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Abstract: The oxy-Cope rearrangement reaction in the antibody AZ28 is investigated using ab initio
molecular orbital calculations and molecular mechanical molecular dynamics simulations. This antibody,
AZ28, is known as one of the few systems where the mature catalytic antibody shows a negative correlation
between the transition state analogue (TSA) binding affinity and the catalytic rate of the oxy-Cope
rearrangement compared to the germ line catalytic antibody. The ab initio optimized structure shows that
the transition state structure has a more planar configuration than the TSA. The favorable electrostatic
interactions between AZ28 and the transition state analogue overcome the unfavorable van der Waals
interactions; thus, AZ28 shows higher binding affinity for the TSA than the germ line. However, the AZ28
is not flexible enough to accept the relatively planar transition state structure. Because the lower flexibility
causes poorer antibody—hapten interaction energies, the activation free energy of the oxy-Cope
rearrangement becomes larger in the mature antibody than the germ line. We show that the differences in
flexibility between the germ line and the mature form and the differences in structure between TSA and the
transition state are the origin of the negative correlation in AZ28-catalyzed oxy-Cope rearrangement. The
mutation of residue 34 of the light chain, 34%, affects the binding free energies through the interresidue
interaction because it is the closest to the hapten among the six mutatable residues. However, it does not
affect the negative correlation.

Introduction is an unusual pericyclic reaction that is widely used in organic

The immune response system produces high-affinity antibod- synth_esis. This rearrangement could occur by two different
ies to protect the host from disease. At the first stage, the germdiradical pathways® and is not catalyzed by any known
line antibody is created by forming the functional antibody gene €NZyme’:® Interestingly, this antibodyhapten complex is one
from the V, D, and J gene segments. After generating the germOf the few systems where a negative correlation is observed
line antibody, the immune response system introduces pointbetween TSA binding affinity and the catalytic rate of the oxy-
mutationd in the germ line to create the mature form with high Cope rearrangement. This antibody AZ28 catalyzes the oxy-
affinity for the hapten. In general, experiments have been carried Cope rearrangement witkia/kuncar = 5300, aKw of 74 uM,
out by generating the corresponding antibody for a given hapten.@ndKp of 17 nM. As is expected, the germ line antibody has a
These antibodyhapten complexes provide good opportunities 'ower binding affinity for TSA Kp = 670 nM) than AZ28 but,
to characterize the structural basis of affinity maturation and SUrprisingly, a higher catalytic ratlafkuncar= 163 000, &Ky
mutational effects on the catalytic rate of the antibody. For these Of 73 4M.®
purposes, many kinds of antibodie% are elicited by the In this contribution, we study this negative correlation in the
different kinds of hapten. AZ28—hapten complex by using molecular dynamics (MD)

Recently, the antibody AZ28 was generdtetb the transition simulationd® and the molecular mechanics-Poisson Boltzmann/
state analogue (TSA) of the oxy-Cope rearrangefémthich surface area (MM-PB/SA) method developed by Srinivasan et
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all® The MM-PB/SA method is widely appliéd 15 and can COOH — — COOH
successfully reproduce experimental binding free energies. The

advantage to the MM-PB/SA method is that the binding free O O
energy can be estimated from single MD trajectories of the oH _oH
antibody-hapten complexes in which the same set of snapshots ©

is used to calculate the free energies of the complexes, hapten,

and antibody. During the affinity maturation, the germ line

antibody undergoes some replacement of residues in the light O
and the heavy chains. It is difficult to estimate the free energy L ]

difference using the widely used free energy perturbation

approaches such as the thermal integration méfidtecause ~ reactant TS product

the modifications are too large to treat by these methods. ChongFigure 1. Schematic representation of the oxy-Cope rearrangement in the
et al3 applied the MM-PB/SA approach to estimate the binding 2ntibody AZ28.

free energy in the antibody 48G7 and reproduced absolute
experimental free energies reasonably well and calculated very
good relative free energies between germ line and mature. out the simulation.

For our project, we first address the intrinsic reaction  ap |nitio MO calculations . We have calculated optimized structures
coordinate (IRC) of oxy-Cope reaction in the gas phase using for the neutral substrate (the reactant and the TS) by ab initio MO
an ab initio molecular orbital (MO) method. BALYP/6-31G*is  methods using the Gaussian 98 packagad determined the reaction
found to be a suitable level of approximation; thus, the reactant path for the oxy-Cope rearrangement in the gas phase. Relative energies
(REA) and the transition state (TS) structure optimized at this of the TS and the product based on REA structures have been calculated
level are used to make additional force field parameters for MM- using different types of approximations and basis functions. We decided

et al?? In their work “pseudobond” and “pseudoangle” harmonic
restraint were introduced to ensure proper active-site geometry through-

MD simulations. Next, we will show the results of MD
simulations of AZ28-hapten complexes for both the germ line
and the mature catalytic antibody. Here, we can successfully
reproduce the negative correlation shown in the experimental
measuremehby using the MM-PB/SA method. To determine
which somatic mutations contribute to the higher catalytic rate,
alaniné® 20 and glycine scanning approaches are used to
generate mutants for the same trajectory as the wild-type
antibody simulation. We conclude that both the structural
difference between TSA and TS and the greater flexibility of
the germ line antibody play a key role in the high catalytic rate
of the germ line antibody.

Methods

Figure 1 shows the schematic representation of the oxy-Cope
rearrangement in AZ28 antibody. Unfortunately, the structure of the

to use 6-31G* basis sets because Harold étratently reported that
B3LYP/6-31G* level of calculations are in good agreement with
experimental results for oxy-Cope rearrangements. This is reasonable
because all isolated structures of the substrate are neutral in charge,
and the large basis set is not assumed to improve the quality of the
calculation so much. The single-point energy calculations are also
carried out using B3LYP/6-31+G** for the optimized structure
obtained by B3LYP/6-31G*. In the ONIOM method&?® the central
hexa-1,5-dien-3-ol moiety corresponding to the oxy-Cope rearrangement
is treated quantum mechanically (HF/6-31G* and B3LYP/6-31G* level
of approximations), and other atoms are calculated using the AM1
semiempirical level of approximations. To confirm the reliability of
TS calculations, the HF and MP2 level of calculations are also applied
to the similar 2,5-methyl-substituted hexa-1,5-dien-3-ol structures.
Model Structure Setting. X-ray crystal structures of the antibody
AZ28° are used as starting structures for molecular dynamics simula-
tions. The PDB ID codes are 1D6V with the resolution of 2.0 A and
1AXS with the resolution of 2.6 A for the germ line and the mature

TS cannot be obtained experimentally, because the TS structure is notantibody AZ28-hapten complex, respectively. In the following dis-

a stable one. Therefore, we have used a flexible model instead of using
the real TS. This model is close to the optimized TS structure calculated
by an ab initio MO method and is forced to have no imaginary normal-

mode frequencies along the IRC reaction coordinate as if it were a

cussions, we will sometimes denote the germ line and the mature forms
of AZ28 as AZ28g and AZ28m, respectively. Substructures corre-
sponding to Fregions of the antibody have been extracted and used
for MD simulations. All crystal water molecules are included in our

stable molecule. Several harmonic restraints for the atom pairs are usectalculations. Hydrogen atoms are added to heavy atoms of the crystal

in addition to usual Amber99 force field paramet&r$his method is
similar with the flexible free energy perturbation simulations by Stanton
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structure using the Leap module of the AMBER 6.0 packagtis43"

and His58 (in the mature antibody) were protonated at dheitrogen

to make appropriate noncovalent bindings. As His86close to the
binding site, both)- ande-protonation states were examined using the
molecular mechanics interaction energy analysis. The hapten is treated

(22) Stanton, R. V.; Perakyla, M.; Bakowies, D.; Kollman, PJAAm. Chem.
Soc.1998 120, 3448-3457.
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P. Y.; Cui, Q.; Morokuma, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Barone, V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Chen,
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R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Nanayakkara, A.;
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@ o to move, and coordinates of the rest of the residues are frozen. The
A\ He © SHAKE algorithm is used to fix all bond lengths at equilibrium
0 e ® distances and to remove bond stretching, which is the fastest motion
Hls, /clr.,,, 0 - o 02 - o for all atomic displacements. The temperature of only the solvent
Hi—CT e S pS molecules, including crystal water within 17 A from the geometrical
HNw 20 HAL /ClA\ A " /C‘A\ A center of the hapten, which is called the belly region, are gradually
C‘ ClA ClA ClA heated from 0 to 300 K during the first 50 ps. Then, all residues within
HAS A A HA _CACA_ _CAN_LA_ the belly region are equilibrated at 300 K for the next 500 ps with a
CAQCA P C|A OHA HA C\A OHA time step of 2.0 fs, and following 500 ps trajectories are used to
HA™ \C|A/ (\)HA HCu, /I\f %ﬁm ﬁg.’..{zm& o investigate the thermodynamic properties of the system. The temperature
HCy, CM HO M CT s C2 C4L L control is carried out using the Berendsen coupling scheme which uses
ché ﬂf\;ﬂ F""CcAclM "F'lg T*%/\C""'/\*:ig separate scaling factors for atoms of the solute and the solvent to
HE Son S HAL o A o HA HAL G CA . HA overcome the “cold solute/hot solvent” problé.
HAL /ClA\ _HA C\A c|A ClA ClA Thermodynamic Properties.Binding free energies between AZ28
C|A<)C|A HA™ CA “HA HA~ CA" “HA and the hapten are calculated using MM-PB/SA for 100 snapshots taken
i e AN A b ha at 5-ps intervals from trajectories of each AZ2@pten complex. In

HA

Figure 2. Atom types of Amber99 force field parameter sets used in our

molecular dynamics simulations. In the transition-state structure three new

atom types C2, C3, and C4 are introduced. (a) TSA. (b) Reactant. (c) AGyg = AEyy + AG,, — TAS 1)
Transition state.

this method, the binding free energ§Guing at each snapshot is
approximated as

where,Eym the molecular mechanics enerdysqy the solvation free
as the anionic state in MD simulations because the carbonic acid groupenergy,T the absolute temperature, aBds the entropy of the solute.
is likely to be deprotonated at neutral pH. As Massové has pointed out, the relative contribution of the change
Starting structures for the REA and the TS are generated by i, conformational entropy ta\Gying is negligible for the mutations.
superimposing to the TSA to minimize rmsd displacements. In this Thys, we also neglect the contribution of the last term in eq 1 in the
procedure, we restricted the position of the oxygen atom in the hydroxyl following discussions because we are interested in the difference of
group of both REA and TS to be exactly the same as the correspondingAG,;,,; between the germ line and the mature antibody. The molecular
oxygen atom in TSA. The atom types of TSA, REA, and T_S are show_n mechanics energfiyw is the sum of the bindinGuing, the angleEangi
in Figure 2. Three new atom types, C2, C3, and C4 are introduced in the dihedraEgpeq the electrostati€se, and van der Waals interactions
the TS to reproduce ab initio optimized structures. The atomic partial g .. which are determined by using the anal module. In the energy
charges of the hapter_l are _calculate_d using F?ES‘PS(_)ftware in the component analysis, no nonbonded cutoff is used.
Amber 6.0 pa_ckage, n which ator_mc charges are fitted to reproduce The solvation free energ®sqy consists of the electrostatic contribu-
the_electrost_atlc potential surrounding the molecult_e. Although there are tion Geg and the nonpolar contributioBnp.
various choices one can make to generate atomic charges, the RESP
approach has some excellent features: (1) it is identical to the approach
used to derive molecular mechanical electrostatic charges for the protein,
thus automatically leading to balanced protepmotein and protein
substrate interactions, and (2) because the Lagrangian constraints cad/here Ges is calculated by solving the PoisseBoltzmann (PB)
be employed in the RESP software, total charges of the substrate arefquation. The Delphi 2.0 progrdfnis used to solve the linearized
restricted to be-1.0 e in our substrate. The detailed investigations of differential PB equation. The atomic radii were taken from the PARSE
the RESP approach are carried out by Bayly € dlhe electrostatic parameter sétinstead of using the Cornell et al. Force fiélégfbecause
potential are generated using HF/6-31G* and B3LYP/6-31G* for TSA of the small size of hydrogens. The same snapshots extracted from a
and substrate, respectively. All RESP charges of substrates are showrsingle MD trajectory are used to calculate free energies of the
in the Supporting Information: Figure 6 and Table 5. The bond, angle, complexes, the unbounded hapten, and the unbounded antibody for each
dihedral parameters for the hapten not included in the AMBER99 force AZ28—hapten complex. Because entropic effects of solvent molecules
field parameter® are listed in Table 6 (in Supporting Information). ~ are effectively included in thises term, all water molecules are
Molecular Dynamics Simulations Molecular dynamics simulations ~ fémoved from each trajectory before using the MM-PB/SA method.
are performed using the sander_classic module in the Amber 6.0 In the PB method, solvent molecules are treated as a continuous medium
package. AZ28 hapten complexes are solvated by placing TIP3P cap with the high relative dielectric constant € 80), and the solute is
water molecules within a radius of 42 A from the geometrical center treated as low dielectric mediura ¢ 1). The solute dielectric of 1 is
of the hapten. The geometry of each system is initially optimized with consistent with our use of a nonpolarizable molecular mechanics force
the steepest descent followed by the conjugate gradient energyfield; in this model~1320.31the solute response to charge fluctuations
minimization algorithms. The long-range nonbonded interaction is is estimated through explicit averaging of conformations, rather than
truncated using a 12 A residue-based cutoff. However, some mutationsPY use of an interior dielectric greater than unity. The solvent dielectric
can be observed up to 23 A from the hapten. Therefore, we have also®f 80 is widely used for room-temperature waterThe nonpolar
used a 25 A secondary cutoff method, in which the energies and forcescontribution termGy, is determined using the solvent accessible surface
due to nonbonded interactions in the range from 12 to 25 A are updated@'ea (SASA) method by Sanner using the MSMS progré&ms.
for every nonbonded pair list determination. In our simulations, only

c':"solv = GPB + an (2)

residues within 17 A from the hapten geometrical center are allowed G, = Y(SASA) + B, (3)
(26) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. Phys. Chem.
1993 97, 10269-10280. (29) Guenot, J.; Kollman, P. Al. Comput. Chen1993 14, 295-311.
(27) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Kollman, P. A. Am. Chem. (30) Nicholls, A.; Honig, B.J. Comput. Cheml991], 12, 435-445.
S0c.1993 115 9620-9631. (31) Sitkoff, D.; Sharpe, K. A.; Honig, BJ. Phys. Chem1994 98, 1978~
(28) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M. J,; 1988.
Ferguson, D. M.; Spelimeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.  (32) Sanner, M. F.; Olson, A. J.; Spehner, J.Blbpolymers1996 38, 305

A. J. Am. Chem. S0d.995 117, 5179-5197. 320.
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Table 1. Calculated Relative Energy for Substrate Based on the (a) ) (©)
Reactant by ab Initio MO Method

relative energy (kcal/mol)

method TS product
Substrate
HF/STO-3G 42.2 -8.0
HF/6-31G* 50.3 -5.6
ONIOM (HF/6-31G*:AM1) 52.1 —4.3
ONIOM (MP2/6-31G*:AM1) 23.9 —4.5
B3LYP/6-31G* 23.2 -7.1
B3LYP/6-31H-+G**//B3LYP/6-31G* 25.1 —6.8
2,5-Methylhexa-1,5-dien-3-ol
HF/6-31G* 54.9 —4.8
MP2/6-31G* 25.1 —5.5
where,y and 8 are constant with the value of 0.00542 kc&l/dnd Figure 3. Optimized structures of substrates using B3LYP/6-31G* level
0.92 kcal/mol, respectively. The probe radius to calculate SASA was of theory. Bond lengths are shown in the unit of A. (a) Reactant. (b)
1.4 A3t Transition state. (c) Product.

Mutation Effects. During the maturation of AZ28g, two amino acid
replacements in the light chain [Sek2&n in the complementarily ~ using AM1 semiempirical level of theory. The ONIOM ap-
determining region L1 (CDRL1) and Ala5Thr in CDRL2] and four proximation increases the energy barrier hightt62.1 kcal/
in the heavy chain [Tyr3#Phe in CDRH1, Ser3&ly and Asn58His mol for the ONIOM (HF/6-31G*:AM1) calculation. However,
in CDRH2, and Thr73Lys in the framework region FR3] are observed.  the ONIOM (MP2/6-31G*:AM1) calculation successfully lowers
To clarify these mutational effects on the binding free energies betweenthe TS activation barrier te-23.9 kcal/mol. which is almost
the hapten and the antibody, the alanine scarifiifftechniques are half of HF calculations. Additionally, We, have used small-

applied. In the alanine scanning method, thea®m of a given residue .
is replaced by a hydrogen atom which is located on the direction from molec_u_le models substituted by methyl groups at the 2- and
5-positions of the central hexa-1,5-dien-3-ol part of TSA

C; atom to G atom at 0.94 A far from gatom. In other words, the ' ‘
single trajectory obtained from the original MD simulation is used for Structure; 2,5-methyl hexa-1,5-dien-3-ol. Interestingly, HF/6-
residue mutations, and then MM-PB/SA calculations have been carried 31G* calculations for 2,5-methyl hexa-1,5-dien-3-ol roughly
out for these mutated trajectories to calculate binding free energy for reproduce the order of the activation barrier of HF/6-31G* and
each mutant. The topology parameters have been changed appropriatelONIOM(HF/6-31G*:AM1) calculations of substrate. The MP2/
to Ala. Similarly, the glycine scanning techniques are proposed in this .31G* calculation of the 2,5-methyl hexa-1,5-dien-3-ol also
work, because the alanine scanning method is not applicable whengp,q, s annroximately one-half of the barrier of the HF/6-31G*
residues in one complex are originally Gly. In the glycine scanning .

level of calculation. From these results we have concluded that

method, G atom of a given residue is replaced with the hydrogen atom . .
which is located on the direction from,Gtom to G atom at 0.94 A electron correlation effects cannot be ignored for the oxy-Cope

far from G, atom. The procedure to calculate free energy is same as f'earrangement. On the other hand, the density functional

the alanine scanning technique. calculation of B3LYP/6-31G* allows us to optimize the whole
_ _ molecule and shows a low barrier height £3.2 kcal/mol
Results and Discussion which is close to MP2 level of theory. Thus, B3LYP/6-31G*

Structures and Energies of REA and TS.Table 1 shows can be considered as a reasonable approximation to investigate
the relative energies of TS and the product based on REAthe oxy-Cope rearrangement as other authors have already
molecule using different types of approximations and basis pointed out.8 Whereas the B3LYP/6-31G* calculation estimates
functions. HF calculations predict high TS energy barriers in the relative energy of the product to be smalt-e& 1kcal/mol,
the oxy-Cope rearrangement which are larger thd®.2 kcal/ it is not important in this study because we have only used the
mol. However, the delocalized bonding in the TS structure for free energy barrier between REA and TS structures. In addition,
the Cope rearrangement can be represented schematically aswe have calculated the energy barrier using B3LYP/6-
resonance hybrid, containing contributions from two diradical 311++G**//B3LYP/6-31G*. Relative energies become?5.1
extreme$:® These resonance contributions should lower the kcal/mol and—6.8 kcal/mol for TS and the product molecule,
activation enthalpy for the Cope rearrangement of 1,5-hexadien, respectively.
as has been found to be the case experimentally by Doering et - according to the energy examinations above, structures and
al3* Thus, we should consider electron correlation effects t0 energies obtained from B3LYP/6-31G* calculations are reason-
calculate TS structures. Unfortunately, we could not optimize apje to use in our simulations and discussions. The calculated
TS structure using a high level of approximations such as MP2/ honq lengths of optimized structures are shown in Figure 3.
6-31G* because it requires large amount of storage and\yhereas bond lengths in the central hexa-1,5-dien-3-ol sub-
computational resources. Thus, first-layer ONIOM(MP2/6- girycture are dominantly changed during the oxy-Cope rear-
31G*:AM1) approximation® are applied to include electron angement, the rest of atoms such as substituted phenyl groups
correlation effects for the central hexa-1,5-dien-3-ol part of 4.6 maintained. Thus, we have created new atom types, C2,
molecule, in which the central hexa-1,5-dien-3-ol moiety IS 3 ang c4 for the central hexa-1,5-dien-3-ol part of TS structure
treated quantum mechanically and other atoms are calculated(See Figure 2c), and normal atom types are used for stable parts
of molecule to ensure proper active-site geometries throughout
the simulation. We have used optimized bond lengths, angles,

(33) Doering, W. v. E.; Toscano, V. G.; Beasley, G.Fetrahedronl971, 27,
5299.

12538 J. AM. CHEM. SOC. = VOL. 124, NO. 42, 2002



Antibody AZ28-Catalyzed Oxy-Cope Rearrangement ARTICLES

Table 2. Comparison of Molecular Mechanics Interaction Energies 2.0

between ¢- and e-Protonations of AZ28—Hapten (TS and TSA) | . TSA (germ line) | '

Complexes in the Unit of kcal/mol 1.5 ——TSA (mature) i
germ line mature 1.0 P ,;‘W'--'f'.-'n“lw..-”-"'u,.*'ﬁ‘\”-*"’\*‘="'#‘*‘t-\"‘*-‘""“'*‘“'v- it

TSA o5
o-protonation —69.5 =722 T 7
e-protonation —64.6 —68.8 0.0 ) ) ) )
TS 2.0
o-protonation —74.4 —74.5 < | TS (germ line) '
e-protonation —53.0 —55.7 < 150 TS (mature)
RS ,.l, 3 JM‘;IW“."‘" _;nq.'.mw.»‘«“."ﬁ-i‘v"
B 1.0 | v drarem e ommamrsmi
Q
dihedral angles to construct additional MM force field param- 2 0.5[ |
eters for REA and TS, which are listed in Table 6. % 0.0 . . . .
In this system, it is well-known that the low activation barrier '
2.0

of oxy-Cope reaction originates from the high resonance of the -
TS8 Therefore, the two 2,5-phenyl groups in TS become parallel 1.5L —::gg:ﬁgﬂi Eﬁggﬂré;ne) 1
with respect to the central ring and look rather planar in contrast
with the perpendicular structure in TSA.

Comparison of the Protonation of His96'. The protonation

of His96" is important for hapterantibody interactions because 0.0 ! . . .
of directly hydrogen bonding with the hapten. Interaction energy 0 200 400 600 800 1000
analysis between the hapten and the antibody has been carried Time (ps)

out for optimized structures of the germ line and the mature Figure 4. rms fluctuations calculated by MD simulations for the germ
forms us|ng the anal program. Table 2 shows calculated MM line and the mature antibody with TSA, TS, and REA.-rmS f!UCtUatiOnS are
interaction energies. Thiprotonation His98 of AZ28-TSA ﬁf}:ﬁmﬁdefe?g'g]aégg}zr';iggnt.he belly region at a given time from each
complex is more stable than therotonation, with differences
of stabilization energies 0f4.9 and—3.4 kcal/mol for AZ28g bonds with Arg56 because it does not have the long tail of the
and AZ28m, respectively. Also the differences in AZZBS TSA and the terminal carbonyl group of TS is exposed to liquid
complexes are-21.4 and—18.8 kcal/mol for AZ28g and water. Thus, only one hydrogen bond can be seen in Figure
AZ28m, respectively. Thus, it is most likely that Hig96as 5C,D, in which the hydroxyl group in TS connects to GI¥95
the 6-protonation. We have used tideprotonation for His98 for the germ line and to Aspl0ifor the mature antibody.
residue in our MD simulations. The binding free energies are calculated using the MM-PB/
MD Simulation Results. MD simulations with explicit TIP3P SA approximation for AZ28TSA, AZ28-TS, and AZ28-
water molecules at 300 K are carried out using the belly option. REA complexes (Table 3). The energetic analysis was done for
Figure 4 shows root-mean-square (rms) fluctuations of all atoms only a single MD trajectory of the desired antibedyapten
in the belly region from optimized structures for AZ2BSA, complex with unbound antibody and hapten snapshots taken
AZ28—REA, and AZ28-TS complexes. We have obtained from snapshots of that trajectory. Therefore, the intramolecular
reasonably stable trajectories for all three complexes, in which energy contributions of the bonding, the angle and the dihedral
rms fluctuations are from 1.0 to 1.5 A. The fluctuations of angle terms to binding free energies exactly cancel out between
AZ28g—TS complex are larger than other complexes. The the complex and the sum of the isolated hapten and the antibody.
comparison of these results shows that fluctuations of the germ  First, we will discuss the difference of each energy component
line depend on the hapten (i.e., 1.2, 1.3, and 1.5 A for REA, between the germ line and the mature form&Em,m is the
TSA, and TS, respectively) while the fluctuations of the mature molecular mechanics interaction energy consists of the electro-
complexes are almost same (ca. 1.0 A) for all complexes. As static and van der Waals interactions, which has large contribu-
expected, rms fluctuations of germ line complexes are always tion to the binding free energy with its large standard deviation.
larger than mature configurations. The greater flexibility might This large standard deviation mainly comes from the fluctuation
arise because the germ line antibody must readily adapt to aof the electrostatic interactioMEgec AEmm suggests that
variety of antigens. These features are also seen in the MDAZ28m is a more favorable antibody than AZ28g for TSA, in
simulations for antibody 48G7hapten complexes previously  which the difference of molecular mechanics interaction energies
reported by Chong et af. is 33.0 kcal/mol.AGy, shows almost the same contribution to
The conformations of the active site in the MD structure the binding free energy for all compounds because the structures
averaged over the simulated time period 99800 ps are given  are similar to each other although the tail differs between TS
in Figure 5. The long tail of the transition state analogue makes and TSA, but the effects are rather smalGpg also has large
ionic bonds to Arg5b by strong electrostatic interactions. The contribution to the binding free energy with its large standard
mature form makes two bonds in contrast with the germ line deviations. The high dielectric constant for the solvent used in
antibody with one bond as shown in Figure 5A,B. The oxygen the PB method can roughly explain the reorientation of solvent
atom in the hydroxyl group in TSA is bounded with Hi§96  water molecules which tend to eliminate large standard devia-
and AZ28m-TSA makes a second hydrogen bond with G135  tions of AEgjes In this manner, the standard deviation/a®;
On the other hand, the T&ntibody complexes have quite considerably decreases taking the solvation free energy into
different conformations from the TSAantibody complexes as  consideration AGi; becomes—15.4 and—17.4 kcal/mol for
shown in Figure 5C,D. The TS does not make favorable ionic AZ28g—TSA and AZ28m-TSA, respectively. The relative
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Figure 5. Conformations of active site with hydrogen bonding/ionic interactions between the hapten and the antibody in the MD simulation averaged over
the simulated time period 995.000 ps. The dashed lines give hydrogen bonding/ionic interactions. (A) AZPB4, (B) AZ28m-TSA, (C) AZ28g-TS,

and (D) AZ28m-TS.

value of AZ28m-TSA based on AZ28gTSA is —2.0 kcal/
mol which is close to the experimental data-62.1 kcal/mol,
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which means that the affinity for the hapten of AZ28MSA
is greater than for AZ28gTSA. The standard errors @Gt
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Table 3. Energetic Analysis and Binding Free Energy Calculation of AZ28—Hapten Complex in kcal/mol?@

TSA germ line mature TS germ line mature REA germ line mature
[AEeged! —26.4(9.71) —61.5 (12.6) [AEged] —19.6 (11.5) 11.5(9.00) [AEced] —19.6 (12.5) 16.7 (8.83)
[AEygw —44.8 (2.91) —42.7 (2.77) [AEygw —29.2 (1.81) —41.4 (1.90) [AEygw —35.8 (2.75) —41.1(2.17)
[AEnmO —-71.2 —104.2 AEnmO —48.8 —29.9 [AEmmO —55.4 —24.4
AGnp —5.3(0.18) —5.5(0.09) AGpp —4.6 (0.27) —4.8 (0.10) AGnp —5.0(0.10) —4.9 (0.10)
AGpg 61.1(10.4) 92.4(11.8) AGes 37.2(12.8) 22.1(9.10) AGes 51.6 (10.5) 22.0(10.7)
AGsoly 55.8 86.9 AGsolv 32.6 17.3 AGsoly 46.6 17.1
AGelec,tot 34.7 (4.12) 30.8 (4.68)  AGeiec,tot 17.6 (3.44) 33.6 (3.65)  AGelec,tot 32.0 (4.81) 38.7 (4.27)
AGqot —15.4 (3.72) —17.4 (4.04) AGiot —16.2 (2.82) —12.5(3.33) AGiot —8.8(3.52) —7.3(4.42)

aThe value in the angle bracketssignifies the averaged molecular mechanics interaction energy between the antibody and the hapten. The parenthesis
shows the standard deviation in the MD simulation.

are 0.37 and 0.40 kcal/mol for AZ28F SA and AZ28m-TSA, In the mature complexAEgjec of AZ28m—TSA has—61.5
respectively. The favorable binding free energy of the mature kcal/mol despitet-11.5 kcal/mol for AZ28m-TS. The positive
form for the TSA dominantly comes from the favorai&ejec tot electrostatic interaction of16.7 kcal/mol is also observed in
of —3.9 kcal/mol which overcomes the unfavora&,qw of the AZ28m-REA complex. However, total electrostatic con-

+2.1 kcal/mol. In contrast, the binding affinity of AZ28@S tributions of AGgjec totcONsidering theAGpg becomet+30.8 and
is more stable than that of AZ28aTS complex, in which the +33.6 kcal/mol for AZ28m-TSA and AZ28m-TS, respec-
calculated difference of AZ28mTS based on AZ28gTS is tively, which are close to each other, because electrostatic
+3.7 kcal/mol. The standard errors AfGy; are 0.28 and 0.33  interactions respond t&\Gpg which tends to screen large
kcal/mol for AZ28g-TSA and AZ28m-TSA, respectively. electrostatic interactions. Th&G,,: becomes—17.4 kcal/mol
AEmm in AZ28—TS complexes suggests that AZ28g is a for AZ28m—TSA and—12.5 kcal/mol for AZ28m-TS, and the
favorable antibody for TS, which is a more planar structure than difference of —4.9 kcal/mol comes from the electrostatic
TSA as discussed above. The difference of molecular mechanicscontribution AGeyec 1ot0f —2.8 kcal/mol and from the nonpolar
interaction energies is 18.9 kcal/mol. This suggests that the germcontribution of—2.1 kcal/mol.
line is flexible enough to adopt a more planar TS structure with |4 the germ line complex, al\Egecs have negative values
favorable interaction with TSAG: for AZ28m—REA and  forming favorable interactions between the antibody and the
AZ28g—REA complexes are-7.3 and—8.8 kcal/mol, respec- hapten.AGeiec ot Of AZ28g—TS is more stable than that for
tively. This free energy diff_erence of1.5 kcal/mol is the AZ28g—-TSA, but AE,gw for AZ28g—TS is unstable when
smallest one for the three kinds of hapten. comparing with that for AZ28gTSA. Thus,AG s become
Now, the activation free energy barri@gc for the oxy-Cope —15.4 and—16.2 kcal/mol for AZ28¢-TSA and AZ28g-TS,
rearrangement in the antibody complex can be discussed usingespectively. The difference is oniy0.8 kcal/mol. These results
both binding free energieAGr: and the activation energy in  gho that the important features for the negative correlation
the gas-phase reaction of the substrate calculated by ab initioparween the affinity of AZ28TSA and the catalytic rate of
MO methods. To calculat®ac, AErs: should be considered  Az28—substrate complexes dominantly comes from the large
with AG(TS) — AGw(REA) to change the configuration of  iferential interactions of AZ28mhapten complexes. The
the substrate from REA to TS. Therefof@c during the oxy-  magyre antibody has a favorable conformation to interact with
Cope rearrangemetitis calculated by eq 4 TSA, but it is not flexible enough to accept the flat TS structure.
In contrast, the germ line with high flexibility is deformable to
Gt = AG(TS) — AG(REA) + AErg 4 adopt TS. Thus, we can conclude that the high catalytic rate of
the oxy-Cope rearrangement in the germ line antibody comes

The activation barrieAErs* calculated by ab initio MO from the favorable interaction between the TS and the germ
method is+23.2 kcal/mol in B3LYP/6-31G* level of theory;  |ine antibody.

thus, G4t becomest-15.8 kcal/mol andt-18.0 kcal/mol for the
germ line and the mature complexes, respectively. The activation
free energy for the oxy-Cope rearrangement in the germ line

Energy Analysis of Mutants Using Alanine and Glycine

Scanning Methods.Using the MD trajectories obtained above,

. : . we have carried out the alanine and the glycine scanning
ant_lbody IS 2.'2 kcaI/_moI more sta_ble than in the mature complex, approach to analyze mutation effects on the binding free energy
which coincides with the experimental data_ of 2.2kcal/fol. between the antibody and the hapten. This approach replaces
Therefore, we can conclude_ that the cata_llyuc rate of the O%Y" the specified residue in the amino acid sequences with either
Cope reaction in the germ line c.omlplex IS Igrger than that in alanine or glycine while preserving respective conformations
the mature cgmplex, while the binding affm,ty of the mature in each snapshot. Actually, the six somatic mutations during
form for TSA is h|gh§r than that_of the germ line. These resuits the maturation increase the affinity of the antibody for the hapten
reproduce the negative correlation in antibody AZ28-catalyzed through interresidue interactions or conformational changes or
oxy-Cope rearrangement. both. However, the alanine/glycine scanning techniques used

h

Next, we discuss the difference of each component for energy ere cannot consider conformational changes. In this procedure,

analysis between AZ28TSA and AZ28-TS. The inter- . L .
molecular interactions between the antibody and the hapten arereSIdueS 34 51, 32, 58", and 78" are replaced to the alanine,

very different between AZ28TSA and AZ28-TS, especially and 56! is replaced to the glycine in both the germ line and the

S S mature forms.
for the electrostatic interaction in the mature complex. o . )
Table 4 shows binding free energiAss for wild-type and

(34) Kuhn, B.; Kollman, P. AJ. Am. Chem. So@00Q 122, 2589-2596. mutants of AZ28m and AZ28g together with their component
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fTab’ﬁ 4. Sunm;% of Cﬁ'i‘é%tged E}n_dinghFreAPi Energy ic? Ecallmol substrate in the antibody AZ-28 are investigated using ab initio

or Mutants o g an m Using the Alanine and the H R H

Glycine Scanning Methods MO methods and molecular mechanlcs MD simulations. The
B3LYP/6-31G* level of calculations can reproduce a reasonable

antibody nonelectiostatic __ electrostatic  AAGw low activation barrier for the oxy-Cope rearrangement reaction

AZ289(TSA) —50.1 34.7 0.0 in the gas phase, in which the activation energy is estimated to
AZ28m(TSA) —48.2 30.8 0.0 o ' .
AZ28g(TS) _33g 176 0.0 be about+23.2 kcal/mol. Ab initio MO calculations also predict
AZ28m(TS) —46.2 33.6 0.0 that the TS structure has more planar conformation compared
AZ28g(TSA)Ser34Ala 498 326 _18 to that of TSA. From this structural difference the MD trajectory
AZ28g(TSA)Tyr32'Ala —50.0 34.7 0.1 of AZ28—TS becomes very different from that of AZ28SA
AZ289(TSA)Ser58Gly —50.1 34.7 0.0 (see Figure 5). Although AZ28m can interact favorably with
AZ28g(TSA)Asn58Ala -50.1 34.6 -0.1 S 4 with A728q. it b ¢ ble with TS
AZ28g(TSA)Thr73Ala 501 347 0.0 TSA compared with AZ g it becomes qn avorable with TS,
AZ28m(TSA)Asn34Ala 471 364 6.8 because the rmsd fluctuation of AZ28m is lower than that of
AZ28m(TSA)Thr5tAla _480 308 0.0 AZ28g, and the structure of AZ28m cannot change enough to
AZ28m(TSA)Phe32Ala —48.1 30.8 0.1 make favorable interactions with TS. The favorable binding free
ﬁggmqsﬁ)r's‘%ﬁuﬁ —38-3 308 —0-11 energy of the mature form for TSA mainly comes from favorable

8m(TSA)Lys a 48 309 0. total electrostatic binding free energy which overcomes the
ﬁgggggﬁe:g’;ﬂ; —33 108 s unfavorable binding vdW interactions.
AZZBS(TS)S)érSBAIa _338 176 0.0 The activation barriers for oxy-Cope rearrangements calcu-
AZ28g(TS)Asn58Ala —33.8 17.7 0.0 lated by ab initio MO methods and the total binding free energy
AZ289(TS)Thr78Ala —338 17.6 0.0 obtained by the MM-PB/SA method show that the catalytic rate
AZ28m(TS)Asn34Ala —45.2 40.3 7.6 of the oxy-Cope reaction in the germ line complex is larger
AZ28m(TS)Thr5tAla —46.2 33.7 0.0 than that in the mature complex, while the binding affinity of
AZ28m(TS)Phe32Ala —46.1 33.7 0.2 o .
AZ28m(TS)His58Ala —462 336 0.0 the mature form is higher than that of the germ line complex,
AZ28m(TS)Lys73Ala —46.2 33.7 0.1 which is known as the negative correlation. The important

characteristic features for the negative correlation between the
affinity of AZ28—TSA and the catalytic rate of AZ28substrate
analysis. All nonelectrostatic components have negative Values-complexes dominantly comes from large different interactions
whereas electrostatic components have positive oh&G, of AZ28m—hapten complexes. The low activation barrier of
refers to the relative stabilization free energies based on theipe oxy-Cope reaction originates from the high degree of
corresponding wild-type AZ28m and AZ28g complexes, which resonance in the TS. We can conclude that the low flexibility
indicate that the largest values are seen for ther8didue in i the mature complex cannot make a stable interaction with
mutants. The alanine scannings of-3#sidue stabilize the  the hapten and that the relative total binding activation barrier
binding free energy of-1.8 kcal/mol for AZ28g (TSA) Ser34 becomes higher than that in the germ line complexes, leading
Ala and —0.3 kcal/mol for AZ28g (TS) Ser3Ala, and to the negative rate correlation in the AZ28 antibody.
destabilize+6.8 kcal/mol for AZ28m (TSA) Asn34Ala and Finally, we have carried out the alanine and the glycine
+7.6 kcal/mol for Az28m (TS) Asn34la complexes. The  scanning approach to analyze mutation effects on the binding
residue 34 is located closest to the hapten 8 A) for the six  free energy between the antibody and the hapten. The mutation
mutatable residues (see Figure 5), and the long side chain ing¢ 34 residue significantly affects the binding free energy of
the Asn34 in the mature complex makes hydrogen bonds t0 he mature complexes through the interresidue interaction but
the other atoms. The reason for the large difference of the joes not change the relative binding free energy between TS
binding free energy in mature complexes is the large change of 3nq TSA complexes though the interresidue interaction. Thus,
the 34 residue from Asn to Ala. The important point to note is - the interresidue interaction by this mutation has small effect on
that the difference oAAGr between wild-type AZ28mhapten  ha negative correlation, but conformation changes due to the

(TSA and TS) and the mutants of Asrt24a is only 0.8 kcall  mtation could play the key role in the negative correlation.
mol, which means that the mutation of the '34esidue

significantly affects the binding free energy of the mature ~ Acknowledgment. T.A. gratefully acknowledges support
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conformational changes, which are ignored in this study, could
also play an important role in the negative correlation.
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