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Abstract—H11 is the first antibody reported to have dual activity as a non-concerted, Diels–Alderase and hydrolytic catalyst. It was
previously shown to catalyse the cycloaddition of acetoxybutadiene 1a to N-alkyl maleimides 2 to afford hydroxy-substituted bicyclic
adducts 3 with a 30% ee of a major isomer. To better understand this mechanism and the partial stereospecificity, a homology model
of H11 was constructed and used in docking studies to evaluate potential antibody–ligand complexes. The model suggested the
hydrolytic nature of H11 was due to Glu 95H acting as a catalytic base, and evaluation of the shape complementarity of the proposed
antibody–ligand complexes confirmed at a semi-quantitative level the observation that the major enantiomer is produced in a 30% ee.
� 2005 Elsevier Ltd. All rights reserved.
Figure 1. Reactions catalysed by H11.
1. Introduction

The ability of antibodies to catalyse chemical reactions
of synthetic interest has been widely studied1 and several
reaction types have been successfully demonstrated
including aldol reactions,2 epoxidation3 and hydrolytic
resolution.4 Cyclisation reactions featured also including
peptide cyclisation,5 carbocation6 and electrocyclic reac-
tions.7 In our laboratories, an antibody designated H11
was identified8 and shown to catalyse the cycloaddition
of acetoxybutadiene 1a to N-alkyl maleimides 2 to af-
ford hydroxy-substituted bicyclic adducts 3 (Fig. 1).
Investigation of the mechanism of action of this anti-
body showed that the primary catalytic event was prob-
ably the hydrolysis of acetoxybutadiene 1a by the
antibody affording the corresponding ene–diol 1b, which
rapidly reacted with maleimide 2 at the binding site of
the antibody.9 Untrapped ene–diol 1b appeared as cro-
tonaldehyde 4. This is the first instance of an antibody
catalysing both a hydrolytic and cycloaddition reaction
type within the same binding site, which makes the
molecular events of the reaction mechanism of H11 an
interesting case study. Through chemical modification,
we have demonstrated that the acidic amino acids in
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association with tyrosine and histidine appear to be
important in these reactions, whilst a role for trypto-
phan was inferred from fluorescence measurements.9

Finally, a significant degree of stereoselectivity was
shown in the cycloaddition by NMR analysis of
Mosher’s ester derivatives of the hydroxy adduct.10 This
reaction thus provides for the preparation of a polyfunc-
tional, bicyclic compound with three defined stereocen-
tres (Fig. 2).

Although preparative quantities of product could be
isolated, the stereoselectivity of the reaction was not
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Figure 2. Stereoselective preparation of polyfunctional, bicyclic com-

pounds 3.
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sufficient to make H11 of use in synthesis. In order to
better understand the molecular reaction mechanism,
the amino acid sequence for H11 was obtained.11 Since
the structures of antibodies are very regular outside
of the variable loops, a useful model of an antibody
can be obtained by comparative modelling, an approach
that has been used successfully with catalytic antibod-
ies.12 With the sequence information, the chemical mod-
ification data, and the stereochemical course defined,
there was a sufficient basis to create a model of H11
from which the requirements for an improved synthetic
antibody could be deduced. We now report, how we
used several parallel computational procedures to con-
struct such a model of H11 that accounts for the ob-
served properties of the antibody.
2. Homology modelling

Suitable template proteins for the variable heavy (VH)
and variable light (VL) fragments of H11 were obtained
by a BLAST (http://www.ncbi.nlm.nih.gov/BLAST/)
search of the Protein Databank (PDB). The VH frag-
ment was found to have 97.4% identity with anti-hen
egg white lysozyme antibody D1.3 (PDB entry
1A2Y13) of which all three complementary-determining
regions (CDRs) were identical. The BLAST search of
the PDB with the amino acid sequence of the VL frag-
ment revealed high identity (81.7%) with the VL of a hu-
man antibody; M4L/Y(27D)D/T94H Mutant of Len
(PDB entry 1EEQ14). The CDRs of H11 and the tem-
plate 1EEQ share 85.3% identity (Fig. 3). The light chain
template antibody has two residue substitutions within
CDRL1 compared to H11; residues 27E and 30; aspartic
acid and serine, respectively, in 1EEQ are substituted for
CDR
25 26 27 27A 27B 27C 27D 27E

H11 K S S Q S V L Y
1EEQ K S S Q S V L D

91 92
H Q
Q Q

CDRL2
51 52 53 54 55 56 57 

H11 W A S T R E S 
1EEQ W A S T R E S 

Figure 3. The alignment of the CDR regions of H11 VL with the template

green, numbered according to H11 VL using the Kabat system (http://www.
tyrosine and glutamine in H11. Although the substituted
amino acids do not share any similarity, the residues are
not in the vicinity of the proposed active site and were
not shown to have a significant effect on the overall
structure, assessed through protein health validation
(described in Section 8.1). Structural differences were
noticed within CDRL3, where the amino acid sequence
of H11 was found to have a PY deletion (residues 96 and
97), although the proline in question does not invoke a
significant change in direction of the backbone of the
template VL. Moreover, this deletion had little effect
on the overall structure of the backbone of H11 com-
pared to 1EEQ, and the observation was made that this
deletion made the active site cleft larger than the equiv-
alent in 1EEQ. Two further residues in CDRL3 are
substituted for similar residues in H11, namely Gln91
and Ser99 in the template VL are replaced by His91
and Thr99 in H11 VL. These substitutions had no detri-
mental effect on the validity of the homology model 3D
structure. Homology models of each variable fragment
were constructed using these templates as described in
Section 8.
3. Macromolecular protein–protein docking

The VH chain of H11 had such high sequence identity to
the template antibody that the assumption was made
that the VL fragment of H11 would interact with the
VH fragment in a similar way to the variable fragments
of the lysozyme antibody. Where this approach has been
adopted in previous studies,12b,15 the independently gen-
erated VH and VL models have been superimposed onto
the backbone atoms of the template with which the
highest sequence identity was found. As an alternative
method to superimposition, we docked the VH and VL

fragments of H11 using the protein docking and molec-
ular superposition software Hex 4.2 (http://
www.csd.abdn.ac.uk/hex/), recently evaluated by the
critical assessment of predicted interactions (CAPRI),
a community-wide experiment to assess the quality of
protein docking methods to predict protein–protein
interactions.16,17 The software uses polar Fourier corre-
lations in order to rapidly locate potential protein–pro-
tein complexes by the rotational search of one protein
with the other.18 The quality of suggested complex poses
is then quantified in terms of their shape complementar-
ity and electrostatic interactions (Eshape and Eelectrostatic,
respectively).19 Potentially, millions of docking confor-
mations can be generated with several thousand of the
best results (most negative energy), then treated with a
rigid-body energy minimisation algorithm to further
L1
27F 28 29 30 31 32 33 34 35 
S S N Q K N Y L A 
S S N S K N Y L A 

CDRL3
 93 94 95 96 97 98 99 100 101
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1EEQ, identical residues highlighted red, similar residues highlighted

bioinf.org.uk/abs/chothia.html).
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optimise the pose. The ten lowest energy poses identified
are shown in Table 1.

Based on some general properties of antibodies and
more specific experimental observations with H11, we
used the additional criteria below to filter and assess
the validity of the ten docked fragments and identified
the fourth pose as meeting all the requirements (Fig. 4).

• The backbone of the docked fragments should resem-
ble the backbone of the class of antibody structures
that 1A2Y is representative of.

• The loop regions should be at the interface of the two
chains, on the same side of the molecule where they
would be in direct contact with the antigen.20
Table 1. The ten lowest energy poses found by Hex (kJ mol�1)

Pose Etotal Eshape Eelectrostatic

1 �538.08 �490.46 �47.63

2 �533.14 �501.41 �31.73

3 �531.81 �462.61 �69.20

4 �529.57 �502.99 �26.58

5 �525.82 �518.60 �7.22

6 �525.42 �502.64 �22.78

7 �515.16 �474.84 �40.32

8 �505.45 �400.16 �105.29

9 �504.50 �493.97 �10.53

10 �501.55 �476.04 �25.51

Figure 4. The backbone of the docked heavy and light chains (pose 4) using t

backbone of the antibody complex crystal structure used to generate the mo

looped regions of the H11 model in CPK representation (green shades; heavy

terminal residues of the two chains (35.03 Å) where the bridging peptide lin
• The distance between the C-terminal of the light
chain and the N-terminal of the heavy chain should
be 35–40 Å (the distance covered by an engineered
bridging sequence (GGGGS)3 that was spliced to
the terminal residues to ensure the antibody did not
dissociate at the low concentrations employed for
cycloaddition reactions).11

• Where the distance between the N and C terminus
was less than 40 Å, the bridging sequence was con-
structed between the two termini and subjected to a
brief dynamics simulation with the chains fixed. If
the linker occupied the looped regions, the structure
was rejected based on its proposed interference with
hapten binding.

When we superimposed the independently generated VH

and VL models onto the backbone atoms of the template
structure 1A2Y with which H11 VH had 97.4% sequence
identity using the more common approach of antibody
homology modelling,12b,15 the RMSD (all atoms) with
the Hex generated complex was 2.34 Å (Fig. 5), which
further confirms Hex as a useful programme in the
armoury of tools available for modelling protein–pro-
tein interactions.
4. Identification of the active site

The docked heavy and light chains identified as the
likely complex for the H11 antibody were minimised
he (A) Hex software (dark blue and light blue, respectively) and the (B)

del heavy chain (1A2Y) (heavy chain, red; light chain pink). (C) The

chain, pink shades; light chain). (D) The distance between the N and C

ks.



Figure 5. The backbone of the Hex docked heavy and light chains

(red) of H11 superimposed with the docked heavy (green) and light

chain (blue) using the superimposition method.
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using the standard step-wise restraint protocol for pro-
teins. In order to identify potential binding sites in
H11 where catalysis could take place, the LigandFit
software,21 which uses a flood filling algorithm to iden-
tify crevices on the surfaces of proteins, located a hydro-
phobic pocket that contained Glu 95H (Fig. 6A) and
Figure 6. (A) The binding pocket suggested by LigandFit’s flood filling

algorithm (shown in yellow). (B) The results from LigandFit

highlighting key residues in the active site designated H or L for the

heavy and light chains, respectively.
was the first and largest cleft identified. Seven sites were
identified in total; the second site was of comparable
size, but was buried deep in the protein, away from
the loop region and the remaining sites were much
smaller and only made contacts with residues from
one of the variable chains.

Our earlier experimental studies had shown that an acid-
ic residue in the looped region of H11 was involved in
the catalytic activity of the antibody.8,9 Apart from
Glu 95H, only two other acidic residues were in the
CDRs of our model, and both were on the surface of
the protein. Moreover, the cleft that contained Glu
95H (CDRH3) was also in close proximity to other res-
idues identified as having a role in catalysis,9 namely a
tyrosine (Tyr 33L, CDRL1) and a histidine (His 96L,
CDRL3), confirming that this was the likely catalytic
site (Fig. 6B).

The role of a glutamic acid residue as a general base that
abstracts a proton from a nearby water molecule has
been proposed in several reaction mechanisms, includ-
ing: TEM-1, a b-lactamase enzyme that catalyses the
hydrolysis of the lactam bond;22,23 a phosphotransfer
reaction catalysed by pyruvate dehydrogenase kinase24

and peptide hydrolysis catalysed by a leucine aminopep-
tidase enzyme of Aeromonas proteolytica.25 Glutamate is
also the key catalytic residue in lysozyme enzymes,
which hydrolyse glycosidic bonds. Several catalytic anti-
bodies are also reported to have a glutamate or an
aspartate residue acting as a general base during cataly-
sis;1d antibody 34E4, which catalyses the conversion of
benzisoxazoles to salicylonitriles, relies on a key interac-
tion between Glu 50H and the hapten for the optimum
rate of catalysis;26 antibody 4B2 catalyses the allylic
isomerisation of b,c-unsaturated ketones involving the
stabilisation of an enol intermediate through Glu 34L
and Asp95 residues in the active site27,28 and the catalyt-
ic antibody 14D9 promotes the enantioselective proton-
ation of prochiral enol ethers by the formation of a
network of hydrogen bonds via the side chains of Asp
101H, Tyr 36L and a water molecule within the active
site.29

For a glutamate to act as a general base in catalysis, it
tends to be within a protein cleft rather than on the sur-
face. This fact, coupled with the high sequence identity
of the VH chain of H11 with the VH chain of the tem-
plate lysozyme antibody, suggests a similar catalytic
mechanism is responsible for the activity of H11 that
could well involve Glu 95H.

Hydrolysis of the acetoxybutadiene to the correspond-
ing ene–diol prior to cycloaddition to the bicyclic prod-
uct was shown to proceed most rapidly at pH 7–8.8 In
common with other antibody mediated hydrolytic pro-
cedures,22,25 at this pH, Glu 95 is potentially in an ioni-
sation state that could involve proton abstraction from
an in situ molecule of water as part of the catalytic
mechanism. Examination of the crystal structure of the
template lysozyme antibody used to model the H11
VH fragment (1A2Y) revealed a water molecule co-crys-
tallised 2 Å from the corresponding glutamate, which
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was transferred to the model of H11 by superimposition
of the two VH fragments according to sequence align-
ment (RMSD 0.74 Å). Based on our observation that
hydrolysis of the alkoxy diene promotes cycloaddition10

and that hydrogen bonding can play a key role both
electronically and structurally in such a mechanism, we
proposed the series of events shown in Figure 7, where
the hydrogen bond donor roles could be fulfilled by
either tyrosine or histidine residues.
5. Docking studies

The H11 antibody was raised to the bovine serum albu-
min conjugate hapten 58 and subsequent investigation of
its capability revealed an ability to catalyse the reactions
shown in Figure 2.10 Kinetic measurements established
that the N-alkyl substituent of the maleimide did not
play a major role in binding because the KM values for
the N-butyl and N-ethyl derivatives were of the same or-
der.10 In contrast, the KM values for the acetoxybutadi-
ene imply its binding with H11 is a major determinant of
activity.9 Given that shape complementarity is a feature
commonly observed in Diels–Alderase antibodies that is
emphasised by the importance of the relative orientation
of the reagents (which is reflected in the adduct topogra-
phy30), we performed our initial docking studies using
5amaj, which is a simplified analogue of the hapten to
which H11 was originally raised.
Figure 7. The proposed catalytic mechanism for the hydrolysis of

acetoxybutadiene. The H-bond donor in the hydrolytic step serves to

render the acetoxy carbonyl group more susceptible to nucleophilic

attack by the deprotonated water molecule. The H-bond donors in the

cycloaddition step play a structural role in orientating the incoming

maleimide dienophile with the diene.
The ligand 5amaj was docked manually into the binding
site identified by the LigandFit algorithm, a region that
showed significant shape complementarity between the
hapten and the antibody even before further refinements
were performed (Fig. 8).

The manually docked ligand was then subjected to sim-
ulated annealing treatment of the binding site within the
structure, and a subsequent minimisation. Residues
within 8 Å of the substrate were included in the structur-
al subset to be annealed. This procedure was repeated
for 5amin and the two proposed orientations are shown
in Figure 9.

Two hydrogen bonds were observed in the complex with
5amaj, between the carbonyl oxygen atoms of the male-
imide and both Tyr 33L and His 96L as donors. Howev-
er, the complex with the adduct with opposite
stereochemistry 5amin, formed no hydrogen bonds with
the protein, and moreover, was not bound as deeply in
the cleft as 5amaj, which prevented hydrogen bond for-
mation with the same atoms of the protein. In both
cases, the acetoxy group is positioned in the vicinity of
the proposed catalytic residue Glu 95H, with the methyl
group occupying a hydrophobic cleft bordered by Val
37H, Trp 47H, Met 50H and Phe 100L. The N-alkyl
substituent, which does not play a major role in bind-
ing,10 lies in a large exit channel from the catalytic site
where the hydrogen bonding Tyr 33L and His 96L resi-
dues make up the walls and Leu 94L occupies the floor.

Based on the orientations of the adduct with respect to
the binding site in the complexes, it would appear that
the diene can approach the antibody in two alternative
orientations (Fig. 10), which, if adopted equally, would
result in a non-stereospecific production of 3.

The dienes 1amaj and 1amin were each treated with the
flexible docking and minimisation procedure previously
described for adducts 5a. Surprisingly, the resulting
diene–antibody complexes showed there was only a
favourable hydrogen bond formed between the diene
and the protein when docked in the minor orientation.
Clearly, whilst hydrogen bonding is instrumental in
Figure 8. The shape complementarity observed in the homology model

on initial docking of substrates.



Figure 9. Proposed alternative docking orientations that would results

in product formation with opposite chirality (A) major isomer (B)

minor isomer.

Table 3. The ratio of bound conformers and product diastereoisomers,

where R = 8.314 J K�1 mol�1 and T = 300 K

Ligand Ebind
a Boltzmann factorb Population Ratio

5amaj �24.39 exp (24.39/2.49) 17,947.0 82

5amin �20.64 exp (20.64/2.49) 3980.5 18

1amaj �13.59 exp (13.59/2.49) 234.6 62

1amin �12.42 exp (12.42/2.49) 5.0 38

a Ebind = Ecomplex � (Eligand + Ereceptor).
b Boltzmann factor ¼ exp ð�E

RT Þ.

Table 4. The Connolly surface area (Å2) for the ligand–antibody

complexes

Ligand Active site Complex Ligand Solvent accessible area

of ligand in complex

5amaj 1161.43 1094.03 242.72 111.88

5amin 1190.25 1231.27 250.80 163.89

1amaj 1155.87 1131.97 153.67 88.22

1amin 1152.18 1125.61 155.59 90.35

able 2. Computed enthalpy terms (kcal mol�1) for the ligand–

ntibody complexes

Ligand Ebind
a Ecomplex Eligand Ereceptor

5amaj �24.39 �2035.08 9.20 �2019.89

5amin �20.64 �2040.52 6.48 �2026.36

1amaj �13.59 �2021.98 17.02 �2025.41

1amin �12.42 �2042.16 12.69 �2042.44

Ebind = Ecomplex � (Eligand + Ereceptor).
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catalysis, overall binding energies will be the major deter-
minant of activity. To quantify the overall stability of the
complexes, the binding enthalpy (Table 2) and the acces-
sible surface area (Table 4) were calculated for the adducts
5a and the dienes 1a. Binding enthalpy was computed by
Figure 10. The alternative transition states resulting in 5 having opposite ste
T

a

a

summing the potential energies of the free ligand and
receptor after separation from the complex followed by
minimisation, then subtracting this value from the poten-
tial energy of the complex itself. Such a calculation pro-
vides information about the non-bonded contribution
to complexation and the internal strains on both ligand
and receptor induced through the binding event.

The expected ratios of each diene conformation and
adduct can be calculated using the equation for the
Boltzmann factor, which can determine the population
of each conformer and its relative ratios (Table 3).31

Chiral derivatisation of the products of H11 revealed
that the product 3amaj was obtained in 30% enantiomeric
reochemistry.
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excess to the minor isomer 3amin. Analysis of the relative
binding enthalpies of two enantiomers of hapten 5a and
the two orientations of the diene 1amaj, 1amin revealed
the binding enthalpy was more favourable for the hap-
ten and diene with the stereochemistry and orientation
which forms the major product 3amaj, which is in agree-
ment with the experimental data.10 When these comput-
ed enthalpies are treated to a Boltzmann population
calculation,31 the relative populations of the adducts
broadly conform to the experimental values. Indeed,
the dienes themselves, when bound to the antibody, re-
flect a conformation population that would produce
an isomeric excess of one adduct and is also broadly
in line with our experimental results.

To further investigate this stereochemical aspect of the
mechanism, we calculated the Connolly accessible
surface areas of the different complexes and showed that
the major isomer should be preferred over the minor
isomer; for each diene, the orientation resulting in the
major product is able to bind deeper into the cleft, with
the solvent accessible area for the 1amaj being 88.22 Å2

and 1amin 90.35 Å2. The smaller solvent accessible area
is also seen with the 5amaj complex compared to the
5amin, with the hapten bound deeper in the active site
cleft. A deeper binding orientation achieves three
objectives; first, hydrogen bonding with the relevant res-
idues in the cleft is maximised; second, the hydrolysable
ester group can be accessed by the glutamate/water cat-
alytic residue; third, exposing less of a hydrophobic sur-
face is entropically favourable in an aqueous medium.
Figure 11. (A) The backbone of H11 after the free antibody (white) and the

blue) were subjected to extended constant temperature dynamics (>1 ns). The

with RMS values of 0.8–2.3 Å, the backbone of the free antibody superimpo

central antigen binding site at the interface of the heavy and light chains,

superimposed with the free antibody (white) highlighting the movement seen
6. Molecular dynamics simulations

In order to assess the structural integrity of our antibody
model, we performed a series of dynamics simulations
on selected complexes. The free antibody and the com-
plex with the 5amaj adduct were subjected to extended
constant temperature dynamics (>1 ns) using explicit
water representation under periodic boundary condi-
tions. Sampled average structures from each of the runs
were minimised and superimposed to evaluate stability
and movement within the protein model. Figure 11A
indicates that the main chain backbone is stable and
does not undergo significant movement during the
extended simulation. The area of greatest conformation-
al freedom is in the binding site region and is highlighted
in Figure 11B. The histidine and tyrosine residues show
a degree of flexibility in their side chains, which would
be expected to allow trapping and release of reagents
and products. Significantly, the loop that contains the
catalytic glutamate residue appears to undergo more
noticeable rearrangement, particularly between the un-
bound and bound forms of the antibody. Again, such
a rearrangement would be expected for complexation
and could suggest a key positioning dynamic between
the catalytic residue and the reagent/product. This kind
of loop movement during catalytic events in antibodies
is not unique, particularly in hydrolytic processes; in
the antibody 7F11,15a which catalyses the decomposi-
tion of the benzoate ester of an aryl adamantyl 1,2
dioxetane, there is significant movement observed
at the interface of the heavy and light chains and the
complex 5amaj (sampled average structures, red, yellow, magenta and

backbone atoms of the averaged complex structures were superimposed

sed onto the complex with an RMS of 2.5 Å. (B) An expansion of the

the averaged minimised complex (magenta) containing ligand 5amaj

in the key residues Glu 95H, Tyr 33L and His 96L.
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catalytic residues in the active site. This movement is re-
duced in the hapten–antibody complex, which is also
observed in our dynamics simulations (Fig. 11A).
7. Conclusion

The model of the antibody H11 we have built has pro-
duced a greater understanding of its dual catalytic activ-
ity as a Diels–Alderase and hydrolytic catalyst. The
protein docking software Hex successfully associated
the two variable fragments of the antibody in a manner
that could explain catalytic activity and was confirmed
by an RMS value of 2.34 Å with the model generated
by the standard superimposition method. The experi-
mental data of H11 previously reported by the group
have been used to validate the model, and confirmed
at a semi-quantitative level, the observation that the ma-
jor enantiomer is produced in a 30% ee. The proposed
mechanism of action of hydrolysis by a glutamate resi-
due acting as a catalytic base is consistent with other
hydrolytic antibodies and enzymes. The importance of
shape complementarity in other Diels–Alderase anti-
bodies is also seen in H11.
8. Experimental

8.1. Homology modelling

The 3D structure of the variable region of H11 was con-
structed by comparative modelling using Discovery Stu-
dio (DS) Modeling 1.132 and InsightII on a Hewlett
Packard Workstation xw800033 and a Silicon Graphics
Octane2 workstation34 (2 · 600 MHz MIPS R14000
processors), respectively. Suitable template proteins
were obtained through a BLAST search of the Protein
Databank (PDB) using the BLOSUM 62 matrix with
a gap penalty of 11 and a gap extension penalty of 1.
The VH fragment had 97.4% identity with anti-hen egg
white lysozyme antibody D1.3 (PDB entry 1A2Y13) of
which all three complementary-determining regions
(CDRs) were identical. The BLAST search of the PDB
with the amino acid sequence of the VL fragment re-
vealed high identity (81.7%) with the VL of a human
antibody; M4L/Y(27D)D/T94H Mutant of Len (PDB
entry 1EEQ14). The CDRs of H11 and the template
1EEQ share 85.3% identity.

The amino acid sequences of the VH and VL regions of
H11 were aligned to their 3D templates using the
‘Align123’ experiment of the software package DS Mod-
elling 1.1. The resulting alignment was then used to
build models of each variable region using the MODEL-
ER software, where three models of each variable region
were built at the high level of optimisation and assessed
according to their probability density function (PDF)
energy. The models with the lowest PDF energy were
then evaluated using the protein health validation algo-
rithm to measure the overall compatibility of the amino
acid sequence in the environment of the 3D structure.35

The minimised structures of H11 VH and VL both had
high scores indicating the side chain of each amino acid
in the sequence is in a satisfactory environment and the
protein is likely to be folded satisfactorily.

To assess the validity of the homology models, they were
minimised in a step wise manner fixing the heavy atoms
followed by the backbone atoms before the full structure
was allowed to relax. The cff91 forcefield was used for all
energy calculations, and models were minimised using a
distance dependant dielectric of 4.0, with non-bonded
cutoffs treated separately for van der Waals forces
(9.5 Å) and electrostatic interactions (14 Å). Minimisa-
tion was effected using the Conjugate Gradients algo-
rithm until an energy convergence criterion of
0.1 kcal mol�1 Å�1 was reached. These structures were
further assessed by evaluating the Ramachandran
map, which showed that the VH and VL fragments had
94.83% and 95.69% of the residues, respectively, in the
allowed region. Such a high percentage indicates that
in both models the backbone dihedral angles / and w
are satisfactory.

8.2. Macromolecular docking with Hex 4.2

The minimised structures of the heavy chain (receptor)
and light chain (ligand) were loaded into Hex as Æpdb
files. The ligand was positioned in the vicinity of the
receptor and the docking control parameters set to en-
sure that the light chain was fully able to explore the
surface of the heavy chain. Docked poses were as-
sessed on both shape complementarity and electrostat-
ic interactions. Subsequently, similar poses were
grouped into clusters based on a RMSD of 2.0 Å from
the pose automatically chosen as the cluster centre.
The ten best clustered docking poses (lowest energy)
were then assessed according to the criteria listed in
Section 3.

8.3. Identification of the active site

The docked light and heavy chain complex was then
minimised as described previously (Section 8.1)34 to re-
lax any bad surface contacts introduced in the rigid-
body Hex docking study. The optimised structure was
then imported into Cerius2 (Accelrys, version 4.8.1)21

and treated with a flood fill algorithm in order to
identify the active site. The first and largest cleft of the
seven identified contained the proposed catalytic residue
Glu 95H.

8.4. Substrate docking

Atomic coordinates for the major and minor N-ethyl
derivatives 5a of hapten 5 and the diene 1a were con-
structed from the fragment database from the InsightII
program, and were minimised using cff91 forcefield and
parameters previously described. The optimised struc-
tures were docked manually into the homology model,
guided by the distinct shape complementarity observed
in the active site region previously identified by the flood
filling algorithm (Fig. 8). Residues within 8 Å of the sub-
strate were included in the structural subset and subject-
ed to simulated annealing to optimise the complex from
300 to 270 K, followed by minimisation using the
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parameters previously described. The enthalpies of the
resulting minimised structures were computed and
derived using the equation Ebind = Ecomplex � (Eligand +
Ereceptor); the ligand and receptor enthalpies were each
calculated separately once removed from the complex
and minimised (Table 2).

8.5. Molecular dynamics

Molecular dynamics (MD) simulations were carried out
on a 3.2 GHz dual Intel Xeon workstation with 4 Gb of
RAM, using InsightII (version 2000.3) and the Discover
molecular simulation software. Two simulations were
setup; one with free H11, and one with H11 complexed
with 5amaj. H11 was centred in a rectangular periodic cell
with a side length of 80.0 · 70.0 · 80.0 Å and soaked in a
box of SPC water. The solvated protein was energy mini-
mised using the Conjugate Gradients algorithm, with the
van der Waals and electrostatic interactions treated sep-
arately as before until an energy convergence criterion of
1.0 kcal mol�1 Å�1 was reached. MD simulations on
minimised solvated structures were performed by inte-
grating Newton’s equations of motion using the Verlat-
leapfrog algorithm for 800 ps at a simulated temperature
of 298 K with a time step of 2 fs and data capture every
0.5 ps. The RATTLE algorithm was used to restrain the
high frequency bond stretch terms throughout all simula-
tions. Prior equilibration was carried out for 400 ps with
initial assignment of velocities according to the Boltz-
mann–Maxwell distribution and scaling by a single fac-
tor every 100 fs to maintain the temperature ±10 K.
From the production phase, 89 structures were sampled,
averaged and minimised as described. The MD simula-
tion for the antibody–5amaj complex contained a 1.3 ns
production phase from which four average structures
were minimised by sampling at four time points.
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