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Figures 1 and 2 show typical potential-dependent sequences
of SER spectra obtained for a Cq; film (two to three monolayers
thick) in the 240-840-cm™ and 1080-1620-cm™ frequency regions,
respectively, every 10 s during a cyclic voltammogram at 10 mV
s”! between O and -1.2 V vs Fc*/%, (The spectra are limited to
500~-600-cm™ segments due to the spatial characteristics of the
CCD detector at 647 nm. No significant spectral features were
observed from 800 to 1050 cm™.) The potentials labeled alongside
each spectrum are the average values during the data acquistion;
the spectra are stacked so that the upward sequence refers to
increasing time,

At potentials positive of ca. —0.9 V, the SER spectral features
are uniformly quite similar to the normal Raman bands reported
for solid bulk-phase C¢q;! the frequencies typically match within
5-10 cm™, and the relative intensities are comparable. A summary
of these SER bands, along with the corresponding bulk-phase
Raman frequencies, is given in Table I. All 10 Raman active
bands anticipated from the bulk-phase selection rules (having A,
or H, symmetry)! are apparently also observed in the SER spectra
Three additional weaker bands are observed, with frequencies that
match closely those reported in the bulk-phase infrared spectrum.
The one remaining infrared-active band (at 1428 cm™) is acci-
dentally degenerate with a Raman-active feature. Consequently,
then, the SERS selection rules allow the normally exclusively
infrared active as well as Raman-active modes of Cg to be ob-
served. This symmetry lowering would appear to occur in the
absence of Cgy-surface coordination; the appearance of such
Raman-forbidden bands probably reflects the influence of the
surface electric-field gradient.!”> The present results differ
somewhat from a recent report of SERS for Cy on gold in aqueous
media, for which a number of additional bands, attributed to
distorted Cgq species, were observed.?

The present SERS features are virtually independent of po-
tential between 1.0 and ca. 0.7 V and of the film thickness (from
ca. 2 to 20 monolayers). Significant spectral changes, however,
occur at potentials between —0.9 and —1.1 V during the forward
(negative-going) sweep, which are reversed at ca. —0.6 V during
the return sweep (Figures 1 and 2). These potentials correspond
precisely to the appearance of the anodic and cathodic waves
associated with the formation and reoxidation of Cgy™ (cf. ref 7).

Several significant elements of these redox-induced spectral
changes are evident, as can be seen from Figures 1 and 2 and Table
I. First, some of the Raman active bands undergo significant (ca.
5-20 cm™) frequency downshifts upon formation of Cgy~ from
Cgo, most prominently for the Cgy A, mode at 1460 cm™!, which
downshifts by almost 20 cm™. A comparable frequency downshift
for this Raman band has been seen upon doping Cg, with alkali
metals so as to yield conducting films.!* These effects are in-
dicative of the weakening of C-C bonds caused by the added
antibonding electron. Additionally, several bands having H,
symmetry become more intense and broader upon Cyqy formatlon
moreover, two bands (at ca. 710 and 770 cm™!) yield doublets
(Figure 1). These changes may well reflect a loss of the usual
5-fold degeneracy of the H, symmetry bands, arlsmg from an-
ticipated Jahn-Teller dlstortlons in the monoanion.4® Sweeplng
the potential to values negative of —1.4 V, corresponding to Cgo>
formation, yielded further frequency downshifts of the major
Raman features. The bands, however, become markedly weaker
and broader. Nonetheless, spectra corresponding to Cg~and Cg,
reappear upon returning the potential to appropriately less negative
potentials.
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Phosphoryl transfer reactions involving tyrosine, serine, or
threonine residues play an important biological role in many
regulatory and signal transduction processes. Catalysts which
selectively phosphorylate or dephosphorylate a given peptide se-
quence would provide important tools for investigating these
systems.! One approach to generating catalysts that recognize
a specific phosphorylation site takes advantage of the specificity
of the antibody molecule.2 As a first step toward the development
of a family of catalytic antibodies for selective phosphoryl transfer
reactions, we report the generation of antibodies that catalyze the
hydrolysis of an aryl phosphate monoester.

The hapten a-hydroxyphosphonate 1 was synthesized in six steps
from a-bromotoluic acid® and coupled to keyhole limpet hemo-
cyanin (KLH) via a diazo-linkage reaction to generate an im-
munogenic conjugate.* Balb/C mice were immunized with the
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protein—hapten conjugate, and 20 hapten-specific hybridoma cell
lines were generated using standard hybridoma technology.’
Monoclonal antibodies from these hybridomas were purified to
homogeneity (SDS-polyacrylamide gel electrophoresis) from
ascites fluid by protein A affinity chromatography.® The anti-
bodies were then assayed spectrophotometrically for their ability
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Figure 1. Lineweaver~Burk plot of 38E1-catalyzed hydrolysis of p-NPP:
f38E1] = 6.7 uM in 50 mM CHES, 25 mM NacCl, pH 9.0; [p-NPP] =
1.5,1.0, 0.8, 0.6, 0.4 mM. Velocity measurements were performed in
triplicate at each substrate concentration, monitoring the increasing ab-
sorbance at 400 nm corresponding to the formation of p-nitrophenolate
ion.

to catalyze the hydrolysis of p-nitrophenyl phosphate 2 (p-NPP).
Five of the 20 antibodies were found to catalyze the hydrolysis
of the phosphate monoester at a significant rate above the un-
catalyzed background reaction. One of these antibodies (38E1)
was characterized in more detail.

The p-NPP hydrolysis reaction catalyzed by 38E1 displayed
a pH optimum at alkaline pH; consequently, all kinetic parameters
were measured in the presence of 6.7 uM antibody 38E1 in 50
mM CHES [2-(N-cyclohexylamino)ethanesulfonic acid], 25 mM
NaCl at pH 9.0.7 Under these conditions, 38E1 catalyzed the
hydrolysis of p-NPP in a manner consistent with Michaelis-
Menten kinetics.!® A Lineweaver-Burk plot (Figure 1) of the
steady-state data afforded a k., of 0.0012 min! and a K of 155
uM. The observed first-order rate constant for the uncatalyzed
hydrolysis of p-NPP in the same buffer system was determined
to be 1.5 X 107 min~!. Greater than 11 turnovers per antibody
molecule were measured with no apparent change in V,,,, dem-
onstrating that the antibody functions catalytically.

The Fab fragment of 38E1, generated by partial papain di-
gestion,” retained the catalytic activity of the intact IgG, supporting
the concept that catalysis occurs in the antibody combining site.
The antibody 38E1 also retained activity in the presence of the
metal chelator EDTA, which abolishes the catalytic activity of
the metal-dependent phosphatases.!® Moreover, several ester-
and carbonate-cleaving catalytic antibodies have been generated
in our laboratory from haptens containing nitrophenyl phosphonate
substructures, and none of these antibodies were found to catalyze
the hydrolysis of p-NPP.!!

The antibody-catalyzed reaction was competitively inhibited
by hapten 1. A Dixon analysis!? with hapten 1 afforded a K| of
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34 uM. The V,,,, value of 1.0 X 10 min™ derived from the Dixon
plot was in good agreement with the V,,,, value obtained from
the Lineweaver—Burk analysis. The substrate specificity of an-
tibody 38E1 was also examined. Phosphate monoesters 35 were
found to be poor substrates for antibody 38E1, with hydrolytic
rates barely detectable above the uncatalyzed reaction.!* This
high level of specificity, favoring the para-substituted phenyl
phosphate, is consistent with an antibody-catalyzed reaction and
most likely derives from the para-substituted aryl ring of hapten
1. In contrast, alkaline phosphatases from a wide range of sources
exhibit low substrate specificity, hydrolyzing positional isomers
of aryl phosphates with similar rates.!

Mechanistic aspects of this antibody-catalyzed reaction are
currently being explored, including both electrostatic catalysis and
the notion that hapten 1, like the less stable vanadate esters, mimics
a species involved in attack of water on the phosphate monoester.
In fact, it has been reported that 2-hydroxy carboxylic acids and
tartrates, which are structural analogues of hapten 1, act as in-
hibitors of phosphatase enzymes.!* Consequently, a more detailed
understanding of the structural features of hapten 1 leading to
antibody catalysis could provide a new class of selective phos-
phoryl-transferase enzyme inhibitors.
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During the past decade, site-directed mutagenesis and chemical
modification have been extensively used in attempts to engineer
proteins with novel functions or altered specificities. For example,
mutagenesis has been used to alter the specificities of aspartate
aminotransferase, a dehydrogenase, and 434 repressor, and sem-
isynthesis has been used to generate a redox-active flavopapain.!
By using a combination of both chemical and genetic approaches,
we were able to convert a relatively nonspecific phosphodiesterase,
staphylococcal nuclease, into a molecule capable of sequence-
specifically hydrolyzing RNA, single-stranded DNA, and duplex
DNA.»? Adducts of staphylococcal nuclease with either oligo-
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