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ABSTRACT: Antibody AZ-28 was generated against the chairlike transition-state analogue (T &g
catalyzes the oxy-Cope rearrangement of subs®aie product3. The germline precursor to AZ-28
catalyzes the reaction with a 35-fold higher ratekuncar= 163 000), despite a 40-fold lower binding
affinity for TSA-1 (Ko = 670 nM). To determine the structural basis for the differences in the binding
and catalytic properties of the germline and affinity-matured antibodies, the X-ray crystal structures of
the unliganded and TSA complex of antibody AZ-28 have been determined at 2.8 and 2.6 A resolution,
respectively; the structures of the unliganded and IS#&omplex of the germline precursor to AZ-28

were both determined at 2.0 A resolution. In the affinity-matured antiti@gyten complex the TSA is

fixed in a catalytically unfavorable conformation by a combination of van der Waals and hydrogen-
bonding interactions. The 2- and 5-phenyl substituents of-I&#e almost perpendicular to the cyclohexyl

ring, leading to decreased orbital overlap and decreased stabilization of the putative transition state. The
active site of the germline antibody appears to have an increased degree of flexiblifgH3 moves

4.9 A outward from the active site upon binding of TSAWe suggest that this conformational flexibility

in the germline antibody, which results in a lower binding affinity for T$Aallows dynamic changes in

the dihedral angle of the 2-phenyl substituent along the reaction coordinate. These conformational changes
in turn lead to enhanced orbital overlap and increased catalytic rate. These studies suggest that protein
and substrate dynamics play a key role in this antibody-catalyzed reaction.

Studies of catalytic antibodies and their germline precur- energy and catalysid{3). The process of affinity matura-
sors make it possible to analyze the evolution of binding tion introduces somatic mutations into the antibody that
” ] A " increase binding affinity to hapten. A comparison of the
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is one of the few systems where a negative correlation is
observed between binding affinity and catalysis. To gain

greater insight into additional factors that may affect catalysis
in this system, we have carried out a detailed comparison of
the three-dimensional structures of the germline and affinity-

matured forms of AZ-28.

The oxy-Cope reaction is a unimolecular [3,3] sigmatropic
rearrangement 1@, 12 that is widely used in organic
synthesis but is not catalyzed by any known enzyme.
Immunization with TSA1 (Figure 1), a chairlike analogue
of the putative pericyclic transition state, led to the generation
of catalytic antibody AZ-28. This antibody catalyzes the
unimolecular oxy-Cope rearrangement of substratéo
product3 with a rate acceleratiorkfa/kinca) 0f 5300, aKy
of 74 uM, andKp (1) of 17 nM (13). The immunological
precursor of this antibody was isolated, cloned, and expressec
(2, 14, 15. This germline antibody consists of the T1YB
andVy 19.1.2 germline segments, whéfieandVy represent
the light and heavy chains of the variable domains, respec-
tively (16). During affinity maturation 17), the germline
antibody underwent two amino acid replacements in the light
chain (L) [Ser(L34)Asn in complementarity-determining
region L1 (CDRL1} and Ala(L51)Thr in CDRL2] and four
in the heavy chain (H) [Tyr(H32)Phe in CDRH1, Ser(H56)-
Gly and Asn(H58)His in CDRH2, and Thr(H73)Lys in
framework region FR3 (Figure 2)]. As expected, the germline
antibody has a lower binding affinity for TSA (Kp(1) =
670 nM) than AZ-28 but, surprisingly, a higher catalytic rate,
KeafKuncar= 163 000 andK, 73 uM (2). To determine which
somatic mutations contribute to the higher catalytic rate of
the germline antibody relative to AZ-28, the individual

somatic mutations were reintroduced into the germline FIGURE 2: (a) Side and (b) top-down view of the superimposed
three-dimensional structures of the variable domains of the affinity-

matured with hapten (purple) and the unliganded germline (gray).
1 Abbreviations: TSA, transition-state analogue; CDRH3, comple-

mentarity-determining region H3; CDRL1, complementarity-determin- @ntibody. Analysis showed that whereas five of the six
ing region L1. mutations effected the binding affinity, only the Ser(L34)-
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Table 1: X-ray Data Collection and Refinement Statistics

mature minus hapten mature with hapten germline with hapten germline minus hapten

resolution (A) 20.6-2.8 20.6-2.6 20.0-2.0 20.6-2.0
source SSRL#1 SSRL ~1 ALS 5-2 ALS 5-2
space group P212,2; P2 P2 P2
unit cell (A) 77.4x 80.7x 134.7 42.8x 81.5x 128.3 52.7x 64.4x 73.9 53.2x 64.1x 76.0

p =934 p=99.1 p=99.5
measured reflections 103 369 72 441 66 483 74 105
unique reflections 196 06 25889 28 062 30 863
completeness (%) 91.2 (70%5) 95.2 (90.5) 85.2 (83) 90.3 (90.5)
Rinerge (%) 8.0 (28.0) 5.5 (10.6) 7.6 (17.6) 4.0 (14.0)
averagd/o 22 (4) 25 (10) 12 (7) 27 (7)
Riactor (%0) 23.1 22.8 224 215
Riree (%) 28.5 26.2 26.5 26.4
total no. of atoms 6701 6772 3486 3507
no. of water molecules 59 78 146 193
rms bond lengths (A) 0.010 0.007 0.023 0.019
rms bond angles (deg) 1.60 1.36 2.27 2.07

aNumbers in parentheses are for highest resolution bin.

Asn produced a significant change in the catalytic r@&)e (  1D5I for the unliganded germline structure, 1D5B for the
unliganded AZ-28, and 1D5C for the germlihapten
EXPERIMENTAL PROCEDURES complex.

The data collection and refinement statistics are shown in ReSULTS
Table 1. The crystals of the germline and affinity-matured
Fab fragment of AZ-28 in the presence and absence of TSA  Structural Analysis of the AZ-28apten and Germline
1 were obtained by the hanging drop method. Crystallization Hapten ComplexesThe structure of the affinity-matured
solutions were 10 mg/mL protein in aqueous 100 mM NaCl, antibody AZ-28 with TSA1 has been previously determined
10 mM Tris, pH 8.0, and 1 mM methionine. The mother at 2.6 A resolution 2). TSA-1 is bound in a chairlike
liquors were aqueous 25% PEG 1000, 100 mM sodium geometry with the aryl and hydroxyl substituents of the
acetate, pH 4.6, 300 mM cadmium chloride, and 100 mM cyclohexyl ring in equatorial positions. The phenyl substit-
ammonium sulfate for the AZ-28 crystals and were 24 mM uents of TSAL are rotated with respect to each other by a
cadmium chloride, 75 mM Hepes, pH 7.0, 160 mM am- dihedral angle of 19 and make extensive contacts with
monium sulfate, 16% 1,4-butanediol, and 8% PEG 8000 for active-site residues (Figure 3a). The 5-phenyl group of ‘LSA
the unliganded germline crystals. The germline antibody is buried at the bottom of the cavity in a hydrophobic pocket.
hapten complex was crystallized in the presence of 2 mM The 2-phenyl substituent is located near the opening of the
TSA-1in 80 mM cadmium chloride, 75 mM Hepes, pH 7.0, active site, and its orientation is fixed by zastacking
250 mM ammonium sulfate, 20% 1,4-butanediol, and 9% interaction with the imidazole ring of His-H96 and van der
PEG 4000. For data collection, the AZ-28 crystals were cryo- Waals interactions with the side chain of Tyr-L91. The
cooled in liquid nitrogen after a brief washing in 15% cyclohexyl ring of TSA1, which mimics the cyclic # +
glycerol and 85% mother liquor. The mother liquor was 2o transition state, is rotated out of the planes of the 5- and
sufficient cryoprotectant for the germline crystals. All data 2-phenyl rings by 81and 83, respectively. Its position is
were integrated and merged using Denzo and Scalegick (  fixed by hydrogen bonding between the hydroxyl substituent
The structures were solved by molecular replacement usingof TSA-1 and both the imidazole ring and the backbone
the AMoRe package7} with the coordinates of AZ-28  amide NH group of His-H96, in addition to a hydrogen bond
antibodyhapten complex structure for the search model. The through a bridging water molecule to the carboxylate moiety
model was completed with several cycles of positional, of Glu-H50. The cyclohexyl ring of TSAL is in van der
simulated annealing and torsional refinement in CI8§5 ( Waals contact with the hydrophobic side chains of Tyr-L91,
with NCS restraints in the unliganded affinity-matured Tyr-L96, and Tyr-H100a and the hydrophilic side chains of
structure. Fre® values were monitored throughout the model Asn-L34 and Asp-H101. The carboxamide group of Asn-
building. Maps were produced using CCP¥&nd CNS and L34 is 3.8 A from the cyclohexyl ring and makes a 2.6 A
interpreted in 0 10). The affinity-matured antibod§ SA-1 hydrogen bond to the hydroxyl group of Tyr-H100a and a
structure was refined using CNS. There are two molecules 2.5 A hydrogen bond to the carboxylate moiety of Asp-H101.
per asymmetric unit in the unliganded AZ-28 crystal form.  The structure shows that the antibody binds the TSA in a
The final structure of unliganded AZ-28 contains 6701 amino chairlike conformation. This is consistent with the preferred
acids, 59 water molecules, and 1%don. The germline  transition state of the oxy-Cope rearrangemetf) (and
structures crystallized with one molecule in the asymmetric places the hexadiene in favorable orbital alignment. This has
unit. The final structure of the germlifflgapten complex  been confirmed by nuclear magnetic resonance studies of
contains 3486 amino acids, 146 water molecules, and?4 Cd the antibody-substrate Michaelis complet&). Electronic
ions. The unliganded germline structure contains 3507 aminoeffects, such as hydrogen bonds between the hydroxyl moiety
acids, 193 water molecules, and 3?Cibns. All coordinates  of the substrate and His-H96 and the bridging water to Glu-
and structure factors have been deposited to the PDB. TheH50 may lead to increased electron density on the oxygen,
PDBID codes are 1AXS for the AZ-2Bapten complex, thereby accelerating the reaction through an oxyanion
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lower the activation energy by -5l0 kcal/mol due to
stabilization of a biradicaloid-like transition statd2].
However, the crystal structure shows that the aryl substituents
of TSA-1 are rotated out of planarity with the cyclohexyl
ring, leading to decreasedorbital overlap. This out-of-plane
conformation is fixed through the hydrogen-bonding and van
der Waals interactions to the cyclohexyl ring along with
sr-stacking interactions between the 2-aryl substituent and
His-H96, Tyr-L91, and Tyr-H100a. On the basis of this
analysis, it appears that the substrate is fixed in a catalytically
unfavorable conformation. This stems from the fact that the
dihedral angles of the 2- and 5-aryl substituents were not
restricted in TSAL to be coplanar with the cyclohexyl ring.
The antibody likely binds TSAL in its low-energy confor-
mation in solution, with the phenyl rings rotated out of
planarity.

To assess the structural basis for the decreased affinity
but increased catalytic efficiency of the germline antibody,
we determined the three-dimensional crystal structures of the
germline antibody with and without TSA The hapten in
the germline complex is bound in a conformation similar to
that seen in the affinity-matured antibody T8Acomplex.
The cyclohexyl ring of the hapten in the germline structure
is stabilized by a 3.0 A hydrogen bond between the hydroxyl
moiety and His-H96, in contrast to three hydrogen bonds to
the hydroxyl moiety in AZ-28. The van der Waals contacts
between the hapten and the antibody are similar to those
seen in AZ-28. The cyclohexyl ring makes van der Waals
interactions with the hydrophobic residues Tyr-L91, Tyr-
L96, and Tyr-H100a as well as the hydrophilic residues Glu-
H35 and Asp-H101. The 2-phenyl substituent is stabilized
by van der Waals interactions between Tyr-L91 and Tyr-
H100a and byz-stacking interactions with His-H96. There
are two water-bridged hydrogen bonds from the hydroxyl
group of Ser-L34 to the side chains of Tyr-H100a and Tyr-
H101. In the affinity-matured antibody, Asn-L34 forms the
same hydrogen bonds but without the bridging water
molecule. The 5- and 2-phenyl moieties of the hapten are
rotated with respect to the cyclohexyl ring by dihedral angles
of 63.2 and 57.9, respectively, less than that observed in
the AZ-28hapten complex.

The somatic mutations appear to increase the binding
affinity of the affinity-matured antibody predominantly
through secondary sphere hydrogen-bonding interactions
(Figure 2). No individual mutation significantly affects the
binding affinity, rather the overall effect appears to result
from additive interactions. The mechanism by which the
individual mutations increase the affinity to the hapten is
not evident from these structures. The sole somatic mutation
that resides in the active site is Ser(L34)Asn. This is also
the only mutation that significantly affectg,, although it
does not alteKy.. Asn-L34 makes a 2.6 A hydrogen bond
to Tyr-H100a in the AZ-28 antibodiiapten complex, which
increases to a 3.5 A water-bridged hydrogen bond between
FIGURE 3: (a) Overlay of the active site for the affinity-matured S€r-L34 and Tyr-H100a in the germline antibekgpten
antibody structures with and without hapten present. The affinity- complex. This is one of the few interactions between the
matured antibody with hapten is shown in purple with the hapten light and heavy chains in the active site and a common point
of the-active site for the germimé antibody Strustures with and ' Somae mutationsi).
ot : . : Structural Effects of Hapten Binding in the Germline and
without hapten in gray and green, respectively. The hapten is blue'Af‘finity-Matured Antibodiesh comparison of the unliganded
substituent effect 19). It has been shown that the aryl and liganded forms of the germline and affinity-matured
substituents at the 2 and 5 positions of the 1,5-hexadieneantibodies provides insights into conformational changes that
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occur upon hapten binding. In the unliganded germline CDRH3
antibody structure, CDRH3 (residues His-H96 to Asp-H101)
has a different conformation than that observed in the
germline antibodyhapten complex (Figure 3b). Residue Phe-
H99 (G,) at the top of the loop is shifted 4.9 A away from
the hapten in the germline antibotigpten complex relative

to the unliganded structure. The hydrogen bond between Ser-
L34 and Tyr-H100a is 3.0 A, shorter than in the structure of
the germlinehapten complex. The imidazole ring of His-
H96 is rotated 10toward the plane of the 2-phenyl ring of
the hapten in the germlirleapten complex relative to the
unliganded structure. There is no hydrogen bond between
Ser-L34 and Tyr-H101 in the unliganded germline antibody,
whereas in the germlineapten complex there is a water-
bridged hydrogen between these residues. In both of the
germline antibody structures there is minimal density for

_residues H98H100, indicating that this region of the loop Ficure 4: Close-up view of the residues Ser(L34)Asn, Tyr-H100a,
is disordered. and His-H96 in a superposition of the four antibody structures. The

In contrast to the differences observed between the structures are shown in purple, blue, dark gray, and green for the
unliganded germline and germlifmapten structures, few liganded and unliganded affinity-matured antibody and the liganded
changes occur upon binding of the hapten to AZ-28 (Figure "d unliganded germiine antibody, respectively.

. The CDRH3 | i f th li ffini . o
?rgaturefj Cz:intibogy ?g psirrﬁi?z;cr)rlcoothgteo# ?Hgazg?g&;t;ﬂlty able conformation. This in turn would lead to a greater

, . . tic barrier for the chemical step of the AZ-28-catalyzed
complex, with the exception of residues H96 and H97. The energe o
side chain of His-H96 in the AZ-28SA-1 structure is closer ~ r€action. Indeed the entropy of activatioh) of the AZ-

; 28-catalyzed reaction is-24 4 8 cal/mol K (theAS' for
to the hapten withy1 rotated 45 toward the plane of the oo
2-phenyl ring relative to the unliganded structure. In the the l_JncataIy_zed reaction is-4 + 9 c_al/mol K) (18.)’ :
unliganded structure there is a 3.2 A hydrogen bond betweenconsistent with considerable conformauor_wal reorganization
Asn-L34 and Tyr-H100a, 0.8 A shorter than that between in the active site involving substrate, protein, and/or solvent.
Asn-L34 and H100a in th’e liganded structure. Although the In contrast, increased flexibility of CDRH3 in the germline

side chain density is weak in CDRH3, the backbone density structure leads to a more open active-site structure in the
for this loop in both affinity-mature,d structures is well 9ermliine antibodyr SA-1 complex. This lowers the rotational
defined barrier around the 2-phenyl-C2 bond and allows increased

sr-orbital overlap in the transition state. The net result is an

Structural Basis for Catalytic Properties of the Germline ; . . . .
and Affinity-Matured Antibodieshe structural differences increase in catalytic rate for the germline antlbod_y relat|ye
to the affinity-matured antibody. At the same time, this

between these four antibody structures are small. The most ¢ ional flexibility i kel ble for th
significant differences are located in CDRH3, at the site of conformational flexibility Is most likely responsible for the
the catalytically important somatic mutation Ser(L34)Asn, decrease in binding affinity for the hapten.
and in the conforma';ion of t_he _hapten itself. The_ CDRH3 DISCUSSION
loop plays an essential role in binding hapten as it does for
the majority of antibodies20). Residues H9#H100a are As is evident from these studies, the hapten is not a true
in a similar conformation in both the unliganded and the mimic of the oxy-Cope transition state. The lowest energy
liganded affinity-matured structures. In contrast, this region conformation for TSAL in the affinity-matured antibody
is shifted 4.9 A out of the active site in the germline antibody active site is with both aryl substituents perpendicular to the
TSA-1 complex versus the unliganded germline structure cyclohexyl ring. However, a coplanar arrangement of the
(Figure 4). The density for this loop is improved in both of aryl substituents with thesd+ 20 orbitals leads to enhanced
the affinity-matured structures when compared to the ger- orbital overlap and a decrease in free energy of reaction.
mline structures, despite a decrease in resolution, consistenThe increased binding affinity of the affinity-matured
with a higher degree of flexibility in the CDRH3 in the antibody stabilizes the substrate in a catalytically unfavorable
germline structure. In the structures of the unliganded conformation. In contrast, the more open active-site structure
germline and affinity-matured antibodies, the distances of the germline antibody lowers binding affinity and likely
between residue L34 and Tyr-H100a are 3.0 and 3.2 A, facilitates dynamic changes in substrate conformation during
respectively (Figure 4). The distance between residue L34the reaction. Specifically the 2-phenyl-C2 dihedral angle
and Tyr-H100a is 2.6 A in the affinity-matured antibody and leads to enhanced orbital overlap and increased catalytic
increases to 3.5 A in the germlitt@pten complex. The efficiency. These studies suggest that conformational dynam-
outward displacement of CDRH3 in the germline-T8A ics involving both the protein and the substrate can play a
complex relative to the affinity-matured antibody TSA critical role in biological catalysis. Indeed, a number of
complex also likely contributes to the decreased dihedral enzymes undergo conformational change upon binding of
angles of the 2- and 5-phenyl substituents. substrate41) that lead to enhanced catalytic rate, including
The short hydrogen bond in the affinity-matured antibody hexokinase 22, 23 and triosephosphate isomeras&l)(
TSA-1 complex appears to stabilize the conformation of Recent single molecule kinetic studies of enzyme-catalyzed
CDRH3, which fixes the substrate in a catalytically unfavor- reactions also suggest that different conformational states of
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proteins are characterized by different catalytic ra@s).(

The static snapshots of the oxy-Cope catalytic antibodies
described here suggest that conformational isomerization can 11
play an important role in accommodating changes in 45

protein—substrate complementarity that must occur along a

complex reaction coordinates involving substrate binding, 13.

multiple stereoelectronic effects in the transition state, and
product release2g). Further studies with NMR are underway
to provide additional support for this dynamic model of

catalysis suggested by the X-ray crystallographic analysis

of antibody AZ-28 and its germline precursor. In addition,
it will be of interest to compare the catalytic efficiency of

an antibody generated against a rigid coplanar TSA relative

to the flexible germline precursor of AZ-28.
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