐antigen polysaccharide from bacterio‐
12
phage P22 TSP. By contrast, no fluorescence signal change
was detectable upon mixing with octa‐ or dodecasaccharides.
We therefore wanted to obtain a molecular description of a
Sf6TSP binding mode for ligands longer than an octasaccha‐
ride and extended our MD analysis to dodecasaccharides to
explore possible binding modes of longer chains. We simu‐
lated a fragment of three RU by extending the octasaccharide
by another repeating unit into a putative RU3 site located
beyond the catalytic residues. However, simple extension of
the octasaccharide by another RU while keeping its initially
bound position and staying close to a minimum‐energy con‐
formation was hindered by steric clashes (see Figure S13 in
the Supporting Information). To avoid the latter, a high‐
energy starting conformation had to be chosen with RU3
rotated around linkage II into a state of torsion about
‐1
17
7 kcal mol above the global minimum for that linkage.
Irrespective of whether the Glycam/Amber or the CHARMM
force field was used, in subsequent MD runs all glycosidic
torsions rapidly adjusted within 10 ps to low energy confor‐
mations. As initial result, the dodecasaccharide settled in an
elongated pose into the binding groove for a period of up to
10 ns. However, during the further simulation time RU1 and
RU2 permanently detached from the canonical octasaccha‐
ride binding site (see Figures S14 and S 15 in the Supporting
Information). With Amber/Glycam, RU1 and RU2, although
displacing, stayed in contact with the TSP surface, whereas
RU3 was fixated from the beginning through H‐bonds be‐
tween Asn455 and Ram11, Arg364 and NAG10, and RAM12
and Asn508RU3, respectively. By contrast, in the CHARMM
case, the dodecasaccharide soon detached from the groove
and temporarily from TSP surface, and assumed its final
pose. Furthermore, in a second set of simulations, we en‐
hanced protein flexibility and released all restraints from the
protein backbone in the β‐strand‐connecting loops. This
seems a reasonable assumption for the protein dynamics at
ambient temperature, and all subsequent simulations
showed that this did not affect the global shape of Sf6TSP as
all protein C‐α positions stayed close to those found in the
crystal structure. Using Amber/Glycam, the dodecasaccha‐
ride now quickly relaxed into an elongated pose with its first
two RUs largely following the orientation of the octasaccha‐
ride in the crystal structure (Figure 7A‐D), whereas RU3 took
a similar position to that seen in the simulations with re‐
strained loop backbones but with more stably occupied H‐

bonds (Figure 7E and Table S6 in the Supporting Infor‐
mation). Also in the CHARMM simulations with flexible
loops the ligand was firmly accommodated along the groove,
but showed more conformational flexibility than in the Am‐
ber/Glycam simulations (Figure 7F). Especially RU3 was still
dynamically moving back and forth between the two walls of
the binding groove illustrated by a lower H‐bond occupancy
(see Figure S14 and Table S6 in the Supporting Information).

Figure 7. Figure caption. Superimposition of S. flexneri
serogroup Y octasaccharide model in complex with Sf6TSP
from crystal structure (blue) with molecular dynamics simu‐
lation models (yellow) of (A) tetrasaccharide (RU1), (B) octa‐
saccharide (RU1, RU2), (C) dodecasaccharide (RU1, RU2,
RU3) in presence of fully restrained protein backbone, (D)
dodecasaccharide in presence of unrestrained protein loop
regions. (E) Binding site of RU3 in the Sf6TSP‐
dodecasaccharide complex between two subunits (orange
and blue) shown for the unrestrained protein backbone sim‐
ulation.

DISCUSSION
Sf6TSP as an example for weak‐affinity polysaccharide
binding. Carbohydrate ligands become more flexible with
increasing length, resulting in weak affinities challenging the
understanding of how polysaccharides bind to proteins tran‐
siently. For example, in processes such as polysaccharide
26
27
synthesis and hydrolysis , chain length control
or
28
transport , short‐lived polysaccharide binding may take

place with rapid ligand off‐rates. The computational ap‐
proach fills the gap between the experimentally accessible
descriptions of small oligosaccharides in protein binding
sites and the need for models of large protein‐polysaccharide
complexes.10,29 The Sf6TSP analyzed in this work is a polysac‐
charide hydrolyzing enzyme. It recognizes and cleaves the
specific O‐antigen part of LPS as the first step of the bacteri‐
ophage Sf6 infection cycle in order to penetrate the protec‐
tive polysaccharide coat of the bacteria and reach outer
30
membrane receptors . The bacteriophage is equipped with
six TSP and hence displays 18 polysaccharide binding sites to
assure multivalent fixation on the bacterial cell surface,
whereas TSP hydrolysis and rebinding enable receptor search
and lateral movement of the phage across the membrane LPS
layer. The Sf6TSP glycan binding groove only offers a limited
number of H‐bonding contacts providing specificity while
hydrophobic patches are lacking, resulting in an overall
weak‐affinity polysaccharide interaction system.
Experimental and computational methods to describe
glycan ligand flexibility in Sf6TSP complexes. Sf6TSP‐
octasaccharide complexes showed flexibility at the glycan
reducing end. In many cases, ligand flexibility is not well
resolved in crystal structures due to averaging over atom
positions by crystallographic symmetry. Also in a previous
study, electron density was only found for the tetrasaccha‐
ride in site ‐2 when Sf6TSPWT crystallized in a space group of
22
higher symmetry . However, the Sf6TSPMut octasaccharide
complex forms a crystallographic asymmetric unit with
two TSP trimers. This produced six distinct snapshots of lig‐
and conformations preserved upon cooling from ambient to
cryo temperatures and thus captured the flexibility of the
octasaccharide reducing end. MD simulations in combina‐
tion with build‐up rates found with STD‐NMR at 56 °C pro‐
vided a dynamic picture of this flexibility. Nevertheless, a
potential difficulty with this and NMR analyses in general is
that polysaccharide binding may involve large interaction
surfaces. The analysis of high molecular weight protein‐
ligand complexes sets limits to quantitative STD‐NMR anal‐
yses in cases where the irradiation frequency interval does
not fully cover the chemical shifts of certain protein reso‐
nances, resulting in only partially saturated signals. Yet, the
simulation of STD‐AF build‐up curves with classical
24,31
CORCEMA‐ST relies on precise chemical shifts.
Predict‐
ing chemical shifts computationally is sometimes inaccurate;
however, in the expanded CORCEMA‐ST‐CSD approach used
in this work to analyze STD data from Sf6TSP‐
oligosaccharide complexes, chemical shifts are described as
distributions rather than as discrete signals and thus less
sensitive to the chosen irradiation interval in the correspond‐
ing simulation. In addition, all results were calculated direct‐
ly from estimated physical parameters (e.g.τ C‐protein, τC‐ligand,
KD etc.) without any major parameter optimization. This is in
contrast to the high number of input parameters used in
CORCEMA‐ST that may result in forced fitting scenarios.
Hence, in the present study, NMR spectroscopy and X‐ray
crystallography provided robust validation of the computa‐
tional descriptions of TSP O‐antigen binding. This empha‐
sizes the improvement in the quality of carbohydrate force
fields due to specifically adapted glycan parametrization pro‐
32,33
cedures.
MD simulations in this work indeed produced
similar results when calculated with either the CHARMM or
GLYCAM force field, especially for the dynamics at the octa‐
saccharide reducing end. Slightly different H‐bond occupan‐

cies or minor distance fluctuations were observed, however,
the spread in these observables can be seen in analogy to the
experimental uncertainty.
For the dodecasaccharide by contrast, positional dynamics
and flexibility were enhanced when calculated with
CHARMM, particularly for RU3. One might thus speculate
that although both force fields showed similar results in most
simulations, glycans in Glycam simulations may have a more
pronounced tendency to stick to protein surfaces described
by Amber03 (see Figures S14 and S15 in the Supporting In‐
formation). The precise origin of this discrepancy is yet to be
elucidated, but it seems reasonable to regard these two dy‐
namical behaviors as the outer limits of accuracy in the actu‐
al description. Reliable computational descriptions of pro‐
tein‐carbohydrate complexes furthermore are a prerequisite
to exactly define water molecules in binding sites. MD simu‐
lations in this study showed good agreement of water posi‐
tions with those in the crystal structure (cf. Figure 3). How‐
ever, the fundamental challenge remains in assigning desolv‐
ation penalties to individual water molecules in order to pre‐
dict binding affinities from simulation data.
Computational simulation of binding of long polysac‐
charide fragments to Sf6TSP. In this work, the thorough
experimental description of octasaccharide binding to
Sf6TSP and the excellent agreement with data from MD sim‐
ulations is prerequisite for the definition of a plausible com‐
putational setup that finds binding modes of dodecasaccha‐
ride fragments. It should be emphasized that no experi‐
mental evidence of a dodecasaccharide pose is yet available;
soaking of Sf6TSP crystals with dodecasaccharide, polysac‐
charide or lipopolysaccharide, for instance, had not shown
any interpretable ligand electron density, as ligand flexibility
is likely to cause disorder in the crystal. For the octasaccha‐
ride ligand, the experiments clearly emphasized the en‐
hanced flexibility of RU2. This suggests that RU2 and RU3
have enough freedom to adapt their conformation while
choosing a high energy dodecasaccharide starting conformer
that avoids steric clashes. At the same time, fixing RU1 in the
RU1 site is required. This finding is corroborated by the ob‐
servation that mutations of H‐bond providing residues E293
and D247 in the RU1 site had previously shown a reduced
22
hydrolysis turnover , stressing that the corresponding pro‐
tein‐ligand H‐bonds are important to position the polysac‐
charide fragments correctly for cleavage. In the computa‐
tional setup, the backbone of the protein loops had to be
made fully flexible to establish all contacts in the ‐2 site cor‐
rectly, whereas contacts in site +1 were similar irrespective of
protein loop flexibility. In combination with a high‐energy
dodecasaccharide starting conformer in the simulation this
helps to overcome local barriers presented by the protein
scaffold and to sample conformations slightly elevated in
energy in order to arrive at the final pose. Limits to this
model come from the fact that in this study only one high
energy dodecasaccharide starting structure was used. With
the high energy starting conformation the sampling of possi‐
ble final dodecamer poses cannot be expected to be exhaus‐
tive, and the assignment of initial conditions is currently a
limitation of our study. However, with the two force fields
used we obtain a reasonable variation of poses that are well
compatible with the placement of the octasaccharide, i.e.
first two RUs. It is intuitively appealing that the ligand
should settle in an elongated manner simply on account of

the geometrical constraints imposed by the unstructured
loops. Releasing the restraints on the latter, nevertheless,
seems to be essential. By contrast, simulations that fixated
RU1 in the RU1 site showed that the ligand was unable to find
an overall stable binding pose within the given simulation
time (Figure S16 in the Supporting Information). Whereas
the Sf6TSP‐octasaccharide complexes analyzed in this work
comply very well with the general observation that glycan
low‐energy solution conformers are recognized, MD simula‐
tion of the dodecasaccharide complex shows that the con‐
formation of the octasaccharide subunit (RU1 and RU2) is
slightly distorted, with standard deviations of the fluctua‐
tions in all glycosidic angles notably increased (cf. Table S3
and S4). It is therefore not surprising that in the present case
both, the ligand and the protein must provide flexibility to
correctly place the polysaccharide in the Sf6TSP catalytic site
for cleavage. The accommodation of the dodecasaccharide
may eventually be understood with a progressive conforma‐
34
tional binding model , with a relaxation pathway leading
through a rugged energy landscape. Furthermore, the glycan‐
protein contacts established by RU1 and RU3 position RU2
favorably for enzymatic cleavage, in agreement with a mini‐
mal substrate length of 3 RU. The approach used in this
study, to experimentally establish a precise picture of not
only glycan‐protein interactions, but also glycan dynamics in
the binding site could be a valuable scheme in other cases of
weakly binding polysaccharide‐protein complexes, where the
extrapolation towards long polysaccharide fragments with
computational methods is desired.

METHODS
Materials. All experiments were carried out with N‐
terminally shortened TSP lacking the capsid adaptor do‐
mains (ΔN, residues 109‐622, MW = 166 kDa for the native
21
trimer). LPS, polysaccharide and oligosaccharides of
S. flexneri O‐serogroup Y were obtained from Nils Carlin
35
(Scandinavian Biopharma) and purified as described.
Crystallization, data collection and structure deter‐
mination. The complex of Sf6TSP E366A/D399A and octa‐
saccharide (2RU) crystallized in space group P21 at room
temperature by sitting‐drop vapor‐diffusion mixing 3 µl of
protein solution (10 mg/ml in 10 mM sodium phosphate
pH 7.5) with an equal volume of precipitant solution (0.1 M
MES pH 6.5, 20 mM MnCl2, 16 % w/v PEG 8000) and 0.6 µl of
octasaccharide (15 mM in H2O). Crystals appeared within two
weeks, were transferred into cryo‐protectant (0.1 M MES
pH 6.5, 20 mM MnCl2, 25 % w/v PEG 8000, 15 % w/v ethylene
glycol) and frozen in liquid nitrogen. A 1.95 Å resolution data
set was collected at 100 K at BL14.1 operated by the Helm‐
holtz‐Zentrum Berlin (HZB) at the BESSY II electron storage
36
37
38
ring and processed with XDS and POINTLESS. The crys‐
tal showed non‐merohedral twinning (twinning fraction α =
0.28) and in addition, non‐crystallographic translational
symmetry (NCS). Initial phases were obtained by molecular
39
40
replacement with Phaser from the CCP4 suite using the
non‐isomorphous structure (space group R3) of wild‐type
22
Sf6TSP bound to tetrasaccharide (PDB: 2VBM). In order to
minimize model bias, the initial poly‐alanine model with six
copies of Sf6TSP per asymmetric unit was automatically re‐
built using ARP/WARP41. Iterative cycles of interactive model
42
43
building with COOT and refinement with REFMAC5 and
44
BUSTER led to the final model statistics (summarized in

Table S2 of the Supporting Information). Geometrical re‐
straints used during refinement of the oligosaccharide and
solvent molecules were generated with the GRADE web serv‐
er (http://grade.globalphasing.org, Global Phasing Ltd.).
Quality Control Check v3.0 was used for validation of the
model (http://smb.slac.stanford.edu /jcsg/QC/, Joint Center
for Structural Genomics). Two trimers, the functional Sf6TSP
quaternary structure, were found to be generated by NCS
from all six protein chains in the asymmetric unit with a
rmsd of 0.22 Å for all Cα atoms. The final model coordinates
have been deposited at the Protein Data Bank with accession
45
number 4URR. Figures were generated with PyMOL.
1

NMR spectroscopy. NMR chemical shift assignment, H T1
1
1
spin relaxation, H, H transfer NOESY (trNOESY) and
1
H saturation transfer difference (STD) NMR experiments
were performed at 56 °C on a 500 MHz Bruker Avance NMR
spectrometer equipped with a TCl‐Z‐Gradient cryoprobe.
Sf6TSP keeps its native fold at 56 °C (see Figure S17 in the
Supporting Information). For octasaccharide shift assign‐
1
1
1
ment see Table S3. The H, H trNOESY and H STD NMR
experiments were performed on a sample containing Sf6TSP
D399N (0.12 mM) and the octasaccharide ligand (1.87 mM) in
D2O sodium phosphate buffer (100 mM, pD = 7). The 2D
1
1
H, H transfer NOESY spectrum was recorded using a phase‐
46
sensitive pulse sequence with a calibrated zero quantum
47
suppression filter and a mixing time of 120 ms. A reference
experiment on a sample of the ligand per se was performed
to ensure the absence of NOE for the ligand in solution at
48
1
49
this temperature. Four H STD experiments were acquired
with different saturation times (0.5, 1, 2 and 4 s). Saturation
of the protein was achieved by irradiating on‐resonance at
either 7.0 or ‐0.4 ppm with a pulse train of 50 ms Gaussian
pulses using a power level corresponding to a hard square
pulse of 24 Hz; the same pulse train was irradiated off‐
resonance at 60 ppm as reference. STD amplification factors
50
(STD‐AF) were calculated, and STD build‐up curves were
fitted exponentially to obtain STD‐AF0. The CORCEMA‐ST‐
CSD analysis was conducted by altering the irradiation fre‐
quencies in intervals of 0.05 ppm using the CORCEMA‐ST
24,51
program.
Parameters employed in the CORCEMA‐ST
simulations were used as initially estimated; a free ligand
correlation time of 253 ps calculated from the pulsed field
gradient diffusion measurements, a correlation time of
23.9 µs when bound was calculated from the molecular mass
of the protein as a trimer (165 kDa), an internal correlation
52
time being one order of magnitude shorter i.e. 25.3 ps, an
53
‐1
order parameter of 0.85 , estimated KA = 2000 M ,
7 ‐1 ‐1
‐1
kon = 1∙10 s M , an active‐site cut‐off of 6 Å and ρleak = 0.1 s .
Chemical shifts of the protein in the X‐ray and MD molecular
models were estimated by using the ShiftX2 software54, using
the ShiftY addition. In cases where the chemical shifts were
not predicted by the ShiftX2 calculation, they were estimated
using the predicted chemical shift of a neighboring spin. The
missing chemical shift of spin i was calculated as
,
̅
̅ / where
,
, is the predicted chemical
shift of the neighboring spin, ̅ is the average chemical shift
and the standard deviation of a specific atom in an amino
55
acid (data taken from the BMRB database). The transverse
relaxation time (T2,protein) of Sf6TSP was estimated to 3.85 ms
1
from a H spectrum simulation based on the ShiftX2 chemi‐
cal shifts of Sf6TSP.

Sf6TSP polysaccharide interaction analyses. LPS prepa‐
rations were immobilized, and surface plasmon resonance
56
experiments were carried out as described. Protein fluores‐
cence was measured on a Fluoromax 3 spectrofluorimeter
(HORIBA Jobin Yvon, Bensheim, Germany) in PMMA
poly(methyl methacrylate) cuvettes in 50 mM sodium phos‐
phate buffer pH 7 at 184 nM TSP concentration in 3 ml test
volume at 10 °C, with λEx = 280 nm. Spectra were corrected
for dilution upon polysaccharide addition. Polysaccharide
binding kinetics were monitored at λEm = 336 nm, traces were
fitted with a biexponential fit and kdiss obtained from appar‐
ent rate constants kapp using the relationship kapp = kdiss +
25
kass∙(cPolysaccharide + cTSP) as described elsewhere. The polydis‐
perse nature of polysaccharide prevented calculation of mo‐
lar concentrations and thus of kass from the data. LPS prepa‐
rations were immobilized, and surface plasmon resonance
56
experiments were carried out as described. For cleavage
product analysis, 1 mg/ml LPS was incubated with 20 µg/ml
Sf6TSP for six days at room temperature and precipitated
with 80 % (v/v) ethanol. The dried supernatant or the re‐
spective octa or dodecasaccharide controls were dissolved in
2 µL 8‐aminopyrene‐1,3,6‐trisulfonic acid (200 mM in 15 %
(v/v) acetic acid) and 2 µL sodium cyanoborohydride (1 M in
tetrahydrofuran), incubated overnight at 37 °C and diluted
with 96 µL water. Samples were diluted 400‐fold and sub‐
57
jected to capillary electrophoresis as described elsewhere.
Theory. All molecular dynamics (MD) simulations were
58
carried out using the Amber force field ff03 in combination
32
with the GLYCAM parametrization for carbohydrates and
CHARMM36 with an improved set of carbohydrate parame‐
33,59
ters.
MD simulations were conducted in GROMACS with
60
the TIP3P water model [tip3p]. Molecular topology and
coordinate files for the carbohydrate were created with Am‐
61
berTools using tLeap as part of Amber11 , and then translat‐
62
ed to GROMACS input files via a modified amb2gmx.pl.
After an equilibration phase, production runs between 100
and 200 ns duration at constant volume were carried out
using a velocity‐Verlet integrator with half‐step averaged
kinetic energies and a time step of 2 fs. The temperature of
310 K was maintained with a multi‐chain Nose‐Hoover ther‐
63
mostat. The particle mesh Ewald (PME) method was used
to calculate electrostatic interactions with a cut‐off of 1.2 nm
for the separation of the direct and reciprocal space summa‐
64
tion. H‐bonds within water were treated with the SETTLE
65
66
algorithm , other constraints were treated with LINCS.
67
Docking was carried out with Autodock v. 4.2. Initial coor‐
dinates were obtained from the averaged saccharide struc‐
tures after MD simulation with ϕ glycosidic torsions set as
rigid in order to obtain rational saccharide conformations,
and 100 runs were performed for each docking trial. Binding
free energies were determined with the umbrella pulling
procedure implemented in GROMACS as an application of
68
the weighted histogram analysis method.
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