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SUMMARY

A library of 22 monoclonal antibodies to the D-2 dopaminergic
receptor antagonist haloperidol has been developed by immuniz-
ing BALB/c mice with two conformationally distinct immunogens.
The two immunogens were prepared by coupling haloperidol to
bovine serum albumin through the tertiary alcohol at the 4-
position of the piperidine ring with a succinic acid linkage and by
coupling to bovine serum albumin through the ketone group of
the butyrophenone with a carboxymethyl oxime linkage. Seven-
teen monocional antibodies displayed specific, saturable, high
affinity binding of [*H]haloperidol which could be inhibited by a
variety of neuroleptic drugs. Three monocional antibodies raised
against the succinic acid conjugate and two monocional anti-
bodies raised against the oxime conjugate were selected for
detailed analysis of the molecular characteristics of binding spec-
ificity and for relationships to bovine striatal D-2 dopaminergic
receptor binding. The monocional antibody with highest affinity
for haloperidol, 185(2)-1 (raised against the succinic acid conju-
gate and herein referred to as mAb A), had a K, of 3.3(+0.06)
nm and primarily recognized chemical determinants in the butyr-
ophenone ring (ring 1) and side chain. Inhibition of [*H]haloperidol

binding to mAb A by 16 uniabeled haloperidol analogs displayed
a good correlation [r = 0.82, n = 16, m = 1.06(+0.38)] with D-2
receptor binding affinity, suggesting that the parts of the D-2
receptor combining site which recognize butyrophenone antag-
onists may have molecular characteristics which are similar to
those of the monocional antibody. Other dopaminergic ligands
such as dopamine and the D-1 antagonist SCH-23390 were not
recognized by monocional antibodies raised against the succinic
acid conjugate. Monocional antibodies raised against the oxime
conjugate such as 258(2)-1 (herein referred to as mAb D) pri-
marily recognized chemical determinants in ring 2 and the tertiary
amino group of the piperidine ring. Although the D-2 receptor
and mAb D both prefer electron-withdrawing substituents in the
para position of ring 2, the antibody was more sensitive than the
receptor to changes and displayed affinities that were much
lower for substituents attached to the p-chlorophenyl ring (ring
2), which were electron donating. In addition, dopamine was able

to completely displace 4 nm [°H]haloperidol from mAb D at a
concentration of 6 mm.

Antibodies which bind specifically to drug molecules have
proven to be invaluable tools in therapeutic drug monitoring
(1). In addition, it has recently been demonstrated that these
anti-drug antibodies (Ab,) possess a variety of idiotopes which
can be recognized by the paratopes carried on the immunoglob-
ulin products of other B- and T-cell clones (2). The idiotypic
antibodies (Ab,) can then serve as templates for the formation
of second antibodies (anti-idiotypes Ab.). Anti-idiotypic anti-
bodies (Ab,f8), which presumably recognize the internal surfaces
of the combining site of Ab,, have been shown to mimic the
original drug in their ability to bind to a pharmacological
receptor (2, 3). For example, anti-idiotypic monoclonal anti-
bodies developed by immunization with anti-alprenolol anti-
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bodies (Ab,) or anti-reovirus antibodies (Ab,) have been shown
to cross-react with the 8-adrenergic receptor and have enabled
investigators to perform large scale purifications of this impor-
tant protein (4, 5). At the present time, many of the factors
responsible for successful development of anti-idiotypic anti-
bodies which cross-react with neurotransmitter receptors are
not well defined. The molecular characteristics of the initial
drug-conjugate and the specificity of the idiotypic antibody are
extremely important. It is assumed that drug-protein conju-
gates which preserve the native structure and conformation of
the free drug are most desirable (6). It is also assumed that
idiotypic antibodies whose binding sites closely resemble the
actual receptor-binding site will serve as the best templates for
generating the anti-receptor antibodies (2, 7). We have previ-
ously reported the preparation and a limited characterization
of monoclonal antibodies to haloperidol (8).

This report is a detailed, quantitative characterization of the
binding sites of five monoclonal anti-haloperidol antibodies,
produced by immunization with two chemically distinct im-
munogens. These five mAbs have been considered as candidate

ABBREVIATIONS: mAb, monocional antibody; BSA, bovine serum albumin; QSAR, quantitative structure-activity relationship.
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idiotypes for the production of anti-idiotype antibodies which
recognize the D-2 dopaminergic receptor. This study has en-
abled us to evaluate the chemical determinants in haloperidol
which are recognized by each mAb and to predict the confor-
mational characteristics of the initial drug-conjugates which
were recognized by the immune system. Subsequent develop-
ment of anti-idiotypic antibodies (currently under way), in light
of the current data, will help to define the characteristics of
ligand conjugates and idiotypic mAb binding specificities which
will guide the future development of anti-receptor antibodies.

Materials and Methods

Chemicals

[®H]Haloperidol and [*H]spiperone were obtained from New Eng-
land Nuclear (Boston, MA) at a specific activity of 9.4 and 23.4 Ci/
mmol, respectively, and were used without purification. Haloperidol
and its analogs were a gift from Dr. Pierre Laduron of Janssen Phar-
maceutica (Beerse, Belgium). (+)-Butaclamol was obtained from Re-
search Biochemicals (Wayland, MA). Dopamine (3-hydroxytyramine)
and BSA were from Sigma (St. Louis, MO).

Drug-Protein Conjugates

The method for coupling of haloperidol to BSA through the tertiary
alcohol at the 4-position on the piperidine ring was developed at
Janssen Pharmaceutica and is described elsewhere (8). We have devel-
oped a new method of coupling haloperidol through the keto group of
the butyrophenone in order to clarify the chemical determinants of
haloperidol which produce monoclonal antibodies having binding affin-
ities similar to those of the D-2 receptor. Briefly, haloperidol-carboxy-
methyl-oxime was prepared by reaction of haloperidol with aminooxy-
acetic acid in ethanol at pH 5.5. The free carboxylic acid was then
activated by reaction with isobutyl chloroformate in dimethylformam-
ide and then conjugated to BSA at pH 9.0 in a mixture of H,0/
dimethylformamide (50:50).

Anti-Haloperidol mAbs

Preparation of mAbs which specifically bind haloperidol was accom-
plished using the hybridoma technique of Kohler and Milstein (9) and
is described elsewhere (8). For the sake of simplicity, the hybridomas
selected for this study were renamed as follows: 185(2)-1 = mAb A;
189(2)-6 = mAb B; 190(2)-6 = mAb C; 258(2)-1 = mAb D; and 258(2)-
11 =mAbE.

Radioligand Binding Assays

Monoclonal antibodies. Prior to determination of competitive
binding affinities, the maximal binding capacity and affinity for [*H]
haloperidol was determined for each mAb. Titer assays, which allow
determination of the dilution range over which binding is linear, were
performed by incubating increasing dilutions of ascites fluid with [*H]
haloperidol (see protocol below). Once the titer was established, the
affinity of each mAb for haloperidol was evaluated in a saturation
assay by varying [*H]haloperidol over a concentration range spanning
5 log units (using the protocol below). Nonspecific binding was evalu-
ated in the presence of 30 uM unlabeled haloperidol, and the equilibrium
dissociation constant (K,) and maximal binding capacity were deter-
mined by nonlinear regression analysis.

The concentration of each butyrophenone required to displace 50%
of [*H)haloperidol or [*H]spiperone from the mAb-binding site (ICso)
was determined using the following assay. Disposable glass tubes were
prepared in triplicate with tritiated ligand at a concentration slightly
less than the predetermined K; of the antibody to be tested. For mAbs
A and B, this was 1 nM [*H]haloperidol, whereas for mAbs D and E, 3
nM was used. Since the affinity of mAb C for [*H]haloperidol is rather
low, (K4 = 810 nM), competition assays for this mAb were performed
using 30 nM [*H]spiperone, a butyrophenone whose affinity is some-

what greater (K; = 210 nM). An initial screening assay was used to
determine an approximate ICs, using the unlabeled competing drug at
concentrations of 0.01 nM-0.1 mM. For the final ICs determination,
this concentration range was narrowed to 1.5 log units above and below
the approximate value determined in the screening assay. Finally,
ascites fluid or tissue culture supernatant was added so that the final
concentration of antibody-binding sites was equal to the K, for the
tritiated ligand being used. This dilution was 1/10,000 for mADb A, 1/
20,000 for mAb B, 1/20 for mAb C (tissue culture supernatant), 1/
15,000 for mAb D, and 1/2,500 for mAb E. All dilutions were made
with PBS buffer (50 mM sodium phosphate, 140 mM NaCl, pH 7.4) so
that the final incubation volume was 0.5 ml. Following a 2-hr incubation
at 25°, tubes were quickly chilled on ice for several minutes prior to
separation of bound drug from free drug. BSA-charcoal [62 ul of a well
stirred, homogeneous suspension containing 10% (w/v) activated char-
coal and 2% (w/v) BSA] was then added to each tube, vortexed, and
permitted to settle for exactly 10 min. Tubes were then centrifuged at
4°, 2000 X g for 10 min to pellet the charcoal which adsorbs any
unbound radioligand. Determination of bound radioligand was assessed
by counting a 0.3-ml aliquot of the supernatant from each tube pipetted
into 5 ml of liquid scintillation fluid (Liquiscint, National Diagnostics,
Somerset, NJ) using a Beckmann LS 7500 counter. The speed and
simplicity of the charcoal technique as well as the high affinity of our
antibodies for the tritiated ligands persuaded us to adopt this procedure.
Similar results were obtained by separating bound and free counts by
gel filtration (Sephadex G-25 minicolumns at 4°). After plotting cpm
bound versus log [drug concentration], ICs values were obtained by
performing weighted nonlinear regression analysis with an IBM per-
sonal computer using the program PLOT4U developed by Bolger and
Muir.? Typical displacement curves generated from the above protocol
can be seen in Fig. 1.

Membrane-bound D-2 RECEPTOR. Homogenates of bovine
striatal membranes were prepared by the method of Kuno et al. (10) as
follows. Freshly dissected tissue was homogenized in 20 volumes of ice-
cold 50 mM Tris buffer (pH 7.7) with a Potter-Elvehjem-type tissue
grinder (five passes). The homogenate was then centrifuged three times
at 50,000 X g for 10 min with resuspension of the intermediate pellet
in fresh buffer. The final pellet was resuspended in 2 volumes of the
same buffer and frozen at —70° for up to 1 month. For binding assays,
[*H]spiperone (0.2 nM), an unlabeled haloperidol analog (0.1 mM-0.01
nM), and the thawed membrane preparation were added to each tube
(0.05 mg/ml of protein final) and incubated in 50 mM Tris, pH 7.4,
containing 0.1% (w/v) ascorbic acid, 120 mM NaCl, 5 mM KCl, 2 mMm
CaCl,, and 1 mM MgCl,. After 15 min at 37°, bound ligand was
separated from free ligand by rapid filtration through Whatman GF/C
filters using a Brandel Cell Harvester (Gaithersburg, MD). Filters were
then washed three times with ice-cold 50 mM Tris, pH 7.4, and then
counted as above in 5 ml of liquid scintillation fluid after soaking for 3
hr at room temperature. Nonspecific binding was evaluated in the
presence of 10 uM (+)-butaclamol.

Physico-chemical Parameters

The binding affinities of 16 haloperidol analogs were correlated with
physico-chemical parameters using multiple linear regression analysis.
Log P values, where P is the 1-octanol/water partition coefficient, were
kindly supplied by Dr. Pierre Laduron, Janssen Pharmaceutica. The
true value of a substituent’s lipophilicity () was obtained by subtract-
ing the log P of the chosen haloperidol analog from the log P of
haloperidol itself, this value being labeled Ax. Intramolecular electronic
effects were evaluated using o, values (11), while intermolecular elec-
tronic effects were measured using substituent dipole moments, u (12).
Steric effects were evaluated using molar volumes, calculated according
to the method of Moriguchi et al. (13), or Verloop’s Sterimol param-

2M. B. Bolger and K. T. Muir. PLOT4U: an interactive graphics and non-
linear regression program for the analysis of experimental and simulated data.
Submitted to the Society for Computer Simulation for presentation at the
Summer Computer Simulation Conference, July 1986, Reno, Nevada.
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Fig. 1. Tritiated ligand displacement by R29808 for mAbs A-E. A
competitive ligand-binding assay was performed in triplicate as described
in Materials and Methods. For each mAb, ICs values were determined
by weighted nonlinear regression analysis using PLOT4U.EXE running
on the IBM personal computer (10). Total counts bound were fitted to
an equation describing a single independent binding, site with parameters
for nonspecific binding, maximal binding, and ICs as follows:

— Br
1 + [R29809}/ICso
The following parameters and coefficients of variation were determined
separately and then replotted above as a fraction of the total cpm

specifically bound. CD% is defined as the ratio of standard error for a
parameter estimate divided by the value of the estimated parameter.

Tot. cpm Bound = Nonspec. +

Nonspec. Binex ICso
mAb (cpm) CD% (cpm) CD% (M) CD%
Displacement of [*H]haloperidol by R29808

D 503 73 2895 44 384 144
E 234 5.9 3837 09 724 3.6
A 102 222 1,872 1.8 160.9 8.2
B 75 10.5 1386 15 368.7 5.6

Displacement of [°H]spiperone by R29808
7387 33 26,232 20 2820.2 7.7

eters, which measure the actual dimensions of a substituent in angs-
troms (14). Values for molar refractivity, a parameter which evaluates
both bulk and polarizability, were taken from Hansch and Leo (11).
pK, values for the analogs in question do not vary more than 0.2 unit
and were therefore ignored in the correlations.

Quantitative Structure-Activity Relationships (OSARSs)

Binding affinities of the various haloperidol analogs were correlated
with the free energy-related physico-chemical substituent parameters
of the analogs using the Hansch approach (15, 16), whose model takes
the form:

Log 1/ICs = a(hydrophobic) + b(electronic) + c(steric) + d

Stepwise multiple linear regression was performed on an IBM personal
computer using the Stat-Systems software package (Psychological As-
sessment Research Inc, Odessa, FL).

Results

Five monoclonal anti-haloperidol antibodies possessing high
affinity for free [*H]haloperidol in our soluble ligand-binding

Haloperidol Antibodies and D-2 Receptor 591

assay were selected from a library of 22 mAbs for detailed
molecular characterization of their binding sites. mAbs A, B,
and C were raised against a haloperidol-BSA conjugate in which
the drug was linked to the protein carrier via a succinic acid
linker arm through the tertiary alcohol function on the piperi-
dine ring (succinic acid conjugate). The remaining two mAbs,
D and E, were also raised against haloperidol coupled to BSA,
but via an aminooxyacetic acid arm through the keto group of
the butyrophenone chain (oxime conjugate). The structures of
both conjugates are displayed in Fig. 2.

In order to probe the various hydrophobic, electronic, and
steric constraints present at the antibody-binding site, 16 an-
alogs of haloperidol bearing simple ring or chain substitutions
were selected. The structures of these analogs, their physico-
chemical properties, apnd their ability to displace [*H]haloperi-
dol from the mAb-binding site as evaluated by ICs, values are
displayed in Table 1. Surprisingly, mAb C had a greater affinity
for the related neuroleptic spiperone (K, = 210 nM) than for
the original immunogen, haloperidol (K, = 810 nM) (8). There-
fore, the IC;, values displayed in Table 1 for mAb C represent
displacement of [*H]spiperone by the various haloperidol ana-
logs.

mAbs A and B, with K, values for haloperidol of 3.3 and 4
nM, respectively, were raised against the succinic acid conjugate
and appear to have very similar binding sites as shown by the
series of equations in Table 2 which correlate changes in
structure with changes in binding affinity. Both mAbs are
highly sensitive to shortening or lengthening of the methylene
chain connecting ring 1 and the piperidine ring, with the
compound shortened by one methylene group having the poor-
est affinity. The second most heavily weighted variable is the
parameter which evaluates the dimensions of the group used to
replace the keto group of haloperidol. The narrow sp? carbonyl
function of haloperidol possesses a favorable width of 3.80 A,
whereas the analogs bearing wide, sp®-hybridized groups (sec-
OH, cyclic ketal, methyl) show little affinity for the binding
site. Both mAb A and B binding sites are also sensitive to the
size of the substituent replacing the fluorine of haloperidol, as
evaluated by its length in angstroms for mAb A and its molar
volume for mAb B.

However, the binding site of mAb A differs from that of mAb
B in that mAb A requires that the substituent replacing the
chlorine on ring 2 of haloperidol have a negative dipole (electron
density oriented toward the substituent and away from the
ring), whereas no such dependency is observed for the binding
site of mAb B. Overall, the binding site of mAb A appears to
be a bit more restrictive than that of mAb B, since ICs, values
tend to change much more drastically with changes in analog
structure. The correlation between binding affinity and the
multiple regression parameters discussed above is high, 0.93
and 0.88 for mAb A and B, respectively, both correlations being
highly significant (p < 0.001).

The specifications displayed by the binding sites of mAb D
and E, both raised against the oxime conjugate, are entirely
different from that of mAbs A and B. Antibodies raised against
the oxime conjugate appear to bind the p-chlorophenyl ring
(ring 2) of haloperidol, in contrast to the anti-succinic acid
conjugate antibodies which favor the butyrophenone ring (ring
1). mAb D, with a K, for haloperidol of 4.4 nM, possesses a
binding site which is highly sensitive to the electron-withdraw-
ing characteristics of the substituents on ring 2, as shown by
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the series of equations in Table 3. As with mAbs A and B, the
width of the substituent replacing the keto group of haloperidol
contributes to binding affinity, but in this case, to a much lesser
extent. Once again, the number of methylene units between
ring 1 and the piperidine ring tends to influence binding affin-
ity. However, analogs with chains longer than that of haloper-
idol are no longer poor binders as with mAbs A and B. It
appears that any analog with at least three methylene groups
will bind well. Unlike mAbs A and B, substitutions on ring 1
have no influence on binding affinity. A highly significant (p
< 0.001) correlation coefficient of 0.88 was obtained when the
above three variables were regressed against binding affinity.
mAb E, with a K, for haloperidol of 16 nM, possesses a
binding site similar to that of mAb D in that substitutions on
ring 2 have the greatest influence on binding affinity. However,
the combining site of mAb E appears to be much less specific,
with only one variable entering significantly into the regression
analysis: the minimum radius of the substituent replacing the
chlorine atom in haloperidol. A significant (p < 0.001) corre-
lation coefficient of 0.85 was obtained using this variable alone.
The binding site of mAb C is perhaps the most interesting
in that it fails to resemble that of mAbs A and B even though
it also was raised against the succinic acid conjugate. In addi-
tion, mAb C has a rather poor affinity for haloperidol (K; =
810 nM), yet better affinity for the neuroleptic spiperone (K,
= 210 nM) (8). The binding affinity of the 16 analogs tested is
most highly correlated with the electron-donating characteris-
tics of the substituent on ring 1 as evaluated by ¢, of the group
replacing the keto group of haloperidol, and demonstrated by
the equations in Table 4. Unlike mAbs A and B, the width of
this substituent seems to have little influence on binding affin-
ity. Also, the size of the substituent replacing haloperidol’s
fluorine has little effect. The above-mentioned variable pro-
vides a correlation coefficient of 0.80, which is significant at
the p < 0.001 level. As seen in Table 4, the correlation can be
improved to 0.92 by adding variables which evaluate chain
length, the dipole moment of substituents on ring 2, and the
hydrophobicity of substituents on ring 1. However, as indicated

Fig. 2. Haloperidol coupled to BSA through the tertiary
alcohol at the 4-position of the piperidine ring with a suc-
cinic acid linkage (succinic acid conjugate) and through the

ketone group of the butyrophenone with a carboxymethyl
oxime linkage (oxime conjugate).

by the F test values, these additional equations do not prove to
be any more significant than the first equation.

Correlations of analog binding between mAbs and the
D-2 dopaminergic receptor. In order to determine the de-
gree to which the above antibody-binding sites resemble the
binding site of the D-2 dopaminergic receptor, ICs, values were
generated for the same 16 haloperidol analogs using [*H]spi-
perone to label the receptor in homogenates of bovine striatal
tissue. These ICs values and the corresponding QSAR equa-
tions are displayed in Table 5. [*H]Haloperidol was not used
as the radioligand for receptor binding studies because of the
presence of binding sites which could be inhibited with unla-
beled haloperidol but which were determined to be non-D-2-
receptor related as defined by 10 uM (+)-butaclamol. This type
of displaceable, non-receptor binding has been observed previ-
ously for haloperidol (17).

Inhibition of [*H]haloperidol binding to mAb A by 16 unla-
beled haloperidol analogs displayed a good correlation [r = 0.82,
n =16, m = 1.06(+0.38), Fig. 3] with inhibition of [*H]spiperone
binding to D-2 receptor binding, suggesting that the parts of
the D-2 receptor combining site which recognized butyrophen-
one antagonists may have molecular characteristics which are
similar to those of the mAb. The other monoclonal antibodies
displayed poorer correlations when compared to the receptor
(mAb B, r =0.78; mAb C, r = 0.30; mAb D, r = 0.15; mAb E, r
= 0.05).

Some additional ICs, values were generated for all five mAbs
using a set of compounds whose structures are too dissimilar
to that of haloperidol for inclusion in the QSAR study, but
whose structures provide supporting evidence regarding the
conformation and regions of the haloperidol molecule being
recognized by the mAbs. This set of compounds includes the
original haloperidol haptens, the isomeric semi-rigid neurolep-
tics R 48 455 and R 49 399, three haloperidol metabolites, and
the original agonist itself, dopamine. These data are shown in
Table 6. As expected, all five mAbs show high affinity for the
haloperidol hapten against which they were raised. mAbs A and
B, raised against the succinic acid conjugate, fail to recognize
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TABLE 2
Monoclonal antibodies A and B—QSAR equations

mADb A Log 1/ICso = 1.36(chain-X)* + 6.3

n®=16r=054s =097 F=5.85

Log 1/ICs = 1.34(chain-X) — 1.12(min. width)° + 10.8
n=16r=0.70s =0.85F = 6.48

Log 1/ICs = 1.66(chain-X) — 1.43(min. width) — 1.24(L-R1)’ + 15.4
n=16r=0.86s=0.62F=11.89

* Log 1/ICso = 1.97(chain-X) — 1.71(min. width) — 1.53(L-R1) — 0.65(x-R2)* + 16.3
n=16r=0.93s=0.47F = 18.68

Log 1/ICso = 1.09(chain-X) + 6.00

n=16r=057s=0.72F=6.83

Log 1/ICso = 1.31(chain-X) — 3.40(MV-R1)' + 6.40
n=16r=0.73s=0.62F =7.47

* Log 1/ICso = 1.34(chain-X) — 4.24(MV-R1) — 0.94(min. width) + 10.3
n=16r=0.88s =046 F=13.10

mAb B:

* Chain-X, indicator variable describing chain length: if chain is composed of 4 atoms, then chain-X = 1; if not 4, then chain-X = 0.

® n, number of analogs tested; r, correlation coefficient; s, standard deviation; F, F test value; * , most statisticalty significant equation.
°Min.widm,mes¢nallestdmer\sion.inA,ofmeﬁrsttwochainmembersanadiedtomg1.meas«.redhmepianeperpendictuartotfwring.
9L-R1, the length of the substituent attached to ring 1.

* u-R2, the dipole moment, in debyes, of the substituent attached to ring 2.

 MV-R1, the molar volume, in cubic A, of the substituent attached to ring 1.

TABLE 3
Monocional antibodies D and E—QSAR equations

mAD D: Log 1/ICso = 2.42(0, — R2* + 7.5
n=16r=068s =046 F = 12.12
Log 1/ICso = 2.87(a, — R2) — 0.67(min. width® + 10.2
n=16r=0.83s=0.37 F = 14.27
* Log 1/ICso = 3.02(c, — R2) — 0.59(min. width) + 0.56(chain-Y)°* + 9.39

n=16r=0.88s = 0.32 F = 14.33 (p < 0.001)

mAb E:

* Log 1/ICso = 2.77(B1 — R2)* + 2.54

n=16r=0.85s = 0.26 F = 39.5 (p < 0.001)

* g, — R2, electron-withdrawing or -donating capacity of the substituent attached to ring 2.

© Min. width, see Table 2.

° Chain-Y, an indicator variable describing the length of the chain connecting ring 1 and the piperidine nitrogen: if 4 atoms or greater, then Chain-Y = 1; if less than 4,

Chain-Y = 0.

“B1-R2, the smallest radius of the substituent attached to ring 2, as measured in the plane perpendicular to the ring plane.

TABLE 4
Monocional antibody C—QSAR equations

*Log 1/ICso = 2.18(dp, — C = 0)* + 5.54

n=16r=0.80s =0.40 F = 26.7 (p < 0.001)
Log 1/ICso = 1.94(a, — C = 0) + 0.62(chain-Y)* + 5.0

n=16r=0.86s=036F=194

Log 1/ICso = 2.10(s, — C = 0) + 0.66(chain-Y) — 0.25(u-R2)° + 4.6

n=16r=090s=032F=16.9

Log 1/ICso = 2.05(s, — C = 0) + 0.65(chain-Y) — 0.23(u-R2) + 0.51(Ax-R1)? + 4.6

n=16r=092s=030F=14.9

*® g, — C = 0, electron-withdrawing or -donating capacity of the first two chain members attached to ring 1.

° Chain-Y, see Table 3.
° u-R2, see Table 2.

9 Ax-R1, hydrophobicity relative to fluorine of the substituent attached to ring 1.

the metabolite consisting of ring 2 and the piperidine ring,
whereas this metabolite is well recognized by the anti-oxime
conjugate mAbs D and E. mAb C is unusual in that it too
recognizes this metabolite even though it is of the same family
as mAbs A and B. mAb C is also unusual in that it possesses
an affinity for the 3-hydroxy derivative of haloperidol that is
higher than the original hapten. Finally, the isomeric semi-
rigid compounds R 48 455 and R 49 399 (Fig. 4) provide
interesting data regarding the conformation of haloperidol fa-
vored by each of the mAbs. mAbs A and B favor the axial or

“folded” isomer R 49 399, whereas mAbs D and E prefer the
equatorial or “extended” version, R 48 455. Once again, mAb C
defies the pattern and mimics the D-2 receptor by demonstrat-
ing a dramatic preference for the equatorial isomer. Finally, it
is interesting to observe that, in contrast to mAbs A and B,
dopamine at high concentrations can completely inhibit [*H]
haloperidol binding to mAb D and [*H]spiperone binding to
mAb C. The neurotransmitters serotonin and (—)-epinephrine
were also tested and found to inhibit binding in the millimolar
range.
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TABLE 5
ICss values (nm £ standard error) of bovine striatal D-2

for 16 structures, Tabie
mmmnm haloperidol analogs (

Analog Recephor ICs
nw
R1625 167+ 6.0
R1820 256.1 + 25.0
R1811 1906.9 + 228.0
R2693 1705.4 + 238.0
R11333 205+ 80
R1658 370+ 6.0
R2842 104.1 + 30.0
R4324 1181+ 31.0
R8479 3243.4 + 421.0
R8573 4217+ 29.0
R8823 5§60.5+ 33.0
R2572 2851.1 + 200.0
R5986 478+ 120
R30072 3013.9 + 301.0
R29808 881.2 + 132.0
R2835 9309 + 83.0

Displacement of 3H-Haldol

-4
sl Oroab A r=o0.82 a
= AMoAb B r = 0.78 A
o [in}]
n
%)
—
0
<
o]
=
o
(o]
-10 . 1

-8 =7 -6 =S
log D-2 Receptor ICy (M)

Fig. 3. CorrdahonbetweenbndmgtonmbsAandBandtheD-Z
dopaminergic receptor. The inhibition of [*H}haloperidol (*H-Haldo/) bind-
ing to mAb A by 16 uniabeled haloperidol analogs displayed a good
correlation [r = 0.82, n = 16, m = 1.06(+0.38)] with inhibition of [*H]
spiperone binding to D-2 receptor binding, suggesting that the parts of
the D-2 receptor combining site which recognize butyrophenone antag-
onists may have molecular characteristics which are similar to those of
mADb.

Discussion

The successful generation of both anti-acetylcholine receptor
antibodies (18) and anti-g-adrenergic receptor antibodies (5)
via intermediate anti-agonist or antagonist antibodies clearly
demonstrates that the immune repertoire consists of amino
acid segments which are capable of “mimicking” the molecular
determinants which are responsible for binding of synthetic
organic molecules (7). Presumably, such “molecular mimicry”
arises from duplication of the three-dimensional arrangement
of hydrophobic, electronic, and steric features of the drug by
the immunoglobulin-variable region. These anti-idiotypic im-
munoglobulin molecules are thought to recognize chemical
determinants which are internal to the combining site of the
antigen and have been called the “internal image” of the antigen

Haloperidol Antibodies and D-2 Receptor 595

(2). Although the three-dimensional interactions of antigen and
antibody have been studied for several systems using X-ray
crystallography (19-24), no such studies have been performed
for a derived anti-idiotypic/idiotypic pair in support of the
internal image concept.

It has been argued that certain non-internal image anti-
bodies, such as those recognizing the reverse side of amino
acids forming the antigen-binding site, would be just as useful
for receptor isolation as the actual internal image counterparts
(7). However, the binding portion of such an anti-idiotypic
antibody would have no resemblance whatsoever to the original
receptor-binding ligand.

Because of our interest in development of peptide analogs of
synthetic drugs, we have chosen to characterize extensively the
molecular features of our anti-haloperidol mAbs via structure-
activity studies so that clones possessing binding sites topo-
graphically similar to that of the receptor can be systematically
selected for generation of internal image anti-receptor anti-
bodies.

It is clear from the above binding data to the isomeric analogs
R 48 455 and R 49 399 that two different conformations of
haloperidol are being recognized by these mAbs: a folded con-
formation preferred by mAbs A and B, and an extended con-
formation preferred by mAbs C, D, and E and the D-2 receptor.
R 48 455, the extended isomer whose tertiary nitrogen lone
pair is cis to ring 2, is the biologically active member of the
pair and is one of the most potent neuroleptics known.® This
implies that mAbs C, D, and E might serve as better templates
for production of anti-receptor antibodies than would mAb A
or B.

Extensive X-ray crystallographic data are available for many
of the butyrophenones, including haloperidol, which consist-
ently crystallizes in the extended conformation (25). Molecular
mechanics calculations also indicate that this is the most
energetically favored conformer (26, 27). Although an extended
conformation in the solid phase or in vacuo does not guarantee
a similar conformation in solution, it remains puzzling why all
five mAbs do not recognize the same conformer of the drug.
The conformation adopted by haloperidol during B-cell and T-
cell recognition is most likely to be directly related to its mode
of attachment to the protein carrier. Molecular mechanics
calculations indicate that the phenyl ring attached to a piperi-
dine ring favors the equatorial position (28). However, attach-
ment of haloperidol through the tertiary alcohol to the bulky
succinyl-lysyl-protein group during conjugation to BSA might
force the phenyl ring into the axial position. Indeed, a molecular
mechanics study on the structurally related 4-phenylpiperidine
analgesics such as meperidine (which possess amide or ester
chains in place of haloperidol’s alcohol function) indicates that
the energy difference between the equatorial phenyl group and
the axial ester chain is only 0.6 kcal/mol (29). Dreiding models
indicate that forcing haloperidol’s phenyl ring 2 into the axial

position ideally positions it for an internal ring-stacking inter-
action between itself and the butyrophenone ring 1, which
would further stabilize a folded conformation (Fig. 5). Thus,
the production of mAbs A and B which seem to recognize the
folded conformation can be explained. Those protein conjugates
made by attachment through the keto group of haloperidol
(oxime conjugate which produced mAbs D and E) would retain
ring 2 in an equatorial conformation and would therefore be

3 Pierre Laduron, personal communication.

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

596 Shermanetal.

TABLE 6
ICs values (nm £ standard error) of five monocional anti-haloperidol antibodies for 10 miscellaneous compounds related to haloperidol
Analog MoAb A MoAb B MoAb C MoAb D MoAb E Receptor
@ H
H: Pip.metab.  >1Xx10°  >1x10° 25606+ 7,579 3,338 + 941 338+33 9657 +1738
Cl R49399 42+ 1 160 + 80 5,200 + 2,028 6,900 + 1,932 15,000 + 4200 337 +57
R48 455 1,400 + 420 5,900 + 1,700 170 + 66 1,200 + 144 8,900 + 2,670 3+1
_(CHz)a_
3-0Hmetab 88+8 13819 62+8 83+8 60+ 23 100 + 14
FOCH-(CH;)@ —N OH
(|)H 3-OHreduced 884 +309 2,139 + 340 2,728 + 346 148 + 20 83 + 132
Cl succ. conj 2+0.7 4+06 433 + 142 426 + 153 2,732 + 437
Oxime con;. 318+ 108 646 + 381 4,232 + 1,176 6107 25+3
H
Dopamine >100 mm >100mm  31mm£15 6mM+18 90mm 90
D
H NH3 serotonin 17mmM+16  052mm+ 0.3 26 mm+ 0.6
Epinephrine 22 mwm £ 22 29mm 15 26mm+t 9
O,
F Lym '
®
N
QMH
[+
n
F
R 38 855
()
H
® Fig. 5. Stereo-representation of a folded conformation of the haloperidol-
"f' succinic acid hapten. Three-dimensional cartesian coordinates of the
conjugates were calculated from internal coordinates, displayed, and
A plotted with an IBM PC/XT using software developed by M. B. Boiger
. for the IBM Advanced Education Project.

F . L. .
haloperidol analog which is short by one methylene group is
one of the worst binding analogs in the series, most probably
because its chain is too short to permit the stacking of its

F phenyl rings which stabilizes a folded conformer. Those analogs
R 49 399

Fig. 4. Structures of id neuroleptics R 48 455, the equitorial or
“extended"” isomer, and R 49 399, the axial or “folded” isomer.

expected to remain in the energetically favored extended con-
formation.

Envisioning a folded conformation for the succinic acid-
conjugated haloperidol also explains why mAbs A and B
strongly prefer analogs which bear narrow sp? hybridized sub-
stitutions in the keto position of the butyrophenone chain.
Dreiding models indicate that wide, bulky substituents inhibit
the folding of the molecule found necessary for binding to these
mAbs. Folding also explains the extreme dependency on butyr-
ophenone chain length displayed by mAbs A and B. The

which bear extra methylene groups in the chain possess enough
flexibility to align the phenyl rings in the proper orientation
and, thus, display better binding. These features are schemat-
ically displayed in Fig. 6. Finally, it can be seen that the analog
with the highest affinity for mAbs A and B is the free succinic
acid hapten iteslf. Since our data indicate that the alcohol
position of the molecule is only weakly recognized by the
antibody, the high binding affinity displayed for this analog
most likely arises from the folded conformation that it most
likely adopts as a result of conjugation through the tertiary
alcohol.

mAb C is unique in many respects, as already discussed,
especially with regard to its high affinity for spiperone. Even
though this antibody was raised against the succinic acid con-
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width of carbonyl; L = length of substituent attached to ring 1; and u =
dipole moment of substituent attached to ring 2. B. The primary substit-
uent parameters effecting the binding affinity of mAb B are: chain-X, w,
and MV = molar volume of the substituent attached to ring 1.

BSA

Fig. 7. Schematic representation of the molecular interactions between
mAb C and the haloperidol-succinic acid conjugate. The primary substit-
uent parameter effecting the binding affinity of mAb C is o, = electron-
withdrawing or -donating capacity of the first two chain members at-
tached to ring 1.

jugate, it prefers the extended isomer R 48 455 over the folded
isomer by a ratio of 40 to 1. Additionally, it displays its highest
binding affinity for a metabolite of haloperidol which bears an
hydroxyl substitution ortho to the chlorine atom on ring 2.
These observations strongly suggest that the original haloper-
idol-BSA conjugate molecule against which mAb C formed had
been metabolized to the 3-hydroxy derivative. An additional
phenolic group on ring 2, ionized at physiological pH, would
totally alter the electronic properties of ring 2, thus modifying
the ability of this hapten to stabilize itself through a folded,
ring-stacked conformation (Fig. 7). The addition of the charged
phenoxide moiety on ring 2 might also explain the affinity of
this mAb for spiperone whose spirodecanone ring system pos-
sesses several polar atoms in this region.

Much controversy exists as to which portion of the butyro-
phenone structure represents the pharmacophore, i.e., the por-
tion which mimics the natural agonist dopamine. Early inves-
tigators using molecular models believed that dopamine over-
lapped with haloperidol’s ring 1 and its piperidinyl-charged
nitrogen (30-32), whereas recent molecular mechanics studies
have suggested overlap with ring 2 (26, 27). Dopamine binding
is observed for all of the mAbs that prefer the extended confor-

597

Fig. 8. Schematic representation of the molecular interactions between
mAbs D and E and the haloperidol-oxime conjugate. A. The primary
substituent parameters effecting the binding affinity of mAb D are: ¢, =
electron-withdrawing or -donating capacity of the substituent attached
to ring 2; W = minimum width of the first two chain members attached
to ring 1; and chain Y = indicator variable describing the aliphatic chain
length. B. The pri substituent parameter which effects the binding
affinity of mAb E is: B, = the smallest radius of the substituent attached
to ring 2 as measured in the plane perpendicular to the ring plane.

mation of the butyrophenone and that are sensitive to changes
in ring 2 of haloperidol (mAbs C, D, and E, Figs. 7 and 8). This
supports the assignment of ring 2 as the proposed phar-
macophore. Since these same mAbs also bind the positively
charged phenyl-piperidine metabolite of haloperidol, it could
be argued that the weak affinity for dopamine is simply reflect-
ing an affinity for any small molecule with a positively charged
nitrogen and a phenyl ring. However, the affinity for dopamine
in no way correlates with the affinity for this metabolite (see
Table 6). These data alone indicate that it may be possible to
use a library of mAbs raised against different portions of a drug
molecule to define its pharmacophore.

Finally, it is appropriate to predict which of the five mAbs
characterized in this study is most likely to serve as a template
for the production of anti-receptor antibodies. Several struc-
ture-activity relationship studies for the binding of butyro-
phenones to the D-2 dopaminergic receptor have been reported
(31, 33, 34), and several models of this receptor have recently
been proposed based on the activity of conformationally rigid
analogs (35-38). However, most of the butyrophenone studies
have been qualitative in approach, with activity evaluated
through various behavioral tests routinely used to evaluate
dopaminergic activity (30). In order to eliminate possible phar-
macokinetic and metabolic influences on binding affinity, we
have chosen to compare our antibody binding data to a com-
parable set of data using the same haloperidol analogs to
displace [*H]spiperone from bovine striatal D-2 dopaminergic
receptors. Our correlation of the receptor data with antibody
data (16 haloperidol analogs) indicates that the binding site of
mADb A most closely resembles that of the receptor (r = 0.85).
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However, the correlation fails when one examines binding data
for the semi-rigid isomers R 48 455 and R 49 399. The receptor
prefers the extended isomer by a factor of 200, whereas mAb A
prefers the folded isomer 33:1. Both binding sites are sensitive
to the size of the substituent on ring 1, the width of the function
in the keto position, and the number of atoms in the butyro-
phenone chain. However, the conformational change in the
haloperidol molecule most likely induced by coupling it to a
protein through its tertiary alcohol has created an antibody
binding site which is conformationally unrelated to that of the
receptor. Although mAbs C, D, and E bind the agonist dopa-
mine, they also display an affinity for the neurotransmitters
serotonin and (—)-epinephrine, in the relative order serotonin
> epinephrine > dopamine. This relative order is uncharacter-
istic of binding to the D-2 receptor, which binds the neurotrans-
mitters in the order dopamine > epinephrine > serotonin (39).

In conclusion, this study suggests that neither of the halo-
peridol-protein conjugates used in this study is able to produce
antibodies which mimic the D-2 receptor in terms of analog
binding specificity for a broad range of pharmacologically active
compounds. However, it is worth noting that the mAbs pro-
duced against the oxime conjugate do bind dopamine, suggest-
ing that ring 2 of haloperidol may be the pharmacophore. We
are currently raising monoclonal anti-idiotypic antibodies to
further test the hypotheses set forth in this paper.
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