long enough to attach ACh to tissue
proteins. For these reasons we used a
perfusion mixture of allyl alcohol and
glutaraldehyde at pH 11, which allowed
desacetylization of ACh and, simulta-
neously, transesterification. A bifunc-
tional agent, glutaraldehyde allowed the
newly formed hapten to be attached to
tissue proteins.

Ten male rats (250 to 300 g) were
perfused transcardially with glutaralde-
hyde (0.5M) and allyl alcohol (0.5M) in
0.1M cacodylate buffer (pH 11). The
brains were removed, sectioned, and
postfixed in the perfusion mixture with-
out allyl alcohol. Sections (50 pm) were
made with a Vibratome through the re-
gion of the medial septum. The sections
were incubated at 4°C overnight with
ACh antibody (1:1500), serum from un-
immunized animals, or ACh antibody
preadsorbed on choline-glutaryl-poly-L-
lysine at the same dilution and were then
processed for peroxidase-antiperoxidase
immunocytochemistry. Figure 3 shows

ACh-immunoreactive cells and fibers in’

the region of the medial septum. No
positive staining was observed with
the preadsorbed or pre-immune serum.
Hence the perfusion mixture fulfilled our
requirements in that (i) ACh was re-
tained in the CNS tissue, (ii) the areas in
which ACh was detected correspond to
areas in which cholinergic neurons have
been identified by other techniques (I,
2), and (iii) as shown in Fig. 3 the ACh-
immunoreactive cells maintained the
morphological integrity of cholinergic
neurons.

As a specific marker for cholinergic
neurons in the CNS, the ACh antibody
has several advantages over available
immunocytochemical markers. Although
antibodies to choline acetyltransferase
are considered to be reliable markers for
cholinergic neurons (2), preparation of
the enzyme involves numerous purifica-
tions and specificity tests. Furthermore,
application of the antiserum is restricted
to species closely related to the one from
which the enzyme was obtained. Such
laborious procedures and restrictions are
not encountered when raising ACh anti-
bodies, since the antiserum is acquired
after immunization with conjugates ob-
tained through chemical reactions. We
have successfully used the antibody to
visualize cholinergic neurons in inverte-
brates (10).

The high specificity of the ACh anti-
body may enable the processes of cholin-
ergic neurons to be visualized as well as
the cell bodies. In a preliminary investi-
gation fibers in the substantia nigra and
striatum were stained with the antibody.

Recently we presented data (/1) show-
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ing that the perfusion mixture can be
used for the fixation of norepinephrine,
dopamine, and serotonin in the rat CNS.
This advantage of our procedure may
enable interactions of the cholinergic
system to be elucidated at both the light
and electron microscopic levels with re-
spect to other neurotransmitters. Unrav-
eling these anatomic and functional rela-
tions may improve our understanding of
neurological disorders such as Alz-
heimer’s disease, parkinsonism, and
Huntington’s chorea, in which the role of
ACh and other neurotransmitters is re-
ceiving more and more attention.
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Ribonuclease P Catalysis Differs from

Ribosomal RNA Self-Splicing

Abstract. Two RNA-catalyzed reactions have been described, the Tetrahymena
self-splicing ribosomal RNA and ribonuclease P. The Tetrahymena self-splicing
reaction proceeds through a transesterification cascade that is dependent upon
nucleophilic attacks by ribose 3'-OH groups. Periodate oxidation of the catalytic (or
substrate) RNA, which destroys the nucleophilicity of RNA 3' termini, did not inhibit
ribonuclease P activity. Thus, catalysis by ribonuclease P differs from the self-

splicing reaction.
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Novel biopolymer-catalyzed reactions
involving the manipulation of nucleic
acid phosphodiester bonds by catalytic
RNA’s have been reported. The first

example, discovered by Cech and co-
workers, is the ‘‘self-splicing’’ reaction
of an intron-containing precursor of 265
ribosomal RNA (rRNA) from Tetrahy-
mena thermophila (1). The 413-nucleo-
tide intervening sequence is precisely
excised from the mature rRNA through
the action of the RNA itself, when gua-
nosine is used as a cosubstrate. There is
no requirement for a protein in this reac-
tion.

The second example of an RNA-cata-
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lyzed reaction is the processing of trans-
fer RNA (tRNA) precursors by ribonu-
clease P (RNase P), which cleaves pre-
cursor-specific segments from the tRNA
precursors to generate the mature 5’
terminus (2). The RNases P of Esche-
richia coli and Bacillus subtilis consist of
single elements of protein (molecular
weight of approximately 17,000) and
RNA (approximately 400 nucleotides in
length). Under physiological conditions,
both the protein and RNA subunits are
required for enzymatic action. However,
in the presence of high monovalent and
divalent cation concentrations with no
cosubstrates, the RNase P RNA alone
accurately cleaves precursor tRNA to
generate a mature 5’ terminus (2, 3).
The Tetrahymena ribosomal RNA
(rRNA) self-splicing reaction and the
RNase P reaction both involve phospho-
diester bond scissions. Intron excision in
the self-splicing reaction is proposed to
occur in two steps (/). First, the 3'-OH
of the guanosine cosubstrate would initi-
ate nucleophilic attack on the 5’ side of
the intron sequence, which breaks the
rRNA precursor chain and adds the gua-
nosine cosubstrate to the intron by a
5',3'-phosphodiester linkage. The 3’ in-
tron-exon junction may then undergo
nucleophilic attack by the newly formed

3’ end of the mature rRNA sequence.
The result would be the release of the
intron and joining of the mature rRNA
sequences. The 3’ end of the excised
intron subsequently attacks near the 5’
end of the intron, releasing a short oligo-
mer and forming a circular RNA. Nu-
cleophilic attack by a ribose 3’-OH oc-
curs in each of these chain-breaking re-
actions: (i) by the guanosine cosubstrate,
(ii) by the newly formed 3’ end of the
rRNA resulting from scission of the 5’
intron boundary, and (iii) by the 3’ end of
the excised intron during cyclization.
Consistent with such a mechanism is the
observation that modification of either
the 2’- or the 3'-OH of the guanosine
cosubstrate abolishes the reaction.

We have compared the RNase P RNA
cleavage of tRNA precursors to the
rRNA self-splicing reactions as to the
requirement for ribose 3'-OH. The
RNase P reaction does not require a
ribose-containing cosubstrate and, if
analogous to self-splicing, would involve
attack of the precursor tRNA by the 3’
end of the RNase P RNA. This would
release the precursor segment and result
in the formation of a transient conjugate
between the RNase P RNA and the
tRNA through a 5’, 3’-phosphodiester
linkage. This intermediate conjugate
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would then dissociate to yield mature
tRNA and regenerated RNase P RNA.

Treatment with periodate oxidizes the
3’-terminal hydroxyl groups of RNA.
The resulting dialdehyde is inactive
as a nucleophile and cannot participate
in phosphodiester bond formation, as
would be required if RNase P RNA were
to act in a manner analogous to the
Tetrahymena self-splicing reaction. We
treated the B. subtilis RNase P RNA
with periodate and tested the modified
RNA for activity under ionic conditions
optimal for catalysis by RNA alone (Fig.
1A). There was no significant difference
in activity between the native and oxi-
dized forms at two concentrations of
RNase P RNA. At an RNA concentra-
tion of 12 ng/ml, the activity of the
oxidized form was 80 percent of that
observed with the native form, reflecting
different recoveries during the steps sub-
sequent to oxidation.

In order to examine the efficiency of
oxidation, we tested the ability of the
periodate-treated RNase P RNA to act
as a substrate in an RNA ligase conden-
sation with [5'-*?Plcytidine-3’,5'-bis-
phosphate (pCp). Successful oxidation
would abolish addition of pCp to the
RNA 3'-terminus as a phosphodiester
bond cannot be formed. The oxidized

Precursor
domain

B
o Mature
domain

Fig. 1 (left). RNase P assays and RNA ligase substrate assays of native and periodate-oxidized
RNase PRNA, and pH dependence of RNase P. The isolation of RNase P RNA from B. subtilis
and the construction of the semisynthetic substrate were as described (2). Periodate oxidation was carried out as described (7). (A) RNase P
activity of native and oxidized RNA. The assay was performed as described (2), with the following modifications. RNA was tested for activity in
50 mM tris-HCl, pH 8.0, 1.2M NH,CI, 0.25M MgCl,. The pH optimum was determined in 50 mM tris-HCI or 50 mM Hepes, 0.6M NH,CI, 0.15M
MgCl,, 0.05 percent NP40. The reaction was stopped by a tenfold dilution with cold 3 mM EDTA, and a 10-ul sample was then spotted onto a
thin-layer polyethyleneimine chromatography plate (Brinkmann) and developed with 1.0M formic acid that had been adjusted to pH 4.3 with
pyridine. The RNase P reaction is linear with time and amount of RNase P RNA added (2). RNase P activities of native (lanes 1 and 2) and oxi-
dized (lanes 3 and 4) RNA were determined with 12 ng (lanes 1 and 3) and 60 ng (lanes 2 and 4) of RNase P RNA per reaction. Incubation was for
10 minutes at 37°C. (B) The capacity of RNase P RNA to act as an acceptor in an RNA ligase reaction was tested as follows. Approximately 250
ng of RNase P RNA (native or oxidized) was incubated at 4°C with 0.2 mCi [5’-32P]cytidine bisphosphate and 3.0 U of RNA ligase (NEN) for 16
hours. The reaction volume was 19 pl and ionic conditions were as described (7). The acceptor capacity and integrity of RNase P RNA were
determined by polyacrylamide gel electrophoresis (6 percent acrylamide, 7M urea, 50 mM tris, 50 mM boric acid, 1.0 mM EDTA),
autoradiography, and silver staining (8). RNase P RNA ligase acceptor activity was tested with 12 ng (lanes 1 and 3) and 60 ng (lanes 2 and 4) of
native (lanes 1 and 2) and oxidized (lanes 3 and 4) RNase P RNA per reaction. (C) The pH dependence of the RNA reaction was determined with
10 ng of RNase P RNA and 1 to 2 ng of substrate. Incubation was at 37°C and samples were removed at 2, 4, 8, and 15 minutes. The amounts of
substrate and product were determined by cutting out the appropriate spots (identified by autoradiography) from the PEI plates and scintillation
counting. The logarithm of the linear reaction rate between 8 and 15 minutes is plotted as a function of pH. Hepes buffer was used from pH 5.0 to
7.0 and tris buffer from pH 7.0t0 9.5. Fig. 2 (right). A scheme for hydrolysis of tRNA precursors by RNase P RNA. The hatched boundary in-
dicates the RNase P-RNA surface. B and B’ are bases. The phosphodiester bond connecting the precursor and mature domains of the precursor
tRNA substrate is depicted.
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RNase P RNA did not serve as an RNA
ligase substrate. The oxidized RNA
bonds contained less than 2 percent of
the [*?P]pCp incorporated into the un-
modified RNA, as determined by scintil-
lation counting of gel slices and remained
intact, as judged by silver staining (4, 5).
Incubation of oxidized RNase P RNA in
the high salt buffer of the RNase P assay
had no effect on its later ability to serve
as an RNA ligase substrate, demonstrat-
ing that the oxidized terminus is stable
under the unusual ionic conditions of the
assay. Furthermore, periodate-oxidized
precursor tRNA could serve equally well
as substrate for either native or oxidized
RNase P RNA (5). Thus, the 3’ termini
of neither the RNase P RNA nor its
substrate are required for accurate pro-
cessing. The mechanism of the RNase P
reaction is different from those that oc-
cur during intron excision from Tetrahy-
mena TRNA.

Since the 3'-OH of the RNase P RNA
is not the initiating nucleophile in the
RNase P processing reaction, it is likely
that a hydroxyl group from water serves
that role. The RNase P reaction had a
significant dependence on hydroxide
concentration (Fig. 1C) with an optimum
at pH 8 to 8.5. The pH at the half-
maximum reaction rate does not corre-
late with any of the reported pK values
for nucleic acid ionizable groups, con-
sistent with dependence on hydroxide
concentration. Above an approximate
pH of 9, all activity was lost, probably
because of denaturation of the catalyst
or substrate RNA’s due to deprotonation
of U-N3 (at pH 9 to 9.5).

Reactions involving hydroxide attack
on phosphate esters are commonly cata-
lyzed by proteins. The amino acid side
chains may provide proton exchange me-
chanics to activate a water molecule
positioned to attack the esterified phos-
phorus (Fig. 2). We envisage that the
precursor tRNA substrate binds to the
surface of the RNase P RNA in a manner
analogous to the binding of a substrate to
a protein surface, and that nucleic acid
groups manipulate the reactants. A hy-
drated Mg*2-coordinate complex offers
attractive geometry for the reaction (6),
but the actual catalysis must derive from
the RNase P RNA. The proton donor-
acceptor roles might be provided by nu-
cleoside base tautomeric transitions,
nonterminal 2-OH groups, or, conceiv-
ably, internucleotide phosphates with
high pK values. The delineation of the
active site, the identification of chemi-
cally important groups, and the roles of
high concentrations of mono- and diva-
lent cations required for the RNA reac-
tion remain to be investigated.
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Preparation of Bispecific Antibodies by Chemical

Recombination of Monoclonal Immunoglobulin G; Fragments

Abstract. Preparation of bispecific antibodies by the chemical reassociation of
monovalent fragments derived from monoclonal mouse immunoglobulin G, is
inefficient because of side reactions during reoxidation of the multiple disulfide
bonds linking the heavy chains. These side reactions can be avoided by using specific
dithiol complexing agents such as arsenite and effecting disulfide formation with a
thiol activating agent such as 5,5'-dithiobis(2-nitrobenzoic acid). In this way
bispecific antibodies were obtained in high yield and free of monospecific contami-
nants from monoclonal mouse immunoglobulin G, fragments. The bispecific anti-
bodies were used as agents for the selective immobilization of enzymes.
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Bispecific antibodies, hybrid immuno-
globulins with two different antigen-
binding sites, have been prepared from
polyclonal rabbit immunoglobulins (/-3).
They have many potential uses, ranging
from immunodiagnostic procedures to
targeted delivery of drugs. Nevertheless,
the applications of bispecific antibodies
would be considerably enhanced if they
could be derived from monoclonal anti-
bodies. The preparation of bispecific
monoclonal antibodies by fusion of anti-
body-producing cells was recently de-
scribed by Milstein and Cuello (4). Al-
though their procedure produces a mix-
ture of hybrid antibodies with various
assortments of chains, which must be
fractionated to yield the desired bispeci-
fic molecules, they suggested that it is
superior to a chemical reconstitution ap-

proach on account of certain technical
problems (4). These problems include
the need to dissociate immunoglobulins
into half-molecules without damaging
the antigen-binding sites and to reform
three disulfide bonds linking the heavy
chains, characteristic of mouse immuno-
globulins, without allowing interfering
side reactions, such as formation of di-
sulfide bonds within chains. Neverthe-
less, it has been possible to obtain hybrid
monoclonal antibodies in low yields (5).
We report here a chemical procedure for
preparing bispecific antibody fragments
from monoclonal mouse immunoglobulin
G, (IgGy), a procedure that avoids these
problems and generates the desired bi-
specific reagent in high yield as the only
product, obviating the need for further
purification.

To dissociate reduced immunoglobulin
half-molecules under mild conditions,
we used the method of Nisonoff and
Mandy (1), who removed the Fc' portion
of rabbit IgG by limited pepsin hydroly-
sis to yield F(ab’),. The cleavage of
monoclonal mouse IgG; with pepsin to
yield F(ab’), proceeded readily, provid-
ed that the reaction was carried out at a
slightly lower pH than that with rabbit
IgG (6, 7). About 80 percent of the
monoclonal IgG,’s were converted to
F(ab’), with a good yield (75 to 95 per-
cent) by incubation with pepsin (2 per-
cent by weight) in 0.1M sodium acetate
(pH 4.2) for 18 hours at 37°C. On reduc-
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