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Abstract: Density functional theory using B3LYP and flexible ligand docking methods were used to
investigate the complete potential surface for the uncatalyzed and the AZ28 antibody-catalyzed oxy-Cope
reaction of 2,5-diaryl-1,5-hexadien-3-ol derivatives. The reaction mechanism is stepwise, involving a
cyclohexane diyl intermediate. Theoretical deuterium isotope effects match well with those from experiment.
Gas-phase transition structures show mixed preferences for the axial vs equatorial hydroxyl group, while
solvation favors the axial isomer. Specific phenyl group conformations are shown to be critical to transition-
state stabilization (by up to 15 kcal/mol), and the effective conformation is not that found in the hapten
used to generate the germline and affinity-matured AZ28 catalytic antibodies. Docking studies support
greater transition-state binding than reactant binding. Docking studies also predict the S stereoselectivity
of mature AZ28 and suggest that binding modes quite different from those of the hapten might play a role
in catalysis, with specific focus on ligand hydrogen bonding to Asp*10%,

Introduction Beyond the practical potential of developing new catalysts,
. . . . this methodology also provides a set of structure/function data
Crltl_cal to most models explaining t_he extrao_rdma_ry efflc;lency_ which is unique in at least two respects. The first is the
by which enzymes accelerate chemical reactions is the Spec'f'cpossibility to study directly the proteirtransition state analogue

binding of the tra_nsition st_rycture of_the reaction. Coupling this (hapten) complex through X-ray crystallography. Second, hapten
understanding with the ability of the immune system to generate binding affinity and catalytic efficiency can be examined as a

proteins which selectively bind small organic structures has nction of somatic mutation of residues in the active site as
provided a foundation for the field of catalytic antibodies. By {he germiine structure evolves to the affinity matured antiody.
generating an antibody to a stable transition-state mimic |, 1ot this very rich set of structure/function data provides an

(hapten), a protein may be created that can bind the transition,syal opportunity to study fundamentals of proteinic catalysis,
state more tightly than the substrate or products and thus g \well as providing for more effective hapten design and
accelerate their interconversion. In the intervening 17 years Sinceultimately engineering of protein cataly$ts.

the first application of this insight,the development of In 1994, Schultz and co-workers reported antibody catalysts
monoclonal antibody technology has supported the production w5 5ccelerate the oxy-Cope rearrangement of allylic alcbhol
of antibodies as cataly3tfor both known enzymatic reactiohs to enol 2 by factors of 18—10F (keafkunca).7®" The catalytic

and _n_onbiolog_ical_ transformatiosincluding synthetic and antibodies were raised to haptén(Figure 1), which mimics
medicinal applications. the highly ordered chairlike geometry anticipated for the
transition state in this 3,3-sigmatropic rearrangement. Since that
time, the mechanism of catalysis by the best of these antibodies,

T University of California, Los Angeles.
* Claremont Colleges.
(1) (a) Tramontano, A.; Janda, K. D.; Lerner, R.2ciencel986 234, 1566-

1570. (b) Pollack, S. J.; Jacobs, J. W.; Schultz, PSGencel986 234, (3) (a) Shreder, KMethods200Q 20, 372-379. (b) Raso, V.; Stollar, B. D.
1570-1573. Biochemistryl975 14, 591-597. (c) Lerner, R. A.; Janda, K. [EXS1995
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MacBeath, G.; Shin, J. Bioorg. Chem.: Pept. Proteirnk998 335-366; 1994 263 646-652. (h) Mitsuda, Y.; Hifumi, E.; Tsuruhata, K.; Fujinami,
502-505. (g) Hilvert, D.Curr. Opin. Struct. Biol.1994 4, 612—617. (h) H.; Yamamoto, N.; Uda, TBiotechnol. Bioeng2004 86, 217—225. (i)
Hilvert, D. Stereoselective reactions with catalytic antibodlep. Stereo- Aggarwal, R.; Benedetti, F.; Berti, F.; Buchini, S.; Colombatti, A.; Dinon,
chem.1999 22, 83—135. (i) Wentworth, P.; Janda, K. [Zell Biochem. F.; Galasso, V.; Norbedo, SChem. Eur. J.2003 9, 3132-3142. (j)
Biophys.2001, 35, 63—86. (j) Tellier, C.Transfus. Clin. Biol.2002 9, Saveliev, A. N.; lvanen, D. R.; Kulminskaya, A. A.; Ershova, N. A.;
1-8. (k) Barbany, M.; Gutierrez-de-Teran, H.; Sanz, F.; Villa-Freixa, J.; Kanyshkova, T. G.; Buneva, V. N.; Mogelnitskii, A. S.; Doronin, B. M,;
Warshel, A.ChemBioChen20034, 277-285. () Tanaka, FChem. Re. Favorova, O. O.; Nevinsky, G. A.; Neustroev, K. fimunol. Lett2003
2002 102, 4885-4906. 86, 291-297.

10.1021/ja048604g CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004, 126, 9695—9708 = 9695



ARTICLES Black et al.
R R R CONH(CHy)20(CHg)2NH,
O oxy.Cope O O O
rearrangement tautomerism
HO HO._~ OHC HO ‘
= N X
1a R=COzH 2 3
1b R=COy"
Figure 1. Oxy-Cope rearrangement @fto 2, and hapten3) for antibody generation.
AZ28, has been probed by experimental investigafiansl one C0aMe (0Me GOH
theoretical study. O O O
In this paper, we provide a density functional theory (DFT)
analysis of the oxy-Cope reaction bfand the results of using HO HO._\ HO._\
automated docking methods to explore the binding of the hapten, S CD, gBZ
starting materials, and possible transition structures in both the 7 7 72
affinity-matured antibody (AZ28m) and its germline precursor
O O Q
Background
4 5 6

Kinetic studies, NMR measurements, and X-ray crystal-

Figure 2. Three structures used to establish kinetic isotope effects on the

lographic data for both germline and mature forms of AZ28 reaction catalyzed by antibody AZ28.

have revealed remarkable details about how these antibodies
bind the hapten and catalyze this simple rearrangefment.
Kinetic experiments have shown that mature antibody AZ28m
lowers AH* from 27.4 kcal/mol for the uncatalyzed reaction to
15.44 2.4 kcal/mol for the catalyzed processThis favorable
change in enthalpy offsets a very unfavorable chang&Sh
which is —3 cal/(mol K) for the uncatalyzed reaction an@®3
+ 8 cal/(mol K) for the antibody-catalyzed process. While

hydroxyl substitution at C3 provides the only chiral center in
the reactant, stereochemistry at this position has a significant
impact on the rate of the antibody-catalyzed reaction. Khe

for the Sisomer is 15.1 times larger that than for Résomer?’c
Kinetic measurements have also revealed that, whereas the
substrate is bound to approximately the same degree by both
the mature AZ28mKu = 74 uM) and the germline AZ28g

(4) (a) Janda, K. D.; Sheviin, C. G.; Lerner, R. A.Am. Chem. S0d.995 (Km = 73 uM), the transition structure of the reaction is bound
117, 2659-2671. (b) Gouverneur, V. E.; dePascul-Teressa, B.; Beno, B.; more tight|y by the germ"ne formK(Tx = Kuncakm/Keat = 14

Janda, K. D.; Lerner, R. ASciencel993 262 204—-214. (c) Flanagan, M.

E.; Jacobsen, J. R; Sweet, E.; Schultz, PIG\m. Chem. Sod996 118 nM) than the mature formKrx = 4.5 nM)’® Hence, one
6078-6079. (d) Yoon, S. S.; Oei, Y.; Sweet, E.; Schultz, P.JGAm. intriguing result of the kinetic work is that, even though the

Chem. Soc1996 118 11686-11687. (e) Uno, T.; Ku, J.; Prudent, J. R.;

Huang, A.; Schultz, P. GJ. Am. Chem. Sod 996 118 3811-3817. (f) hapten (expected to be transition-state analogue) is bound more
Wagner, J.; Lerner, R. A.; Barbas, C. F., I8ciencel995 270, 1797 tightly by AZ28m (Kp = 17 nM) than by AZ28g Kp = 670

1800. (g) Hoffmann, T.; Zhong, G.; List, B.; Shabat, D.; Anderson, J.;

Gramatikova, S.; Lerner, R. A.: Barbas, C. F., 81Am. Chem. So4998 nM), the germline form binds the actual transition state better
120 2768-2779. (h) Turner, J. M.; Larsen, N. A.; Basran, A.; Barbas, C. and is a more effective catalyst.

F., Ill; Bruce, N. C.; Wilson, I. A.; Lerner, R. ABiochemistry2002 41,

12297-12307. (i) Gruber, K.; Zhou, B.; Houk, K. N.; Lerner, R. A; Secondary kinetic isotope effects for the reactions corre-
Shevlin, C. G.; Wilson, I. ABiochemistryl999 38, 7062-7074. (j) Jones, sponding to bO'[H(Cat and kca/KM were measured using the

L. H.; Harwig, C. W.; Wentworth, P., Jr.; Simeonov, A.; Wentworth, A.

D.; Py, S.; Ashley, J. A.; Lerner, R. A.; Janda, K. D.Am. Chem. Soc. analogues shown in Figure 72.Competition experiments
2001 123 3607-3608. (k) Zhong, G.; Hoffmann, T, Lemer, R. A petweend and the dideuterate8 (solubilized using CHCN

Danishefsky, S.; Barbas, C. F., 1. Am. Chem. S0d.997, 119, 8131~

8132. (I) Chen J.; Deng Q.; Wang R.; Houk K. N.; HilvertChemBioChem cosolvent) determined that there is a secondary deuterium

200Q 1, 255-61. (m) Guo, J. C.; Huang, W.; Scanlan, TJSAm. Chem.

S0c.1994 116 6062-6069. (n) Driggers, E. M.. Cho, H. S.: Liu, C. W.: isotope effect of 0.72 0.03 for the process corresponding to
Katzka, C. P.; Braisted, A. C.; Ulrich, H. D.; Wemmer, D. E.; Schultz, P.  k,{Ky. Comparison of the rate of antibody-catalyzed rearrange-

G. J. Am. Chem. Socl998 120, 1945-1958. (o) Tremblay, M. R.;

Dickerson, T. J.; Janda, K. B\dv. Synth. Catal2001, 343 577-585. (p) ment of tetradeuterate®with the rate forl revealed a secondary
Sapier, S.; Sinha, S. C.; Keinan, Angew. Chem., Int. EQ003 42, 1378~ isotope effect of 0.6 0.1 for the process corresponding to
1381. (q) Pungenta, M. D.; Weiler, L.; Ziltener, H.Gan. J. Chem2002 . . . R

80, 1643-1645, kear When normalized to dideuteration, this result corresponds

(5) Example of affinity matching through maturation: Yin, J.; Mundorff, E.  to a value of 0.78, which is similar to that measuredkgyKy

C.; Yang, P. L.; Wendt, K. U.; Hanway, D.; Stevens, R. C.; Schultz, P. G.

Biochemistry2001, 40, 10764-10773. and indicates that the sigmatropic shift is the slowest step of
(6) (@) Schultz, P. G.; Lerner, R. Sciencel 995 269 1835-1842. (b) Lerner,  the overall catalyzed process (as opposed to association,

R. A.; Benkovic, S. J.; Schultz, P. Gciencel99], 252, 659-667.

(7) (a) Braisted, A. C.; Schultz, P. G. Am. Chem. S04994 116 6, 2211~ dissociation, or tautomerization).
2212. (b) Ulrich, H. D.; Mundorff, E. C.; Santarsiero, B. D.; Driggers, E. The mechanism of the uncatalyzed oxy-C‘bymction has

M.; Stevens, R. C.; Schultz, P. Gature1997, 389 271-275. (c) Driggers,

E. M.; Cho, H. S.; Liu, C. W.; Katzka, C. P.; Braisted, A. C.; Ulrich, H.  been studied extensively, in part because of the utility of this
D.. Wemmer, D. E.; Schultz, P. G. Am. Chem. S04.998 120, 1945~ reaction as a tool for synthesis. This 3,3-sigmatropic rearrange-

1958. (d) Mundorff, E. C.; Hanson, M. A.; Varvak, A.; Ulrich, H. D;

Schultz, P. G.; Stevens, R. Biochemistry200Q 39, 627—632.

(8) Asada, T.; Gouda, H.; Kollman, P. A. Am. Chem. So2002 124, 12535~ (9) Berson, J. A.; Jones, M., J. Am. Chem. Sod964 86, 5019-5020;

12542. 5017-5018.
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Ar Ar Figure 4. Mechanism of the Cope rearrangement of 2,5-diphenyl-1,5-
HO._h < HO\/'L > Ho._J hexadiene which passes through a diradical intermediate.
7~ lv,: N diyl and allyl diradical pathways are calculated to be 11 and 26
Ph \K Ph kcal/mol higher in energy, respectively.
Ph . . .
7 Theoretical studies of the simplest oxy-Cope rearrangement,
A that of 3-hydroxy-1,5-hexadiene, found a slightly asynchronous
HO but nevertheless concerted transition state using B3LYP/6-
314+G(d) methodology?® The preferred chairlike structure of
\ / the transition structures calculated for rearrangement of the
Ph parent system supports using cyclohexanol as a foundation in
8 the hapten as a mimic of the transition structure. Theoretical

Figure 3. Three descriptions of the mechanism of the oxy-Cope rear- work on the related anionic oxy-Cope variant supports a
;aggﬁrgfr;tngﬁa%ii(;?;ermd transition stafe1,4-diyl intermediat@, and concerted one-step, though quite asynchronous, process for the
rearrangement of the parent system and agree that increasing

ment shares the predictable stereocontrolled outcome of the€lectron density on the oxy-substituent will accelerate the
parent Cop¥ reaction and is driven to completion by the final '€arrangemerit. Whether hydrogen-bonding and perhaps partial
tautomerization of the resultant enol. The utility of this thermal deprotonation of the hydroxyl in the active site can accelerate
rearrangement was greatly enhanced by the subsequent discovhe r'earrangement men@s consideration. X-ray crystallographic
ery of the anionic variant, in which deprotonation of th&H, studies of the two proteins and the protefrapten complexes
typically by conversion to the corresponding potassium alkoxide, &llowed Schultz and gtevens to propose the presence of a
dramatically accelerates the process by as much®s-10'7.11 catalytic histidine (Hi8%) and glutamate (Gft¥) hydrogen
This allows for low-temperature reaction conditions appropriate 2onding to the C3 hydroxyl, which might act to enhance the
to systems involving sensitive functionalit. rate of the rearrangement by increasing electronic density on
Mechanistic understanding of this 3,3-sigmatropic rearrange- (€ 0xygen substituert. _
ment has followed on the more thoroughly studied parent While a preference_ for the concerted mechanism has been
process, the Cope reaction of 1,5-hexadinigor both rear- ~ found for both the simple uncatalyzed Cope and oxy-Cope
rangements, three mechanisms have been postulated (Figure 3j€2ctions, appropriately placed radical stabilizing substituents
The first is a concerted one-step process (through a transitionCa" shift the mechanism to. a stepwise, diradical pathway. This
state like7), as allowed for by WoodwardHoffmann analysis. has been shown by experiment and theory to be the case for
. : . :
The other two mechanisms are two-step diradical processes. Ond"€ Cope reaction of 2,5-diphenyl-1,5-hexadiet@{’ Phenyl
begins with closure of the hexadiene to a cyclic 1,4-8iyand substituents at C2 and C5 cause a shift in the mechanism from

the other mechanism starts with homolytic cleavage to generate?® concerted process to a diradical mechanism through a
a pair of allyl radicals9. Collectively, these three pathways Ccyclohexyl 1,4-diyl €1) (Figure 4), although this intermediate

represent canonical descriptions between which lie a continuumSits in @ very shallow potential well. The oxy-Cope substfate

of mechanistic possibilities. for the process catalyzed by antibodies AZ28g and AZ28m has
The Cope rearrangement of 1,5-hexadiene has been foundne same pattern of phenyl_ ?‘Ub_St'tUt'on' L

by experimental and theoretical studies to proceed through a Transition structure stabilization by electron delocalization

concerted mechanism. Notably, secondary deuterium kinetic th"ough the phenyl substituents can be very significaht(=

isotope effects computed for a concerted transition structure 21-3 kcal/mol forl0and 33.5 kcal/mol for 1,5-hexadiene), but

obtained at the B3LYP/6-31G(d) level of theory agree well with it is also strongly dependent on the conformation about the

those measured experimentafyThe potentially competing 1,4- C—Ph bond. The plane of the phenyl substituent should coincide
with the plane of the three closest carbons in the cyclohexyl

(10) Cope, A. C.; Hardy, E. MJ. Am. Chem. Sod.94Q 62, 441444, framework (e.g., C+C2—C3, with Ph attached at C2) for
(11) (a) Evans, D. A.; Golob, A. MJ. Am. Chem. S0d.975 97, 4765-4766. H ili i o i ;
(5 Evans. D. A.- Baillargeon. . J.- Nelson. 3.3 Am. Chem. S04978 maximum stabilization. Thls is true for both diradical and
100, 2242-2244. (c) Evans, D. A.; Nelson, J. I. Am. Chem. S0d.98Q concerted pathways. This factor has been explored as part of
102, 774-782. this Study.

(12) (a) Paquette, L. AAngew. Chem., Int. Ed. Engl99Q 29, 609-627. (b)
Wilson, S. R. Anion-assisted sigmatropic rearrangem@nts. React. (New

York) 1993 43, 93-250. (c) Paquette, L. Aletrahedrorl997 53, 13971 (14) Wiest, O.; Black, K. A.; Houk, K. NJ. Am. Chem. So&994 116 10336~
14020. 10337.

(13) For a review of experimental work, see: (a) Gajewski, Hydlrocarbon (15) Baumann, H.; Chen, Pelv. Chim. Acta2001, 84, 124-140.
Thermal Isomerization#Academic Press: New York, 1981; pp 16676. (16) (a) Yoo, H. Y.; Houk, K. N.; Lee, J. K.; Scialdone, M. A.; Meyers, A. I.
For an account of mechanistic controversies, see: (b) Houk, K. N.; J. Am. Chem. Sod.998 120, 205-206. (b) Haeffner, F.; Houk, K. N.;
Gonzalez, J.; Li, Y. Pericyclic Reaction Transitition States: Passions and Reddy, Y. R.; Paquette, L. A. Am. Chem. So&999 121, 11880-11884.
Punctilios, 1935-1995.Acc. Chem. Red.995 28, 81-90. For reviews of (c) Evans, D. A.; Baliargian, D. Jletrahedran Lett1978 36, 3315~
computational results, see: (a) Wiest, O.; Montiel, D. C.; Houk, KJN. 3318. (d) Steigerwald, M. L.; Goddard, W. A.; Evans, D.JAAm. Chem.
Phys. Chem. A997 101, 8378-8388. (b) Houk, K. N.; Beno, B. R;; So0c.1979 101, 1994-1997.
Nendel, M.; Black. K.; Yoo, H. Y.; Wilsey, S.; Lee, J. K. Mol. Struct. (17) Hrovat, D. A.; Chen, J.; Houk, K. N.; Borden, W. J. Am. Chem. Soc.
(THEOCHEM)1997, 398—-399 169-179. 200Q 122 7456-7460.
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With transition structure energetics anticipated to be highly otherwise noted. Each stationary point was characterized by harmonic
sensitive to phenyl group conformation, Schultz and co-workers frequency analysis. Unless stated otherwise, energies include zero-point
have noted in the crystal structure of the hapté@28m energy corrections (frequencies were unscaled). Open-shell singlet
complex that the phenyl groups attached to the transition-stateSPecies were treated with unrestricted B3LYP/6-31G(d) by generating
mimic are far from the optimimal conformation in the real an initial guess wave function in which the HOMO and LUMO are
transition state. Further, they noted that the close proximity of mixed to lift the spatial degeneracy of theand orbitals. Constrained

. . . S . . optimizations employed the redundant internal coordinate feature of
neighboring residues is likely to restrict rotation to the better, . <sian 98. Solvation computations employed single-point energy

coplanar arrangement. The germline structure, AZ28g, which ¢y 5juations on the gas-phase B3LYP/6-31G(d) structures using the
complements the shape of the hapten less well, can becpcm modef® Internal conformational searches on reactants and
anticipated to provide a bit more space for better positioning products were performed by using the Monte Carlo search routine with
of the aromatic substituents. the Merck Molecular Force Fieltlin the Spartan software packafe.

Most recently, the AZ28-catalyzed oxy-Cope reactioniof Kinetic isotope effects were calculated from the free energies computed
was the subject of a theoretical study by the Kollman grbup. Py Gaussian for each of the isotopomers of reactants and transition
They used RB3LYP/6-31G(d) calculations for the concerted states. CHELPG charg(_es were used to study the electron densities of
pathway. The B3LYP structures were used to develop force field 1 "éactant and transition stéte.

Docking studies were performed using two protein structures. One
parameters for AMBER as needed for a study by molecular was derived from the proteirhapten complex of the affinity-matured

dynamlgs. The reactant, transition state, and prpduct were eactgmibody (LAXS) and the other from the proteinapten complex for
docked into both AZ28m and AZ28g. The dynamics calculations e germiine antibody (LDE¥). These structures, derived from X-ray

revealed that the motion of all three ligands was much greater crystallographic data, are available from the Brookhaven Protein
when the ligand was bound in the active site of the germline Databanies In both cases, the hapten and all water molecules were
antibody than in the mature antibody. In line with experimental removed, the dimer was separated, and the monomer, consisting of
observations, they found that, whereas the mature form bindsthe H and L chains, was retained for docking. Using tools provided
the hapten more tightly than the germline antibody, the germline, within the Autodock software package (version 3.6%)rotons were
a better catalyst, binds the concerted transition structure of theadded to nitrogen and oxygen atoms as appropriate to neutral pH,
reaction more tightly than the mature antibody. charges df_srlved from the Ambe_r force field were added to each atom,
Dynamics calculations were also used to assess the effect OTand solvation parameters were incorporated into the structure file. This

. ibod id . iated with . Thi file was further modified to ensure integral charges on all residues.
six antibody residue mutations associated with maturation. ThiS g protein structures generated by this procedure (affinity-matured

revealed thatsAéﬁ“ is particularly important for catalysis. 354 germline) were used as the basis for generating two additional
Mutating Asi+** to Ala (in AZ28m, the mature form of the  structures in which GIt# is protonated. Geometric placement of the

antibody) was calculated to decrease transition-state binding byproton was carried out manually, and charges were assigned to the
7.6 kcal/mol and hapten binding by 6.8 kcal/mol. The effect of proton and adjusted on the carboxylate moiety by analogy to similar
the mutation on substrate binding was not calculated, so thefunctionality in the Amber force field.

effect on catalysis is not certain but likely to be a significant ~ All ligands docked into the active site were created using PM3

diminishment. The effects of this mutation were much less semiempirical methods for structure optimization and ab initio
pronounced in the germline form of AZ28. molecular orbital theory at the RHF/6-31G(d) level to assign CHELPG

Previous experimental and theoretical work on the AZ28 partial charges to all atoms. Docking was carried out using AutoDock
P (version 3.0.5). In all cases, a 22.5 A box centered on the active site

system provides important understanding and insights but alsoWas used to define the region of exploration. A 0.25 A grid spacing

leaves a number of questions unaddressed. Here, densityinin that region generated a set of 753 571 points for computation
functional theory has been used to calculate structures andof electrostatic and van der Waals potentials within the protein active
energetics for both concerted and stepwise reaction pathwayssite.
and to calculate theoretical isotope effects for comparison to A total of 200 docking runs were carried out on each ligaptbtein
experimental values. The impact of hydrogen bonding in the pair. Within each run, a genetic algorithm was used to generate
active site has been explored quantum mechanically, as has thepproximately 250 000 trial configurations differing in the placement,
effect of phenyl orientation on reaction energetics and the impactorientation, and conformation of the ligand within the active site.
of solvation. Docking of conformationally flexible ligands into e B Pomeli C. Ad G Clifford. S Ochterski. 1.
the active site of mature and germline forms of AZ28 was used Potersson. G, A Ayala. P. v Cui O Morokuma. K. Mglicﬁ,r X K.
to evaluate how reactive conformations of the reactant bind in Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
. . L. . . . J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
the active site and how transition structures bind in the active Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham.

ite. Th rigins of r lectivity in th vz r M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W;
site e origins of stereoselectivity the cataly ed process Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-

have been explored. Gordon, M.; Replogle, E. S.; Pople, J. Gaussian 98 Revision A.9;
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Figure 5. UB3LYP/6-31G(d) energy profile for the rearrangementl@f Crosses indicate the likely position of relevant transition states.

Conformational freedom was defined by specifying bonds which were computed (Figure 5). The equivalent RB3LYP/6-31G(d) surface
to be torsionally active. In some experiments, a Gaussian potential was also generated and is included in the Supporting Informa-
energy function was applied as a torsional constraint on thBltbond o The concerted and stepwise paths are closely coupled. In
to bias the SYStem to adopt the trar_ls't'on'State Conformat'on'_ fact, the transition state has a restricted electronic structure, and
The 200 final docked conformations generated for each ligand oo .
protein pair were subjected to structural and energetic analysis usingOn the RB3LYP surface, it links the reactant directly to the
the clustering tools of Autodock, the structure and energy binning Product. However, on the UB3LYP surface, movement toward
capabilities of Macromodel, and independent geometric analysis of Product links the transition state to the open-shell 1,4-diyl
specific structural interactions between the protein and the ligand.  intermediate. This intermediate is linked to the product through
a second transition state, which is an open-shell structure.
However, the shape of the UB3LYP surface is such that, even
Quantum Mechanics. Density functional theory using the  though the path of steepest descent passes through the diradical,
B3LYP/6-31G(d) method was used to study the noncatalyzed trajectories which bypass this intermediate may exist along the
oxy-Cope rearrangement dfa and 1b. This method has section marked “Concerted path” in Figure 5.
previously been shown to be reliable at predicting the energetics
of pericyclic reactiong314.28
To understand the effect on the oxy-Cope process of
introducing radical-stabilizing substituents at the 2 and 5
positions of the hexadiene, the conformationally simpler model
compound12 (2,5-dicyano-1,5-hexadien-3-ol) was studied in

Results and Discussion

The closed-shell transition structut® is at 24.9 kcal/mol
relative to reactant, while the diradica4l is at 22.0 kcal/mol
and the second open-shell transition strucfifes at 24.2 kcal/
mol. It can be seen in Figure 6 that the two transition states
resemble the transition state computed for the stepwise Cope

frearrangement of 2,5-dicyano-1,5-hexadiene, which has a form-

depth. A recent study investigated the electronic structures o : A ) )
transition states of the parent Cope rearrangement of hexadienélngsb;;%g(g'smnce of 1.832 A and a breaking bond distance of

and rearrangements of various cyano derivatives. For the parent;-
the weights of aromatic and diradical components were ap- Subsequently, it proved possible to optimize the equivalent
proximately equat®® A UB3LYP/6-31G(d) energy profile  set of structures for the carboxylic acid-substituted substate
defined by the two forming and breaking—C distances was  The full set of structures was optimized for the case in which
the hydroxyl substituent is placed axially, since preliminary

@ Sgﬂfrk'\./i\'l.?%oh@%. Chern. 003 167, 1144511486, oo M B calculations indicated this to be the lower energy isomer. The
(29) (a) Blavins, J. J.; Cooper, D. L.; Karadakov, P.JBPhys. Chem. 2004 first transition structure is again closed-shdl§ is 26.1 kcal/

108 194-202. (b) The Cope rearrangement for 2,5-dicyano-1,5-hexadiene . . .

is degenerate and, therefore, the intermediate is flanked by two transition mol above the reactants, the diradidalis at 22.3 kcal/mol,

states which are related by symmetry; these are identical in structure and gnd the second open-shell transition struci8és at 25.9 kcal/

energy and correspond to a transition state into and a transition state out
of the diradical intermediate. mol. These structures all resemble those for the model system
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Figure 6. B3LYP/6-31G(d) optimized closed-shell transition stdt8)(diradical intermediateld), and open-shell transition states] for the rearrangement
of 12,

Closed Shell Open Shell
Reactant Transition State Diradical Transition State

&

} /?OI}
\ 5’5\“; v 7 H
¥ 16 ! 18

Product

&

!
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Figure 7. B3LYP/6-31G(d) optimized structures for the rearrangemeriteof

very closely and therefore suggest that the mechanism is the25.6 kcal/mol relative to reactants, while that with an equatorial

same (Figure 7). hydroxyl group,23, was at 24.6 kcal/mol, such that equatorial
Itis likely that the mechanism computed above will hold for is favored by 1 kcal/mol (Figure 8).

each of the other cases: the rearrangemeniiafwith an The preference for an axial hydroxyl was observed in the

equatorial hydroxyl and the rearrangementsltf with the optimized diradicals. For the carboxylic acid-substituted sub-

hydroxyl both axial and equatorial. The first transition state, stratela, the diradical with an axial hydroxyl groufiy7, is at
which was rate-limiting, was therefore optimized for these three 21.9 kcal/mol, while that with an equatorial hydroxgD, is at
other options. With one exception, the breaking and forming 22.5 kcal/mol. Forlb, the axially substituted diradic@R is at
bond lengths of this transition state were similar to thosEan 21.4 kcal/mol and the equatorially substituted diradiais at

The exception is the rearrangement of the anionic substtate  22.1 kcal/mol. Although there is generally an axial preference
with an axial hydroxyl. In this case, the closed-shell transition for the hydroxyl group in these structures, axial and equatorial
structure21 was much more synchronous, and it is presumed configurations are close in energy. The axial preference arises
that in this case the open-shell and closed-shell transition statesbecause the partial double bond character between the aromatic
are so compressed that they merge. The closed-shell transitiorring and the cyclohexane framework causes #train to arise
structurel9 for the rearrangement dfain which the hydroxyl when the hydroxyl is in the equatorial configuration.
substituent was equatorial was at 26.9 kcal/mol relative to  The NMR studies of Driggers et al. revealed that substtate
reactants and therefore 0.8 kcal/mol higher than that with the adopts a conformation in the antibody binding site in which
hydroxyl axial. By contrast for the reaction @b, the closed- the two termini of the substrate are held in close proxirfity.
shell transition state with an axial hydroxyl groufi, was at Presumably this conformation resembles and leads to the cyclic
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Figure 8. B3LYP/6-31G(d) optimized structures for the rearrangemerittof

transition structure. To investigate the energetic penalty of
adopting such a conformation, a constrained optimization was
performed for the acid-substituted reactaatin which the Ct
C3—C4—C6 dihedral was constrained to be (igure 9). The
conformation shown &5, in which the hydroxyl is in a pseudo-
equatorial position, is 0.6 kcal/mol above the minimum energy
conformation ofla (no zero-point correction is included in this
case because the constrained structure is not a genuine mini
mum). The conformation shown &8, in which the hydroxyl
is in a pseudo-axial position, is 1.6 kcal/mol higher in energy
than the lowest energy conformationTd The C-C distance
for the bond that will be formed in the oxy-Cope rearrangement
is 4.441 A in25and 4.338 A ir26, considerably closer than in
the minimum energy conformation, where they are 5.433 A
apart. These separations are consistent with the conformations
in the active site that must be adopted if the experimentally
observed NOEs are to be correct. These NMR measurements
suggest that, in the active site, the alkene termini should be
within 5 A of oneanother’®

Experimentally observed KIEs provide a sensitive probe of
geometry in the real transition state of the reaction. If KIEs !
computed for the theoretically obtained transition structures €
match experimental values, this provides strong evidence Figure 9. Two constrained conformations d& in which the C}C3~
suggesting that the calculated structures resemble the reafc4~C6 dihedralis fixed atQ
structures. KIEs were calculated on the basis of the closed-

shell transition statel6 for substratela, as this is the and the KIEs are not, therefore, sufficient to distinguish the two
rate-limiting transition structure. The closed-shell transition state paths, although the UB3LYP predicts that a stepwise path with

is the highest point on both the concerted and stepwise pathsa shallow intermediate is followed.
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Figure 10. Individual kinetic isotope effectsk{/kp) computed for
monodeuteration ofa

Computation of the free energies of activation farpassing
through the transition stati6 and the isotopomers correspond-
ing to 5 and6 (with COH in place of CQMe) permitted the
kinetic isotope effects to be calculated. Fully profia is S
computed to react slower than the dideuterated carboxylic acid
equivalent of5 by a factor of 0.77 and slower than tetra-
deuterated6 by a factor of 0.59. These are in very good
agreement with the experimental values of 0.72 and 0.61, and
provide evidence that transition structuté is a reasonable
mOdel_Of the real transition Sta_lte’ and_conflrm_the Clalm tha_t Figure 11. Substrate and transition structures for the oxy-Cope rearrange-
these isotope effects are consistent with the sigmatropic shift ment of 3-hydroxy-1,5-hexadiene with and without hydrogen-bonded
being the rate-limiting proceds.The factors by whichla is ammonia.
computed to react faster than monodeuterated species for the

various hydrogens ina were also calculated, and these are molecule) have been proposed by Schultz et al. to enhance the
shown in Figure 10. rate of the rearrangement by increasing electronic density on

Calculations of solvation energies were performed on both the oxy substituents:
the carboxylic and carboxylate systems with the CPCM model ~ To study the effects of hydrogen bonding to the hydroxyl at
and water as the solvetfThe carboxylic acid.ais computed C3 on the energy of activation of the rearrangement, the effect
to have an energy of activation of 25.1 kcal/mol for the axial of an ammonia molecule accepting a hydrogen bond from the
transition statd 6 and 25.4 kcal/mol for the equatorial transition ~3-OH of 3-hydroxy-1,5-hexadiene was studied. Hexadihe
state19 in water. Relative to the gas-phase calculations, the has previously been computed to rearrange through a closed-
activation barrier is lowered by 1.0 kcal/mol for the lowest shell concerted pathway involving the transition s@8é° The
energy axial transition state. The equatorial transition state is OXy-Cope rearrangement @7 has an energy of activation of
solvated slightly more strongly, such that the preference for the 33.4 kcal/mol. The bond-forming and bond-breaking distances
axial transition state is diminished from 0.8 to 0.3 kcal/mol. in transition state28 are 2.064 and 1.997 A, respectively. An
The carboxylate reactafib, as expected for a charged species, ammonia molecule was placed to hydrogen bond to the hydroxyl
is computed to be more sensitive to solvation. The activation at C3. An initial hydrogen-bonding angle of 18énd a distance
energy corresponding to the axial transition s2ités computed of 2.8 A were used; constraints were released and the structure
to be 28.7 kcal/mol, and that for the equatorial transition state Was fully optimized and corrected for zero-point energy. The
23is 29.1 kcal/mol. In the gas phase, a preference of 1.0 kcal/ hydrogen-bonded complex of the reactak®, has an N-H
mol for equatorial was calculated, but solvation reverses the distance of 1.855 A, and the complex of the transition state,
preference and axial is preferred by 0.4 kcal/mol. The barriers 30, has an N-H distance of 1.863 A (Figure 11). The hydrogen
are raised compared to those in the gas phase by 3.1 and 4.%»ond lowers the energy of activation by 2.1 kcal/mol to 31.3
kcal/mol for axial and equatorial, respectively. These calcula- kcal/mol. The bond-breaking and bond-forming distances in the
tions suggest that both ionized and neutral reactants prefer totransition state are also affected. There is an increase in bond-
rearrange through a transition state with an axial hydroxyl in breaking and -forming distances by 0.043 and 0.061 A,
the uncatalyzed aqueous reaction but that such a stereochemicdespectively. CHELPG charge calculations show a localization
preference is small and may be reversed in the less polarof charge on the oxy substituent, which is the proposed cause
environment of the antibody. They further suggest treawill of the rate acceleration of the rearrangement. The observed
rearrange more rapidly in a less polar environment Hmtkss acceleration of the rearrangement is in agreement with previous
rapidly. The degree of such medium-induced accelerations haswork by Evans and Goddard, who have shown similar results
previously been observed to be overestimated by similar for the anionic oxy-Cope systeth.Baumann and Chen also
solvation models® found that, whereas the hydroxyl present in the oxy-Cope

X-ray crystallography of the AZ28 antiboeyhapten com- rearrangement lowers the barrier compared to the all-carbon
plexes revealed several hydrogen bonds involving the ligand Cope rearrangement slightly (by2 kcal/mol), deprotonation
C3 hydroxyl group. Among these, two involving histidine of the hydroxyl lowers the barrier by a great deal more (by 27
(His"%) and glutamate (GHF°, by way of a linking water kcal/mol)1®> The hydrogen bond has a relatively minor effect.
Schultz et al. have proposed that the C2 and C5 phenyl
(30) Leach, A. G.; Houk, K. N.; Reymond, J.-L., unpublished results. substituents are forced into an unfavorable conformation in the
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Figure 13. Ligand isomers for docking studies. Bonds that are considered
Figure 12. Transition-state geometries with constrained phenyl group as torsionally active in the flexible docking are indicated in bold.
conformation.
implemented. Thus, all docking trials were also carried out with

mature antibody® To assess the energetic penalty associated two forms of the germline antibody, AZ28g and AZ28§.
with poor phenyl group conformation, two constrained B3LYP/ A total of seven ligands were docked into the active site of
6-31G(d) optimizations were performed on the basis of transition each of the four antibody structures described above. These
state16. In the first, the phenyl group was constrained such seyven included a core of the hapt&3)(as a preliminary check
that the C2-C5-C1"—C2" was 0, in effect placing ther on methodology, four different isomers of the transition state,
system orthogonal to a radical at the adjacent C5, thereby ang poth enantiomers of the starting diene. The four transition-
prohibiting any significant electron delocalization in the  gtate structures include those derived from b&hand S
system (Figure 12). To simplify the calculation, the-c16 stereoisomers, and then for each enantiomer the two possible
and C3-C4 distances were constrained to the same values theycyclic configurations, one with the hydroxyl axial and the other
have in16. The resulting structur81 is 7.2 kcal/mol above  wjth the hydroxyl equatorial. Representative structures are
16. In the second optimization, a fourth constraint was added provided in Figure 13. Whereas the hydroxyl would be slightly
to those used foB1: the C5-C2—C1'—C2 dihedral was also  fayored in the equatorial position in cyclohexanol, the quantum
constrained to be®0This places both the phenyl group and the  mechanics results of this study show that, to avoid steric
carboxylic acid-substituted phenyl group orthogonal to any interactions with the phenyl group, the hydroxyl in the dehy-
adjacent radical. The resulting structu82 is 15.8 kcal/mol drocyclohexyl exhibits much more mixed behavior, often
higher in energy thari6. This confirms the very important  fayoring the axial orientation. It is of note that the small intrinsic
sensitivity of transition structure energetics to phenyl group preferences in the orientation of the hydroxyl group could easily
conformation. be compensated for by a particularly effective binding mode in

Ligand—Antibody Docking. Having used DFT to establish  the active site.
gas-phase ligand structures and energetics along the reaction The geometries of the basic ligand structures used in docking
coordinate, as well as the effects of solvation, hydrogen-bonding, were generated with the PM3 method, since the docking
and phenyl conformations, attention was turned to how these experiments were performed contemporaneously with the DFT
same structures interact with the active site of AZ28. Docking calculations. The geometries generated by PM3 are similar to
experiments were designed to explore several issues, includingthose generated by B3LYP. The flexible ligand docking
the greater catalytic activity of the germline structure, how the methodology of Autodock is based on selection of specific
phenyls get in the conformation required for a reactive transition ligand bonds, about which the structure has torsional freedom.
structure, how substrate binding allows for hexadiene termini These ligand bonds faB3, 1b, and a general version of the
to achieve reasonable proximity in the active site, and what is transition structure (illustrated by th& stereoisomer) are
the origin of the 15:IS stereoselectivity of the mature form of indicated in bold in Figure 13.
AZ28. The four transition-state models required further consider-

Four protein structures were employed in this study. The first, ation. The quantum mechanics results showed clearly that
AZ28m, is the mature form of AZ28, with the standard electron delocalization and stabilization of the transition state
protonation states applied as expected at pH 7. Examination ofrequires the phenyl groups to be close to coplanar, with the
the active site of the antibody revealed that two carboxylates, three carbons in the cyclohexyl framework closest to that phenyl
Glu™3> and GIF™Y, are in very close proximity. For both to be  group. Without a constraint on the-®h bond, the transition
deprotonated is unlikely, particularly in the relatively nonpolar - structure model as treated by the simple force field of Autodock
environment inside the active site. Consequently, a secondadopts a lowest energy conformation with the phenyl group
antibody structure was generated by protonating the more deeplyeffectively bisecting that three-carbon plane (Figure 14).
buried of these two residues (GR). This form of the antibody For this reason, each of the four transition-state models was
is denoted AZ28mH throughou€! The same two residues are  docked into the active sites twice, once with the phenyl groups
present in the germline antibody, and the same scheme offreely rotating and a second time with a Gaussian energy
protonating the more deeply buried residue (8% was function applied from within Autodock to bias the ligand to
have the plane of the phenyl groups close to coplanar with the

(31) As can be seen in Figure 153, the proton on the carboxylate §fGdu i iti i
pointed directly toward one of the carboxylate oxygens of@luwith a aIIyI fragment, as required for real tran_smon structure reactivity.
distance between them of 1.63 A. This resulted in the phenyl group being about-24° out of
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CO@ oo of the antibody, (2) the binding mode of the ligand identified
2 2 by the residues to which the C3 hydroxyl group hydrogen bonds,
O (3) the number out of 200 docking runs that resulted in this
particular docking modé? and (4) the mean docked energy
[d = (MDE in kcal/mol) for the structures involving that binding
mode33
@ Results from docking hapten model compo@&into each
lowest energy reactive "coplanar” of the four protein structures (Taple 1) p_rovide a check of t_he
conformation phenyl conformation Autodock methodology and force field. This study would predict
Figure 14. Docked conformers of transition structure. the hapten to preferentially adopt a binding mode with hydrogen
S ] bonding to GI®5 and Hig'®6. This placement matches that
th(_a plan_e of the allyl cgrbons, and thl_s is similar to the optimal yatermined by X-ray crystallography very well, with the hapten
orientation as determined by DFT in the gas phas@X just slightly deeper in the pocket (see Figure 15a). This mode
displacement from coplanarity). , was also found in the molecular dynamics work of Asada et al.
While the docking studies described below generated a ¢y pinging of the hapten into the mature form of the antib&dy.

numb_er of _b_ound configurations, four_principal binding mod_es Two important observations should be noted. First, the proto-
were identified. These are most easily defined by the active a+ion state of GIEES has very little influence on either the

site residue to which the ligand hydroxyl is hydrogen bonded. 5 itioning between docking modes or the relative binding

The four principal residues observed by these docking experi- energy of those docked configurations (typically within-.1
0.2 kcal/mol). This pattern holds throughout this study. Thus,

ments to form this hydrogen bond are &g HisH%, Aspi10%,

and TyF9% GIU® and Hig®®® are near each other along one {4, the sake of brevity, we report in subsequent tables docking
side of the active site pocket._ X-ray crystallography shows the y5ia for only the protonated antibodies, AZ28hh and
hydLg(:(yI of the hapten bonding to Hi¥ (and to the nearby 7584 H. One deviation in the behavior of the unprotonated
Glu"**9which hydrogen bonds through a water molecule liffk). a4 protonated systems is noted in a footnote to Table 2.

GluHe’.s. Is just slightly deeper in the active sitg and, for our The second feature of note in these data is the appearance of
transition-state models, serves as the alternative and primary o alternate binding mode discussed above. In the case of

binding locus on that side of the active site. This may be due docking with the mature antibody, whether AZ28m or AZ28m

to the lack of the tether, allowing deeper penetration into the H, the GI™5—His"% docking mode is computed to be the
pocket by the swp_phﬁed hapten model_c_ompound, and in the lowest in energy, but more docking runs generated the energeti-
case of the transition structure models it is probably due to the cally very close alternative binding mode, with the hydroxyl
somewhat shorter structure relative to the hapten. In both casesgroup bonded to TYE%%on the other side of the active site

this brings the OH just a bit deeper in the pocket, and pocket (Figure 15b). The GHt§>—HisH¢ docking mode is very
conjéesq_uently in better alignment with GH. Interestingly, ¢|o5e 1o that found for the hapten in the crystal structure, while
Glu | s the carbk?xylate we chﬁse to protohr_late. Wh'le_th'i the alternative Tyt%%2docking mode leaves the two aromatic
results in somewhat reduged charges on this re5|dug n t €rings in the same basic position, but with the cyclohexane ring
protonated forms of .the annbody, it still serves as .the prmupal effectively rotated 1800n the axis provided by the two phenyl
hydrogen bonding site on that side of the active site according substituents, such that the protruding hydroxyl group can now
to these docking studies. This mode of binding is illustrated in form a hydrogen bond to a residue on the opposite side of the
Figure 15a, in which the lowest-energy docked configuration ;¢ site pocket. With the germline structure, all 200 docking

for thg trur;c?]te?] hapten ”r’]‘,"de' (green) is shown along Withl & runs yielded a structure that closely matches that found by X-ray
Irendmtr)]n ? the hapten (w 'tﬁ) as po§|t|oned by X-ray grystg- analysis. In line with the experiments} values, the hapten is
ography for comparison. The view in Figures 15 and 16 is computed to bind more strongly with AZ28m than with AZ28g,

'°°ki”9 di_recltly intlo tt;ehgctivedsit(_e. iiv ch ized although the difference is less than expected from Kpés
A principal result of this study is most easily characterized , hioh js~.2 keal/mol. It is possible that having two energetically

by a second locus for possible hydrogen bonding of the ligand close docking modes provides an entropic advantage to binding

i i i 01 100 i
OH, in the active site. ASH* and Tyr" agre ona side O_f the the hapten with AZ28m compared to AZ28g, further enhancing
active site well separated from the G¥#—HisH¢ pair described its binding ability
101§ i i '
above. Asp is the more deeply buried of the two residues, Having established that the docking methodology is capable

V\;hlc? are "ZIIS;O X\égéllt_)st:hpmélmlty totSé‘Lm :.T)e dgerénllne | of reproducing the experimental observations concerning binding
structure and to In the affinity-matured antibody. Severa of the hapten, we next turned our attention to the interaction of

ligand structures were f(.)um.j by this study to b.e preferentially the transition structures with the four protein structures. The
hydrogen bonded to this side of the active site pocket, and

specifically to Asp%%, as will be presented below. This second (32) For clarification, 200 docking runs were carried out on each antibody

binding motif is illustrated by using the simplified hapten model ligand pair, with each run generating a final, lowest energy configuration.
. . . . L Of those 200 runs, those which generated an essentially identical binding
in Figure 15b, again with a background rendition of the hapten mode and geometry were clustered as an ensemble of like structures, and
as found by X-ray analysis. It is of note that the second mode the number of structures in the cluster along with the mean docking energy
. . . : " . is reported.
is achieved, while leaving phenyl groups positioned similarly, (33) Autodock provides an estimate of the free energy of binding, which is based

i i i on the mean docking energy we report but also includes corrections based
by the CyCIOheXyI core rotating apprOX|mater 18 the axis on the conformational degrees of freedom in the ligand. We report the
of the two phenyl groups. mean docking energy, which takes into account all ligapubtein

; ; ; interactions (van der Waals, electrostatic), because of complications from
A Summ_ary of the results of t_he_ do_ckmg experiments is our placing additional conformational restrictions on the transition-state

presented in Tables34, generally listing in order (1) the form models.
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Figure 15. Two typical binding modes d&-equatorial-hapten mod8Bin AZ28m—H. (a) Hydrogen bonding to Gli#®; (b) hydrogen bonding to T{#00a

Figure 16. Two typical binding modes found for torsionally constrained transition stateS-égyatorial with AZ28m-H; (b) R-equatorial in AZ28¢-H.

Table 1. Docking Results for the Hapten Model 33 bond to the Asp!?! on the other side of the active site. The
protein binding mode n0./200 runs MDE (kcal/mol) axial hydroxyl conformation is not available to the hapten, but

AZ28m GIU35 and Higi% 55 —121 it could certainly be generated as the cyclic transition structures
TyrH100a 135 —-11.6 form. Binding is again a bit tighter in the mature form, and the

AZ28m-H  Glu™®and Hig*® 71 —12.2 Saxial form is particularly well situated to bind to the ASp!
TyrH100a 126 —-11.9 residue

AZ28g GIU35 and Hig1® 200 -11.4 o ]

AZ28g—H GIuH35 and Hig'®® 200 -11.4 Biasing the phenyl groups to adopt a conformation close to

that determined as optimal by quantum mechanics generated a
structures were initially docked with no specific torsional new data set and forces considerable geometric change in ligand
constraint on the €Ph bond. The binding modes generated binding configuration. In these studies, the aromatic rings were
with this approach all have the phenyl rings more or less typically ~20° away from coplanarity with the adjacent three-
bisecting the approximate plane of the cyclohexyl ring, much carbon fragment in the cyclohexyl ring. The results for each of
like in the hapten model. This is not a realistic conformation the four ligand isomers docked into the protonated antibody
for the actual transition structures, but an interesting amplifica- Structures are given in Table 3, and the protonation state of
tion of hapten results can be seen in the data. While the bondingGIu"*® was again computed to have little influence on either
mode to Gli3 is represented, alternate binding modes appear, the docking modes or the relative energetics.

and in particular binding to A$B°! on the other side of the Bonding to GIli®® is a bit more common for these transition
active site is a dominant mode of binding. Interestingly, the structure mimics in the mature form of the antibody. However,
hydroxyl in an equatorial position seems to favor thet@lu  the Asp'l°? mode is important and, in fact, dominant in the
binding site, while the axial orientation seems better able to germline catalyst. This is an interesting distinction between the
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Table 2. Docking Results for Unconstrained Transition Structure Model

AZ28m-H AZ28g—H
hexadiene isomer binding mode no./200 in cluster MDE (kcal/mol) binding mode n0./200 in cluster MDE (kcal/mol)
S-equatorial GIt3s 135 —13.45 Aspi101 193 —12.78
Saxial Aspitol 167 —13.43 Aspi1ot 185 —12.78
R-equatorial Gl 200 —13.89 GIdi3s 141 —12.87

TyrH100a 59 —12.47
R-axiaP no H-bond 41 -13.11 Asppi101 48 —12.48
AspH101 91 —12.95 Asphi10L 142 —12.22

GluHss 42 —-12.91

a|n the unprotonated mature form (AZ28m), tReaxial isomer docked with less variation in modes to yield a single dominant clusteér¢E50 runs,
—12.84 kcal/mol). Two Aspl®r modes are reported for tHeaxial isomer docking into AZ28gH as the geometric placement varied just slightly between
these two clusters.

Table 3. Docking Results for Constrained Transition Structure Model

AZ28m-H AZ28g-H
hexadiene isomer binding mode n0./200 in cluster MDE (kcal/mol) binding mode n0./200 in cluster MDE (kcal/mol)
S-equatorial GItss 94 —11.52 GIutss 24 -11.11
AspH101 169 —10.85
S-axial Aspi1ot 21 —-11.07 Aspi10l 133 —10.54
No H-bond 94 —-10.22 Asphi101 23 —10.40
R-equatorial GIt3s 54 —10.85 Aspi10t 158 —11.15
GluH3s 90 —10.46
R-axial Gl 180 —11.10 Aspi101 117 —10.87
Gluf3s 61 —10.70
Table 4. Frequency of Constructive Binding Modes Observed for inherent, if small, preference for the equatorial pathway. The
Each Protein—Ligand 1b Complex : : : :
germline form, which always prefers to bind the equatorial
_ (A) (8) isomer of the transition state, may benefit from this. However,
, ligand b general dose (€ ©) the studies of Asada et al. indicate that a docking study with a
protein stereochemistry requirements termini Glufss AspHior

static protein structure may not be able to correctly differentiate

AZ28m—H S 158 i’? 13 157 the transition-state binding ability of the two protefn$heir
AZ28g—H S 127 32 2 16 molecular dynamics simulations suggest that the greater flex-
R 128 43 2 22 ibility of the side chains in the binding site of the germline

antibody compared to the relatively more rigid side chains in
the mature form enables the germline form to better accom-
modate the real transition state, which differs from the hapten
particularly with respect to the flattening at the two carbons
adjacent to the aromatic rings.

Turning to the stereoselectivity of the reaction, there is an
experimentally observed preference for AZ28m to catalyze the
reaction of theSisomer, which corresponds to a difference in
activation free energy of approximately 1.6 kcal/mol. The mature
form of the antibody is calculated to preferably bind t&e
stereoisomer of the transition structure with an equater@H.

The two axial isomers are less well and about equally bound,
and theR-equatorial isomer is the least well complexed. The
binding energy for theS-equatorial isomer is~0.5 kcal/mol
greater than that for thB-axial isomer. This, combined with
the inherent preference for equatorial (up to 1 kcal/mol), could
account for much of the stereoselectivity. The germline antibody
shows no such preference. TReequatorial isomer seems to
be a bit better bound than ti$eequatorial isomer, and the same
slight preference can be argued for tRexial vs theS-axial
isomer, but these differences are really beyond the accuracy of
the force field to distinguish with confidence.

Another approach to understanding the stereoselectivity of

two forms of the antibody, and the multiple modes support the
dynamics results that the germline structure allows more
freedom of positioning of the ligantd.However, in that
molecular dynamics study, the binding mode to A8pshowed

up specifically in the mature form of the antibody, not the
germline structure. The results here suggest that, when it is
available, even when binding into a rigid active site, it may
well be the preferred hydrogen-bonding mode for the transition
structure. Two typical docking modes, those f®equatorial
bonding to Gl in the mature form of the antibody and
R-equatorial bonding to A$p°! in the germline protein, are
illustrated in Figure 16.

In attempting to analyze the origin of the greater catalytic
effect of the germline form of the antibody as opposed to the
mature form, the significant errors in the Autodock docking
energies (approximatel2.0 kcal/mol) and the small energetic
difference observed experimentally (tHex values indicate a
difference in free energy of transition-state binding between the
germline and mature forms of the antibody of 0.7 kcal/mol)
prevent quantitative analysis of the results. In contrast to
experimental observation, the tightest transition-state binding

g comtpulteld. for thef trr?a's[ure ftg)rm ':)ft AZ28, binding the the process is to consider the binding of the starting material,
equatonal iIsomer of the transition state. ._particularly as the ligand adopts a reactive conformation (or

'tl)'hte 1;1”?::“ me Chfrlllcsvstu?y refv ealed t][latihfor the atlnl_or;lc near-attack conformatiéf). The substrate is a conformationally
substralelb, there 5 a 1 kcalimo! preterence for the equatonial highly flexible species, with six torsionally active bonds. This
pathway in the gas phase. The interior of an antibody is

relatively nonpolar, and consequently there is likely to be an (34) Lightstone, F. C.; Bruice, T. @. Am. Chem. Sod996 118 2595-2605.
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leads to a large number of conformations, each of which may Interesting experimental support for this conclusion comes from
bind into the protein in many competitive orientations. The the work of Stevens, Schultz, and co-work&#&Vhile inves-
docking runs produced many small conformational clusters with tigating the relative importance of the six individual somatic
similar MDEs. Consequently, the results of the docking of the mutations connecting the germline and affinity-matured struc-
two stereoisomeric hexadiene substrates required more analysisures toward ligand affinity and catalytic efficiency, they
than those obtained for the hapten or transition states. In thisdetermined that one mutation was much more important than
case, rather than focus just on energetics, an effort to morethe others, S&#* — Asn. This mutation only slightly increases
broadly assess geometric considerations led to the following binding affinity while significantly reducing catalytic activity.
results. First, a general filter was applied to the entire set of Similarly, mutation of Ask* back into Ser in AZ28m increases
resulting structures from the 200 docking runs. This filter catalytic activity 20-fold. They suggest that the mutation has
selected those that were in the active site with the correct globalits effect on the catalysis by changing the shape of the active
orientation (excluding those that have the carboxylate end deepsite. They point out that the Asn residue in the affinity-matured
in the active site) and which were within 3 kcal/mol of the structure interacts directly with both T{f%and Asp9L This
lowest mean docking energy. Those structures meeting thesematrix of hydrogen bonds forms a wall on one side to the active
requirements are tabulated in column A in Table 4. From this sjte and modestly increases binding affinity for the hapten, but
subset was found the number with hexadiene termini close jt aso reduces significantly the conformational freedom for the
enough 4.5 A) to ensure the structure would have a loose hound ligand and specifically the cyclohexyl core and, therefore,
chair conformation as needed in advance of evolving into the jts apility to achieve the very specific orientation of that core

transition structure (column B). Finally, from this set of reactive yg|ative to phenyl substituents as required in the reactive
conformations were separated those that are hydrogen bonding,snsition structure.

to either GIU3® or Asp™10l (columns C and D, respectively),
anticipating that this may further support binding and transition-
state formation. The results in Table 4 parallel very closely those
for docking into the unprotonated antibodies.

The molecular dynamics work of Asada also highlights the
importance of the Se* — Asn mutation. Using alanine and
glycine scanning methods, a residue replacement method which

. i i uses an existing trajectory and does not allow conformational
This table shows that the mature form of the antibody is better changes, supports L34 as the most important of the somatic

able to bind thes stereoisomer of the substrate (1800R), 1 iations. It is also the residue of this set closest to the active
even when no conformational constraint is present. This it

site.
preference is enhanced (87 R) when considering only those
conformations within the active site with reasonably close . The \;V orkfrehp(()jrted herke)r sudggests tdhat the'i?%b;atrrl;)oxyleitel .
termini (<4.5 A, in what may be called a near-attack conforma- IS a sile of nydrogen bonding and a part of the caay_nc
tion), and greater stereoselectivity (55 R) comes when mechanism, p_resumably by facilitating t_mndmg and by increasing
considering those conformations which hydrogen bond to €/€Ctron density on the oxygen of the ligand. The-Ser- Asn
Asp'o® rather than to GI¥S (10 S8 R). By contrast, the mutation has a direct impact on this proposed mechanism. In

germline form appears to offer little stereochemical distinction the mature form of the antibody, the Iongeﬁdf chain of-Asn
at the level of simply binding the two enantiomers of the reactant 2l0Ws it to hydrogen bond directly to the A%§* carboxylate

(127 S128 R) but then exhibits modest selectivity for tte (HASH_OASP_ ~ 25 A) and to thngwlooa (HAsn__OTyr ~ 1.7
stereoisomer as we add the constraints that the termini be within®)- These links also pull the A" carboxylate into hydrogen-

4.5 A (32543 R) and that there be hydrogen bonding to an Ponding distance with T#%0a(HM—OAP A 1.7 A). Thus, these .
active site residue (1824 R). Interestingly, almost all of the residues do indeed create a three-way hydrogen-bonded lattice
near-attack conformations in the germline antibody active site al0ng one side of the active site, and the ASpcarboxylate is
involve ligand hydrogen bonding to the A881 residue rather likely to be relatively tightly held in place by these two hydrogen
than to G35 To the degree that docking the substrate into ©0onds to neighboring residues.
the active site can shed light on possible pathways of reaction, In contrast, the shorter side chain of Séiin the germline
the results above suggest two intriguing predictions. The first structure prevents it from hydrogen bonding directly to either
is that the germline structure should show less stereoselectivity Tyr#1002(HSe—Q™r distance~ 3.4 A) or, more importantly, to
than the mature form of the antibody and that it should favor Asp™10! (HSer—QAsP distance~ 4.0 A). As a consequence, it
reaction of theR isomer. Second is that, in the germline also fails to bring Asplot and Ty#H100a(HTY'—QAsP distancex
structure, Asplolis the preferred hydrogen-bonding locus for 3.7 A) into hydrogen-bonding proximity. This leaves the
substrate as the ligand prepares for rearrangement. These resultarboxylate of Asp!®l much more available to serve as a
agree in outcome with what was found for binding of the catalytic residue by hydrogen bonding to th®H in the ligand
conformationally constrained transition structures. While the transition structure. The carboxylate’'s freedom is tempered in
mean binding energies of the clusters are not reported, they arethe germline-hapten complex, as X-ray analysis reveals a water
typically ~2 kcal/mol less than those found for the transition molecule situated between these three residues, providing a
structures, as required for catalysis. hydrogen bond link between them. We do not know anything
The docking studies reveal a complex interaction between about the presence or absence of water in the active site during
active site and ligand, both as reactant first binds and then adoptscatalysis. However, even with a water present as with the hapten,
a reactive transition structure conformation. One of the most the carboxylate should still have more freedom than in the
intriguing results of this docking study is the indication that affinity-matured structure. This result offers another possible
Asp10l (and perhaps TY#%92if the ligand does not get quite  explanation for the observed strong impact of this one particular
as far into the active site) is a primary site of hydrogen bonding. somatic mutation.
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Conclusions reproduce all of the complex and subtle features of the transition
structure, as revealed by the quantum mechanics calculations,

the antibody AZ28 revealed that it follows a stepwise mecha- including the configurational preferences of the ligand hydroxyl

nism which is slightly preferred over the concerted. The closed- group and phenyl group confornjation. The docking results
shell transition state is the highest point on the reaction pathway predict cor're'ctly the ;tereo;glgctlylty ,Of the process and suggest
and hence will be responsible for the observed kinetic isotope that the origins are in the initial binding of the ligand and the

effects. It continues to an intermediate diradical that can easily Erefecrienvci/(_a hforhthés |somler Olf the transnrllon str(ljj_ctgre tg beh
go on to product. Free energy calculations reveal that the ound. With these results also comes the prediction that the

difference in free energy of activation for the dideuterated and germline antibody should be less selective and may actually

tetradeuterated isomers of the reactant used for experimentaf“'j“’or the other enantiomer.

kinetic isotope effect measurements can reproduce the observed Th_e second feature revealed ‘hfough docking concerms the
rate differences well and provides support for the computed possible alternate hydrogen-bonding locus, and specifically

transition structures and mechanism. Solvation in water is bindinglgcl)_Asﬂi'lol. Expgrimental work supports the_importance

computed to lower the barrier to the reaction of the acid and of Aspi®tin the catalytic process, but it does not directly reveal

raise the barrier to the reaction of the carboxylate the mechanism of its involvement. The docking results of this
The gas-phase reaction shows a preference for reactionS'EUOIy suggest AsBto be an important position of hydrogen

through a transition state with an axial hydroxyl for the Ponding, particularly in the germline structure, and it may be a
protonated substratéa but a preference for an equatorial critical component in allowing the ligand to fold to a reactive

hydroxyl for the anionic substrateb. Solvation causes both conformation. while achieving the required conformation of
substrates to prefer an axial hydroxyl group. The antibody phenyl substituents.

interior may be sufficiently nonpolar to more closely resemble  Acknowledgment. We are grateful to the National Science
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Flexible ligand docking reproduced the known X-ray crystal
structure for hapten complexation, and calculation of the mean
docking energy predicts stronger binding of the transition
structures than starting materials, as required for catalysis. Not
surprisingly, the simple force field model was not able to JA048604G

A guantum mechanical study of the reaction catalyzed by
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all molecules and transition states studied with B3LYP quantum
mechanics. This information is available free of charge via the
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