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cholesterol biosynthesis in which the open-chain polyene
squalene oxide is cyclized to yield the tetracyclic product
lanosterol in a single chemical reaction catalyzed by lanoster-
ol synthase (Scheme 1 A).l More than one third of the carbon

(S)-2,3-oxidosqualene

lanosterol

Y, Y -~
/\/\M [ T °e
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T

&
1 LG = OSO4CHsNHCOCH;

LGI\/;
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i+ i
-0 o
LGM = CH,CONHCgHsNHCO(CH,)3CO, ™~

5

Scheme 1. A) Cyclization catalyzed by lanosterol synthase. Lanosterol
rings are labeled according to the standard steroid nomenclature. B) Poly-
ene cyclization catalyzed by antibody HAS5-19A4 yields a trans-decalin
skeleton analogous to the lanosterol A and B rings. LGM =leaving group
mimic plus carrier protein linker. For further information see the text.

atoms in the triterpene substrate undergo changes in bonding
and/or hybridization during the cyclization cascade to yield a
product containing seven precisely formed stereocenters.
Remarkably, only 1 out of a possible 128 product stereo-
isomers is generated, so one key role of the cyclase is to
mediate the structural and stereochemical precision of the
cyclization reaction. Such precision is the hallmark of most
terpenoid cyclases, which are responsible for the biosynthesis
of myriad natural products in all forms of life.

Recent X-ray crystal structure determinations of terpenoid
cyclases suggest an independent evolution of two classes of
cyclases, yet members of each class exhibit convergent
structural features important for catalysis.}! The active site
cavities of each are nested deep within a-helical super-
structures, where numerous hydrophobic residues help to
sequester the linear polyene substrate from solvent and form
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a template to enforce the unique substrate conformation and
stereochemistry required for cyclization. Furthermore, each
active-site cavity contains aromatic residues that are poised to
stabilize any carbocation cyclization intermediates (and their
associated transition states) through cation - interactions.!
Additional polar residues in each active site likely participate
in electrostatic stabilization and govern the regiochemistry of
the deprotonation and/or protonation steps required in the
cyclization mechanism. Structural relationships within each
class of terpenoid cyclases indicate divergence from the
primordial classI and II cyclase ancestors early in the
evolution of terpenoid biosynthetic pathways.*l The facile
evolution of the ancestral terpenoid cyclase maximizes the
potential product diversity that arises from a minimal polyene
substrate pool.

Catalytic antibody technology™ provides an alternative
approach that can be exploited to maximize the diversity of
cyclization products starting from a polyene substrate. Im-
portantly, catalytic antibody cyclases are not limited to a
handful of naturally occurring polyene substrates, so their
potential product diversity is even greater than that of
naturally occurring terpenoid cyclases. Several antibodies
have been generated to date that catalyze cationic cyclization
reactions,®l and one in particular catalyzes a terpenoid-like
cyclization reaction:! antibody HAS5-19A4 catalyzes the
tandem cationic cyclization of polyene substrate 1 to form
the bridge-methylated trans-decalin skeleton 2 (Scheme 1).
This bicyclic product is analogous to that formed by the
steroid A and B rings of lanosterol in the cyclization of
squalene oxide (Scheme 1). The rate of the antibody-cata-
lyzed reaction k., =0.021 min~'"} means that the catalytic
turnover approaches that measured for many terpenoid
cyclases; the absolute rate enhancement over the uncatalyzed
reaction rate is immeasurably large, as is typical for a
terpenoid cyclase. Antibody HAS5-19A4 was raised against
hapten 5, which partially mimics the productive chair—chair
conformation required for polyene cyc-
lization to the trans-decalin (Scheme 1).
As part of a “bait-and-switch” strat-
egyl®®! the hapten design also incorpo-
rated the N-oxide moiety, which was
intended to elicit functional groups in
the antibody combining site that would
facilitate departure of the leaving group.

We have determined the X-ray crystal
structure of the Fab fragment of the
catalytic antibody HAS5-19A4 com-
plexed with hapten 5. The structure of
the complex shows that the bicyclic
hapten is buried deep within the anti-
body combining site, and intermolecular
interactions provide critical structural
inferences on the mechanism of polyene
cyclization (Figure 1). The antibody
combining site is hydrophobic in nature
with numerous aromatic residues in
close proximity to the hapten and its
linker. Together with the aliphatic resi-
dues in the antibody combining site the

[5]
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aromatic residues provide for a highly complementary fit with
the hapten. In accord with theories underlying hapten
design!” the catalytic antibody serves as a precise template
for catalysis: the active site has a specific contour that binds
the polyene substrate in a productive chair—chair conforma-
tion, poised to proceed along the reaction coordinate of
carbon—carbon bond formation once formation of the
carbocation is triggered (Figure 2). This lowers the conforma-
tional entropic barrier to catalysis®” and accelerates the
polyene cyclization reaction.

Hydrogen-bond interactions in the Fab -5 complex provide
the first confirmation of the “bait-and-switch” strategy for
hapten design. This result highlights a subtle, yet important,
point: not only can the structure of the hapten incorporate
features anticipated in a catalytic transition state, but it can
also include additional functional groups that will elicit
complementary functional groups in the antibody combining

Figure 1. Top: Ca backbone of the variable region of the Fab, showing the location of the bound
hapten.?!l Bottom: Stereoview of the omit electron density map of the hapten (contoured at 3.40);
numerous aromatic residues surround the hapten to form a highly complementary contour. For clarity
only a portion of the leaving group mimic (LGM) is shown. A hydrogen bond between the oxygen
atom of the N-oxide moiety and Asn"4 (cyan dotted line) reflects the likely role of this residue in
triggering the departure of the leaving group in catalysis.

1433-7851/99/3812-1744 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1999, 38, No. 12



COMMUNICATIONS

Figure 2. Model of polyene substrate 1 binding with the productive chair—
chair conformation (lavender), based on the structure of the Fab-5
complex; the reaction coordinates of the carbon —carbon bond formation
are indicated by red dotted lines.?!] Selected aromatic residues which
contribute to the active site template for substrate binding are indicated.
Additionally, Asn">A, which is believed to help trigger departure of the
leaving group (LG) by hydrogen bonding with the sulfonate group of the
substrate, is indicated (green dashed line; for clarity the leaving group is
designated as a simple purple sphere).

site to participate in a specific chemical step of catalysis. The
side chain of Asn'™# donates a hydrogen bond to the
negatively charged oxygen atom of the N-oxide moiety, and
the positively charged nitrogen atom of the N-oxide moiety
(which is isosteric with the substrate C1 atom) interacts with
the m-electron clouds of Trp™! and Tyr'®, and to a lesser
extent Tyr™ (Figure 3 A). Therefore, the initial formation of
the carbocation is triggered by at least one hydrogen-bond
interaction with the sulfonate leaving group and the electro-
static stabilization of the developing positive charge on C1 by
aromatic m-electron clouds. A concerted attack of the C5—C6
7t bond avoids any significant formation of an unfavorable
primary carbonium ion at Cl and forms the 6-membered A
ring of the trans-decalin, yielding an intermediate with a
favorable tertiary carbonium ion at C5 (Scheme 2).["l Notably,
the m-electron clouds of Tyr™*, Trp™®!, and to a lesser extent
Tyrt*, are oriented for optimal electrostatic stabilization of
the C5 carbocation (Figure 3A). This reaction sequence
mimics the first step of the lanosterol synthase mechanism,
where formation of the A ring of lanosterol occurs in concert
with the opening of the epoxide ring of squalene oxide.!""
The next step in the catalytic antibody cyclase mechanism is
attack of the C5 tertiary carbonium ion intermediate by the
C9—C10 = bond to yield the B ring of the trans-decalin. The
identification of minor side products 3a—c¢ and 4a,b, which
reflect an incomplete closure of the B ring (Scheme 2),!
suggests that this step most likely does not occur in concert
with formation of the A ring. This is in accord with the
cyclization pathway of tetracyclic triterpenes.?”l The closure of
the B ring yields an intermediate with a tertiary carbonium
ion at C9, and the structure of the Fab-5 complex reveals that
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Figure 3. Comparison of A) catalytic antibody HA5-19A4 polyene cyclase
and B) pentalenene synthase, which adopt 8 and «a folds, respectively.?!]
The reaction coordinates of carbon—carbon bond formation are indicated
by lavender dashed lines, and the leaving groups are symbolized by purple
spheres, in the models of each enzyme —substrate complex. The departure
of the sulfonate leaving group of polyene 1 appears to be triggered in part
by a hydrogen bond interaction with Asn'3** in the catalytic antibody (A);
metal coordination triggers the departure of the diphosphate leaving group
of farnesyl diphosphate in the pentalenene synthase reaction (B). Aromatic
residues in each cyclase active site stabilize sites of developing positive
charge by electrostatic interactions with aromatic nt-electron clouds (red
dashed lines). Additional aromatic residues in each active site help define
the active site template that enforces the productive binding conformation
of the flexible polyene substrate.

the m-electron clouds of Tyr'* and Trp™'® are appropriately
positioned to stabilize the C9 carbocation (Figure 3 A). The
fact that the tandem cationic cyclization yields only the trans-
decalin skeleton 2 indicates that the antibody functions
effectively as a chaperone that governs the substrate and
intermediate conformations throughout the cyclization cas-
cade to yield a product with exclusive and pre-designed
stereochemistry. It is striking that such a broad constellation
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Scheme 2. The mechanism of polyene 1 cyclization catalyzed by antibody HAS5-19A4 yields trans-decalin regioisomers 2a—c as the major products. For

further information see the text.

of aromatic residues in the active site are appropriately
oriented for electrostatic stabilization of developing positive
charges at the C1, C5, and C9 atoms of the polyene substrate
(Figure 3 A). In addition to the aromatic residues that interact
directly with these substrate atoms, other aromatic residues
line the antibody combining site and possibly contribute some
weak, long-range stabilization to the carbocation intermedi-
ates. The stabilization of carbocation intermediates by point
charges is a strategy known to accelerate polyene cyclization
reactions."!l The stabilization achieved by multiple partial
charges should likewise accelerate polyene cyclization reac-
tions, which has been postulated for naturally occurring
terpenoid cyclases.’! Thus, the “unnaturally evolved” anti-
body cyclase and the naturally evolved terpenoid cyclases
have converged to identical strategies for managing and
manipulating carbocations in complex cyclization cascades.
A carbocation cyclization cascade is terminated by the
addition of a nucleophile (for example, solvent) or elimina-
tion of a proton. As part of the “bait-and-switch” hapten
design strategy, an oxirane moiety was incorporated into
hapten 5 to elicit antibody residues that would facilitate one of
two possible termination routes:'” a) the epoxide oxygen
atom could elicit a polar residue to interact with a water
molecule that would terminate the C9 carbocation to form an
alcoholic product, or b) the 3-membered epoxide ring fixes
the B ring of the hapten in a half-chair conformation that
could favor proton elimination from the C9 carbocation to
form olefinic products with the corresponding half-chair
conformations of the B ring. The latter termination route is
favored, since olefinic products are predominantly ob-
served.l However, the analysis of the olefinic products
enabled a mixture of the three possible elimination products
to be identified (the closely related regioisomeric trans-
decalins 2a—c¢) present in ratios that reflected their expected
thermodynamic stabilities (Scheme 2).1 The Fab structure
reveals that there is no catalytic base to direct the regiochem-
istry of this final elimination step to yield one exclusive olefin.
The lack of an appropriate basic residue in Fab HAS-19A4
to terminate the carbocation cyclization cascade is reminis-
cent of the triterpene cyclase squalene—hopene cyclase
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obtained from Alicyclobacillus acidocaldarius, which gener-
ates the pentacyclic products hopene (90 %, which arises from
proton elimination) and hopan-22-ol (10 %, which arises from
addition of a solvent nucleophile).3] As with the catalytic
antibody cyclase the lack of an appropriate catalytic base in
squalene —hopene cyclase results in a mixture of termination
products. However, it should be noted that other terpenoid
cyclases such as pentalenene synthase and epi-aristolochene
synthase do contain active site residues that appear to mediate
the regiochemistry of proton transfer steps,” so it is likely that
such residues can be engineered into any cyclase active site—
either by nature or by design.

In closing, it is instructive to compare the general features
of convergent evolution in the active sites of the catalytic
antibody cyclase HAS5-19A4 and pentalenene synthase,’l a
bacterial terpenoid cyclase (Figure 3). Each cyclase exhibits a
remarkably different protein fold: the antibody adopts the
fold of an immunoglobulin, and the terpenoid cyclase adopts
an a fold. However, each cyclase has a deep, hydrophobic
active-site cavity flanked by multiple loops that sequester
highly reactive carbocation intermediates from solvent. Addi-
tionally, each cyclase contains numerous aromatic residues
that, in addition to forming a template to bind the productive
conformation of a flexible polyene substrate, stabilize carbo-
cation intermediates by electrostatic interactions with their -
electron clouds. This comprises a highly effective chemical
strategy for catalysis:[ electrostatic stabilization can be
achieved without risk of quenching the carbocation and
annihilating the protein catalyst if stabilization were achieved
with a more polar protein atom. Remarkably, the naturally
occurring terpenoid cyclase required millions of years to
evolve to this mechanistic strategy, whereas the catalytic
antibody required only weeks—the acceleration of conver-
gent evolution highlights the fundamental appeal of catalytic
antibody technology. Further exploration and optimization of
catalytic antibody HA5-19A4 promises to yield further insight
on carbocation cyclization reactions with diverse polyene
substrates to yield novel product arrays far beyond the
limits of those attainable with naturally occurring terpenoid
cyclases.
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Experimental Section

Fab HAS5-19A4 was prepared by digestion of IgG HAS5-19A4 with papain
according to a standard protocol (Pierce No.44885). The IgG was obtained
from a standard hybridoma protocol described in the supporting informa-
tion of Hasserodt and colleagues.! For sequence determination the total
RNA from 1x 107 hybridoma cells was prepared with Tri Reagent
according to the manufacturer’s protocol (Molecular Research Center,
Inc., Cincinnati, OH). Reverse transcription and PCR amplification of the
light-chain and Fd-fragment sequences were performed as described.['!
The primer 5-GAYGTNCARCTCGAGGAGTCAGGACCT-3" was used
to amplify the 5" end of the Fd-fragment sequence. Light-chain and Fd-
fragment sequences were digested with Sacl/Xbal and Xhol/Spel,
respectively, and ligated into the phagemid vector pComb3H.[®! After
electrotransformation into XL1-Blue E. coli cells, clones were randomly
selected for protein expression induced with isopropyl-f-p-thiogalactopyr-
anoside.'! Fab specific to HA5-BSA antigen was detected by enzyme-
linked immunosorbent assay (ELISA) by using goat anti-mouse F(ab’),
(Pierce) conjugated to alkaline phosphatase as a secondary antibody.
Plasmid DNA from ELISA-positive clones was sequenced to determine the
light-chain and Fd-fragment sequences.

Crystals of the HA5-19A4 Fab -5 complex were obtained by equilibrating
5 pL of protein solution (11.4 mgmL~! Fab, 10 mm CdCl,, 10 mm 5, 50 mm
Tris (pH 7.0)) with 5 pL of precipitant buffer (30% polyethylene glycol
(M,=6000), 100 mm 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulphonic
acid (HEPES; pH 7.9)) in a hanging drop suspended over a 1 mL reservoir
of precipitant buffer at room temperature. Small rectangular plates
appeared within three days. These crystals diffracted X-rays with a
resolution of 2.7 A (93.5% complete, Ryerge = 0.088). Crystal dimensions
0.6 mm x 0.1 mm x 0.05 mm, space group C2, a=1013, b=70.3, c=
69.6 A, =114.2°, one molecule in the asymmetric unit. The structure
was solved by molecular replacement by using the atomic coordinates!'”! of
Fab D2.3 to construct a polyalanine probe for rotation and translation
function calculations with AmoRe.!'"¥! Refinement and rebuilding of the
model were performed with X-PLORI and O;P refinement converged
smoothly to a final crystallographic R factor of 0.165 (R, =0.257). Two
Cd?** binding sites were identified: one between Glu*'%” and Glu'?, and a
second between Asp™'73 and Glu™! of symmetry-related molecules in the
crystal lattice. The final model has excellent stereochemistry with rms
deviations from ideal bond lengths and angles of 0.011 A and 1.7°,
respectively. The Ramachandran plot shows that 318, 49, and 3 residues
adopt the most favored, additionally allowed, and generously allowed
backbone conformations, respectively; only 4 residues adopt disallowed
backbone conformations, and these are found in poorly characterized loop
regions. Atomic coordinates of the Fab-5 complex have been deposited in
the Brookhaven Protein Data Bank (http://www2.ebi.ac.uk/pdb) with
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Dendrimers!!! are the first well-defined, monodisperse
synthetic macromolecules that should be able to achieve
various supramolecular functions.?”! Several applications as,
for example, antennas,[®l boxes,l and catalystsP! have already
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