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Catalytic antibodies are very interesting not only because of the rate enhancement of the reactions that they
catalyze but also because of the selectivities they can achieve that are sometimes not present in natural enzyme
processes. We have selected the study of the stereoselectivity of the matured AZ28 that catalyzes an oxy-
Cope rearrangement. For this particular case, the presence of a chiral center in the substrate provokes the
existence of two different enantiomer®,and S. Furthermore, it is also possible to locate two different
orientations for the hydroxyl group in the central ring of the substrate in the transition state, equatorial and
axial, rendering two different conformers. In this paper we present the free energy profiles obtained for different
substrate isomers in the cavity created by the matured catalytic antibody. Our simulations have reproduced
the stereoselectivity of the matured AZ28, differentiating between the axial or equatorial orientations and
preferentially stabilizing the S forms, at a qualitative level. Finally, the inclusion of the subsCate
interactions in a flexible molecular model has allowed us to observe the different pattern of interactions that
are related to different interaction energies, which seem to be crucial in the stereoselectivity behavior of the
catalytic antibody.

1. Introduction as high as the one obtained in enzymieg/kuncatbeing 16 in

) . o . ) . CAand up to 1& in enzymes}.Furthermore, not all antibodies
Catalytic antibody (CA) design is a highly fashionable topic that stabilize TSAs are catalysts of the reaction and, what is

since the first one was elicited against a transition state analoguemore intriguing, there are cases where after a process of
(T%A) tt:jree dec?gej_ agj?The |mmur|1e S3|’St?|_mh can r?cot?mge tmaturation (that yields an increased affinity of the CA for the
and produce antibodies for any moiecule. 1he most gbundan TSA) a paradoxical decrease in the catalytic power is observed,
monoclpnal .antlb.od|es, the |mmunoglpbulm proteins, COH.SISI with respect to the initial or germline CAConsidering that

of two identical light chains and two identical heavy chains the maturation processes always increase the affinity of the CA

conne_cted by disu_lfide bridges._ BOt.h chains _have a con_st_antby the TSA, and assuming that this structure is close to the TS,
domain and a variable one, which is the antigen-recognizing an increase in the rate catalytic power of the CA should be

site composed of the vari.abltle regioq Of. both chéiﬁs.. expected in the mature form, as normally observed.

The decrease of the activation barrier in an enzymatic process The oxv-Cope rearrandement catalvzed by AZES an
arises from the larger binding energy of the transition state (TS) extremel yinter?astin S stgm because r?/o onz )r/ne i< Known for
with respect to the reactants (Michaelis complex, MChese hi y Th g yl | A728 | yh imolecul
ideas can be translated to antibodies programming the immunel'> féaction. The monoclona catalyzes the unimolecular
response to a stable molecule that mimics the presumedrearrangement of a substituted hexadlene. to an enol that
structural and electronic features of the TS of a particular sp(t)]ntaneously pro%eed;, to tr(;e_ C(t)]rrespt)]ondlnghaldehyde (see
reaction; the TSA. Thus the hapten to be used will be this Sc hem?kl)'AS can _eohservg Int 330 ?me’t e'll'SA p_lresents
particular stable molecule. Due to its flexibility a significant ;12 silrrulcti f(atrgfm:ae'llgtNeexs/lértitgll::s fﬁ/grg i:’;‘gg é%?fla?érﬁge
re_organézation of the germline CA active site occurs upon ligand that is the hybridizatioﬁ of the C2 anci C5 atoms of the central
binding? In the maturation process, the optimal active site fing; although these two carbon atoms in TSA aré spe

conformation is fixed, increasing the affinity for a particular . =2 ™" | . . .
antigen. The result should be the evolution of the antibody hlbrldlzatlon of the equivalent atoms in the TS of the reaction

binding site with maximum complementarity to the TSA and, is sp. ] ) ] )
hopefully, to the TS. From the germline antibody, generated against this TSA, a

Although CAs have been produced for a plethora of chemical matured AZ28 form was obtained after six different mutations;
reactions, as a general feature, the catalytic power of CA is neverfour of them in the heavy chain and two in the light one. Only

one of these mutations, SerL34Asn, is located in the active site.

t Part of the special issue “Donald G. Truhlar Festschrift The result of these mutations is that in the case of the AZ28, it
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SCHEME 1: Schematic Diagram of the Molecular enantiomer of the substrate was obsert¢dthe ratio between
Mechanism of the Oxy-Cope Reaction from the the rate constant of th® andR enantiomerska¥k:af) being
Substituted Hexadiene, MC, to the Enol, P, through a 15.116 Furthermore, it is also possible to locate two different
Transition State, TS* orientations for the hydroxyl group in the central ring in the
Z ..o /OH TS: equatorial and axial. Previous gas-phase calculations have
0,C Q 4 revealed that the preference for this reaction through a transition
r N 1 state with an axial or equatorial hydroxyl group depends on
mc 6° the electronic character of the substrate; the axial conformation
0 is preferred for the protonated substrate whereas the equatorial

R NHLERZ)LC00 structure is the most stable one for anionic subsfrafae

¥ R
é\g H prediction carried out by Houk et &in this sense was that the
% nonpolar environment created by the CA closely resembles the
TSA

gas-phase calculations and, consequently, the reaction should
proceed through an equatorial TS enantiomer.

TS
g} In this paper we will present the free energy profiles, in terms
OH of potential of mean force (PMF), obtained for different substrate
-o;@—i conformers in the cavity created by the matured CA applying
@ the same strategy carried out in our previous papdie

stereoselectivity of the matured AZ28 CA, differentiating
between the axial or equatorial orientations and preferentially
stabilizing theR or Sforms, will be discussed and analyzed in
this paper.

behavior of the AZ28 has been previously addressed in three
theoretical papers:1° In the paper of Kollman and co-workefts,
binding free energies between AZ28 and the hapten were
calculated using the molecular-mechanics-Pois®witzmann/ The starting point for the PMF calculations was obtained from
surface area (MM-PB/SA) method developed by Srinivasan et the TSA-CA X-ray coordinated! The structure of the hapten
alll to demonstrate the negative correlation between TSA was slightly modified to obtain a TS-like structure, keeping fixed
binding affinity and the catalytic rate of the CA. The binding the positions of the C2 and C5 atoms, to avoid large variations
free energies were calculated from snapshots taken at intervalgn the position of the phenyl rings due to the change of the
from trajectories of each AZ28nhapten complex, for both the  hybridization of these atoms. The resulting structure was then
germline and the matured CA forms. The energetic analysis wasrelaxed by means of 500 ps of MD simulations, applying a
done for only a single molecular dynamics (MD) trajectory of harmonic constraint on the distances of the breaking and forming
the desired antibodyhapten complex with unbond antibody bonds. The simulated system consisted of a cubic box of 79.5
and hapten structures taken from snapshots of that trajectory.A per side with the CA and 15 492 water molecules (50 167
Due to the fact that classical MD calculations are run for TS atoms in total) all treated using the OPLS-AA force fiélghlus
complexes, reactants and TS structures optimized in the gasthe substrate (39 atoms) that was treated by AM1 semiempirical
phase were used to make additional force field parameters forHamiltonian. Because of its size, those CA residues lying outside
the MM-MD simulations. In the work of Houk and co-workérs,  a sphere of 32 A of radius centered in the substrate center of
a more complete study of the reaction in the gas phase at themass were removed and the atoms lying inside a sphere of 30
B3LYP level is carried out. Flexible ligand docking in rigid A of radius were allowed to move~(11 500 atoms), keeping
germline and matured antibodies allows discussion of the frozen the position of the rest. The final structure was refined
stereoselectivity of the reaction. Finally, in our previous paper, by means of a TS search, confirming the presence of only one
a quite different strategy through free energy profiles using an negative eigenvalue in a reduced Hessian matrix that contains
appropriate distinguished reaction coordinate is employed. Thisthe coordinates of the substrate. The resulting structure was the
procedure leads to a more accurate estimation of the free energyR-equatorial TS enantiomer. Using this structure, an initial guess
variation along the reaction coordinate taking also into account for the Saxial TS simulations was obtained interchanging the
the flexibility of the CA. The free energy profiles obtained in position of the—OH and—H substituents of the C3 atom. To
the germline and the matured CA, as well as in solution, were obtain an initial configuration of theS-equatorial TS, the

in very good agreement with experiments. An analysis of the intermediate ring was rotated around the axis containing the
difference between the germline and the matured suggested tha€2 and C5 atoms. The same operation was carried out from
the change in the pattern of interactions between the TS andthe R-equatorial conformer to obtain an initial structure of the
the reactants in the matured form was responsible for the R-axial TS. A total of 500 ps of NVT LangevinVerlet

a A detail of theTSA is also depicted for comparison.

2. Computing Methods

difference in the activation free energies. dynamics calculations were run for the antibedys structures
The applicability of CA in organic synthesis relies on the applying harmonic constraints on the distances of the breaking
fact that they are both efficient and very select#i%&3CA can and forming bonds. The time step was 1 fs, the temperature

be very interesting because they can achieve selectivities thatwas 300 K, and the switched cutoff radius applied to all the
are sometimes not present in natural enzyiés.the case of interactions was 12 A. In this way, the TSs were fitted into the
AZ28, the presence of a chiral center in the substituted hexadieneactive site, allowing the relaxation of not only the chemical
molecule (the C3 atom in Scheme 1), which is the substrate of system but also the antibody.

the oxy-Cope rearrangement catalyzed by this CA, provokes Free energy profiles for the different isomers in the CA were
the existence of two different enantiomers, R and S. These twoobtained as a PMF appearing along a distinguished reaction
enantiomers were separated by reversed phase chiral HPLC andoordinate, obtained as the antysimmetric combination of the
then assayed individually for catalysis by the CA. The stereo- C1-C6 and C3-C4 distanced® Selection of this reaction
chemical kinetic preference of the matured AZ28 for the S coordinate is based on the exploration of the potential energy
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Figure 1. Free energy profiles (in terms of PMF) for the AZ28 catalytic
antibody in its matured form for th&axial (red line),R-axial (blue R-Axial S-Axial
line), R-equatorial (black line), an8-equatorial (green line) conforma-
tions for the MC to P transformation (see Scheme 1). The reaction
coordinate is the anti-symmetric combination of the interatomic
distances of the forming and breaking bonds;-€16 and C3--C4,
respectively.

Figure 2. Detail of the averaged structures of the four different
conformers of the TS oxy-Cope rearrangement in the active site of the
matured AZ28 antibodies.

andS-equatorial are 26.8 and 24.2 keabl™?, respectively. This
surface (PES) including the environment by means of the difference of 2.6 kcamol™, that describes a more favorable
reaction paths traced down to the corresponding reactants andeaction in the later, reveals a stereoselectivity in the AZ28.
products valleys from transition structures located and character-This behavior is also reflected in the free energy barriers
ized in the CA active site. The axial and equatorial labels for corresponding to the R enantiomer, 24.4 keal~! for the
the two reactant complexes that were obtained from their R-equatorial and 24.9 kcahol! for the R-axial. It can be
corresponding TSs will be maintained although, in a rigorous observed that, although very slightly, t8equatorial is the most
manner, they cannot be classified in these categories becauséavorable enantiomer, reproducing the experimental trend.

there is no central ring in the reactants. Simulations were carried Averaged structures of the TSs obtained for the four different
out with the DYNAMO progrart® based on the original idea  enantiomer are presented in Figure 2 and the most important
of the hybrid quantum mechanical/molecular mechanical (QM/ geometrical internal coordinates, averaged over the last 500 ps
MM) methodsZ° All the degress of freedom were sampled by of the dynamics listed in Table 1. First of all, it is important to
means of a series of molecular dynamig simulations. Umbrella mention that the interaction between the hydroxyl group and
sampling! was used 'Fo place the chemical system at different proton acceptor groups of the protein has been demonstrated to
values of the reaction coordinate that cannot be enoughpe determining in the catalytic power of the G¥n this regard,
frequently sampled by thermal fluctuations and then molecular the hydroxyl substituent in the-equatorial andR-axial enan-
dynamics simulations were run. This is done by adding an tiomer TS structures is interacting with the Glu-H35 more
adequate parabolic energy function centered at the value of thestrongly than in theS-axial andR-equatorial, thus presenting
reaction coordinate that is being explored. The fluctuations of the same pattern of interactions than in the T:SAjthough

the reaction coordinate are finally pieced together by means of \yith arger intermolecular distances. The shorter-©@llu-H35

the weighted histogram analysis method, WHAMabtaining distance present in th®equatorial andR-axial is related to a

the full distribution function and thus the PMF profile. A total larger distance between the same hydroxyl group and the Hsd-
of 72 simulation windows were needed to sample the whole g6 A different interaction of the hydroxyl group with the Asp-
range of t_he distinguished coordinate. At each yvlndow, 3 ps of 4101 has been previously proposed by Houk éthéverthe-
equilibration were followed by 1Q ps of prodpctlon- As before, less, in our simulations this later residue is interacting in all
we used LangevinVerlet dynamics with a time step of 1 fs ¢a5e5 with the Asn-L34, instead. There are experimental
and the temperature of the bath was 300 K. The umbrella force gyidences that the germline has a larger cavity than the one
constant was of 2500 |@O|—1.A.—2_ . , _ observed in the matured forfyvhich can be monitored through

Once the full PMFs were obtained, additional MD trajectories e distance between these two residues that are located in the
of 1 ns were carried out in the region of the TS (with harmonic a1 part of the catalytic cavisf:although the matured isomers
constrains applied just in the reaction coordinate) and MC, using presented in Table 1 are around 2.3 A, the germline is around
the same simulation protocol as described above. A decomposi-4 3 A, as reported previously in our previous pal¥eRegarding
tion of the averaged totfal potential energy as the sum of the o maturedR-equatorial TS, the hydroxyl group is far away
QM energy, the QM/MM interaction energy and the MM energy  fom the Glu-H35 but interacts with the Hsd-H96 instead. Al
(E = Eqm + Eowmm + Ewwv) has been carried out as already i )i the only conformer that does not present a strong
done in previous s.tudles for the [3,3] sigmatropic rearrangement;niaraction between the hydroxyl group and any of the residues
catalyzed by chorismate mute&e:? of the cavity, neither in the MC nor in the TS, is tieaxial
which is, in fact, the one presenting the largest free energy
barrier. Quite the reverse situation is shown by$rejuatorial;

The resulting PMFs obtained for th® and R enantiomer the lowest barrier is observed when the strongest interaction is
substrate, for both the axial and equatorial orientations of the established between the hydroxyl group and the Glu-H35 in
hydroxyl group of the substituted hexadiene intermediate ring, the TS (1.89 A) and this hydrogen bond is completely broken
are presented in Figure 1. The free energy barriers fogtaal in MC (4.15 A).

3. Results
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TABLE 1: Averaged Selected Internal Parameters over the Last 500 ps of 1 ns QM/MM Dynamics (Distances in A and Angles
in Degrees) of the TS and MC Obtained in theS-Axial, S-Equatorial, R-Axial, and R-Equatorial Conformers in Matured AZ28
Catalytic Antibody

Saxial S-equatorial R-equatorial R-axial
MC TS MC TS MC TS MC TS

C1l---C6 3.21 1.81 3.68 1.80 3.08 1.71 3.05 1.80
C3--C4 1.54 1.60 1.54 1.62 1.53 1.58 1.54 1.59
reaction coordinate —1.67 -0.21 —-2.14 —0.18 —-1.55 -0.13 —1.51 -0.21
deviation from planarity

internal ring 28.4 34.1 35.7 32.4

external ring 29.5 32.5 36.3 14.1
OH:---Glu-H35 3.82 2.89 4.15 1.89 2.14 5.10 2.05 1.93
OH-+-Hsd-H96 5.51 5.72 5.09 4.38 3.42 2.53 3.51 4.38
OH:---Asp-H101 5.17 551 7.98 7.16 6.88 7.78 7.14 6.91
Asp-H10%--Asn-L34 2.64 2.18 2.66 2.01 2.02 2.45 2.01 2.13

The comparison of all the reactant complexes (MC in Table  Another geometrical feature related to the reactivity of the
1) shows that the pattern of interactionsStaxial andR-axial system is the degree of planarity of the C2,C3,C1 and the
forms is maintained with respect to their corresponding TSs. C5,C4,C6 atoms, with their corresponding phenyl rings (external
As mentioned before, this is not the case in either the ring and internal ring, respectively). The radical character of
S-equatorial or theR-equatorial, where the hydroxyl group the C2 and C5 atoms on the TS would be stabilized by electronic
changes its interaction from MC to TS. In a different context, delocalization with the corresponding phenyl rings, which would
the change of the interaction pattern from MC to TS has been increase if a planarity was reached. This electronic delocaliza-
invoked as a plausible explanation of the lower catalytic tion has been observed to be related to a diminution in the
efficiency of the mature antibody with respect to the germifhe.  activation barriers in gas-phase calculati8nghe relative

The analysis of the reaction coordinate, which is determined position of the two phenyl rings with respect to the central
by the antisymmetric combination of the bonds that are being ring has been measured in the TS by means of two dihedral
formed and brokendcs...ca—dc1.--ce), reveals that the smallest  angles listed in Table 1 that define the deviation from planarity
difference between the MC and the TS reaction coordinate is of the external and internal ringsds-co-c1-c2—90° and
observed in the equatorial esterecisomers, bein§-twuatorial Tco-cs-c17—c2n—90°, respectively). In this sense, angles close
the one presenting the largest difference. Obviously, this to zero correspond to planarity whereas values arouha8Qld
geometrical observation that, in principle, could be related to a describe perpendicular orientations between the central ring and
lower free energy barrier in these conformers, seems to be lesghe external or the internal phenyl rings. These angles do not
important than the effect of the interaction between the hydroxyl have a significant meaning in reactants, as long as the central
group and proton acceptor groups of the protein, previously ring is distorted with respect to the TS, but it can render some
discussed. information in the TS, because the chairlike conformation in

The substrateCA interactions can be related to the QM/ the central ring is only slightly deformed. The averaged values
MM interaction energy term in our hybrid QM/MM scheme. obtained in the TSs are close to°3thdicating a considerable
Nevertheless, we must keep in mind that although free energydegree of planarity. It must be mentioned that the values
barriers obtained in terms of PMF have a quite credible obtained in the TSA were over 78 indicating much lower
magnitude, very long QM/MM dynamics are required to obtain planarity than the TSs reported in Table 1. This feature must
a convergence in the interaction energies differences. Keepingcontribute to the catalytic efficiency of the CA by stabilizing
this caution in mind, we have observed that the-&Abstrate the TS.
interaction is always higher in the TSs than in their correspond-
ing reactant complexes, and thus the interaction energy differ- 4. Discussion and Conclusions
ence between TS and reactantsEf;) contributes to the
lowering of the free energy barrier with respect to the uncata- We have studied in this paper the stereoselectivity of the oxy-
lyzed process. This trend is in agreement with the fact that the Cope rearrangement in the AZ28 catalytic antibody: the
TS structures resembles to the TSA, which was the one usedpreference for this reaction through a transition state with an
as hapten in the CA germline formation and maturation process.axial or equatorial hydroxyl group orientation, and the capability
Furthermore, by comparison between the MC and TS, the of the AZ28 in differentiating between the R or S substrate
maximum absolute value of thAE;, is obtained in the stereoisomers.

S-equatorial conformer, which corresponds with the lowest free By comparison of the CA matured forms, the free energy
energy barrier presenting process. The high value oiAag path trough &-axial TS presents a barrier 2.6 kaabl~* higher

of theS-equatorial can be partially related to the short hydrogen than the one through &equatorial TS. This trend was also
bond distance between the hydroxyl group and the Glu-H35 obtained by Houk et al. by means of gas phase calculations,
residue in the TS, not present in the MC. Nevertheless, the although showing that th&-axial was only 1 kcamol~* higher
analysis of the interaction energy differences of the rest of the in energy than thes-equatorial. This difference is increased
conformers reveals that, although rendering much lower dif- when the interactions with the CA are considered in the
ferences between MC and TS than in equatorial case, a  simulations. One of the terms that can contribute to this
small difference in interaction energy between reactants and TSincreasing is the difference of substrateA interaction energy
does not necessary imply a large free energy barrier. Obviously,between reactants and TS. Nevertheless, a note of caution has
this is not the unique term contributing to the potential energy to be introduced at this point, as this magnitude would require
barrier, as the reorganization of the CA and the energy of the very long QM/MM dynamics to converge. Nevertheless, the
substrate (the MM and the QM energy terms in the hybrid QM/ most favored stereoisomer, tBeequatorial, presents the highest
MM scheme) have to be considered. substrate-CA interaction energy difference.
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