centrifuged to remove undigested debris, and the
DNA-containing supernatant fraction was incubat-
ed at 95°C for 8 min.

33. Nylon filters (Pall Biodyne-B, 0.45 wm) were briefly
rinsed in water and mounted on a Bio-Rad dot-blot
apparatus. A sample (4 pl) of each final amplifica-
tion product was denatured in 0.4 M NaOH and 25
mM EDTA for 5 min and spotted on the filter. The
DNA was cross-linked to the filter with a Strata-
linker (Stratagene) set at auto cross-link. The filters
were prehybridized in 5X SSPE and 0.5% SDS at
50°C for 30 min; a 3P end-labeled oligonucleotide
(1 ng) was added to this prehybridization solution,
and the whole reaction was incubated at 50°C for 45
to 60 min. The hybridized filters were washed
briefly in 2 SSPE and 0.1% SDS at room tempera-
ture, and then incubated for 10 min in 3 M tetra-
methyl ammonium chloride, 0.2% SDS, and 50 mM
tris (pH 8.0), at the following temperatures: for o
codon 201, 64.5°C; a codon 227, 67°C; a;; codon
179, 61.5°C; aj; codon 205, 67.5°C. The filters
were exposed to Kodak X-AR film for 2 to 6 hours
at —70°C with intensifying screens. For subsequent
hybridization with different oligonucleotides the
Nylon filters were stripped by boiling the filters for
5 min in 2X SSPE and 0.1% SDS and then pro-
cessed as described above. Oligonucleotide probes
used to screen the tumors were specific for wild type
and for each missense or nonsense single-base

change at the two codons; base changes that would
be silent were not tested. The probe sequences (with
the wild-type codon in bold type) were as follows:
as codon 201, TTCGCTGCCGTGTCCIGACT
(six mutant codons tested); o codon 227, GTGGG-
TGGCCAGCGCGATGA (eight mutant codons
tested); ap codon 179, TACGGACCCG-
CGTAAAGACC (six mutant codons tested); o
codon 205, GTGGGTGGTCAGCGGTCTGA
(eight mutant codons tested).
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Metalloantibodies

BRENT L. IVERSON, SHEILA A. IVERSON, VICTORIA A. ROBERTS,
EL1ZABETH D. GETZOFF, JOHN A. TAINER, STEPHEN J. BENKOVIC,

RICHARD A. LERNER

A metalloantibody has been constructed with a coordination site for metals in the
antigen binding pocket. The Zn(II) binding site from carbonic anhydrase B was used
as a model. Three histidine residues have been placed in the light chain complementar-
ity determining regions of a single chain antibody molecule. In contrast to the native
protein, the mutant displayed metal-dependent fluorescence-quenching behavior. This
response was interpreted as evidence for metal binding in the three-histidine site with
relative affinities in the order Cu(II) > Zn(II) > Cd(II). The presence of metal
cofactors in immunoglobulins should facilitate antibody catalysis of redox and

hydrolytic reactions.

ATALYTIC ANTIBODIES HAVE NOW
been induced with haptens that are
designed to use a number of differ-
ent strategies for effecting catalysis [for re-
views, see (1, 2)]. Distortion, charge stabili-
zation, and proximity have all been used to
advantage. Antibody side chains in the bind-
ing pocket can participate directly in some
of the reactions. Binding sites modified co-
valently and by site-directed mutagenesis
have also yielded increases in catalytic rate.
Finally, metal complexes have been enlisted
to effect catalysis of simultaneously bound
substrates for specific hydrolysis of the pep-
tide bond.
The advent of facile systems for the re-
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combination and expression of the antibody
repertoire in bacteriophage \ allows consid-
eration of a new approach for utilizing
antibody-bound cofactors (3-6). In this sys-
tem a cofactor binding light chain could be
combined with a heavy chain library derived
from the polymerase chain reaction (PCR)
products of a mouse previously immunized
with a substrate or substrate analog of inter-
est. Ideally, significant binding of substrate
can be maintained by the heavy chain (3, 4),
and a few combinations will be produced in
which the substrate is bound in a suitable
position to facilitate reaction with the cofac-
tor. In this approach the diversity of the
antibody repertoire is used to enhance a
catalytic design. Successful implementation
of this strategy requires the production of
antibodies that present cofactors in proximi-
ty to bound antigen. We report the produc-
tion of an antibody that simultaneously
binds the reporter antigen fluorescein and

directly coordinates metal ions such as
Cu(II).

The general design strategies for remodel-
ing antibodies is the subject of a separate
report (7). Briefly, for the work described
here, a computer search was conducted on
the known catalytic metal binding sites in
metalloenzymes, and the backbone configu-
rations around these sites were compared
with those of the complementarity deter-
mining regions (CDRs) in antibody light
chains. A striking similarity was discovered
between the antiparallel B-sheet structure
around the three His ligand residues of the
zinc binding site of carbonic anhydrase B (8)
and the B-sheet structure around residues
34, 89, and 91 [numbering of Kabat et al.
(9)], in CDRs L1 and L3 of antibody light
chains (Fig. 1, A and B). Substitution of
these three antibody residues with His
should form a binding site that resembles
that of the natural metalloenzyme (Fig. 1B)
(10). Furthermore, a bound metal will be
located deep in the groove of the binding
site (see Fig. 1C) with the metal protruding
slightly toward the heavy chain. This should
make the vacant coordination site on the
metal atom highly accessible to substrate.
Since the B-sheet structure in this region is
rigorously conserved among the antibodies
of known structure (11, 12), our design
should be generally applicable to antibody
light chains.

The single chain fluorescein binding mol-
ecule (referred to here as native sequence
protein) (13) with the 212 linker derived
from the antibody 4-4-20 was chosen for
our metal binding studies for several rea-
sons. First, the three-dimensional structure
of the parent antibody combining site with
bound fluorescein is known (14). Second,
the gene has been cloned into a highly
efficient expression vector (13), which is
readily amenable to site-directed mutagene-
sis. Third, the six Trp residues in the mole-
cule surround the new metal binding site,
which suggests that bound metals such as
Cu(II) would effectively quench Trp fluo-
rescence (Fig. 1D). Model building indicat-
ed metal to nearest atom distances for five
Trp residues of 5 to 10 A and for one Trp
residue of 15 A. Finally, bound fluorescein
was expected to be useful as a spectroscopic
probe for locating bound metal in the prop-
erly folded antibody combining site (Fig.
1D).

Histidine residues were introduced into
L1 at Arg** and L3 at Ser® and Ser’". Since
Ser®! and Arg* form hydrogen bonds to the
bound fluorescein (14), the fluorescein bind-
ing constant should be lower for the mutant
protein, but should still be measurable be-
cause of the high binding constant for the
native sequence protein (13). Inspection of
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the crystal structure of 4-4-20 (14) further
revealed that Tyr*® might interfere with the
putative metal binding site, so this was
changed to Leu, which in fact occupies this
framework position in some antibodies.
The four mutations were introduced into
the light chain of the 4-4-20 single chain
molecule by two successive rounds of site-
directed mutagenesis by the method of Na-
kamaye and Eckstein (15). The two muta-
tions were introduced into CDR3 at Ser®®
— His and Ser’ — His by using one 30
nucleotide (nt) segment. A subsequent
round of mutagensis was performed to
ify the two residues in CDRI,
Arg* — His and Tyr*® — Leu, with anoth-
er 30-nt oligonucleotide. A single clone was
identified and shown by DNA sequencing
to contain all four mutations in the light
chain region. The vector used for mutagene-

sis contained the 4-4-20/202' gene (13), but
lacked the promoter region to allow for
more cfficient production of single-stranded
DNA and replication of the plasmid in
Escherichia coli strain TG1 during the muta-
genesis. Once the quadruple mutant (QM
202’) was identified by sequencing, the
CsCl-purified plasmid was digested with the
appropriate restriction enzymes to remove
the light chain portion of the molecule
leaving the 202’ linker behind. The modi-
fied light chain was ligated into an expres-
sion vector that contained a new linker
designated 212, the native sequence heavy
chain, and a A promoter (16). The Escherichia
coli strain GX6712 (17) was transformed
with the completed mutant construct (QM
212) for expression. This E. coli strain con-
tains the C1857 temperature-sensitive \ re-
pressor gene used for heat induction of the A

Fig. 1. (A) View of the 4-4-20 light chain CDRs with the bound fluorescein molecule displayed for
reference. The highlighted residues are Arg>, Tyr*, Ser®, and Ser”, which were mutated to create the
mutant QM 212. Note the B-pleated sheet backbone in this region as well as interaction of Arg* and
Ser®! with the fluorescein molecule. (B) Same view as before except the three His side chains and metal
from the Zn(II) binding site in carbonic anhydrase B have been substituted into the appropriate

location in the light chain CDRs. The side chain of Tyr*® has also been changed to Leu. (C) View of the

a-carbon backbone for the entire Fv region of the 4-4-20 structure with bound fluorescein. The
carbonic anhydrase B Zn(II) binding site has been substituted into the protein as before. The light chain
backbone is shown in lavender, the heavy chain backbone is in blue, and the CDRs are in various colors.
In this structure, the metal atom is deep in the antibody combining pocket with the metal protruding
toward the heavy chain CDRs. Note also the close proximity of the metal atom to fluorescein. (D) View
of the proposed metal binding site in QM 212 showing the relative locations of the bound fluorescein
and the six Trp side chains in the molecule. This fortuitous proximity of metal to fluorophore was used
to identify binding as well as indicate the location of bound metal in QM 212.
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promoter by raising the temperature of the
culture (Fig. 2).

We anticipated that appropriately bound
metal jons would efficiently quench Trp
fluorescence by a static mechanism. In stud-
ies on model systems and metalloproteins,
Cu(II), along with Ni(II), Mn(II), Co(II),
and Cd(II), have been identified as being
particularly efficient in quenching Trp fluo-
rescence (18-21). Zinc(IT) was not expected
to directly quench Trp fluorescence (21, p.
259).

The QM 212 and native sequence pro-
teins have Trp emission maxima at 343 and
352 nm, respectively. This blue shift indi-
cates that Trp residues are on average in a
more hydrophobic environment (21, p.
355) in the mutant protein. In the presence
of 0 to 30 pM Cu(II) the Trp fluorescence
of the native sequence protein displayed
minimal quenching and no saturation be-
havior was observed (sec Fig. 3A). A Stern-
Volmer plot of this data was linear and gave
a quenching constant of 1.2 x 10* M. In
contrast, the Trp fluorescence of QM 212
was dramatically quenched by Cu(II) until
less than 20% residual fluorescence re-
mained. The sigmoidal shape of the QM
212 quenching curve depended on sodium
phosphate concentration, which was taken
to be the result of nonspecific buffer interac-
tions with metal or protein or both. Thus
one cannot extract a true binding constant
from the data, but a lower estimate of
~2 % 10° M™! can be derived from the
midpoint of the quenching curve. This effi-
cient fluorescence quenching indicates the
Cu(II) atom is near most of the Trp resi-
dues, which is consistent with binding oc-
curring in the three-histidine site.

Addition of EDTA to a final concentra-
tion of 100 uM in a solution containing 150
nM QM 212 and 30 pM Cu(II) immediate-
ly returned the Trp fluorescence intensity to
that of the native sequence protein. This
result is most consistent with a metal bind-
ing interaction and seems to rule out that
the more efficient quenching observed with
QM 212 is the result of conformational
differences compared to the native sequence
protein.

Competition studies with Cu(II) were
performed to examine the interaction of
Zn(II) with QM 212. Zinc(II) (100 uM)
completely inhibited the Cu(II)-dependent
Trp fluorescence quenching (Fig. 3B). This
result indicates that at 100 pM Zn(II), the
binding site is fully occupied by Zn(II). At
50 uM Zn(II) more Cu(II) quenching was
observed (Fig. 3B), and at 10 pM Zn(II)
the quenching pattern was similar to that
without any added Zn(II). Cadmium(II)
also inhibited Cu(II) quenching of the Trp
fluorescence, but 500 pM Cd(II) was re-
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Fig. 2. Twenty percent R
SDS-PAGE stained with _
Coomassie blue showing s E
the purified QM 212

and molecular weight  §7,400- —
standards for compari- 66,200 ===
son. The protein was  45000— ===

produced by heat induc-
tion for 1 hour at 42°C.
The cells were collected
and the insoluble materi-
al containing the desired
protein was isolated by
passing the cells twice
through a French press
followed by centrifugation. The crude protein
mixture was solubilized, refolded, and purified
according to a modification of the published
Genex procedure (13). The native sequence pro-
tein was also prepared and similarly purified for
use in comparative studies. The purified QM 212
and native sequence proteins were dialyzed
against EDTA to remove any spurious metals,
followed by extensive dialysis in Chelex-treated
phosphate buffer.

31.000- — e

21,500 s

quired to prevent Cu(II)-dependent
quenching (Fig. 3C). As opposed to Zn(II),
bound Cd(II) displayed a limited ability to
quench Trp fluorescence directly. Also, 1.0
mM Mn(II), 1.0 mM Co(II), and 1.0 mM
Ni(II) did not inhibit Cu(II) fluorescence
quenching, and no direct quenching attrib-
utable to binding was observed with these
metals, underscoring the selective nature of
the QM 212 binding site.

Interestingly, the metal specificity ob-
served with QM 212 is qualitatively similar
to that of carbonic anhydrase B. The natural
enzyme binds metal in the order Cu(II) >
Zn(II) > Cd(II), Ni(IT) > Co(II) > Mn(II)
(22). Despite this similarity in specificity,
the binding constants for carbonic anhy-
drase B are a factor of ~10° greater than
those estimated for QM 212. Even so, ap-
parent saturation of the QM 212 metal-
binding site with Cu(II) and Zn(II) can be
accomplished at metal ion concentrations
that should be compatible with catalytic
antibody applications. The ability to use
both Cu(II) and Zn(II) as cofactors allows
consideration of redox as well as hydrolytic
reactions.

Upon binding to QM 212, fluorescein
fluorescence was quenched in a manner
analogous to that of the native sequence
protein [Fig. 4A (13)]. The residual excita-
tion maxima of bound fluorescein with QM
212 is 508 nm compared with 505 nm for
the native sequence protein. A fluorescein
binding constant of 3 X 10° M~! was mea-
sured for QM 212, which is between three
and four orders of magnitude lower than the
nonmutant protein. A decrease in binding
affinity for fluorescein was expected since
two of the modified residues, Ser’’ and
Arg*, make a bifurcated hydrogen bond to
fluorescein in the 4-4-20 structure (14).
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Fig. 3. (A) Scaled Trp fluorescence intensities observed for solutions of the native sequence 4-4-20 212
and QM 212 proteins in the presence of 0 to 30 uM CuCl,. The ordinate values correspond to the
fluorescence intensity at the given Cu(II) concentration (F) divided by the initial fluorescence intensity
observed with no Cu(Il) added (Fo). (B) Zinc(II) and (C) Cd(II) inhibition of Cu(II)-dependent
quenching of Trp fluorescence with QM 212; ZnCl, and CdCl, were added before addition of CuCl,.
Excitation at 292 nm was used for these studies and emission was monitored at 343 nm for QM 212
and 352 nm for the native sequence protein. Conditions: 15 mM sodium phosphate, pH 6.0; 150 nM
protein, 1.0-ml total sample volume. Each data point corresponds to the addition of 2 pl of a 1.5 mM
aqueous CuCl, solution, and fluorescence was measured immediately following metal addition and
mixing of the sample. All fluorescence measurements were conducted at 23°C in a Shimadzu RF5000V

spectrofluorophotometer.

Fig. 4. (A) Excitation
spectra of fluorescein in
the presence of increasing
concentrations of QM
212. The uppermost trace
corresponds to no QM
212 added and subsequent
traces with decreasing flu-
orescence intensity corre-
spond to QM 212 concen-
trations of 0.55, 1.1, 2.2,
3.3, and finally 7.7 pM.
(B) Excitation spectra of
fluorescein with 7.7 pM
QM 212 in the presence of
0 to 27 pM CuCl,. The
uppermost trace corre-
sponds to no CuCl, added
and is identical to the low-
ermost trace observed in
(A). Traces proceeding
downward at 508 nm cor-
respond to CuCl, concen-
trations of 0 to 27 pM in
3-pM increments. (C) Ex-
citation spectra of fluores-
cein with 800 nM native
sequence protein in the
presence of 0 to 27 uM
CuCl,. In all of these ex-
periments, emission of flu-
orescein (10.0 nM) was
measured at 530 nm with
the excitation between
400 nm and 520 nm; total
volume was 1.0 ml. Reac-
tions were carried out in 5
mM sodium phosphate
(Chelex-treated), pH 8.0.
In (B) and (C), 2 plof 1.5
mM aqueous CuCl, solu-
tion was added sequential-
ly, and the fluorescence
was measured immediately
after mixing of the sample.
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Addition of Cu(II) to a solution containing
the native sequence protein with bound
fluorescein produced no metal-dependent
perturbation of the bound fluorescein fluo-
rescence (Fig. 4C). In contrast, a dramatic
effect was again observed with QM 212
protein, as increasing Cu(II) produced a
marked decrease in the excitation maxima at
508 nm, leaving a residual peak at 493 nm.
Saturation behavior was observed (see Fig.
4B), and since no large increase in the
fluorescence intensity at 493 nm was seen
(compare A and B in Fig. 4), Cu(II) was
apparently not simply displacing fluorescein
(23). Nevertheless, the precise placement of
the metal site must await determination of
the x-ray crystal structure of the mutant
protein. These results are most consistent
with Cu(II) binding simultaneously with
fluorescein in the QM 212 binding site.
Such simultaneous binding can be viewed as
a noncatalytic model for substrate binding
to a metalloantibody.

Catalytic metalloantibodies offer an op-
portunity to combine the enormous poten-
tial for substrate recognition of antibodies
with the distinctive chemical opportunities
afforded by metals. In effect, a particular
antibody derived from a combinatorial li-
brary might position a catalytically active
metal next to a specific locus or face of a
substrate. In so doing, the antibody would
define the regio or enatio sense of a metal-
induced transformation and by using differ-
ent antibodies, examination or alternative
reactive sites on the substrate can be ex-
plored.
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A G Protein Mutant That Inhibits Thrombin and
Purinergic Receptor Activation of Phospholipase A,

SuNiL K. Gurra, EMiLio Diez, LYNN E. HEASLEY, SHOJI OSAWA,

GARY L. JOHNSON

The stimulation of phospholipase A, by thrombin and type 2 (P,)—purinergic receptor
agonists in Chinese hamster ovary cells is mediated by the G protein G;. To delineate
chain regulatory regions responsible for control of phospholipase A,, chimeric cDNAs
were constructed in which different lengths of the a subunit of G, (o) were replaced
with the corresponding sequence of the G; a subunit (o). When a carboxyl-terminal
chimera oy.i3s), which has the last 38 amino acids of a; substituted with the last 36
residues of ajz, was expressed in Chinese hamster ovary cells, the receptor-stimulated
phospholipase A, activity was inhibited, although the chimera could still activate
adenylyl cyclase. Thus, a.igs) is an active a, but also a dominant negative a; molecule,
indicating that the last 36 amino acids of aj are a critical domain for G protein

regulation of phospholipase A, activity.

HE RELATED G PROTEINS G4 AND G;
stimulate and inhibit adenylyl cy-
clase, respectively. The as and o;
subunit polypeptides are ~65% homolo-
gous in primary sequence (1-3) and share
common By subunits (4), but selectively
couple to different receptors (5). Despite
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80206, and Department of Pharmacology, University of
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their initial identification as inhibitors of
adenylyl cyclase, the primary function of G;
proteins may actually be the regulation of
ion channels, phospholipase A;, and possi-
bly phospholipase C (6-8). It has been
concluded that Gj-like proteins regulate re-
ceptor-coupled  phospholipases  because
these pathways are inhibited by treatment of
cells with pertussis toxin, which adenosine
diphosphate (ADP) ribosylates and inhibits
G; and G, proteins (9-11), and because
guanosine triphosphate (GTP) analogs
stimulate phospholipase activities in per-
meabilized cells and membranes (7, 8).
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