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Abstract 

The mechanism of the glycoside hydrolase family 90 Salmonella phage P22 tailspike protein was reevaluated by 
automated docking using Autodock3, with O–antigen oligosaccharide fragments having different ring–
conformations at L–rhamnose and that span the essential –1 to +1 subsites. In contrast to a previously suggested 
mechanism, the docking results strongly indicate that an ALPH–compliant inverting mechanism is operative, 
with an anti–positioned Asp395 acting as proton donor and with Asp392 as general base assistant. 
Keywords. Glycoside hydrolase; AutoDock; docking; active site; ALPH; antiperiplanar lone pair hypothesis. 

Abbreviations and notations 
Abe, abequose (D–3,6–dideoxygalactopyranose) ALPH, Antiperiplanar Lone Pair Hypothesis 
ADT, AutoDockTools LGA, Lamarckian Genetic Algorithm 

1 INTRODUCTION 

The Salmonella phage P22 capsid contains at the base of its neck structure up to six identical 
tailspike protein molecules. They are non–covalently bound and function as a viral adhesion factor 
to the bacterial host. The cellular receptor is the O–antigenic multiple–repeating trisaccharide 
[ 2)– –D–mannopyranosyl–(1 4)– –L–rhamnopyranosyl–(1 3)– –D–galactopyranosyl–(1 ]
of a Salmonella lipopolysaccharide [1,2]. The host range includes serotypes A, B and D1 which are 
characterised by a non–pervasive occurrence of 3,6–dideoxyhexoses, respectively paratose, 
abequose and tyvelose, –(1 3)–linked to D–mannose of the linear O–antigen polysaccharide. It 
also accepts the O–antigen 122 variant of serotype D1, which is characterised by the extra presence 
of single –(1 4)–D–glucosyl units at the main chain’s D–galactose [3–6]. The tailspike protein 
consists of a small (12 kDa) N–terminal, dome–like, head binding domain, and a large (60 kDa) 
elongated C–terminal fish–shaped domain which carries the O–antigen binding and cleavage site 
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[7.8]. The active site (a long central cleft) lines the main axis of the 150 Å long protein, and is large 
enough to accommodate three antigenic repeats; two repeats are sufficient for receptor binding. It 
slowly cleaves the –(1 3) O–glycosidic bond between L–rhamnose and D–galactose [9], and has 
been classified as a Glycoside Hydrolase Family 90 endorhamnosidase [10]. 

The crystal structure of the active site containing C–terminal part has been determined at 
different resolutions. Three structures in complex with O–antigen fragments of two repeating units 
from serotype B, D1 and 122 have also been studied (PDB entries 1tyx, 1tyu, and 1tyw, 
respectively) [11–13]. These complexes show the oligosaccharides to reside exclusively in the 
enzyme’s minus subsites with a terminal –L–rhamnose occupying the –1 subsite. In all three cases, 
the electron density of the terminal L–rhamnose –showing a discontinuity between C2 and C3– was 
suggested to correspond to a 5S1 skew–boat ring conformation, with the C1 hydroxyl group in –
configuration and positioned equatorially. This is remarkable, since one would expect to find the 
lower energy ground state (in this case a 1C4) conformation in an enzyme–product complex which 
does not span the essential –1 to +1 subsites. Subsite –1 contains three acidic residues, Glu359, 
Asp392 and Asp395, and the corresponding amide mutants were shown to be enzymatically 
inactive without significantly reducing the substrate binding affinities [9]. Based on the relative 
positioning of these carboxylates versus the terminal L–rhamnose, it was proposed that Asp392 is 
the proton donor with Glu359 and/or Asp395 acting as general bases in an inverting mechanism 
[13].

The presence of a lone pair from the endocyclic oxygen that is antiperiplanar to the leaving 
group is a stereoelectronic requirement for heterolytic acetal C–O bond cleavage [14–17]. However, 
the proposed 5S1 skew–boat in the tailspike protein complexes has a C1–equatorial hydroxyl group 
with both the endocyclic oxygen’s lone pairs in synclinal position to the scissile bond. This 
proposed sugar conformation is contradictory to the antiperiplanar lone pair hypothesis (ALPH). 
For several decades, the relevance of ALPH for a glycoside hydrolysis mechanism has been the 
subject of debate, but has been generally accepted following a highly authoritative article by 
Deslongchamps [18]. As a consequence of ALPH, the hydrolysis of a –glycoside should first 
undergo a conformational change away from the ground state chair to a twist–boat conformation in 
which the leaving group has an axial position as well as an essential set–up with an antiperiplanar 
ring–oxygen lone pair. In several crystal structures of –glycoside hydrolases in complex with 
substrate analogues, a skew–boat conformation of the glycoside at subsite –1 has indeed been 
observed [19]. For –glycosides such as the tailspike protein’s O–antigen substrate, the ALPH–
requirements are already met at the ground state chair conformation, suggesting their hydrolysis 
mechanism to proceed directly from the ground state [18]. 

One has to conclude that the proposed 5S1 skew–boat terminal –L–rhamnose ring conformation 
represents a non–productive binding mode, which prompted us to investigate other possibilities. 
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Indeed, in a productive Michaelis complex, with subsites –1/+1 occupied and containing an intact 
–(1 3) glycosidic bond to D–Galp of the next O–antigen repeat, the positioning of the L–

rhamnose in subsite –1 relative to the catalytically participating amino acids could be quite 
different.

We presently report the use of AutoDock [20] in an effort to resolve the ambiguities of the 
previously proposed mechanism of glycoside hydrolysis by the family GH–90 phage P–22 tailspike 
protein. Dockings into a grid box containing the enzyme’s –3 to +1 subsites are described, with the 
tetrasaccharide –D–galactopyranosyl–(1 2)–[ –D–3,6–dideoxygalactopyranosyl–(1 3)]– –D–
mannopyranosyl–(1 4)– –L–rhamnopyranose (rhamnose ring conformation 5S1: 1; 1C4: 2) for 
validation of the method, and with the crucial –1 to +1 subsites spanning pentasaccharide –D–
galactopyranosyl–(1 2)–[ –D–3,6–dideoxygalactopyranosyl–(1 3)]– –D–mannopyranosyl–
(1 4)– –L–rhamnopyranosyl–(1 3)– –D–galactopyranose (rhamnose ring conformation 5S1: 3;
1C4: 4; 1S3: 5) (Figure 1). 

Figure 1. The tetrasaccharide and pentasaccharide used in the docking experiments: –D–galactopyranosyl–
(1 2)–[ –D–3,6–dideoxygalactopyranosyl–(1 3)]– –D–mannopyranosyl–(1 4)– –L–rhamnopyranose 
(rhamnose conformation 5S1: 1; 1C4: 2); –D–galactopyranosyl–(1 2)–[ –D–3,6–dideoxygalactopyranosyl–
(1 3)]– –D–mannopyranosyl–(1 4)– –L–rhamnopyranosyl–(1 3)– –D–galactopyranose (rhamnose 
conformation 5S1: 3; 1C4: 4; 1S3: 5). 

2 MATERIALS AND METHODS 

Docking of the oligosaccharide ligands into the active site of the protein was carried out with 
AutoDock version 3.0.5 which includes a robust Lamarckian Genetic Algorithm (LGA) and a 
calibrated empirical free energy function for evaluating the conformational space of the ligand [20–
22]. An excellent AutoDock–helping graphical user interface, AutoDockTools (ADT), has been 
released as an extension suite to the Python Molecular Viewer [23]; this allows easy and correct 
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formatting of the ligand and the macromolecule, as well as setting the grid and docking parameter 
files. 

A limitation of the current AutoDock release is that it assumes the protein receptor to be rigid. In 
the case of phage P22 tailspike protein structures, the atoms near the crucial subsites show low B–
values, and a magic fit 3D–overlay [24] with all the available 3D coordinate sets shows only very 
small conformational differences. Thus, the presence of a rigid receptor can in this case be regarded 
as a reasonable approximation. 

The dockings were performed on the 3D structure from PDB entry 1tyx which contains two 
repeating units of the serotype B O–antigen, occupying subsites –6 to –1 [12]. Due to the absence of 
interpretable electron density, all available 3D structures of the P22 tailspike protein lack atomic 
coordinates for two short sequences: DMNPEL at 401–406 and STDGQ at 508–512. The latter 
segment is far away from the active site. The former segment starts after Thr400 which points the 
methyl group of its sidechain into the active site. This short segment then connects to Asp407 which 
is far away from the active site; the missing residues therefore are not essential for the integrity of 
the active site. 

The oligosaccharide ligands were drawn and minimized with HyperChem 4.5 (MM+ force field; 
HyperCube Inc, Gainesville, USA) [25,26]. The ligand PDB files were subsequently converted with 
ADT to Gasteiger–Marsili partial charges added [27] and torsion–formatted out.pdbq files. The 
protein was also set–up with ADT: the ligand and all waters were removed, only polar hydrogens 
were added, the Kollman united–atom partial charges [28] were calculated, and atomic solvation 
and fragmental volumes [29] were assigned, yielding the required pdbqs file. 

AutoDock uses a grid–based method for energy evaluations, in which the grid points contain 
precalculated affinities for the different atom types of the ligand. The number of grid points were 
set at 54–58–44 with a point spacing of 0.383 Å centered at 78.117–57.641–98.186, yielding a grid 
box that spans the –3 to +1 subsites in excess. 

In the docking experiments, minor variations of the ADT 1.1 standard LGA docking parameter 
settings were used. The LGA–runs were started with an initial random (rotatable bond 
conformations, orientations and translations) population of 50 ligands that uniformly covers the grid 
space. The number of different docking runs were set at 50 with a run–termination of 3000 
generations at a maximum of 25  106 energy evaluations. The elitism number, the mutation rate 
and the gene crossover rate were 1, 0.02 and 0.8 respectively. AutoDock uses a pseudo–Solis and 
Wets local search to minimize the energy of the population [30,31]. The local search frequency was 
0.06 with a maximum of 300 iterations per search. The maximum consecutive successes or failures 
before doubling or halving the local search step size were both set to 4, with a termination criterion 
of 0.01. After the docking runs, the resulting oligosaccharide conformations were clustered to 
similarity within 3Å rms deviation. 
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HyperChem 4.5 ran on an SGI Indigo–II. AutoDockTools, autogrid3 and autodock3 were run on 
an Apple single 1600 MHz G5 or an Apple dual 450 MHz G4. Stereodrawings (wall–eyed) were 
prepared with the Swiss–PDB viewer 3.7 [24] and colored figures with Pymol–OSX 0.93 [32]. 

3 RESULTS AND DISCUSSION 

3.1 Dockings with –D–Galp–(1 2)–[ –D–Abep–(1 3)]– –D–Manp–(1 4)– –
L–Rhap (Rhamnose Ring Conformation 5S1: 1; 1C4: 2) 

The tetrasaccharide 1, which has the terminal L–rhamnose in the same 5S1 ring conformation as 
proposed in the 1tyx, 1tyu and 1tyw complex structures, was run as a test of AutoDock’s predictive 
capability in these docking experiments. This resulted in a cluster of 48/50 alike individual 
conformations, of which the best–docked ( Gbinding; estimated free energy of binding: –6.77 
kcal/mol) is shown in Figure 2. All the carbohydrate rings are in virtually the same position relative 
to the enzyme as in the crystal complexes, indicating that the integrity of the active site is preserved 
although all water molecules were removed, and, more importantly, validating the settings of the 
docking method. A notable feature of this (crystal as well as docked) situation is that the terminal 
L–rhamnose’s 5–methyl group is oriented inwards to the enzyme, apparently in hydrophobic contact 
with the aromatic ring of Trp391. 

Figure 2. Best–docked conformation of 48/50 cluster with tetrasaccharide 1 (rhamnose in 5S1). 

Dockings with tetrasaccharide 2, which has a terminal L–rhamnose in the ground state 1C4 ring 
conformation, yielded a 50/50 cluster of alike individual conformations. The best–docked ( Gbinding:
–7.47 kcal/mol) is shown in Figure 3. The carbohydrate rings are again positioned as in the crystal 
complexes, with the hydrophobic 5–methyl group of the terminal L–rhamnose also in the vicinity of 
Trp391.
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Figure 3. Best–docked conformation of 50/50 cluster with tetrasaccharide 2 (rhamnose in 1C4).

Both docking results confirm the crystal complexes concerning the orientation of the terminal L–
rhamnose in the –1 subsite (5–methyl group close to Trp391). However, in terms of estimated 
binding and docking energies, AutoDock calculates a better recognition when the L–rhamnose 
resides in a ground state 1C4 chair. Moreover, AutoDock3 treats ring conformations as fixed and its 
energy minimization does not take into account the energy penalty due to the angle and torsional 
strains in a local minimum 5S1 versus a ground state 1C4 rhamnose ring. In other words, AutoDock 
predicts that only the latter (as in Figure 3) should be observed in these enzyme–ligand complexes. 

An overlay of the coordinates of the epitope–ligand from the 1tyx crystal, including the water 
molecule 219 which was previously assumed to be the nucleophile [13], together with the best–
docked tetrasaccharide 2, can provide an explanation to this discrepancy (Figure 4). 

Figure 4. Overlay of the best–docked tetrasaccharide 2 (rhamnose in 1C4, carbons indicated, no hydrogens shown) with 
the 1tyx crystal epitope fragment including the oxygen from water 219. 

It is striking that the hydroxyl oxygens at C1 and C3 as well as the C5 methylgroups from both 
terminal rhamnoses almost coincide, whereas the C2–hydroxyl oxygen of the 1C4 rhamnose has 
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about the same position as the oxygen of water molecule 219 in the crystal structure. It is thus very 
well possible that the electron density of the latter belongs to the C2–hydroxyl group of a terminal 
1C4 rhamnose, while the density that was attributed to a C2–hydroxyl group of a 5S1 rhamnose 
actually originates from the oxygen of a water molecule. In the uncomplexed crystal structures, a 
water molecule is indeed always present at approximately this position. 

3.2 Dockings with –D–Galp–(1 2)–[ –D–Abep–(1 3)]– –D–Manp–(1 4)– –
L–Rhap–(1 3)– –D–Galp (Rhamnose Ring Conformation 5S1: 3; 1C4: 4; 1S3: 5) 

The added reducing–end D–galactose introduces six extra rotatable bonds to the ligand. 
Dockings with these pentasaccharides approach the limit of AutoDock’s capability and often 
yielded many unrealistic binding modes at relatively high intermolecular energies. Still, each 
docking experiment also resulted in one or two low–energy clusters of highly alike conformations 
in which the non–reducing end D–Galp, D–Abep and D–Manp rings are residing in their correct 
subsites; these are discussed further. 

Pentasaccharide 3 gave a major low–energy cluster of 20/50 similar conformations. The best–
docked member ( Gbinding: –6.50 kcal/mol) is shown in Figure 5. The 5S1 L–rhamnose within subsite 
–1 is turned upside down in comparison to its positioning in the crystal ligand complex, with its 
C2–hydroxylgroup (and not the C5–methylgroup) now pointing towards Trp391. 

Figure 5. Best–docked conformation of 20/50 cluster with pentasaccharide 3 (rhamnose in 5S1).

Apparently, a rhamnose orientation as in Figure 2 or 3 (and as observed in the crystal structure) 
is disfavored when a reducing end D–Galp is attached. Asp392 may be close enough to the oxygen 
of the scissile glycosidic bond to function as proton donor, however, none of the enzyme’s 
carboxylates is correctly positioned to be able to act as either a nucleophile or a general base. 
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Together with the non–ALPH compliancy of a 5S1 –L–rhamnose, the conformations in this cluster 
can therefore not be catalytically productive. 

The dockings with pentasaccharide 4 gave two major clusters which show the non–reducing end 
D–Galp, D–Abep and D–Manp rings in their correct subsites. The best–docked conformation of the 
lowest energy cluster (7/50 similar conformations; Gbinding: –9.56 kcal/mol) is shown in Figures 6, 
7 and 8. The 1C4 L–rhamnose at subsite –1 is again practically turned upside down in comparison to 
the terminal L–rhamnose from the crystal structure (the C5–methylgroup is not pointing towards 
Trp391). Nevertheless, this ALPH–compliant conformation shows a correct positioning of two 
catalytic carboxylate residues. Indeed, Asp395 is perfectly positioned, at 2.6 Å distance, to 
protonate the glycosidic oxygen of the axial scissile bond. Its position versus the endocyclic oxygen 
of L–rhamnose (close to C2, not to O5) would categorize the Family GH–90 tailspike protein as an 
anti–protonator [33]. Asp392 is also anti positioned but is too far away from the glycosidic oxygen 
to be able to act as proton donor. Although this residue is close to the anomeric center (at 3.6 Å 
distance), it is perpendicular to the scissile bond and is therefore unsuited for an in–line nucleophilic 
attack. This suggests a single–displacement (inverting) mechanism in which an in–line water 
molecule is the nucleophile with Asp392 being the general base assistant. In this scenario, Glu359 
plays no direct mechanistic role, but appears to be important for hydrogen bonding towards the C3 
hydroxyl group of the L–rhamnose at subsite –1 (at 3.0 Å distance), as well as for interactions at 
subsite –3. The reducing end D–Galp dips deep into the active site, in a surface depression just wide 
enough to contain only one carbohydrate unit; this is very likely the +1 subsite (Figure 8). The axial 
C1 hydroxyl group of this –D–Galp points upwards and allows connection to a D–Manp of the 
next antigenic repeat. 

Figure 6. Best–docked conformation of the lowest–energy 7/50 cluster with pentasaccharide 4 (rhamnose in 1C4). 
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Figure 7. The situation of the best–docked pentasaccharide 4 (rhamnose in 1C4, see Figure 6) in the –3/+1 subsites of 
the tailspike P22 protein. Carboxylate residues are coloured yellow. 

Figure 8. Surface representation with the best–docked pentasaccharide 4 (rhamnose in 1C4, see Figures 6 and 7). 

The best–docked conformation of the second major cluster with pentasaccharide 4 (13/50 
conformations; Gbinding: –8.21 kcal/mol) is shown in Figure 9. Surprisingly, the C5–methylgroup 
of the L–rhamnose in subsite –1 is now pointing towards Trp391, as seen in the dockings with 
tetrasaccharides 1 and 2, and as observed in the crystal structure. In this case, Glu359 is at a correct 
position and distance (4.6 Å) from C1 of the scissile glycosidic bond to serve as general base for 
activating a water–nucleophile. However, the oxygen of the scissile bond is now oriented in such a 
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way that none of its lone pairs are accessible for protonation by either Asp392 or Asp395. 

Figure 9. Best–docked conformation of the higher energy 13/50 cluster with pentasaccharide 4 (rhamnose in 1C4).

Missing a proton donor, this conformation must be discarded as a productive binding mode 

candidate. In a confirming experiment, the trisaccharide –D–Manp–(1 4)– –L–Rhap–(1 3)– –

D–Galp (with the L–rhamnose in the 1C4 chair) was also docked in the same grid box; it yielded a 

large 42/50 cluster of alike conformations with carbohydrate ring positionings in subsites –2 to +1 

analogous to Figures 6–8, but not a single conformation as seen in Figure 9. 

For completeness, the pentasaccharide 5 was docked as well, since this –L–rhamnose 1S3 ring 

conformation also has a ring–oxygen lone–pair that is antiperiplanar to the scissile bond (ALPH–

compliant). This experiment however yielded a series of non–realistic binding modes, with 

carbohydrate ring positions that are seriously deviating from those in the previous clusters. 

4 CONCLUSIONS 

The presently described docking experiments strongly suggests that an ALPH–compliant 

inverting mechanism is operative on hydrolysis of the O–antigen substrate by the Family GH–90 

Salmonella phage P22 tailspike protein, with an anti–positioned Asp395 acting as proton donor and 

with Asp392 as general base assistant. 
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