
Supporting Information

Quantum Mechanics/Molecular Mechanics Simulations Show
Saccharide Distortion is Required for Reaction in Hen Egg-White
Lysozyme

Michael A. L. Limb,[a] Reynier Suard�az,[a] Ian M. Grant,[b] and Adrian J. Mulholland*[a]

chem_201805250_sm_miscellaneous_information.pdf

http://orcid.org/0000-0002-1035-9020
http://orcid.org/0000-0002-1035-9020
http://orcid.org/0000-0003-1015-4567
http://orcid.org/0000-0003-1015-4567
http://orcid.org/0000-0003-1015-4567


 

 

1 

 

Contents  
S.1 Statement of oxocarbenium terminology  

S.2 Details of MD setup and equilibration 

 S.2.1 Preparation of Enzyme-product complex 

 S.2.2 Molecular Dynamics (MD) Simulations 

 S.2.3 QM/MM Setup Additional Details  

S.2.4 Cremer-Pople Puckering Analysis Details 

S.3 Mercator plots of CP from MD trajectories and populations.  

 S.3.1 Mercator plots of CP from 100ns MD trajectories 

 S.3.2 Fraction of distorted NAM-D ring conformations 

S.4 Mercator plots of CP from umbrella sampling scans  

S.5 SCC-DFTB/MM umbrella sampling calculations: Geometric parameters and 20ps vs 100ps simulation 
windows 

S.6 Representative structure of the QM region of the important species along the reaction coordinate (SCC-
DFTB/MM Umbrella Sampling) 

S.7 2D B3LYP-D/6-31+G(d)/MM Adiabatic Mapping Calculations  

S.7.1 2D Potential Energy Surface from B3LYP-D/6-31+G(d) / MM calculation: Anti distorted 
intermediate 

S.7.2 2D Potential Energy Surface from B3LYP-D/6-31+G(d) / MM calculation: Syn undistorted 
intermediate 

S.8 Single Point Energy calculations 2D PES: QM method and basis set dependence 

S.9 Assessing conformational dependence with MM and QM/MM method: MM (CHARMM27) / SCC-DFTB / 
QM(B3LYP-D/6-31+G(d))   

S.10 MM MD analysis of distorted versus undistorted NAM-D rings  

S.11 NBO analysis  

S.12 Gas phase single point calculations along minimum free energy path of 2D adiabatic mapping. 

S.13 Crystallographic refinement 

 S.13.1	Refinement	and	rebuilding		

	 S.13.2	Rebuilding		

	 S.13.3	Twin	model/multiple	conformer	refinement	

	 S.13.4	Refinement	against	simulated	data. 	

	 S.13.5	Methods. 	

S.14 References   



 

 

2 

S.1 Statement of oxocarbenium terminology  
 

We note that oxocarbenium and oxacarbenium are descriptors used interchangeably in the carbohydrate 
literature when describing pyranose ring ion species. In this communication, oxocarbenium is used 
throughout in accordance with the most recent edition of ‘Carbohydrates: The Essential Molecules of 
Life’[1]. 

S.2 Details of MD setup and equilibration 
	

S.2.1	Preparation	of	Enzyme-product	complex.	

The initial structure of the enzyme-ligand complex was built from the crystal structure of the wild-type 
HEWL with the trisaccharide product (NAM-B-NAG-C-NAM-D) bound in -3,-2,-1 sites of HEWL 
solved by Strynadka and James [2]. Examination of omit density and multiple conformation refinement (see 
below) revealed two rotamers for the Val109 and Asn59 residues. Re-refinement (see Section S.13) site 
yielded four possible conformations (4C1, BO,3, E3, BO,3/E3 ) of the pyranose ring of the NAM at the –1 (D) site 
as being potentially compatible with the electron density. Each of these conformations (derived from 
crystallographic refinement) was taken as a starting point, with each potential conformation of Val109and 
Asn59, thus each of the four conformations and both rotamers giving 16 different starting structures were 
set up for MM MD simulations. All the crystallographic waters were retained. Hydrogen atoms (not 
observed in the crystal structure) were added using the guesscoord subroutine in psfgen in VMD. The 
protonation states of all ionizable amino acid residues were assigned on the basis of a pKa estimated via 
PROPKA version 3.0 (http://propka.ki.ku.dk/).[3] The two glycosidic bonds between the pyranose rings of 
the ligand were built using the B14 patch described in our previous work.[4] Aspartate and glutamate 
residues were treated deprotonated, with the exception of the catalytic Glu35 which was protonated using 
a standard patch in the CHARMM force field, consistent with the proposed mechanism and experimental 
observations[5]. Four disulphide bridges were applied to the system using a standard patch in CHARMM 
force-field. Histidine residues (none of which are located near the active site) were modeled in their 
neutral states with their tautomeric state assigned in the basis of hydrogen bonding using WHATIF 
(http:swift.cmbi.ru.nl).[6] 

S.2.2	Molecular	Dynamic	(MD)	Simulations		

All MM MD simulations were performed using the AMBER GPU code (version 12). Protein parameters 
were taken from the CHARMM22 force-field with the CMAP correction, while additional MM 
parameters for the NAM and NAG residues in the ligand were developed in our group (and applied 
previously by us, Bowman et al. Chem Commun 2008, reference 4 below). In order to convert the 
CHARMM parameters for use with the AMBER package, CHAMBER in Ambertools12 was used to 
generate the necessary files. The enzyme-ligand complex was solvated by a layer of water 12 Å in each 
direction from the atom with the largest coordinate in that direction forming a rectangular box of 
CHARMM-type TIP3P water molecules. All MM MD simulations were run with periodic boundary 
conditions. To prepare the system before the production phase of the simulation, hydrogen atoms and then 
water molecules were minimized using a combination of steepest descent and conjugate gradient energy 
minimization. The waters were then gradually heated to 300K and then equilibrated in a constant volume 
simulation for 15ps, subject to Langevin dynamics. Positional restraints were then removed and the 
positions of all the atoms were optimized and heated in a similar manner as outlined for the waters in the 
system. 200ps constant pressure dynamics were conducted to fully equilibrate the whole system followed 
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by a 100ns production simulation. An integration time step of 2fs was used, with all of the bonds involving 
hydrogen atoms constrained using SHAKE.  

 

 

S.2.3	QM/MM	Setup	Additional	Details		

QM/MM umbrella sampling MD calculations were also performed with AMBER12, using multiple 
representative structures of the bound conformations of the NAM-D taken from MM MD calculations. 
The QM region (the NAM-D ring of the trisaccharide, side-chains of Glu35 and Asp52 and three ‘link’ 
hydrogen atoms (53 atoms), was modelled using the SCC-DFTB method. The QM region had a total 
charge of –2. A 1 fs time-step was used in all QM/MM MD simulations. All QM/MM MD simulations 
were run with periodic boundary conditions. To equilibrate the system before the umbrella sampling 
calculations, hydrogen atoms and then water molecules were subject to energy minimization using a 
combination of conjugate gradient and steepest descent minimization within the QM/MM framework. 
The waters were gradually heated to 300K and then equilibrated in a constant volume simulation for 7.5ps 
subject to Langevin dynamics. Positional restraints were then removed and all the atoms were optimized 
and heated in a similar manner as outlined for the waters in the system. 100ps of constant pressure 
dynamics were conducted to fully equilibrate the whole system. 

S.2.4	Cremer-Pople	Puckering	Analysis	Details	

For the CP puckering analysis, a Python program was written by Michael A.L. Limb, taking six dihedral 
angles as the initial input. This analysis preceded the inclusion of 6 membered ring analysis available in 
the most recent Ambertools release.  

The source code is publicly available at: 
https://github.com/limbma/cremer_pople_puckering_analysis_MALL 
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S.3 Mercator plots of CP from 100ns MD trajectories  

 

Figure S3.1.1 Mercator projection displaying the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the boat1 starting structure. Red points represent 
conformations adopted by the NAM-D ring when deeply bound in the –1 binding site. The blue point 
represents the NAM-D ring conformation in the boat1 starting structure. Black points represent the 
conformations adopted by the NAM-D ring when partially bound in the –1 binding site. The green points 
indicate the conformation of the NAM-D ring in the other starting structures (chair, env, sofa). The plot 
contains all the data for boat1 run 1 to 6, with the CP puckering parameters calculated every 2ps.  

 

 

 

 

 

 

 

 

 

 

 

Figure S3.1.2 Mercator projection displaying the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the boat2 starting structure. See legend of Figure S2.1 for full 
description of points on the plot.  
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Figure S3.1.3 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the boat3 starting structure. See legend of Figure S2.1 for full 
description of points on the plot. 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.1.4 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the boat4 starting structure. See legend of Figure S2.1 for full 
description of points on the plot. 

 



 

 

6 

 

 

Figure S3.1.5 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the chair1 starting structure. Red points represent 
conformations adopted by the NAM-D ring when ‘deeply’ bound in the -1 binding site. The blue point 
represents the NAM-D ring conformation in the chair1 starting structure. Black points represent the 
conformations adopted by the NAM-D ring when partially bound in the –1 binding site. The green points 
indicate the conformation of the NAM-D ring in the other starting structures (boat, env, sofa). The plot 
contains all the data for chair1 run 1 to 6, with the CP puckering parameters calculated every 2ps. 

 

Figure S3.1.6 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the chair2 starting structure. See legend of Figure S2.5 for full 
description of points on the plot. 



 

 

7 

 

Figure S3.1.7 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the chair3 starting structure. See legend of Figure S2.5 for full 
description of points on the plot. 

 

Figure S3.1.8 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the chair4 starting structure. See legend of Figure S2.5 for full 
description of points on the plot. 
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Figure S3.1.9 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the env1 starting structure. Red points represent conformations 
adopted by the NAM-D ring when ‘deeply’ bound in the -1 binding site. The blue point represents the 
NAM-D ring conformation in the env1 starting structure. Black points represent the conformations 
adopted by the NAM-D ring when partially bound in the –1 binding site. The green points indicate the 
conformation of the NAM-D ring in the other starting structures (boat, chair, sofa). The plot contains all 
the data for env1 run 1 to 6, with the CP puckering parameters calculated every 2ps. 

 

Figure S3.1.10 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the env2 starting structure. See legend of Figure S2.9 for full 
description of points on the plot. 
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Figure S3.1.11 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the env3 starting structure. See legend of Figure S2.9 for full 
description of points on the plot. 

 

Figure S3.1.12 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the env4 starting structure. See legend of Figure S2.9 for full 
description of points on the plot. 



 

 

10 

 

Figure S3.1.13 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the sofa1 starting structure. Red points represent conformations 
adopted by the NAM-D ring when ‘deeply’ bound in the -1 binding site. The blue point represents the 
NAM-D ring conformation in the sofa1 starting structure. Black points represent the conformations 
adopted by the NAM-D ring when partially bound in the –1 binding site. The green points indicate the 
conformation of the NAM-D ring in the other starting structures (boat, chair, env). The plot contains all 
the data for sofa1 run 1 to 6, with the CP puckering parameters calculated every 2ps. 

 

Figure S3.1.14 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the sofa2 starting structure. See legend of Figure S2.13 for full 
description of points on the plot. 
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Figure S3.1.15 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the sofa3 starting structure. See legend of Figure S2.13 for full 
description of points on the plot. 

 

Figure S3.1.16 Mercator projection showing the conformations adopted by the NAM-D ring over the 
course of 100ns MM MD simulation using the sofa4 starting structure. See legend of Figure S2.13 for full 
description of points on the plot. 
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Tables S3.2.1-1 indicate that the fraction of distorted structures increases when the NAM-D ring is 
‘deeply’ bound in the –1 site. This correlation between ‘deep’ binding and NAM-D distortion is generally 
observed in each of the individual runs except for chair starting structures.  

 

  Fraction of distorted NAM-D ring conformations 

Label  MD simulation 
Partially bound 
structures 

Deeply bound 
structures 

boat1 Run 1  0.010 0.105 
  Run 2 0.000 0.001 
  Run 3 0.032 0.907 
  Run 4  0.004 0.398 
  Run 5  0.005 0.011 
  Run 6  0.002 0.048 
  Average  0.009 0.031 
boat2 Run 1  0.007 0.209 
  Run 2 0.002 0.019 
  Run 3 0.004 0.063 
  Run 4  0.006 0.073 
  Run 5  0.005 0.068 
  Run 6  0.001 0.026 
  Average  0.004 0.055 
boat3 Run 1  0.000 0.000 
  Run 2 0.001 0.005 
  Run 3 0.001 0.000 
  Run 4  0.001 0.000 
  Run 5  0.001 0.000 
  Run 6  0.000 0.000 
  Average  0.001 0.001 
boat4 Run 1  0.002 0.517 
  Run 2 0.044 0.544 
  Run 3 0.009 0.132 
  Run 4  0.001 0.002 
  Run 5  0.008 0.012 
  Run 6  0.010 0.076 
  Average  0.012 0.097 
Overall average  0.006 0.134 

 

Table S3.2.1 Comparison of the different distributions of undistorted (quasi-chair) and distorted (quasi-
boat) conformations between structures with ‘deeply’ bound and partially bound NAM-D rings in the boat 
MM MD simulations.  
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  Fraction of distorted NAM-D ring conformations 

Label  MD simulation 
Partially bound 
structures 

Deeply bound 
structures 

sofa1 Run 1  0.000 0.000 
  Run 2 0.000 0.000 
  Run 3 0.000 0.000 
  Run 4  0.000 0.000 
  Run 5  0.000 0.000 
  Run 6  0.000 0.000 
  Average  0.000 0.000 
sofa2 Run 1  0.046 0.000 
  Run 2 0.000 0.000 
  Run 3 0.000 0.000 
  Run 4  0.003 0.005 
  Run 5  0.000 0.000 
  Run 6  0.147 0.000 
  Average  0.033 0.001 
sofa3 Run 1  0.000 0.000 
  Run 2 0.000 0.000 
  Run 3 0.000 0.000 
  Run 4  0.000 0.000 
  Run 5  0.003 0.000 
  Run 6  0.078 0.000 
  Average  0.001 0.000 
sofa4 Run 1  0.000 0.000 
  Run 2 0.000 0.000 
  Run 3 0.000 0.000 
  Run 4  0.000 0.000 
  Run 5  0.000 0.000 
  Run 6  0.078 0.000 
  Average  0.013 0.000 
Overall average  0.012 0.000 

 

Table 3.2.2 Comparison of the different distributions of undistorted (quasi-chair) and distorted (quasi-
boat) conformations between structures with ‘deeply’ bound and partially bound NAM-D rings in the 
chair MM MD simulations. 
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  Fraction of distorted NAM-D ring 
conformations 

Label MD simulation Partially bound 
structures 

Deeply bound 
structures 

env1 Run 1 0.002 0.069 
 Run 2 0.228 0.062 
 Run 3 0.004 0.024 
 Run 4 0.003 0.018 
 Run 5 0.086 0.873 
 Run 6 0.036 0.539 
 Average 0.060 0.264 

env2 Run 1 0.015 0.288 
 Run 2 0.027 0.124 
 Run 3 0.008 0.030 
 Run 4 0.026 0.452 
 Run 5 0.012 0.124 
 Run 6 0.017 0.534 
 Average 0.017 0.259 

env3 Run 1 0.062 0.846 
 Run 2 0.003 0.002 
 Run 3 0.003 0.184 
 Run 4 0.021 0.324 
 Run 5 0.003 1.000 
 Run 6 0.011 0.585 
 Average 0.017 0.490 

env4 Run 1 0.008 0.883 
 Run 2 0.033 0.117 
 Run 3 0.046 0.957 
 Run 4 0.008 0.708 
 Run 5 0.012 0.161 
 Run 6 0.040 0.526 
 Average 0.024 0.559 
Overall average 0.030 0.393 

 

Table S3.2.3 Comparison of the different distributions of undistorted (quasi-chair) and distorted (quasi-
boat) conformations between structures with ‘deeply’ bound and partially bound NAM-D rings in the env 
MM MD simulations. 
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  Fraction of distorted NAM-D ring conformations 

Label  MD simulation 
Partially bound 
structures 

Deeply bound 
structures 

sofa1 Run 1  0.023 0.035 
  Run 2 0.002 0.019 
  Run 3 0.004 0.184 
  Run 4  0.001 0.044 
  Run 5  0.013 0.909 
  Run 6  0.015 0.985 
  Average  0.010 0.146 
sofa2 Run 1  0.000 0.001 
  Run 2 0.001 0.005 
  Run 3 0.012 0.100 
  Run 4  0.086 0.249 
  Run 5  0.001 0.017 
  Run 6  0.001 0.000 
  Average  0.015 0.093 
sofa3 Run 1  0.002 0.014 
  Run 2 0.010 0.289 
  Run 3 0.004 0.012 
  Run 4  0.000 0.003 
  Run 5  0.004 0.049 
  Run 6  0.002 0.009 
  Average  0.004 0.030 
sofa4 Run 1  0.020 0.206 
  Run 2 0.002 0.030 
  Run 3 0.002 0.049 
  Run 4  0.004 0.978 
  Run 5  0.002 0.552 
  Run 6  0.020 0.405 
  Average  0.058 0.177 
Overall average  0.010 0.214 

 

Table 3.2.4 Comparison of the different distributions of undistorted (quasi-chair) and distorted (quasi-
boat) conformations between structures with ‘deeply’ bound and partially bound NAM-D rings in the sofa 
MM MD simulations. 
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S.4 Mercator plots of CP from QM/MM MD umbrella sampling scans  
Each	Mercator	plot	for	every	umbrella	sampling	run	conducted.	In	addition	to	the	product	(green),	
TS	(red)	and	intermediate	(blue),	the	grey	points	represent	the	rest	of	the	conformations	sampled	
over	the	course	of	the	full	scan	from	-2.2	to	3.6.	This	differs	from	the	Mercator	plot	presented	in	the	
main	text	(Figure	3)	where	the	grey	points	represent	only	the	conformation	sampled	between	the	
two	minimums	(product	and	intermediate)	determined	from	the	FES.			 

 
 

 

 

 

 

 

 

 

 

 

Figure S3.1. Distorted run1 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.2. Distorted run2  
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Figure S3.3. Distorted run3  

 

 

 

 

 

 

 

 

 

 

 

Figure S3.4. Distorted run4 
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Figure S3.5. Distorted run5  

 

 

 

 

 

 

 

 

 

 

 

Figure S3.6. Undistorted run6  
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Figure S3.7. Undistorted run7  

 

 

 

 

 

 

 

 

 

 

 

Figure S3.8. Undistorted run8  
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Figure S3.9. Undistorted run9  

 

 

 

 

 

 

 

 

 

 

 

Figure S3.10. Undistorted run10  
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Figure S3.11 Distribution of intermediates structures formed with syn and anti lone pair of Od2Asp52 . 
Intermediate structures are extracted from the 20ps window representing the intermediate formed during 
umbrella sampling on the distorted trisaccharide product.  
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S.5 SCC-DFTB/MM umbrella sampling MD calculations: Geometric 
parameters and 20ps vs 100ps simulation windows 

 

Figure S5.1 Free energy profile (FEP) and selected geometric parameters for the formation of the reaction 
intermediate from a trisaccharide product containing a distorted NAM-D ring. The red line and circles 
represent the calculated free energy. The black, green, blue and purple lines and points represent the 
geometric parameters detailed in the legend above the plot. The lines are averaged over the previous 5ps 
with the corresponding points representing the value of the parameter every 1ps.    
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Figure S5.2 Free energy profile (FEP) and selected geometric parameters for the formation of the reaction 
intermediate from a trisaccharide product containing an undistorted NAM-D ring. The black line and 
circles represent the calculated free energy. The black, green, blue and purple lines and points represent 
the geometric parameters detailed in the legend above the plot. The lines are averaged over the previous 
5ps with the corresponding points representing the value of the parameter every 1ps.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5.3 Comparison of the free energy profiles (FEPs) calculated for the reverse reaction with a 
distorted NAM-D ring using 20ps (12.7±0.6  kcal/mol red lines and circles) and 100ps windows 
(12.3±0.5  kcal/mol blue lines and squares)   
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S.6 Representative structures of the QM region of the important species along 
the reaction coordinate (SCC-DFTB/MM Umbrella Sampling) 

 

Figure S6.1 Representative structures of the QM region for key species along the reaction coordinate from 
QM/MM umbrella sampling simulations. The product (top left), TS (top right), distorted intermediate 
formed with anti Od2Asp52 lone pair (bottom left) and undistorted intermediate formed with syn Od2Asp52 lone 
pair (bottom right).  
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S7. 2D B3LYP-D/6-31+G(d)/MM Adiabatic Mapping Calculations  
2D adiabatic mapping calculations QM/MM calcualtions at the B3LYP-D/6-31+G(d) DFT QM level were 
performed for the distorted and undistorted product, simulating the reverse reaction with two reaction 
coordinates: d(Od2Asp52 – C1NAM-D) and d(OH2O – C1NAM-D). The 2D PES, associated minimum energy path (MEP), 
conformational itinerary of the NAM-D ring and QM region representing the product, TS and intermediate 
are presented in S6.1 (distorted product) and S6.2 (undistorted product). Modelling the reaction using 
adiabatic mapping with a distorted product results in a distorted anti intermediate to be formed. Modelling 
the reaction using adiabatic mapping with a distorted product results in an undistorted syn intermediate to 
be formed. Both forms of the intermediate are stable at to optimization (see S8). Interconversion between 
these two forms of the intermediate, as observed during QM/MM MD simulations (S3 and S5) was not 
feasible at the higher level of theory during the requirement for increased sampling.   
S.7.1 2D Potential Energy Surface from B3LYP-D/6-31+G(d) / MM calculation: Anti distorted 
intermediate 

 

Figure S7.1.1 B3LYP-D/6-31+G(d)/MM potential energy surface calculated for the 2nd half of the HEWL-
catalyzed reaction with anti intermediate  
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Figure S7.1.2. B3LYP-D/6-31+G(d)/MM MEP extracted from PES of the HEWL-catalyzed reaction with 
the anti intermediate  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7.1.3. CP parameters of structures along the MEP extracted for the B3LYP-D/6-31+G(d)/MM 
PES of the HEWL-catalyzed reaction with the anti intermediate  
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Figure S6.1.4 QM region of the stationary points (Anti Intermediate, TS, Product) calculated with B3LYP-
D/6-31+G(d)/MM 

S.7.2 2D Potential Energy Surface from B3LYP-D/6-31+G(d) / MM calculation: Syn undistorted 
intermediate 
 

 

Figure S7.2.1 B3LYP-D/6-31+G(d)/MM potential energy surface calculated for the 2nd half of the HEWL-
catalyzed reaction with syn intermediate 
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Figure S7.2.2 B3LYP-D/6-31+G(d)/MM MEP extracted from PES of the HEWL-catalyzed reaction with 
syn intermediate  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7.2.3 CP parameters of structures along the MEP extracted for the B3LYP-D/6-31+G(d)/MM 
PES of the HEWL-catalyzed reaction with syn intermediate  
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Figure S7.2.4 QM region of the stationary points (Syn Intermediate, TS, Product) calculated with B3LYP-
D/6-31+G(d)/S.8 Single Point Energy calculations 2D PES: QM method and basis 
set dependence  

  Relative Potential Energy / kcal mol-1  
  Intermediate Transition State 
B3LYP-D (6-31+G(d)) / MM 1.4 13.9 
SCS-MP2  (aug-cc-pVTZ) / MM // B3LYP-D (6-31+G(d)) / MM 1.2 19.7 
SCS-MP2 (aug-cc-pVDZ) / MM // B3LYP-D (6-31+G(d)) / MM 1.3 18.7 
MP2  (aug-cc-pVTZ ) / MM// B3LYP-D (6-31+G(d)) / MM 1.7 19.7 
MP2  (aug-cc-pVDZ) / MM // B3LYP-D (6-31+G(d)) / MM 1.6 18.7 
B3LYP-D (6-311+G(d)) / MM // B3LYP-D  (6-31+G(d)) / MM 1.7 13.1 
B3LYP (6-31+G(d)) / MM // B3LYP-D (6-31+G(d)) / MM 0.3 14.1 
BP86  (6-31+G(d)) / MM // B3LYP-D (6-31+G(d)) / MM 1.8 11.8 
BLYP (6-31+G(d)) / MM // B3LYP-D (6-31+G(d)) / MM 0.8 9.5 
B_H&H_LYP  (6-31+G(d)) / MM // B3LYP-D (6-31+G(d)) / MM 4.0 20.6 
SCC-DFTB / MM // B3LYP-D / 6-31+G(d) / MM 0.0 16.0 

 
Table S8.1 Relative energies for reaction at various levels of QM/MM theory, from single point 
calculations for structures from taken from the B3LYP-D (6-31+G(d)) / MM MEP from the 2D PES for 
anti intermediate breakdown. These calculations test various functionals (and basis sets) versus ab initio 
QM/MM calculations. Energies are given relative to the product complex.  

  Relative Potential Energy / kcal mol-1  
  Intermediate Transition State 
B3LYP-D (6-31+G(d)) / MM 16.9 30.8 
SCS-MP2  (aug-cc-pVTZ) / MM // B3LYP-D (6-31+G(d)) / MM 18.2 36.8 
SCS-MP2 (aug-cc-pVDZ) / MM // B3LYP-D (6-31+G(d)) / MM 17.7 36.0 
MP2  (aug-cc-pVTZ ) / MM// B3LYP-D (6-31+G(d)) / MM 17.8 37.1 
MP2  (aug-cc-pVDZ) / MM // B3LYP-D (6-31+G(d)) / MM 16.2 34.8 
B3LYP-D (6-311+G(d)) / MM // B3LYP-D  (6-31+G(d)) / MM 16.8 30.3 
B3LYP (6-31+G(d)) / MM // B3LYP-D (6-31+G(d)) / MM 16.8 30.4 
BP86  (6-31+G(d)) / MM // B3LYP-D (6-31+G(d)) / MM 14.2 28.2 
BLYP (6-31+G(d)) / MM // B3LYP-D (6-31+G(d)) / MM 13.7 24.2 
B_H&H_LYP  (6-31+G(d)) / MM // B3LYP-D (6-31+G(d)) / MM 20.0 39.0 
SCC-DFTB / MM // B3LYP-D / 6-31+G(d) / MM 22.0 34.0 
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Table S8.2 Relative energies for reaction at various levels of QM/MM theory, from single point 
calculations for structures from taken from the B3LYP-D (6-31+G(d)) / MM MEP from the 2D PES for 
syn intermediate breakdown. These calculations test various functionals (and basis sets) versus ab initio 
QM/MM calculations. Energies are given relative to the product complex.  
 

The differences between the between the results with the B3LYP and B3LYP-D methods for the relative energies of 
the intermediate and transition state test the effects of inclusion of dispersion in modelling the HEWL-catalysed 
reaction (B3LYP and B3LYP-D differ in the inclusion of dispersion corrections) which has previously been found to be 
important in modelling enzyme-catalysed reactions[7]. Single point calculations were performed for the full PES to 
check that that a similar reaction pathway was predicted by each of the methods,[8] and confirmed this to be the case.  
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S.9 Assessing conformational dependence with MM and QM/MM methods: 
MM (CHARMM27) / SCC-DFTB / QM(B3LYP-D/6-31+G(d))   
 

 

 

 

 

Figure S.9.1 50 structures selected from MD simulations representing each of the different conformations 
adopted by the NAM-D ring when ‘deeply’ bound in the enzyme active site. Black points indicate the 
conformation when extracted for the MD, red points the structure after MM optimization, green points 
after B3LYP-D/6-31+G(d) optimization and blue points after SCC-DFTB/MM optimization. 

 0

 45

 90

 135

 180
 0  30  60  90  120  150  180  210  240  270  300  330  360

Po
la

r A
ng

le
 / 
°

Equatorial Angle / °

4E 4H5 E5
OH5

OE OH1 E1
2H1

2E 2H3 E3
4H3

4E

1,4B 1S5 B2,5
OS2

3,OB 3S1 B1,4
5S1

2,5B 2SO B3,O
1S3

1,4B

1E 1H2 E2
3H2

3E 3H4 E4
5H4

5E 5HO EO
1HO

1E

4C1

1C4

 0

 45

 90

 135

 180
 0  30  60  90 120 150 180 210 240 270 300 330 360

Po
la

r A
ng

le
 / 
°

Equatorial Angle / °

MD Extracted
MM Optimized
B3LYP-D(6-31+G*)/MM Optimized
SCC-DFTB/MM Optimized

4E4H5E5
OH5

OEOH1E1
2H1

2E2H3E3
4H3

4E

1,4B1S5B2,5
OS2
3,OB3S1B1,4

5S1
2,5B2SOB3,O

1S3
1,4B

1E1H2E2
3H2

3E3H4E4
5H4

5E5HOEO
1HO

1E

4C1

1C4



 

 

32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S.9.2 Conformations of 5 structures representing intermediates formed with the syn (top) or anti 
(bottom) lone pair of Od2Asp52, respectively, extracted from 20ps simulation window obtained with QM/MM 
umbrella sampling. MD frames were optimized within the QM/MM framework first using SCC-
DFTB/MM and then with B3LYP-D/6-31+G(d) 

 

 

 0

 45

 90

 135

 180
 0  30  60  90  120  150  180  210  240  270  300  330  360

Po
la

r A
ng

le
 / 
°

Equatorial Angle / °

MD Extracted
SCC-DFTB/MM Optimized

B3LYP-D(6-31+G*)/MM Optimized

4E 4H5 E5
OH5

OE OH1 E1
2H1

2E 2H3 E3
4H3

4E

1,4B 1S5 B2,5
OS2

3,OB 3S1 B1,4
5S1

2,5B 2SO B3,O
1S3

1,4B

1E 1H2 E2
3H2

3E 3H4 E4
5H4

5E 5HO EO
1HO

1E

4C1

1C4

 0

 45

 90

 135

 180
 0  30  60  90  120  150  180  210  240  270  300  330  360

Po
la

r A
ng

le
 / 
°

Equatorial Angle / °

MD Extracted
SCC-DFTB/MM Optimized

B3LYP-D(6-31+G*)/MM Optimized

4E 4H5 E5
OH5

OE OH1 E1
2H1

2E 2H3 E3
4H3

4E

1,4B 1S5 B2,5
OS2

3,OB 3S1 B1,4
5S1

2,5B 2SO B3,O
1S3

1,4B

1E 1H2 E2
3H2

3E 3H4 E4
5H4

5E 5HO EO
1HO

1E

4C1

1C4



 

 

33 

  Single point QM Potential Energy of QM region / kcal mol-1 

  1 2 3 4 5 Average s 

B3LYP-D / 6-
31+G(d) 

Syn -968930.3 -968942.0 -968942.0 -968942.0 -968942.0 -968939.7 5.2 
Anti -968942.0 -968946.4 -968933.9 -968953.7 -968942.5 -968943.7 7.2 

Average QM energy difference between Anti and Syn  -4.0  

SCC-DFTB 

Syn -48568.0 -48564.0 -48563.7 -48570.1 -48563.6 -48565.9 3.0 
Anti -48571.1 -48567.8 -48564.2 -48575.8 -48568.5 -48569.5 4.3 

Average QM energy difference between Anti and Syn  -3.6  

Table S.9.1 Single Point Energies of the QM region of 5 structures representing intermediates formed 
with syn and anti lone pair of Od2Asp52, respectively, extracted from 20ps simulation window obtained with 
QM/MM umbrella sampling.   

These calculations indicate that QM region in the intermediates formed with the anti lone pair from the 
umbrella sampling calculations are more stable (with both QM/MM methods) than those formed with the 
syn lone pair. This is observed with both B3LYP-D/6-31+G(d) and SCC-DFTB, by an average of 4.0 and 
3.6 kcal mol-1, explaining why both methods predict the intermediate formed with the anti lone pair. 
Moreover, these results show that the lower level of theory gives similar results to the higher level of 
theory.  

Finally, examining the standard deviation for both methods indicates that the intermediate formed with 
the syn lone pair shows a smaller deviation in the average values than formed with the anti for both QM 
methods. Interestingly, the difference between the QM energies of the two different intermediates is 
within the standard deviation of the QM energies. This suggests that QM energies of the intermediates 
formed with the syn and anti lone pairs do not always consistently favor one over the other, explaining 
why spontaneous interconversion takes place between the two types of intermediate, and also indicates 
that the electrostatic environment provided by the enzyme (MM region) influences which intermediate is 
favored in the enzyme.  
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S.10 Distorted versus undistorted NAM-D rings from MM MD simulations 

 
Figure S10.1 Comparison of average distorted and undistorted NAM-D positions in –1 site for structures 
from MM MD simulations. The images show active site structures with a distorted NAM-D ring (shown 
in full color in the left-hand image, and superimposed as blue in the right-hand image) and undistorted 
NAM-D ring (full color in the right-hand image). Orange and red dashed lines represent H-bonds formed 
between the enzyme (Val109, Glu35) and NAM-D. C1–O1NAM-D is positioned pseudo-axially in the distorted 
NAM-D ring and equatorially in the undistorted NAM-D ring resulting in a longer average distance 
between the anomeric oxygen and He1Glu35 (see Table S9.1).  
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Average Distance for Distorted NAM-D   

/ Å 
Average Distance for Undistorted NAM-D  

/ Å 

 d(Od2Asp52 - C1NAM-D) d(He1Glu35 - O1NAM-D) d(Od2Asp52 - C1NAM-D) d(He1Glu35 - O1NAM-D) 

boat1 3.7 2.2 3.7 2.5 
boat2 3.7 2.0 3.6 2.4 
boat3 3.6 2.3 3.7 2.3 
boat4 3.7 2.1 3.7 2.4 

average  3.6 2.1 3.7 2.4 
stdev. 0.0 0.1 0.0 0.1 
chair1 n/a n/a 3.6 2.4 
chair2 3.6 2.0 3.7 2.3 
chair3 n/a n/a 3.7 2.4 
chair4 n/a n/a 3.7 2.4 

average  3.6 2.0 3.7 2.4 
stdev. 0.0 0.0 0.0 0.0 
env1 3.6 2.3 3.7 2.5 
env2 3.6 2.3 3.7 2.5 
env3 3.6 2.3 3.7 2.6 
env4 3.6 2.3 3.7 2.4 

average  3.6 2.3 3.7 2.5 
stdev. 0.0 0.0 0.0 0.1 
sofa1 3.6 2.1 3.7 2.5 
sofa2 3.6 2.1 3.7 2.3 
sofa3 3.7 2.1 3.7 2.4 
sofa4 3.7 2.0 3.6 2.5 

average  3.6 2.1 3.7 2.4 
stdev. 0.0 0.0 0.0 0.1 

Overall 
avg. 3.6 2.2 3.7 2.4 

Overall 
stdev. 0.0 0.0 1.8 1.2 

Table S10.1 Average Asp52 and Glu35 distances for MD frames within d(Od2Asp52 - C1NAM-D) < 4.0 Å and 
d(He1Glu35 - O1NAM-D) < 3.0 Å (ie. NAM-D bound in –1 site). Each value represents the average distance 
measured over each of frames in the six simulations run for the sixteen different starting structures used 
for the MM MD (boat1 to sofa4).  

It was found that the distorted NAM-D frames positioned in the –1 site of the enzyme (determined as 
frames within within d(Od2Asp52 - C1NAM-D) < 4.0 Å and d(He1Glu35 - O1NAM-D) < 3.0 Å), on average over all the 
simulations performed, positioned O1NAM-D 0.2 Å closer to He1Glu35. 

Figure S10.1 shows that the Asp52 atom is positioned directly below C1 of NAM-D. Consequently, axial 
positioning of C1-O1NAM-D results in the Asp52 lone pairs (either syn or anti) being orientated such that they 
can attack the σ* orbital of C1-O1NAM-D.  
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S.11 NBO analysis 
Figure S10.1 shows how the natural charges (calculated al B3LYP-D3/6-31G** level of theory)[9] of the 
NAM-D atoms evolve during the reaction. As can be seen there is a development of a positive charge 
around the C1 atom. This indicates the oxocarbenium ion nature of the transition state. 

 

 
Figure S11.1 Natural (NBO) charge (calculated al B3LYP-D3/6-31G** level of theory) development 
during the reaction (relative to charge at the product state) 

 

 

Figure S11.2 Bond order (Wiberg bond index matrix in the NAO basis, calculated al B3LYP-D3/6-31G** 
level of theory) of the C-O forming and breaking bonds along the minimum reaction path of the 2D B3LP 
QM/MM adiabatic mapping calculations. 
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S.12 Gas phase single point calculations along minimum free energy path of 2D 
adiabatic mapping. 
To evaluate the influence of the protein environment, we extracted the QM region for all the structures 
along the minimum energy path of the 2D adiabatic mapping calculation and recalculated the energy in 
gas phase. Figure S12.1 shows the energy values of the minimum energy path of the distorted intermediate 
in gas phase. As can be seen, the reaction barrier without the influence of the protein environment 
approximately 15 kcal/mol, similar to that obtained by QM/MM calculations.  

 

Figure S12.1 Gas phase energy values of the minimum energy path of the distorted intermediate along 
the minimum reaction path of the 2D adiabatic mapping calculations. 

As discussed in the main text of the manuscript, if reaction proceeds via an undistorted intermediate: 1 
the C1 must traverse a longer path; 2 the H1 is in an axial position, hindering the nucleophilic attack of 
Od2-Asp52; and 3 the C1-O1NAM-D is in equatorial position, unfavourable for in-line nucleophilic 
attack on the anomeric centre C1. As all these drawbacks are solved by ligand distortion. These results 
indicate that this distortion is the main reason for a much lower reaction barrier.  

 

S.13 Crystallographic refinement 
Initial electron density maps were calculated for the HEWL/NAM-NAG-NAM and D52S HEWL/NAG4 
complexes, using the structural models and data kindly provided by the original investigators[10].  Striking 
similarities were apparent for the D site sugar in 2|Fo| -|Fc| maps for the two complexes. It is worth noting 
that these complexes were refined independently by different techniques, with standard measures of 
model quality applied to test the findings[10]. In both cases electron density for the D site glucopyranose 
ring was clearly incomplete at the 1s level, close to the ring oxygen O5. B-factors for the ligand at this 
site are high, as noted by the original workers. Stronger density was apparent for the glycosidic O1 and 
hydroxymethyl O6. In the case of the NAM-NAG-NAM complex, O1 was equatorial (b configuration) 
whereas in the NAG4 complex it was axial (a configuration) as described by the original authors.  The 
density for O1, and particularly for the hydroxymethyl O6, are the essential features in determining the 
conformation of the sugar at the D site. To fit both these features of the density simultaneously, the sugar 
ring must be distorted from the chair form to an approximate sofa conformation.  This was described by 
Hadfield et al.[10a] and Strydnaka and James[10b], and is borne out by inspection of their models and calculated 
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electron density maps: an approximate sofa conformation gives a clearly better fit to these features than a 
chair. In both models, C1, C2, C4 and C5 lie approximately in a plane, with O5 close to the plane, and C3 
clearly out of the plane on the opposite side to O5. Similar electron density was observed for maps 
calculated including data of various resolution ranges, or all data. The electron density in both complexes, 
although somewhat weak at this D site, supports the conclusions of the original authors that a distorted 
'sofa' sugar is a better model than a chair form. Data for the NAM-NAG-NAM complex provided by Prof. 
James extend to higher resolution (1.5 Å) than those collected by Hadfield et al. for the D52S/NAG4 
complex (2.0 Å). It was therefore decided to investigate the former in more detail.   

S.13.1	Refinement	and	rebuilding		

The conformation of the NAM sugar in the D (–1) site in complex with the wild type enzyme was 
investigated by crystallographic refinement and rebuilding. Refinements were carried out using a variety 
of conditions and parameters to test the sensitivity of the results to the methods used. In a typical 
macromolecular crystallographic refinement of the period, an empirical potential function is used to 
represent bonded and non-bonded interactions within the structure. It is notoriously difficult to determine 
parameters for such functions that accurately represent the conformational behaviour and interactions of 
carbohydrates. Consequently, a common procedure in crystallographic refinement of 
protein/carbohydrate complexes was to reduce or remove bond angle and/or dihedral restraints for the 
sugar ring atoms[10a, 11] to avoid biasing structural solutions towards (ground state) chair conformations, 
which may be favoured too strongly by empirical force fields. The aim of this approach is to allow the 
final conformation of the pyranose ring to be determined by refinement against the crystallographic data, 
with the minimum influence of empirical structural parameters. Here, the parameters used to represent 
the NAM-NAG-NAG inhibitor were varied to examine the effects on the conformation of the sugar.   

Positional refinement of the original model with standard sugar parameters[12] altered the conformation of 
the D site towards more chair-like (though still distorted) conformations. Refinements with altered 
torsional restraints for the pyranose ring atoms (see Methods) produced other, distorted, conformations. 
Refinement also changed the conformation of the C2 N-acetyl group of the D site NAM from the cis 
conformation in the original model (which is energetically unlikely for this solvent-exposed group) to 
trans.  

Many (hundreds of) separate refinements were also performed by simulated annealing, with different 
conditions and parameters, and generated a range of ring conformations for the NAM residue at the D 
site. Standard X-PLOR parameters[12] for the trisaccharide ligand generally produced a conformation close 
to a (B3,O) boat for the D site sugar. Small modifications in the parameters gave a chair conformation for 
this sugar. In simulated annealing refinements, a sofa-like conformation was produced only when 
planarity restraints were applied to the ring atoms. Occasionally a boat conformation was produced for 
the B site NAM sugar ring: this is likely to be an artefact generated by the simulated annealing procedure. 
In all cases the NAG residue in the C site remained in the chair conformation, even when torsional 
restraints were not applied for the ring.  Electron density maps for the various models generated by these 
refinements indicated a distorted (boat or flattened chair/sofa) NAM ring conformation could give good 
fits to the weak density at the D site but were not conclusive. The annealing process allowed Rfree to be 
defined (using a test set of 10% of the reflections), which was used to assess the refinement protocols [13]. 
Rfree is a measure of global model quality, and so cannot be used directly to distinguish between possible 
conformations.   

The results of initial refinement were therefore inconclusive in that the conformation of the sugar in the 
D site was dependent on the parameters used for refinement, and the electron density did not definitively 
demonstrate a particular conformation. The indications were that a distorted conformation (boat, twist-
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boat or sofa/envelope) allowed a better fit of the ring substituents to the limited observed density than did 
a chair. 

S.13.2	Rebuilding		

To investigate the nature of the bound conformation in more detail, the entire structure was checked and 
rebuilt using annealed omit maps[14]. This has been shown to be an effective way to correct errors in a 
structure that may otherwise be difficult to detect.   

In the present case, annealed omit maps provided clear indications of alternative conformations for two 
active site residues, Asn-59 and Val-109. These alternative conformations were not apparent in density 
calculated using the starting model, for which 2Fo-Fc maps strongly showed one conformation only. 
These two residues are involved in sugar binding and undergo conformational changes on going from the 
native to the complex. Both conformations of Val-109 can contact the D site sugar, and both were 
observed in the original native and complex structures. The strong unbiased density for two alternative 
conformations of the sidechain of Asn-59, one rotated approximately 90˚ relative to the other around the 
Cb-Cg bond, provides clear evidence of conformational heterogeneity at the binding site in the NAM-
NAG-NAM/HEWL complex, which had not previously been observed. The conformation of Asn-46 in 
the starting model was also altered and rebuilt into the annealed omit density, effectively 'flipping' the O 
and NH2 moieties, better to satisfy hydrogen bonding requirements;[15] this is important in terms of a 
hydrogen bond network involving Asp-52 and Asn59.  

The annealed omit density for the sugar was in the D site was very weak. Neither the position nor the 
conformation of the NAM residue could be discerned. The omit density for the B site NAM residue was 
also low and not clear. The weak density for the sugars at the D and B sites was in marked contrast to the 
good annealed omit density for all the nearby active site residues and the NAG residue in site C. This 
binding site, C, is believed to have the highest affinity of any of the six binding sites in the enzyme. 
Relatively low crystallographic temperature factors (B-factors) are generally found for ligands bound at 
this site[10]. These results are consistent with the greater ordering observed here for the C site NAG. The 
clear unbiased density here shows that the ligand is bound to the enzyme with high occupancy, and that 
it is not entirely disordered.  

Using the rebuilt structures, many models were constructed with a large number of different 
conformations and positions for the D site NAM (in some cases with different positions for the entire 
NAM-NAG-NAM ligand, different numbers of water molecules, and with and without alternative 
conformations for some protein and/or saccharide residues). Conformations for the D site NAM pyranose 
ring were taken from other crystal structures, from simulated annealing refinements, from models built 
into density features and from molecular mechanics and ab initio calculations. A variety of chair, boat, 
skew and 'sofa' type conformations for the D site NAM were included, with different orientations for ring 
substituents tested. a-anomeric and open-chain forms were also tested but rejected. Over fifty models 
were constructed. All these models were refined against the experimental data (positional refinement 
only) using a number of different parameters sets. It was found that standard parameter sets generally 
produced conformations close to a 4C1 chair or a B3,O boat, and did not greatly alter such conformations 
in positional refinement. Conformations closer to 'sofa' or other distorted conformations were changed to 
boat or chair forms. 

To avoid this apparently dominant effect of the parameters, refinements were carried out with torsional 
restraints removed and bond angle terms reduced for the D site NAM, as has been done in previous 
investigations. The results of refinements with these reduced restraints were much less dependent on the 
starting conformation. Starting models with a chair, boat, sofa or other conformation for the D site NAM 
pyranose ring all refined to flat sofa-like conformations, with O5 lying close to the approximate plane 
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formed by C1, C2, C4 and C5 (approaching an E3 conformation). This is similar to the results reported 
by Hadfield et al.[10a], and other workers. 2Fo-Fc and Fo-Fc electron density maps for the various refined 
models were examined and compared. In all cases, the density remained weak, but distorted 
conformations appeared to fit strong density features (close to O6 and O1) better than a chair form. 
Although boat and flattened chair forms fit some features well, the flat sofa-type conformation produced 
by refinement with reduced restraints appeared to give the best fit, and so to be the best model of the 
bound form of the ligand.   

S.13.3	Twin	model/multiple	conformer	refinement	

Typically, the structural solution produced by crystallographic refinement of biological macromolecules 
represents the structure by a single conformer, with atomic motion represented by harmonic, isotropic B-
factors (temperature or Debye-Waller factors). Alternative conformations (e.g. alternative side chain 
rotamers) may be added for some groups where the electron density indicates unambiguously that they 
are present.  The treatment of atomic motion as harmonic and isotropic is an approximation that is often 
required because of the low data to parameter ratio. Molecular dynamics simulations have demonstrated 
that atomic motions in proteins are in fact highly anisotropic, and often strongly anharmonic.[16] A single 
(isotropic B-factor) structural model significantly underestimates atomic motions, particularly for more 
mobile groups (e.g B>20Å2).[17] Conformational variability also arises from static disorder in the crystal, 
and these effects cannot easily be distinguished from motional effects in refinement. A good way of 
improving a structural model is twin-model or multi-conformer refinement[18] where data permits. This 
involves simultaneously refining two or more non-interacting structures (e.g. by creating a copy of all 
atoms in a structure). The displacements between twin models following refinement has been shown to 
be highly reproducible and to correlate with anisotropic temperature factors.[18a] Mutiple conformer 
refinement has been shown to provide an improved structural description in some cases.[18b] Multiple 
conformer refinement is justified if the number of introduced parameters (i.e. the atomic positions of the 
extra models) is less than the number of data points; this occurs for small proteins with data collected to 
high resolution. In other cases, introduction of alternative conformations for only a small number of 
groups may be useful for examining their distributions. In the present case, the high resolution of the data 
(18330 reflections between 8.0Å and 1.53Å) and the small size of the lysozyme complex (1197 heavy 
atoms in the starting structure) shows that multiple conformer refinement is reasonable. The improvement 
in the structural model through inclusion of extra conformers can also be tested by comparing the Rfree 
found by simulated annealing refinement with different numbers of conformers [18b]. In the present case, a 
significant drop in Rfree is found on going from a single model to a twin model treatment. Typical single 
model refinements gave R values between 19 and 21, with Rfree between 23 and 24.5, while equivalent twin 
model refinements produced R values between 15 and 18, and Rfree values of 21 to 22.  Further smaller 
reductions in Rfree were observed in refinements with 4, 5 and 8 conformers included (e.g. 14 < R < 17, 
19.4 < Rfree < 21 for 8 conformer refinement), but these are less significant.  The twin model results are the 
focus here.  

Multiple conformer simulated annealing refinements showed considerable conformational variability of 
the NAM-NAG-NAM trisaccharide bound to the enzyme, see Fig. 4. It can be seen that the displacement 
between the twin NAM sugars bound at the D site is large compared to most residues in the protein.  This 
was found consistently and indicates a significant degree of structural variability of the sugar at this site, 
comparable to relatively disordered side chains on the surface of the protein.  This could arise from the 
high mobility of this group, or from two or more different binding orientations or conformations being 
present. Similarly, large displacements between twin models for the B site sugar were found, indicating 
conformational variability at this site also. The displacements between the C site NAG twin models were 
found to be considerably smaller, consistent with better ordering at this site, and showing that the observed 
displacements are not due to movement of the ligand as a whole.  Encouragingly, twin model refinement 
produced two distinct conformations for both Asn-59 and Val-109 (starting with both models in the 
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original conformation), the same as those indicated independently by the annealed omit maps discussed 
above. In contrast, other protein sidechains in the binding cleft and active site showed only a small degree 
of conformational variability. These results agree with similar conclusions based on annealed omit density 
outlined above.  

Refinements were also carried out including alternative conformations for only the D site sugar, for the 
NAM-NAG-NAM trisaccharide, as well as Asn-59 and Val-109, and these also showed large 
displacements between the alternative conformations for the D site NAM ring. These refinements, and 
the twin model studies, were repeated with a variety of parameters for the ligand, and under different 
refinement conditions (see Methods), and in all cases produced similar results.   

These results provide a strong indication of conformational variability at the D site in HEWL, the site of 
the proposed distortion of the substrate. They also show that the observed electron density can be 
accounted for in a number of ways: for example, the observed density at the D site is apparently well 
satisfied by twin NAM residues both in the chair conformation, in different binding orientations with one 
ring less deeply bound. As with the single model refinements, a variety of ring conformations for the D 
site NAM residue resulted from the multiple conformer and alternative conformation refinements. Due to 
the uncertain accuracy of the conformational description, multiple conformer refinements alone cannot 
definitively answer the question of whether some of the NAM at the D site is present in a distorted (non-
chair) conformation. The description is also limited in that only one possible chemical structure was 
represented (e.g. the D site NAM is modelled as the b anomeric form, so the possibility of the a anomer 
contributing is not included), albeit in duplicate. However, the results do show that the NAM residue at 
the D site is somewhat disordered, and suggest that a less deeply bound, undistorted, binding mode may 
also contribute in addition to a more deeply bound mode at this site. This is consistent with the 
observations from the MD simulations described above.  
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Figure S13.1 A. Displacement between twin models (per residue, for heavy atoms) from a typical twin 
model crystallographic refinement for the hen egg-white lysozyme/NAM-NAG-NAM complex. The 
displacement between the models indicates the amount of conformational variation or disorder consistent 
with the crystallographic data. The displacement between the twin models for the D site NAM and C site 
NAG sugars are also shown for reference. B. Twin models for the NAM-NAG-NM trisaccharide from 
twin model crystallographic refinement. The twin models for the active site resides Glu35 and D52. These 
results show that the trisaccharide, particularly in the D site, is less well ordered than most of the enzyme.  

	

S.13.4	Refinement	against	simulated	data. 	

0

0.5

1

1.5

2

2.5

3

3.5

0 10 20 30 40 50 60 70 80 90 100 110 120 130

R
M

SD

Residue no.

Mainchain
Sidechain
D site NAM
C site NAG

A 

B 



 

 

43 

Given that twin model refinement (and annealed omit maps) demonstrated significant conformational 
variability of the D site NAM saccharide residue in the HEWL/NAM-NAG-NAM complex, it is of 
interest to study the effects of this variability on the refinement process. The dynamic nature of proteins 
and other biological macromolecules means that such effects are common,[19] but they are difficult to study 
experimentally. One useful approach to this problem is to refine against simulated crystallographic data 
calculated from a structural model produced by a molecular dynamics simulation[17, 20] or previous 
crystallographic refinement. This provides a direct test of the refinement procedure, free of the 
uncertainties inherent in an experimental investigation (and similarly immune to inaccuracies in the 
simulation). Any differences arising between the final refined structure and that used to calculate the data 
are due to the refinement procedure itself and demonstrate its limitations. This approach has helped to 
reconcile apparently conflicting conclusions about the position of photo-dissociated CO in myoglobin by 
showing that CO has a broader distribution in the haem site in myoglobin than is apparent in refined 
structures.[20] Such effects are likely to be of widespread importance for mobile groups in protein structural 
refinements.[17] 

In the present case, simulated data (crystallographic reflections) were calculated from a model of the 
HEWL/NAM-NAM-NAM complex refined against experimental data. This ensures that the model is a 
reasonable description of the real complex. The model used to generate reflections was produced from a 
twin model refinement, in which all protein and saccharide atoms were duplicated as described above, 
and in which both D site NAM sugar rings of the twin model remained in the chair conformation. This is 
not necessarily a perfect description of the situation in the crystallized complex, but that is unimportant 
for this application. What is important is that a realistic degree of conformational variability is included 
in the model used to generate the simulated data. Simulated data were calculated in the resolution range 
8.0-1.53Å; in the absence of a bulk solvent representation it is not appropriate to generate lower resolution 
data.[21] No incompleteness was introduced into the simulated data. 

A number of (single conformer) models were refined against the simulated data (by positional or 
simulated annealing refinement), using the same procedures as for the experimental data. These structures 
included alternative conformations for Asn-59 and Val-109. A number of different conformations and 
starting positions for the D site NAM were tested, similar to those described above in refinements against 
experimental data. Exactly the same procedures were applied in refinements against simulated data, and 
the pattern of results produced by refinement against the simulated data was the same as that found earlier 
for refinement against experimentally generated crystallographic reflections for the complex. For 
example, positional refinements using standard parameters generally produced boat or chair 
conformations at the D site. Flattened conformations for the D site pyranose ring were only generated in 
refinements in which torsion and angle terms were reduced, as in refinements against experimental data. 
Using the same reduced geometrical restraints, positional refinement of a chair form produced a flattened 
sofa-like conformation. Refinement of other conformations (e.g. boat forms) using these conditions 
produced similar sofa-like conformations. The conformations generated were similar not only to each 
other but also to the sofa forms generated by refinements against the experimental data. 2Fm-Fc and Fm-
Fc electron density maps were calculated (where Fm are the structure factors generated from the twin 
model). The electron density was weak, but some strong density features were apparent. The sofa-like 
forms fitted these density features better than any other models, including models in which one or other 
of the conformations giving rise to the reflections was used in refinement. This assignment was supported 
by inspection of difference electron density maps. The distorted sofa conformation appeared to be a better 
model even than either of the twin models (which actually gave rise to the date) alone.  

In summary, the refinement procedure, using standard contemporary approaches in positional refinement, 
produced a distorted, flattened, sofa-type conformation for the D site NAM sugar as the best apparent 
solution. In fact, of course, no distortion is actually present in the structure, and the distortion is therefore 
an artefact of the refinement procedure. What is happening is that the single model is attempting to satisfy 
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two density features simultaneously - the ring distorts to move the hydroxymethyl group and the O1 of 
the D site NAM into strong density peaks. In fact, these density features arise from different conformations 
- one from the hydroxymethyl group of a less tightly bound NAM, and the other from the O1 of the other 
twin model. A single model cannot represent this conformational variability and is artificially distorted as 
a result when structural restraints are relaxed in refinement.  

 

The results are initially suggestive of a distorted conformation as found by the original workers,[10b] but also 
show considerable conformational variability at the active site. To test the reliability of the refinement 
process, we have generated simulated data (reflections) from twin model solutions. These tests 
demonstrate that standard refinement techniques can produce a distorted saccharide of the type as the best 
apparent structural solution, when in fact no distortion is present in the structure giving rise to the 
reflections. This incorrect interpretation is supported by electron density (and 'difference') maps. These 
effects stem from the inadequacy of a single model to represent an enzyme complex in which 
conformational disorder is present. This demonstrates that the distortion observed previously can arise as 
an artefact of the refinement process. The possibility of distortion in the HEWL/inhibitor complexes 
cannot be ruled out, but the present crystallographic data do not provide good evidence for it, despite their 
high resolution and completeness.  

S.13.5	Methods. 	

Data collection and processing statistics were described by the original authors [10b]. The starting structure 
of the HEWL/NAM-NAG-NAM complex contained 139 water molecules with no alternative 
conformations for protein or ligand groups, and had an R-factor of 17.3% for all reflections in the range 
8.0 to 1.5 Å. The program XPLOR (version 3.1) [22] was used for all calculations reported here. The 
structure was inspected in a number of electron (2Fo-Fc) density (and difference, Fo-Fc) maps calculated 
using different resolution ranges.  Following standard refinement guidelines, we generally used a high 
resolution limit of 1.53 Å, the approximate limit of 90% complete data, and chose a low resolution limit 
of 8 Å, appropriate in the absence of a bulk solvent correction.  Similar results were found using different 
resolution ranges. Simulated annealing and positional refinements of structural models against 
crystallographic data were carried out based on standard X-plor protocols [22].  The standard procedure for 
simulated annealing refinement involves cooling from 3000K to 300K in steps of 25K every 25fs, for a 
total of 2.7ps, followed by positional refinement (120 steps) and B-factor refinement (15 steps overall B-
factor refinement followed by 20 steps of individual B-factor refinement.  A timestep of 0.5fs was used 
for dynamics. Identical procedures were followed for refinement against simulated crystallographic data 
as for refinements against experimental data. A number of variations were tested in both simulated 
annealing and positional refinements. For example, annealing from lower temperatures (2000K and 
1000K), and over longer timescales (e.g. 27ps) was also carried out in separate jobs.  The appropriate 
weights for the crystallographic term in refinements were calculated by 'check' jobs [22] from (half of) the 
gradient found after a short dynamics simulation. Different weights were tested, with the optimal weight 
indicated by the best the Rfree resulting from simulated annealing [13b]. It was found that the weights produced 
by 'check' jobs were appropriate in all cases. A larger weighting for the crystallographic data is required 
in multiple conformer refinements.   

Bond and angle parameters developed by Engh and Huber for refinement of protein structures based on 
statistical analysis of small molecule structures [23] were used for the protein. These are widely used and 
have been found to perform well, and are generally used in combination with empirical force field terms 
[24] for other types of interaction (dihedral angles, nonbonded interactions, etc.). It has, however, been found 
that this leads to an underweighting of dihedral and improper torsion terms [25]. Parameters for refining 
carbohydrates were put forward by Weis et al. [12], based on empirical force field parameters [26], with bond 
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and angle terms scaled to be similar to the Engh and Huber protein parameter set.  The sugar dihedral 
terms were not increased, and so may be similarly underweighted, although improper torsion terms were 
increased to maintain the correct stereochemistry. Many separate refinements were carried out with a 
variety of modifications to the parameters used for the NAM-NAG-NAM ligand, and in addition with 
different B-factors (e.g. resetting or adding a Gaussian distribution to all B-factors prior to refinement), 
weights for crystallographic data, protonation states for active site residues, with or charges for charged 
sidechains, different numbers of water molecules (or none), and resolution ranges.  For example, 
refinements (single and multi-conformer) were carried out with either all water molecules from the 
original structure, no waters, or with only waters with B-factors below 25 included.  A variety of 
modifications to the parameters were tested.  For example, a small increase in the torsional terms by a 
factor of ten or more (consistent with the scaling applied to bond and angle terms by Engh and Huber in 
the development of their parameter set [23] caused annealing or positional refinements always to produce 
chair conformations for all rings.  Annealing refinement with the original sugar parameters [12] produced a 
distorted B3,O boat conformation in all cases for the D-site NAM ring (see Results).  The torsional 
restraints applied to the glycosidic link were also varied.  Complete removal of ring torsional restraints, 
or of the torsional and 'improper' torsion restraints, produced a similar distorted B3,O boat conformation 
for the D site NAM after annealing, while additionally reducing the glycosidic torsional terms produced 
a slightly flattened chair conformation at this site.  Annealing refinement only produced sofa/envelope 
conformations when restraints were applied to the ring to force it to adopt this type of conformation.  
Several different envelope conformations were modelled in this way (E3 and E4, with different restraints, 
force constants of e.g. 1000-3000). In all cases, the geometry of the models was checked by inspection 
and by standard measures of model quality, and the geometry of the protein was found to be good.   

Annealed omit maps were calculated for the entire structure. A variety of options were tested for the 
calculation of annealed omit maps, using a standard protocol [22] similar to that outlined above for annealing 
refinement (except with an initial temperature of 1000K). For example, maps were calculated with and 
without the deletion of water molecules. Typically, water molecules with B-factors > 50 were deleted.  
Similar maps were produced with different conditions. The structure used as a starting point was that 
produced by simulated annealing, positional and B-factor refinement of the initial HEWL/NAM-NAG-
NAM model of Strydnaka and James [10b].  Appropriate crystallographic weights chosen by testing as 
described above.  All groups within 3Å of the deleted region were harmonically restrained (with a force 
constant of 10 kcal/mol Å2) in each case.  To inspect the D site sugar, an annealed omit map was 
calculated with the omission of all groups within 6Å of the sugar.  For rebuilding of the protein, maps 
were calculated omitting in each case 18 residues, (i.e. omitting residues 1-18, 19-36, 37-54, 55-72, 73-
90, 91-108 and 109-129). Manual rebuilding of models into annealed omit (2Fo-Fc) density maps was 
carried out with Quanta.[27] 

The starting point for rebuilding was that produced by simulated annealing, positional and B-factor 
refinement of the initial HEWL/NAM-NAG-NAM model of Strydnaka and James.  Following rebuilding 
of the protein, many different models were built into the annealed omit density for the sugar.  The annealed 
omit density for the C site sugar was good, in contrast to the weak density at the B and D sites.  The weak 
density at the B and D sites did not give a clear indication of the position or conformation of these two 
NAM sugars. Over 40 models were constructed, differing in the conformation and position of the D site 
NAM. These included chair, boat and envelope/sofa conformations, open ring forms, covalently bound 
forms and a-anomeric forms for the D-site sugar. Different numbers of water molecules are included in 
different jobs: in some cases water molecules were built into ambiguous density features at the active site.  
All models were subject to positional and B-factor refinement (with a variety of different parameters used 
for the ring torsional and improper torsion restraints, and the final 2Fo-Fc and Fo-Fc maps were inspected 
(calculated using all data, i.e. over the whole resolution range).  
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