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Although penicillin G (PG)! has long been known to be a clinical allergen,
the identity of the antigenic determinant groups responsible for hypersensitivity
to PG is not clearly known. Such knowledge would be of importance since it
would lead to the preparation of conjugated protein antigens useful as reagents
to diagnose penicillin hypersensitivity. This information would make possible
also the synthesis of low molecular weight univalent haptens which might be
useful, therapeutically, to specifically inhibit antibody-dependent penicillin
allergic reactions. Also, with the clear definition of the responsible antigenic
determinant groups, the penicillin system may be employed as a model to
study more general problems of human hypersensitivity.
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! The following abbreviations are used in this report:

PG, benzylpenicillin (G)

NaPG, KPG, Sodium or potassium PG

BPE, p-benzylpenicillenic acid

BPE-SS-Cys, cysteine mixed disulfide
group

BPO, p-benzylpenicilloyl group

Di-BPO, diastereomeric mixture of

BPO groups
BPO-EACA, N-(p-a-benzylpenicil-
loyl)-e-aminocaproic acid
a-BPO-EACA, «-diastereomer  of

BPO-EACA

Di-BPO-EACA, diastereomeric mixture of
BPO-EACA

BPO-Lys, &N-(p-a-benzylpenicilloyl)-lysine
groups

a-BPO-Lys and Di-BPO-Lys, «-diastereo-
mer and diastereomeric mixture of BPO-Lys

Penamaldoyl-EACA, €-N-(p-a-benzylpena-
maldoyl)-lysine group

D-penicillamine-SS, p-penicillamine mixed di-
sulfide groups

B.S., Buffered saline (0.15 M NaCl 4 0.02
potassium hydrogen phosphate adjusted to
pH 7.2))
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In previous studies on PG allergic contact dermatitis, it was suggested that PG might
react with e-NHz groups and cystine disulfide linkages of epidermal proteins through its re-
arrangement product p-benzylpenicillenic acid (BPE). The resulting derivative groups, the
diastereomeric mixture of €N-(p-c-benzylpenicilloyl)-lysine (Di-BPO-Lys), BPE-cysteine
mixed disulfide (BPE-SS-Cys) and p-penicillamine-cysteine mixed disulfide might be the
major antigenic determinant groups responsible for PG hypersensitivity of the contact der-
matitis type (1-4) (Text-fig. 1).

With regard to PG hypersensitivity of the immediate (or antibody-dependent) type, the
consideration that reactive e-amino groups are much more numerous in native serum proteins
than are reactive cystine disulfide linkages (5), prompted the suggestion that the Di-BPO-Lys
groups may be the more important antigenic determinants against which “anti-penicillin”
antibodies are directed (1). Consistant with this possibility are the observations of Josephson
(6), who demonstrated that the agglutination of “penicillin-coated” red blood cells by rabbit
“‘anti-penicillin” sera could be inhibited by p-benzylpenicilloic acid. More recently de Weck
and Eisen (7) demonstrated that BPE reacts with cystine disulfide linkages of native proteins
and with thiol groups of thiolated proteins at pH 8.5 to 9.0, in the presence of 8 M urea and
H30; to form conjugates containing BPE mixed disulfide groups (BPE-SS). They found that
guinea pigs and rabbits immunized with these conjugates developed serum antibodies specific
for the BPE-SS group and no antibodies directed against the Di-BPO group were detected.
Based on these data, de Weck and Eisen suggested that the BPE-SS group may be an anti-
genic group responsible for PG hypersensitivity of the immediate type (7).

In the present work, the in vitro reactions between BPE and various proteins
in aqueous solution at pH 7.5 to 8.0 were investigated. Rabbits were immunized
with PG and the specificities of the resulting “anti-penicillin” antibodies were
studied. It was found that the reaction between BPE and native human gamma
globulin and human serum albumin, resulted in conjugates containing both
Di-BPO-Lys groups and BPE-SS-Cys groups, but considerably more of the
former than the latter. Rabbits immunized with PG developed serum anti-
bodies directed against the Di-BPO groups and no antibodies directed against
the BPE-SS and the D-penicillamine-SS groups could be detected. Several
patients with histories of allergic urticarial reactions to PG were skin-tested
and found to react specifically with wheal and erythema responses to an antigen
containing Di-BPO-Lys groups. One patient under treatment with 25 gm
KPG per day was found to have antigenic non-dialyzable BPO conjugates in
his serum. Another patient with a recent allergic reaction to PG was found to
have serum antibodies specific for the BPO group. It is concluded that Di-BPO
groups (predominantly Di-BPO-Lys groups) are formed iz vivo by reaction of
PG with tissue proteins (presumably through the intermediate BPE) and that
these groups are the major antigenic determinants responsible for hyper-
sensitivity to PG.

EXPERIMENTAL AND RESULTS

Materiols.—Human gamma globulin (HGG) (Fx II) (Squibb, batch 1874) was obtained
through the courtesy of the American Red Cross. Human serum albumin (HSA) was ob-
tained from the American Red Cross as a 25 per cent aqueous solution. It was dialyzed several


http://www.jem.org

BERNARD B. LEVINE AND ZOLTAN OVARY 877

» /s\ HS\
*
) CHICONH—CH—CH  ClCHz)y = N—C==CH CI(CHj),
£ N <)o ¢ o NH—CH-coom
JF — N——"cH-CooH 2=C Oy
0 o o
PenicillinG{ PG) D —-Benzylpenicillenic Acid (BPE)
+ ,Cm N /c-y.SH. (I:y\s
S\s/?y \S

\
N—C=—=CH  C(CH3),
Cystine Disulfide

oo I a
Linkage of Proteins @'CHZ_C\O/C\\O NH —CH-COOH
BPE — Cysteine Mixed—Disulfide Group
BPE H2
CH
('3H2 * * /s\
{2 N @CHZ-CO-NH—CHZ—?H C(CH3),
l
e 0=C NH—CH-COOH
|
e NH
CH
\ CH
Lysine €~Amino Group Q
of Proteins .
I €—-N-(D—-a -Benzy!penicilloyl } —
Lysine Group
H2 0 /s\ Cystine /Cy-SH Sly\s
BPE —— {{ )CH,CO-NH—CH—CH ClCHg),+—— e
| | | Disulfide Link \
COOH NH— CH:-COOH C(cHy),
D-Benzylpenicilloic Acid NH, — CH-COOH

D-Penicillamine - Cysteine
Mixed Disulfide Group

TEext-Fie. 1. Postulated routes of formation of several possible penicillin antigenic deter-
minant groups. (*) refers to an assymetric carbon center.

times against water and Iyophilized. Purified calf-skin gelatin (Gel) was a product of Eastman
Chemicals Co., Rochester, New York. Poly-1-lysine (PL) (molecular weight = 180,000)
was obtained as the hydrochloride from Mann Laboratories, New York. Protein contents of
these preparations were assayed by micro-Kjeldahl analysis (8 ).

Crystalline NaPG (1650 units per mg) was furnished by Pfizer Laboratories, Brooklyn.
BPE was prepared by rearrangement of NaPG as described previously, (2, 9). Crystalline
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KPG (1595 units per mg), Lot C-0611, was furnished by Bristol Laboratories, Syracuse, N. Y.
Crystalline monosodium D-a-benzylpenicilloate was prepared as described previously (1,
10 a) eN-(p-a-benzylpenicilloyl)-amino-caproic acid(a-diastereomer) (a-BPO-EACA) was
prepared by reaction of NaPG with e-aminocaproic acid and crystallized as its bis-benzylamine
salt from ethanol-ether. m.p. = 111-112°C, [al® = + 70.5° (water) (11). The diastereomeric
mixture of BPO-EACA (Di-BPO-EACA) was prepared by incubating an aqueous solution

HS
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Text-F16. 2. Epimerization of N-(p-a-benzylpenicilloyl)-amines and the reaction of N-
(p-a-benzylpenicilloyl)-amines with p-chloromercuribenzoate.

of @-BPO-EACA with trace cupric ion, pH 5, 37° under nitrogen for 214 hours? [o]® = +
41.8° (11). Di-BPO-EACA preparations exhibited a new ultraviolet absorption peak at A

2 Cupric ion markedly increased the rate of mutarotation of aqueous solutions of BPO-
amines. At pH 7.5, 37°, the optical rotation of a 1.0 X 1072 u solution of a-BPO-EACA con-
taining 1.0 X 10~* u cupric sulfate fell from ap = + 0.97° to a stable value of ap = 4 0.50°
in 4 hours. Under identical conditions, but in the absence of cupric ion, the optical rotation
of a solution of a-BPO-EACA required approximately 100 hours of incubation to reach the
stable value of ap = - 0.50°. In the presence of 1.0 X 10~® u cupric ion, the mutarotation
rate was intermediate between the two rates above. Mutarotation of a 1.0 X 1072 u solution
of D-a-benzylpenicilloic acid at pH 7.5, 37°C, in the absence of cupric ion went to completion
within 4 hours. Cupric ion acts presumably by attack on the sulfur atom, increasing the rate
of formation of N-(p-a-benzylpenamaldoyl)-amines which appear to be the intermediates
through which epimerization takes place (Text-fig. 2.). Epimerization proceeded faster at
pH 5 than at pH 7.5. See reference (13) for a discussion of the stereochemistry of benzylpeni-
cilloyl derivatives.
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285 my which is due to the presence of e-N-(p-a-benzylpenamaldoyl)-amino-caproic acid
formed by rearrangement of BPO-EACA? (11) (Text-fig. 2). The above Di-BPO-EACA
preparation contained 99.6 per cent BPO-EACA as determined by the penamaldate method
(11) and 0.4 per cent penamaldoyl-EACAS, Di-BPO-EACA preparations which contained
15 per cent penamaldoyl-EACA were prepared by allowing mutarotation of a-BPO-EACA
to proceed under air, in the presence of cupric ion and at pH 7.5. KPG and the BPO-EACA
haptens contained no detectible BPE or PSH as determined by methods described previously
.

P-chloromercuribenzoic acid was a product of Amend Drug and Chemical Co., New York.
For use in the penamaldate analytic method, it was dissolved in 0.1 N sodium hydroxide,
made up to 1.5 X 102 m with 0.05 pH 9.2 carbonate buffer and assayed by the method of
Boyer (12). Mercaptoethylamine was furnished by Evans Chemetics, Inc., New York. Other
chemicals were of reagent grade. Complete Freunds adjuvant was a product of Difco Labora-
tories, Detroit. Inoagar No. 2 was obtained from Consolidated Laboratories, Inc., Chicago
Heights.

Ultraviolet absorption studies were done with a Zeiss model PMQ 11 spectrophotometer
and 1 cm matched quartz cuvettes. Optical rotations were taken with a Schmidt and Haensch
polarimeter using a 2 decimeter cell.

The Reaction between BPE and Various Proteins at pH 7.5-8.0—BPE was
reacted with human gamma globulin (HGG), human serum albumin (HSA),
gelatin (Gel), and poly-L-lysine (PL) in aqueous solution at pH 7.5-8.0. To
obtain maximal conjugation under these conditions, a fivefold molar excess of
BPE with respect to lysine e-amino groups contained in the proteins was
generally used.* The preparation of a typical conjugate by reaction of HGG
and BPE is given:

To 500 mg HGG (0.276 mmoles «NHp) in 50 ml 0.1 M pH 8 phosphate buffer containing
1 mgperm! EDTA (ethylenediaminetetraacetic acid) wasadded 550 mg of BPE (1.38 mmoles
of 85 per cent assay BPE) in 2 ml 95 per cent ethanol. EDTA served to minimize air oxida-
tion of BPE. The mixture was stirred at room temperature for 75 minutes; the reaction
went to completion within 45 minutes. pH was maintained between 7.5 and 8.0 by addi-
tions of 1 M potassium carbonate. The reaction mixture was centrifuged and the opalescent
solution of conjugated protein purified as described below. Protein recovery was 90 per cent.

The Reaction of BPE with Thiolated HGG.—BPE was oxidized together with thiolated
HGG in order to prepare a conjugate containing a relatively large number of BPE-SS groups.

3 The A 285 my peak was destroyed immediately on acidification, and on re-alkalinization,
a new absorption peak at A 265 my was formed. These spectral shifts have been described for
N-(p-a-benzylpenamaldoyl)-amines (10 b). Spectrophotometric assay of N-(p-a-benzylpena-
maldoyl)-EACA is based on a molar extinction coefficient at Amax 285 mu of 23,800 for
N-(S-(p-mercuribenzoate)-p-a-benzylpenamaldoyl)-e-aminocaproic acid (Text-fig. 2) (11).
It appears to be present mainly in the disulfide form, as its concentration in solutions of BPO-
EACA was increased by the presence of oxygen, cupric ion, and higher pH. Also, nitroprusside
reactions were negative when carried out on solutions containing 3.0 X 10~® u penamaldoyl-
EACA.

4 With respect to PL (molecular weight = 180,000; 1400 e-amino groups per molecule),
625 moles BPE per mole PL was used. The conjugate produced by reaction of PL with BPE
was insoluble in the reaction mixture. It was resolubilized by reaction with succinic anhydride
as suggested by Eisen (14). This reaction introduces numerous carboxyl groups into the con-
jugate, thus increasing its solubility at neutral and alkaline pH.
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Thiolated HGG was prepared by the method of Singer et al. (15) as it was found that the
method used by Benesch et al. to thiolate gelatin (16) rendered HGG largely insolu-
ble. Ferricyanide was used for the oxidation step, as oxidation of sulfhydryl groups proceeds
very rapidly at pH 7 and 4°C (17) thus favoring the formation of BPE-SS groups over ami-
nolysis or hydrolysis of BPE. To a solution of 450 mg of thiolated HGG in 65 ml of cold 0.08 M
pH 7 phosphate buffer was added a solution of 246 mg BPE (0.48 mmole) in 3 ml ethanol and
a solution of 246 mg (0.75 mmole) potassium ferricyanide in 5 ml. water. The solution was
stirred at 4° for 30 minutes; the reaction went to completion within 3 minutes as indicated by
the disappearance of the positive nitroprusside test. The conjugate was then purified as
described below. Protein recovery was 90 per cent.

The Reoction of D-Penicillamine with Thiolated-HGG.—Thiolated HGG (450 mg) was
reacted with 0.48 mmole of D-penicillamine by the identical procedure given above for the
reaction of BPE with thiolated HGG and purified by dialysis against amberlite resin (see
below). Oxidation of the conjugate with aqueous bromine liberated a ninhydrin-positive
compound which exhibited the same R; on phenol-water paper chromatography as did
authentic p-penicillamine sulfonic acid (Ry = 0.18). The formation of penicillamine sulfonic
acid indicates that the conjugate contained penicillamine disulfide residues (18). The intensity
of the blue spot as compared to the color intensity given by penicillamine sulfonic acid stand-
ards indicated that the conjugate contained between 10 and 30 p-penicillamine mixed disulfide
residue per mole conjugate.

Purification of the D-Benzylpenicillenic Acid Protein Conjugates—The side
products of the reactions of BPE with native proteins and thiolated HGG were
p-benzylpenicilloic acid formed by hydrolysis of BPE (2) and BPE-disulfide
which was originally present in the BPE preparation and was also formed by
oxidation of BPE (2). Three methods of separating these low molecular weight
side products from the conjugates were studied:

(a) The conjugates were purified by prolonged dialysis at 4° against large volumes of
0.001 M pH 7 phosphate buffer (7 days with 2 changes of bath fluid per day). This method
was found to be unsatisfactory, since after prolonged dialysis, small quantities of BPE-
disulfide still remained adsorbed to the conjugates. Table I shows that after prolonged dialysis,
PL-BPO still contained 2.6 BPE groups per mole conjugate (1.3 moles BPE disulfide). (b)
Following 5 days of dialysis against phosphate buffer, the conjugates were dialyzed at 4°
against 0.001 pH 7.0 tris-(hydroxymethyl)-aminomethane (tris) buffer in which was suspended
an anion exchange resin, amberlite IRA-400. The resin was prepared by cycling through 6 ¥
sodium hydroxide and 3 N hydrochloric acid, washed thoroughly with water and acetone,
and equilibrated with 0.001 ™ pH 7 tris buffer. This method is essentially the same as described
by de Weck and Eisen (7). This procedure appeared to be effective in removing BPE-disulfide
from the conjugates as the PL-BPO conjugate was completely freed from BPE-disulfide.
(Table I). After resin dialysis, the Gel-BPO conjugate still contained 1 group of BPE per
100,000 gm protein (Table I). Gel-BPO may be more difficult to free from absorbed BPE-
disulfide because of the tendency of the conjugate to form a gel. (¢) Direct incubation of the
conjugates with amberlite IRA-400 resin at 4° (twice the amount necessary to remove all
BPE) was unsatisfactory since it caused a loss of approximately 20 per cent of the conjugate
which was firmly absorbed to the resin. The protein molecules removed were presumably the
more heavily conjugated since the remaining conjugate contained considerable fewer BPO
groups per mole than did the original conjugates (Table I).

The conjugates which were used as antigens in the immunological studies reported below
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TABLE 1
Analysis of Conjugates of BPE and D-Penicillamine with Various Proleins
Preparation of conjugate* Abbreviation of conjugate gggﬁtt:gf dis}lgxplﬁ]::iﬁ gr?)ﬁf))sll
gw""gflc’” per mole
HGG + BPE HGG-BPO a 12.2 37.6
b 5.1 36.2
c 2.7 25.0
HGG-BPO, treated with HGG-BPO (CSH) a 0 36.4
cysteine b 0 35.0
c 0 25.0
HSA + BPE HSA-BPO a 1 27.4
b 1.6 27.0
c 1.0 —9
Gel 4+ BPE Gel-BPO a 3.2 31.6
b 1.0 29.0
c
PL 4 BPE PL-BPO a 2.6 —
b 0 39.5
c 0 —
Thiolated HGG 4+ BPE HGG-SS-BPE a 24.2 —
b 17.0 3.6
c 13.5
Thiolated HGG + b- HGG-SS-**p-Penicilla- b —_ —_
penicillamine mine

*HGG = human gamma globulin, molecular weight = 160,000; HSA = human serum
albumin, molecular weight = 69,000; Gel = gelatin, assumed molecular weight = 100,000;
PL = Poly-l-lysine, molecular weight = 180,000; Thiolated HGG = HGG enriched with
thiol groups by reaction with N-acetylhomocysteine thiolactone, molecular weight = 160,000.
See text for preparative details.

ta, dialysis against 0.001 a pH 7.2 phosphate buffer for 7 days. b, dialysis as above,
followed by further dialysis against amberlite IRA-400 anion exchange resin suspended in
0.001 M pH 7 tris buffer. ¢, directly incubated with amberlite resin. See text for details.
Antigens used for immunologic studies were purified by procedure b.

§ Calculated from corrected absorbancy at Amax 322 mu and protein concentration by
Kjeldahl analysis, corrected for nitrogen contribution of BPE and BPO groups. Molecular
weights of conjugates as above. See text for details.

|| BPO groups assayed by penamaldate method and protein by Kjeldahl analysis cor-
rected as above.

I —, analysis not done.

** Contains approximately 10 to 30 groups per mole of p-penicillamine mixed disulfide
determined by bromine oxidation and paper chromatography of resulting p-penicillamine
sulfonic acid.
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were purified by dialysis against amberlite resin. They were finally dialyzed against 0.001 m
pH 7.0 phosphate buffer to remove the tris buffer, and the conjugates solutions were stored at
—20° or 4°. The conjugates were stable under these conditions; BPE and BPO analyses
showed no decrease in the numbers of these groups per mole conjugate after storage at 4°
for 4 weeks.

The Detection of BPE-SS-Residues on the Conjugates—The evidence that
the HGG, HSA and thiolated HGG conjugates contained BPE covalently
bound through mixed disulfide linkages is: (@) These conjugates exhibited an

40

T T T

360 320 280 240
WAVE LENGTH (my)

TEex1-F16. 3. Ultraviolet absorption spectra of BPE-protein conjugates (listed in Table I).
(0), HGG-BPO; (+) HGG-BPO (CSH); (®), HGG-SS-BPE. Protein concentration was
determined by Kjeldah! analysis corrected for the nitrogen contribution of BPE and BPO
groups. Spectra were expressed as 1 per cent molar extinction coefficient (O.D. per 10 mg
protein per ml). Solvent, 0.01 M pH 7.4 phosphate buffer.

ultraviolet absorption peak at A 322 mu (Text-fig. 3) which persisted despite
prolonged dialysis and treatment with an anion exchange resin. This peak has
been shown to be due to the BPE grouping (10 ¢). (b) The A 322 mu peak could
be destroyed by treatment at pH 7.4 with 0.1 M cysteine, mercaptoethylamine
or, to a lesser extent with thioglycollic acid, reagents which are known to
cause scission of disulfide linkages (Text-fig. 3) (19). BPE, thus liberated, is
rapidly destroyed by hydrolysis (2) or by aminolysis by cysteine (10 d). One
treatment with cysteine was sufficient to remove all BPE-SS residues from the
conjugates. Further treatment of the conjugates with cysteine or mercapto-
ethylamine, even in the presence of 8 M urea caused no further change in spec-
trum. Treatment of the conjugates with cysteine did not cause degradation
of BPO groups (Table I). BPE-SS groups are covalently bound to native
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proteins presumably as BPE-55-Cys groups, and to thiolated HGG mainly as
the mixed disulfide of BPE and the N-acetylhomocysteine group introduced
into HGG by thiolation (15). The number of BPE-SS residues per molecule of
conjugate was calculated from the optical density (0.D.) at N max 322 mu
(assuming € = 26,600 for the BPE-SS residues, reference 9) and the protein
concentration as determined by micro-Kjeldahl analysis (8 ¢). The protein
concentration was corrected for the nitrogen contribution of BPE and BPO
groups bound to protein; this correction was approximately 3 to 5 per cent.
The O.D. at A nae 322 mu was corrected for the O.D. at this wave length
exhibited by the conjugate after the BPE groups had been removed by reduc-
tion with cysteine. For conjugates containing large numbers of Di-BPO groups,
this correction amounted to 7 to 14 per cent of the O.D. at N s 285 mu (Text-
fig. 3).

The Detection of Di-BPO-Lysine Residues on the Conjugates—The evidence
that the conjugates contained covalently bound BPO residues is: (a) Alkaline
hydrolysis of the protein conjugates (purified by dialysis and amberlite treat-
ment) liberated D-benzylpenicilloic acid, the expected hydrolytic product of
Di-BPO-Lys groups.

A mixture of 2.0 ml of HGG-BPO (CSH) (3.5 mg per ml) and 0.2 ml of 2 N sodium hydroxide
was heated in a boiling water bath for 15 minutes. Aliquots of 0.10 ml of the reaction solution
were analyzed by descending paper chromatography along with non-hydrolyzed conjugate and
authentic D-benzylpenicilloic ‘acid which served as standards. The chromatogram was de-
veloped with a solvent mixture of ethanol, n-butanol and ammonium carbonate buffer pre-
pared as described by Shepartz and Johnson (20). The dried chromatogram was sprayed with
the mercuric chloride-arsenomolybdate reagent described by Pan (21) which is reduced at
room temperature by penicilloic acids to form the intense blue color of reduced Nelson’s
reagent. The chromatogram of the hydrolyzed conjugate exhibited a faint blue spot with the
same Ry as that of p-benzylpenicilloic acid (R, = 0.35). This spot was not found in the chro-
matogram of the unhydrolyzed conjugate. By this method alkaline hydrolysis of crystalline
a-BPO-EACA! was found also to yield p-benzylpenicilloic acid.

(b) Treatment of an aqueous solution of the conjugates at pH 9.2 with
mercuric chloride resulted in an immediate marked increase in ultraviolet
absorbancy at X max 285 mu. Acidification of this solution immediately abolished
this extra absorbancy, and realkalinization caused the instantaneous formation
of a new strong ultraviolet absorption peak at A 262 mu (Text-fig. 4). These
spectral shifts have been described previously for BPO-amines (10 ) and are
due to the rearrangement of BPO-amines to penamaldoyl-amines! (Text-fig. 2)
which are degraded by acid to benzylpenaldoyl-amines (10 ). The extra
absorption peak at A 245 mu in the realkalinized solution of the conjugate
(Text-fig. 4) may be due to the D-penicillamine mercaptide ion. p-penicillamine
is formed by the acid hydrolysis of penamaldoyl-amine groups and in aqueous
alkaline solution exhibited an absorption peak at A 240 mu. Crystalline a-
BPO-EACA was found to exhibit the identical spectral shifts when treated as
described above. The spectral shifts are shown in Text-fig. 4.
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{c) The HGG and HSA-BPO conjugates were assayed for e-amino groups
by formol titration (22) and for BPO groups by the penamaldate method
described below. Table II shows that the number of BPO groups introduced
into the proteins was in excellent agreement with the number of e-amino
groups bound. These data indicate that BPO groups are bound predominantly
as BPO-Lys groups.’ The reaction of BPE with lysine e-amino groups would
yield a diasteromeric mixture of BPO-Lys groups (Di-BPO-Lys), since two
new asymmetric carbon centers (marked (*) in Text-fig. 1) are formed during
the reaction. The reaction of BPE with lysine e-amino groups to yield Di-BPO-

- / - X A
o [ b
= ' J
Z 7 = N,
L [ )
[m) -~ L
| J - v "
S o5 . A
. , - /!
5 . / %ol < f
) l/(lj T T T i (/l /? T T T
360 320 280 360 320 280 240

WAVE LENGTH (m)l)

Text-Fic. 4. The spectral shifts exhibited by HGG-BPO (CSH), (O), represents HGG-BPO
*(CSH) at 0.25 mg/ml in 0.01 % pH 9.2 carbonate buffer; (@), represents the preceding solu-
tion treated with one molar equivalent (BPO groups) of mercuric chloride; (X), represents
the preceding solution acidified with 2 volumes of concentrated hydrochloric acid; (A) repre-
sents the proceeding solution, the acid removed by dialysis, and the pH adjusted to > 12
with sodium hydroxide. The optical densities were corrected for dilutions incurred by addition
of reagents.

Lys groups is analogous to the previously described reaction of BPE with
B-alanine to form the diastereomeric mixture of N-(p-a-benzylpenicilloyl)-3-
alanine (2).

Quantitative Assay of BPO Groups Bownd in the Conjugates (Penamaldate Method)—Quan-
titative assay of BPO groups in the conjugates is based on the penamaldate reaction which is
described in detail in another report (11). Briefly, it was found that in aqueous solution at pH
8.5 to 10, treatment of the crystalline low molecular weight BPO-amines with 4 to 50 molar

5 Free amino groups of terminal amino acids may also react with BPE. The possibility that
BPE may react also with tyrosine hydroxyl groups, histidine groups, and other groups on
protein has not been evaluated here. From Table I, it appears that under the conditions em-
ployed here, the BPO groups were bound predominantly as Di-BPO-Lys. However, from the
data given below under Ultraviolet Absorption Spectra of Conjugates, it appears that some
BPO groups are bound as & N-(N*(p-a-benzylpenicilloyl)-p-a-benzylpenamaldoyl)-lysine
groups (Text-fig. 6).
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equivalents of p-chloromercuribenzoate (PCMB)® caused the immediate formation of a new
ultraviolet absorption peak at A 285 mu with € = 23,800 = 2 per cent (11). This peak was
demonstrated to be due to the formation of N((S-p-mercuribenzoate)-p-a-benzylpenamaldoyl)-
amines (Text-fig. 2) (11). Under these conditions, BPO-amine concentration versus O.D. at
Amax 285 mu obeyed Beer’s Law. This analytical method appears to be valid also for the
quantitative determination of BPO groups on BPO-conjugates as indicated by the following
observations: (g) Treatment of the BPO-conjugates with PCMB caused the formation of
A 285 mu peak (Text-Fig. 4). (b) Treatment of various native proteins did not cause an in-
creased absorbancy at A 285 mu, nor did the native proteins interfere with the development of
the A 285 mu peak by reaction of PCMB with BPO-amines. (¢} The number of BPO groups
per mole conjugate as determined by the penamaldate method was in good agreement with
the number of e-amino groups of the protein that were bound (Table II).

TABLE II

Comparison between the Number of BPO Groups Iniroduced into Proteins by
Reaction with BPE and the Number of e-Amino Groups Bound

Proteins analyzed®

e-Amino groups}

e-Amino groups
bound

BPO groups§

number/mole protein

number/mole prolein

number/mole protein

HGG 88 0 0
HGG-BPO 51 37 37
HSA 59 0 0
HSA-BPO 34 25 27

* See legend of Table I for abbreviations.

} e-Amino groups by formol titration (22) and protein analysis by Kjeldahl corrected
for nitrogen contribution of BPE and BPO groups. Molecular weights of proteins: HGG
and HGG-BPO, 160,000; HSA and HSA-BPO, 69,000.

§ BPO analysis by penamaldate method and protein by Kjeldahl corrected as above.

In practice, 5.00 ml of a solution of the conjugate in 0.05 M pH 9.2 carbonate buffer which
was approximately 3.0 X 1075 M with respect to BPO groups was treated with 0.15 ml of 1.50
X 1072 PCMB solution in the carbonate buffer. The O.D. at A max 285 mu was measured
between 5 and 15 minutes’ after the reactants were mixed. From this O.D. was subtracted
the O.D. at A 285 mu of the conjugate prior to PCMB treatment plus the O.D. of 4.5 X 104
PCMB (0.100 O.D. units). The remainder was corrected for dilution (multiply by 1.03), and
BPO concentration was calculated from this corrected O.D. value assuming the molar extinc-

® Treatment of BPO-amines with mercuric chloride also caused the immediate formation
of the A 285 my peak. However, especially in the presence of excess reagent, the absorption
peak formed in the presence of mercuric ion was considerably less stable than was the peak
formed in the presence of PCMB. Accordingly, PCMB appears to be more useful than is
mercuric chloride for the penamaldate analysis.

7 The intense absorption maximum at A 285 myu formed immediately on mixing the reac-
tants, after which the absorbancy at Amax 285 my fell slowly. Between 5 and 15 minutes after
the reactants were mixed, the O.D. at Amax 285 my decreased approximately 3 per cent. The
value € = 23,800, was calculated from the average of the O.D. at 5 and 15 minutes after the
reactants are mixed, the maximum error incurred from the slight instability of the absorp-
tion peak was 1.5 per cent.
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tion coefficient of protein-bound BPO groups to be 23,800 (11). The number of BPO groups
per mole conjugate was calculated from this value and the protein concentration as deter-
mined by Kjeldahl analysis (8 a) corrected for the nitrogen contribution of BPO and BPE
groups.

The Numbers of BPE-SS Groups and Di-BPO Groups in the Conjugates.—The
numbers of Di-BPO groups and BPE-SS groups introduced into the various
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Text-Fie. 5. Ultraviolet absorption spectrum of N-(p-a-benzylpenamaldoyl)-e-amino-
caproic acid (O) and the substituted amino acids responsible for the extra absorbancy at
Amax 285 mu exhibited by HGG-BPO (CSH) (X). The former was obtained by treatment of
N-(p-a-benzylpenicilloyl)-e-aminocaproic acid with 1 molar equivalent of mercuric chloride
in 0.01 m pH 9.2 carbonate buffer. The latter was obtained by correcting the spectrum of
HGG-BPO (CSH) for the contributions of protein and BPO groups. Optical densities are
expressed as a fraction of the O.D. at Amax 285 my.

conjugates are shown in Table I. The numbers of BPE-SS groups introduced
into the native serum proteins are in the range of the numbers of sulfhydryl
and disulfide linkages per mole of serum proteins available for reaction under
“mild” conditions; i.e., as—SH, 3 for HSA (5). The numbers of Di-BPO-Lys
groups introduced into HGG-BPO (36 groups per mole) and HSA-BPO (27
groups per mole) are in the range introduced under “mild” conditions (23).
Greater numbers of these groups, up to 55 per mole, were introduced into HGG
by reaction with BPE at pH 9.0-9.5, 10 per cent ethanol, and with vigorous
stirring; 4.e., conditions which favor denaturation. The almost complete


http://www.jem.org

BERNARD B. LEVINE AND ZOLTAN OVARY 887

derivatization of e-amino groups achieved with gelatin would be expected for
this mixture of denatured protein fragments.

Electrophoresis and Ultracentrifugation of HGG-BPO (CSH) Conjugate—The
HGG-BPO (CSH) conjugate exhibited more rapid migration toward the anode
on paper electrophoresis at pH 8.6 than did native HGG; it migrated with the
mobility of an a-globulin. This is expected for a protein conjugate whose -
amino groups are blocked by negatively charged BPO groups, thus lowering
its isoelectric point. Ultracentrifugation of the conjugate showed it to be
composed almost entirely of 7S sedimenting material but containing a trace of
material sedimenting at 8S to 10S. This pattern was identical with that ex-
hibited by the native HGG preparation.

HS
TCACH;),
&)rCHz *CO-NH—C=CH
@ __CH-COOH
o=c t:/
™ C=0 NH—CH:COOH
CHalq —_
4 )-CHz " CONH C——CH _cleny),

PROTEIN

Text-Fi6. 6. The &N-(N*(p-a-benzylpenicilloyl)-p-c-benzylpenamaldoyl)-lysine residue
in the BPO-conjugates.

Ultraviolet Absorption Spectra of the Conjugates.—The ultraviolet absorption
spectra of some typical conjugates are shown in Text-fig. 3. The HGG-BPO
conjugates, as well as the HSA-BPO, Gel-BPO-, and PL-BPO, exhibited a
considerably greater absorbancy at Amax 285 mu than did the native proteins
(Text-fig. 3). This extra absorbancy is not due to Di-BPO-Lys groups as BPO-
amines have essentially no absorption at A 285 mu (10 ¢). That PL-BPO also
exhibited this extra Anax 285 mu absorbancy indicated that the X 285 mu peak
was due to a substituted lysine e-amino group. The ultraviolet absorption
spectrum of the HGG-BPO (CSH) conjugate was corrected for the ultraviolet
absorption of HGG and BPO groups to yield the absorption spectrum of the
substituted amino acids responsible for this extra absorbancy at Amax 285 mu.
Text-fig. 5 shows that this spectrum is not significantly different from that of
N-(p-o-benzylpenamaldoyl)-EACA (see Text-fig. 2). The spectral data and
the observation that the Am.x 285 mu absorption was stable to acidification
suggest that the extra absorbancy may be due to e N-(p-a-benzylpenamaldoytl)-
lysine groups whose N(® nitrogen atoms have been acylated with 1 mole of
BPE (Text-fig. 6). The presence of this group would be consistent with the
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agreement found between the number of BPO groups introduced into the
conjugates and the number of e-amino groups bound (Table IT). The HGG-
BPO (CSH) conjugate (Text-fig. 3) requires 7.3 of these groups per mole of
conjugate to account for the extra absorbancy at A 285 mu.

TABLE III
Immunization of Rabbits with KPG and with a KPG-NRS Incubate*
Ring precipitation tests with} Skin tests with§
Immtumzmg Alllq_imal
antigen® ° | HGG.BPO | HGG-Ss- | HGG-S-S-D HGG-BPO
(CSH) BPE penicille- | HGG | “csp) Beg | HGG

KPG 1 14+ 14+ 0 0 1+ 14 0
2 1+ 14 0 0 14 1+ 0

3 14 14+ 0 0 2+ 2+ 0

4 24 24 0 0 24 24 0

5 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0

KPG-NRS 7 2+ — — 0 — — —
8 2+ — — 0 — — —

9 3+ — — 0 — — —_

10 24 —_— —_ 0 — — —_

11 3+ —_ —_ 0 — — —_

12 34 — -~ 0 —_ — —

* KPG, potassium penicillin G; KPG-NRS—KPG incubated with normal rabbit serum
at 37°C, pH 7, 3 hours. See text for method of immunization.

1 The pooled antiserum for each animal was overlayed in a capillary tube with a 0.50
mg/m) solution of the conjugate in buffered saline. Readings at 15 minutes were: 0, no
reaction; 1-}, slight precipitation at the interphase; 2+ moderate precipitation; 3+, marked
precipitation and flocculation. For abbreviations, see legend, Table I. (—) test not done.

§ Injection into the skin of the flank of 200 ug protein in 0.10 ml of buffered saline. Reac-
tions at 4 hours were graded: 0, edema up to 5 mm, no hemorrhage; 1, edema of 10-20
mm, slight hemorrhage; 2+, edema 20-30 mm, moderate hemorrhage. Three non-sensitized
rabbits gave 0 reactions to these proteins.

Immunization of Rabbits with Benzylpenicillin (PG).—Six albino rabbits weighing 2500 gm
were immunized by injection of potassium penicillin G (KPG) emulsified in complete Freund’s
adjuvant. A similar method has been reported by Josephson (6). On the 1st and 10th day the
animals received a total dose of 100 mg of KPG emulsified in 1 ml water and 1 ml adjuvant
injected into all four foot-pads and intradermally in multiple sites in the dorsal skin. On the
18th, 20th, 22nd, 24th, and 26th day, the rabbits received 100 mg KPG in 2.0 ml of water
intravenously and 300,000 units of aqueous procaine penicillin-G (a product of Pfizer Labora-
tories, Brooklyn) injected into the gluteal muscle. On the 32nd, 34th, and 36th day, the
animals were bled from the ear artery by the method given by Leskowitz and Waksman (24).
The three bleedings from each animal were pooled and ring precipitation tests were done on
each serum pool. Four days after the last bleeding, skin tests were performed by intradermal
injection of HGG-BPO (CSH), HGG-S-S-BPE, and HGG.
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The results of the ring tests and the skin tests are given in Table III. Four
of the six rabbits developed serum antibodies and Arthus skin reactivity
specific for the conjugates. In another experiment six rabbits were immunized
by this schedule and with the dosage of KPG and adjuvant described above,
but with a solution of KPG in normal rabbit serum and 0.15 M NaCl (1:1 by

TABLE IV

Qualitative Precipitation Tests on Pooled Rabbit Aniti-Penicillin G Sera and
Hapten Inhibition of Precipitation™

Sera testedt

Testing antigen® Pooled Pooled

normal | Pooled rabbit |  TabBit

r:zl'::t anti-PG sera (PG-NRS)
sera

HGG-BPO (CSH) 0 2+ 3+
HGG-BPO (CSH) + Di-BPO-EACA (hapten) 0 0 0
HGG-BPO 0 2+ —§
HSA-BPO 0 14+ 2+
Gel-BPO 0 1+ —
PL-BPO 0 2+ 34
HGG-S-S-BPE 0 14 to 24 24
HGG-S-S-BPE + Di-BPO-EACA (hapten) 0 0 0
HGG-S-S-penicillamine 0 0 0
HGG 0 0 0

* See Table I for abbreviations and analysis of the antigens. Di-BPO-EACA was the
0.4 per cent penamaldoyl preparation (see Materials). Final concentrations of hapten in the
inhibited mixtures was 1.0 X 10~% M. Di-BPO-EACA did not inhibit precipitation of rabbit
antibovine 7y-globulin by bovine y-globulin.

1 0.5 ml. serum mixed with 175 g antigen (total volume = 1.0 ml) and the mixture stored
at 4° for 24 hours and centrifuged. Precipitates were graded: 0, no precipitate; 1+, mild; 2+
moderate; 34, marked precipitation.

§ Test not done.

volume) which had been incubated at pH 7 and 37°C for 3 hours. Under these
conditions the sera of all six rabbits so immunized exhibited strongly positive
ring precipitation tests which the HGG-BPO (CSH) antigen and negative
reactions to HGG (Table III).

Precipitation Analysis of Rabbit Anti-penicillin Sera.—The sera from rabbits
1 to 4 (Table IIT) were pooled (anti-PG pool) as were the sera of rabbits 7 to
12 (anti-(PG-NRS) pool). Qualitative precipitation tests and hapten inhibition
of precipitation were carried out on the two pools of antisera using the conju-
gates listed in Table I as antigens. Table IV shows that all the conjugates
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containing Di-BPO groups were capable of specifically precipitating both the
anti-PG and anti-(PG-NRS) pooled antisera. For both anti-PG and anti-
(PG-NRS) sera, Di-BPO-EACA hapten at 1.0 X 10~ M concentration com-
pletely inhibited precipitation of the antisera by the HGG-BPO (CSH) and
HGG-5-S-BPE antigens. This inhibition was specific as higher concentrations
of the hapten (1 X 1072 M) did not inhibit precipitation of rabbit antibovine
«-globulin by bovine y-globulin.
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TexT-F16. 7. Agar-gel diffusion analysis of the pooled rabbit anti-PG serum. Each figure
represents an agar plate incubated at room temperature for 48 hours (Fig. g, ¢) or for 96
hours (Fig. b, d, ¢). Fig. e represents an agar plate containing Di-BPO-EACA, at 2.0 X 103
M concentration. In Figs. a, b, ¢, the wells contained: 4 B. Rabbit anti-PG serum concentrated
threefold; 7. HGG-BPO (CSH); 2. HGG-BPO; 3. PL-BPO; 4. HGG-BPO (CSH); 5. HSA-
BPO all at 450 ug per ml in B.S.; 6. HGG-SS-BPE in Figs. @, b at 700 ug per ml and in
Fig. ¢ at 2.20 mg per ml. In Figs. d, e the wells contained: 4. Rabbit anti-dinitrophenylbovine
serum albumin; B. Dinitrophenyl-bovine -y-globulin, (7.4 DNP residues per mole), 22.0 mg
per ml; C. Rabbit Anti-bovine y-globulin; D. HGG-SS-BPE, 2.50 mg per ml.; E. Rabbit anti-
PG serum (concentrated three-fold); F. HGG-BPO (CSH), 350 ug per ml

Agar-Gel Diffusion Studies and Hapten Inhibition of Precipitation in Gel.—
Agar-gel double diffusion analyses of the rabbit pooled anti-PG and the rabbit
pooled anti-(PG-NRS) sera with the various conjugates as antigens were
carried out by the Petri dish method of Ouchterlony (25) using plates made
with 0.5 per cent ionagar dissolved in 0.15 M sodium chloride. The inhibited
plate contained Di-BPO-EACA hapten dissolved in the liquid gel at a concen-
tration of 2.0 X 102 M. The anti-PG serum was concentrated by lyophylization
and reconstitution with water to one-third the original volume. The anti-
(PG-NRS) serum was used as such. The results of gel-diffusion analysis of the
anti-PG serum are shown in Text-fig. 7 and Fig. 1. The pattern which is formed
by the HGG-SS-BPE and the HGG-BPO (CSH) lines at 48 hours (Text-fig. 7 @)
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may be attributed to the considerably fewer Di-BPO groups present in HGG-
SS-BPE (3.6 per mole) than present in HGG-BPO (CSH) (36 per mole). When
the concentration of HGG-SS-BPE was increased to five times that of HGG-
BPO (CSH) a pattern of complete identity was obtained (Text-fig. 7 ¢). The
double precipitation lines seen in Text-fig. 7 b have been observed also by
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Text-Fi6. 8. Specific precipitation of pooled rabbit anti-PG serum, Each tube contained
0.50 ml of pooled antiserum from rabbits immunized with KPG (see text). The test antigen
was HGG-BPO (CSH) (Table I). Total volume per tube = 2.0 ml. (O) represents ug protein
precipitated (antigen + antibody); (X) represents weight ratios: antibody/antigen in the
precipitates. Antibody (ug) was calculated by subtracting the ug antigen added from the
ug total precipitate (in the zone of antibody excess). The arrow ( | ) indicates the equivalence
point.

Josephson and Franklin (26) who suggested that the line nearer the antibody
well is due to a 19S antibody, and the other line to a 7S antibody. The formation
of both these lines was specifically inhibited by Di-BPO-EACA (Text-fig.
7 d, e), indicating that both lines are specific for the BPO group.
Quantitative Precipitin Analysis of Rabbit anti-PG Sera.—Quantitative
precipitation analysis of the pooled anti-PG sera with HGG-BPO (CSH) as
antigen revealed an antibody content of 420 ug per ml of antibody protein.
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This figure is in the range of antibody contents achieved by Gell on immuniza-
tion of rabbits with several low molecular weight chemicals (27). The precipitin
curve is shown in Text-fig. 8 and the procedural details are given below. The
precipitation curve, supernatant analysis, and antibody/antigen ratios in the

100 o

i //
s

8 -6 -4 -2
LOG HAPTEN CONCENTRATION
Text-F16. 9. Specific inhibition of precipitation by haptens. Precipitation reactions were
set up at the equivalence point. Each tube contained 0.50 ml. pooled rabbit anti-PG serum,
80 ug. HGG-BPO (CSH) antigen, and hapten in various quantities. Total volume = 2.0 ml;
diluent was buffered saline (pH 7.2). The uninhibited control yielded 290 ug protein precipi-
tate.

PER CENT INHIBITION OF PRECIPITATION
I3
(o]

100 (ug precipitate of uninhibited control — ugprecipitate of test mixture)
ug precipitate uninhibited control

per cent inhibition =

(O) represents Di-BPO-EACA (15 per cent penamaldoyl preparation); (X) represents Di-
BPO-EACA (0.4 per cent penamaldoyl); (A) a-BPO-EACA; (@) p-a-benzylpenicilloic acid;
(3O) KPG; () benzylamine. None of the haptens inhibited precipitation of rabbit anti-
bovine 7y-globulin by bovine -y-globulin.

precipitates show that this system behaves as do classical precipitating single
antigen-antibody systems (8 5).

To 0.50 ml of antiserum was added variable quantities of HGG-BPO (CSH) antigen in
B.S.! and the volumes adjusted to 2.00 ml with B.S. Reaction mixtures as well as antiserum
and antigen blanks were set up in duplicate. The tubes were incubated at 37° for 30 minutes
and at 4° for 36 hours. Precipitates were washed 3 times with ice cold saline, air-dried, and
dissolved in 0.1 n sodium hydroxide. Aliquots were then analyzed for protein by the Folin
method (28). The Folin method could be used as standardization curves with HGG-BPO
(CSH) and rabbit y-globulin (FxII) (Pentex, Inc., Kankakee, Illinois) showed that for each
protein the color values at A ymax 750 mu per ug protein differed by less than 3 per cent.
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Quantitative Hapten Inhibition of Precipitation.—Quantitative inhibition experiments were
carried out on the pooled rabbit anti-PG sera. The haptens dissolved in B.S. were mixed with
0.50 ml serum and the antigen (HGG-BPO) (CSH) was added in amount required to reach
the equivalence point in the uninhibited control (80 ug antigen protein). The total volume
was 2.00 ml made up with B.S. Inhibition mixtures, uninhibited controls and antiserum and
antigen blanks were set up in duplicate. After incubation at 37°C for 30 minutes and 36 hours
at 4°C the precipitates were washed and analyzed as described above.

The inhibition curves given by various haptens are shown in Text-fig. 9.
Di-BPO-EACA exhibited strong inhibition of precipitation; 50 per cent inhibi-

TABLE V

Testing of Pooled Rabbit Anti-PG Serum with HGG-BPO (CSH) Antigen by PCA
in Guinea Pigs and Specific Inhibition of PCA by Haptens*

Average diameter of PCA Reaction, mm

Pooled rabbit anti-PG
serum dilution Uninhibited animals | [ohibition with 10 mg Inhibition with 10 mg

a-BPO-EACA} Di-BPO-EACA}
1/200 28 25 16 14 1312 13 12 13 1210 0 0 O 0 O
1/500 18 15 10 tr Otr O O O 00 O 0 O O O
1/1000 16 13 0 0 00 O 0 O OO O 0 O O O
1/2000 s 0 0 0 OO0 O O O OO O 0 0 O O

Rabbit anti-ovalbumin 25 18 8 tr tr|20 18 20 25 1825 20 15 20 25 20
0.04 ug. antibody N

* Latent period between sera and antigen injection, 6 hours.

Antigen mixture containing 200 pg HGG-BPO (CSH), 75 ug ovalbumin and 0.5 ml
Evans blue total volume = 1 ml) was injected intravenously. For the inhibition studies,
hapten in 1.0 ml saline was injected intravenously 5 minutes prior to injection of antigenic
mixture. Animals were killed 12 minutes after injection of antigen. Each vertical line repre-
sents an individual 250 to 300 gm guinea pig.

{1 a-BPO-EACA and Di-BPO-EACA = a-diastereomer and diastereomeric mixture of
N-(p-a-benzylpenicilloyl)-e-aminocaproic acid. Di-BPO-EACA was 0.4 per cent penamaldoyl
preparation.

tion at 1.0 X 10~% M concentration and 100 per cent inhibition at 4.0 X 10—
M concentration. At the higher concentrations of the haptens, the diastereomeric
mixture of BPO-EACA was a more effective inhibitor than was the
a-diastereomer of BPO-EACA. The equal effectiveness of the two forms of
BPO-EACA at the lower concentrations may be ascribed to the ability of the
a-diastereomer to undergo epimerization in the presence of cupric ion contained
in the serum to yield the diastereomeric mixture of BPO-EACA.?2 Since the
effect of cupric ion increases as the ratio: concentration of cupric ion/concen-
tration BPO-EACA increases? the lower concentrations of a-BPO-EACA
would undergo epimerization to a greater extent than would the higher con-
centrations. Although p-a-benzylpenicilloic acid was used as an inhibitor, in
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TABLE VI

Testing of Pooled Rabbit Anti-PG Serum with HGG-S-S-BPE Antigen by PCA
in Guinea Pigs and Specific Inhibition of PCA by Haptens*

Average diameter of PCA reaction, mm

Anti-PG serum dilution
Uninhibited animals Inbibition with 10 mg
1/50 15 8 15 16 16 00000
1/100 12 tr 10 13 15 000O0G¢Q
1/200 10 ¢ 10 13 15 00000
1/500 70 tr tr 7 0 0000
1/1000 7 0 tr tr 7 00000
1/2000 00 0 0 0 00 00O

* Antigen mixture: 250 ug HGG-SS-BPE +- 0.5 ml 1 per cent Evans blue; total volume:
1 ml in saline. Latent period, 5 hours. See legend, Table V for experimental procedures. Each
vertical line represents an individual animal.

TABLE VII

Testing of Pooled Rabbit Anti-PG Sera and Pooled Rabbit Anti-(PG-NRS) Sera
with HGG-S-S-b-Penicillamine Antigen by PCA in Guinea Pigs*

Average diameter of PCA reaction, mm

Anti serum} dilution

HGG-S-5-p-penicilla- | HGG-BPO (CSH)
mine 500 ug$ 200 ug$
Anti-PG serum 1/10 0000 25 30
1/50 0000 15 20
1/100 00O0GO 15 20
Anti-(PG-NRS) serum 1/50 0000 15 20
1/100 0000 15 20

* HGG-S-S-p-penicillamine antigen contains 10 to 30 groups of p-penicillamine mixed
disulfide per mole. Latent period, 5 hours. See legend Table V for experimental procedures.
Fach vertical line represents an individual animal.

1 For description of antisera, see text.

§ Thirty minutes after injection of the HGG-SS-p-penicillamine antigen, two negatively
reacting animals were re-injected with HGG-BPO-(CSH) antigen (Table I). Positive reac-
tions appeared within 4 minutes.

serum solution it probably exists mainly as the diastereomeric mixture since
the a-diastereomer rapidly undergoes epimerization, approximately 25 times
faster than does a-BPO-EACA 2

The inhibition curves obtained with the two Di-BPO-EACA preparations
containing concentrations of penamaldoyl-EACA of 0.4 per cent and 15 per
cent of the original BPO-EACA concentration did not appear to differ signifi-
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cantly. D-Benzylpenicilloic acid was 2{oth as effective an inhibitor (mole for
mole) as was BPO-EACA; 50 per cent inhibition for p-benzylpenicilloic acid
was achieved at 4.0 X 10~* M concentration and 100 per cent inhibition at 1.0
X 102 M. PG exhibited incomplete inhibition of precipitation. Benzylamine
which is present in the preparations of BPO-EACA caused less than 5 per cent
inhibition at 1.0 X 1073 M concentration. None of the haptens, in the concen-
trations used, inhibited the precipitation of rabbit anti-bovine-y-globulin by
bovine vy-globulin.

TABLE VIII

Datection of Antigenic BPO-Conjugate in the Serum of a Patient (V.C.) Treated
with KPG by PCA Reaction in Guinea Pigs*

Average diameter of PCA reaction, mm
Anti-PG serum dilution 05mlV.C.serum |  10mg Di-BPO-EACA}
(employed as followed by 0.5 ml V.C,
antigen) serum (antigen)
Human* (V.0.) 1/10 11 18 0 10 (pale) 0 0 O
1/40 0 0 0 0 000
1/60 0 0 O 0 000
Pooled rabbit anti-PG serum 1/50 15 20 18 10(pale) 0 0 O
1/100 10 15 15 0 000
1/500 0 0 8 0 000

*V.C. serum from a patient being treated with 25 gm (40 million units) of XPG per
day. Serum was dialyzed immediately after being obtained from patient. V.O. serum from
a patient with recent allergic reaction to PG (see Table IX). Latent period between intra-
dermal serum injections and antigen (0.5 ml V.C. serum -+ 0.5 ml 1 per cent Evans blue),
5 hours. Di-BPO-EACA in 1.0 ml normal saline injected intravenously 5 minutes prior to
injection of antigen. Animals were killed 12 minutes after injection with antigen. Positive
reactions appeared in 4 minutes. Each vertical line represents an individual animal.

1 0.4 per cent penamaldoyl preparation.

Analysis of Rabbit Anti-Penicillin Sera by Passive Cutaneous Anaphylaxis
(PCA) in the Guinea Pig and Inhibition of PCA with Haptens.—PCA analysis
and hapten inhibition of PCA was carried out on the pooled rabbit anti-PG
and anti(PG-NRS) sera by the methods described previously (29-31). The
results are shown in Tables V to VII. Prior titration with HGG-BPO (CSH)
antigen showed that maximal reactions were obtained with 200 to 300 ug of
antigen. Using 200 ug HGG-BPO (CSH) as antigen, the pooled rabbit anti-PG
sera gave positive PCA reactions to a dilution of 1:2000 to 1:2500. Prior
injection of 10 mg of a-BPO-EACA (Text-fig. 2) caused strong but incomplete
inhibition of the PCA reaction, whereas prior injection of 10 mg of Di-BPO-
EACA (0.4 per cent penamaldoyl preparation) caused complete inhibition of
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PCA (Table V) (Fig. 2). With 250 ug HGG-SS-BPE as antigen, the pooled
rabbit anti-PG sera showed positive responses to a dilution of 1:1000. Prior
injection of 10 mg of Di-BPO-EACA resulted in complete inhibition of PCA
reaction (Table VI). The inhibition of PCA reaction by Di-BPO-EACA was
specific as it did not inhibit PCA given by the ovalbumin-rabbit-antiovalbumin
system (Table V). Antibodies directed against D-penicillamine mixed disulfide
groups could not be detected by PCA reaction in both the anti-PG and anti-
(PG-NRS) pools (Table VII). The pooled rabbit anti-(PG-NRS) sera gave
positive reactions to a dilution of 1:3500 with 200 ug HGG-BPO (CSH) as
antigen. With the pooled anti-(PG-NRS) as well as the anti-PG sera, PCA
reactions provoked by the HGG-BPO(CSH) and HGG-SS-BPE antigens were
completely inhibited by prior injection of 10 mg of Di-BPO-EACA.

TABLE IX

Detection of Anti-BPO Antibody in Serum of a Patient with a Recent Urticarial
Reaction to PG by PCA Reaction in Guinea Pigs*

Average diameter of PCA reactions, mm
V.0. serum dilutions A
HGG-BPO (CSH) 500 ug e A Gph oliayed
1/20 20 20 tr O 00 0O
1/40 12 15 0 O 0000
1/60 012 0 O 00 0O

* Latent period, 5 hours. Each vertical line represents an individual animal. See legend,
Table VIII for hapten inhibition technique.
1 0.4 per cent penamaldoyl preparation.

Studies on Human Beings; Detection of Antigenic BPO-Conjugates in the
Serum of a Patient Treated with Large Doses of Penicillin G.—Serum from a
patient (V.C.) under treatment for subacute bacterial endocarditis with 40
million units (25 gm) KPG intravenously per day was immediately dialyzed
thoroughly against saline and assayed for antigenic activity by PCA with
hapten inhibition of PCA (29-31). The data in Table VIII showing the effective-
ness of V.C. serum as an antigen and the inhibition of PCA by Di-BPO-EACA
hapten demonstrate the presence of non-dialyzable antigenic BPO-conjugates
in this serum.

Detection of Anti-BPO Antibodies in the Serum of a Patient with a Recen!
Allergic Reaction to PG.—Serum obtained from a patient (V.0.) 6 days after
an urticarial reaction to PG was assayed for anti-BPO antibodies by PCA.
The data in Table IX showing complete inhibition of PCA reactions by prior
injection of Di-BPO-EACA demonstrate the presence of anti-BPO antibodies
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in this serum. Sera from five other patients with histories of recent urticarial
reactions while on PG gave negative results by this method when tested with
the HGG-BPO (CSH) and HGG-SS-BPE antigens.

Skin Testing of Patients with Histories of Allergic Reactions to PG, and Specific
Haplen Inhibition of the Wheal-and-Erythema Reaction.—The patients tested
were: (¢) F. O’B. had a history of an anaphylactic reaction to PG 5 years prior

TABLE X

Skin Testing of Patienis with Histories of Allergic Reactions to PG and Specific
Inhibition of Wheal-and-Erythema Reaction with Di-BPO-EACA (Haplens)*

Antigens and haptent

HGG-BRO-(CSH), | pippo. | Mixture of HGG-BPO(CSH)
ug injected EACA (Ag) and Di-BPO-EACA (H)
Patient H%G (Is‘Iap!tlf:)
. = 40 =40
“1 04 | 40 | a0 (oles B | Ko
(2 mu moles mu moles
M.O.§ 0 [ 14|14 | 24+ + + —
C.W. +* |2+ | 34| — =+ — 1+
F.O'B. 0 14124 ] — + — 0

* See Text for patients’ histories. Antigens and haptens injected intradermally in 0.05 ml
buffered saline. Readings at 15 minutes were graded: 0, 0-5 mm bleb no erythema; =+, 5-10
mm bleb slight or no erythema; 14, 5 to 10 mm irregular wheal with 10 to 20 mm erythema;
2+, 11 to 15 mm irregular wheal with 20 to 30 mm erythema; 3+, 20 mm wheal with pseudo-
podia and 50 mm erythema. —, not tested. Five patients with no histories of PG allergic
reactions gave O reaction to the antigen. The BPO-EACA hapten in the amount used did
not inhibit wheal and erythema reaction given by 10 protein Nitrogen units of ragweed ex-
tract in two other patients with ragweed hayfever.

1 HGG, native human <-globulin; HGG-BPO (CSH)—see Table I; Di-BPO-EACA
(0.4 per cent penamaldoyl preparation) converted to disodium salt by passage through
Dowex-50 (Nat*) at pH 7 (11). Hapten and antigen were diluted in B.S. and sterilized by
Seitz filtration.

§ M.O. exhibited a typical delyaed allergic reaction at 24 hours to the 40 ug dose of HGG-
PBO (CSH).

to testing; (b) C. W., had a diffuse urticarial reaction to PG 8 days prior to
the skin tests; (¢) M. O., had 2 episodes of angioedema, occurring 2 days after
PG, 8 years and 3 years prior to testing. The data in Table X show that the
three patients reacted specifically to the HGG-BPO (CSH) antigen with typical
wheal-and-erythema reactions. These reactions were strongly and specifically
inhibited by Di-BPO-EACA hapten. Three other patients with histories of PG
urticarial reactions occurring 2 to 5 years prior to skin testing gave negative
reactions to HGG-BPO (CSH) and HGG-SS-BPE. One patient, M.O., ex-
hibited a typical delayed (tuberculin) allergic reaction to 40 ug of HGG-BPO-
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(CSH), as well as a wheal-and-erythema reaction. Hapten inhibition of wheal-
and-erythema responses using the 2,4-dinitrophenyl system has been described
previously (32).

DISCUSSION

Rabbits immunized with penicillin G (PG) or mixture of PG incubated with
normal rabbit serum (PG-NRS) developed serum antibodies which reacted
specifically with conjugates prepared by reaction of p-benzylpenicillenic acid
(BPE) with various proteins and with poly-L-lysine. These conjugates con-
tained a mixture of diastereomers of e-N-(p-a-benzylpenicilloyl)-lysine (Di-
BPO-Lys) groups, BPE-mixed disulfide (BPE-SS) groups (Table I), and
appeared to contain also e - N - (N* - (D - & - benzylpenicilloyl) - b - a - benzyl-
penamaldoyl)-lysine groups (Text-fig. 6).3 The conjugates reacted with the
rabbit pooled anti-PG and anti-(PG-NRS) sera both by precipitation (Tables
II1, IV, Text-figs. 7, 8, Fig. 1) and by PCA reaction in guinea pigs (Tables V,
VI, Fig. 2). It is clear from the data on quantitative inhibition of precipitation
by haptens (Table IV; Text-fig. 9), and the data on inhibition of PCA reaction
by haptens (Tables V, VI; Fig. 2) that these antibodies were directed specifically
against the diastereomeric BPO® antigenic determinant groups, which are
bound in the conjugates predominantly as Di-BPO-Lys groups® (Table II).
That the antibodies precipitated by the HGG-BPO (CSH) conjugate were
directed against the BPO-Lys group is indicated also by the 40-fold greater
effectiveness of BPO-EACA! over p-benzylpenicilloic acid as an inhibitor
(Text-fig. 9). The greater effectiveness of Di-BPO-EACA over the a-BPO-
EACA! in inhibiting both precitation (Text-Fig. 9) and PCA reactions (Table
V, Fig. 2) given by the anti-PG sera with HGG-BPO (CSH) antigen demon-
strates that the anti-penicillin antibodies were directed against the diastereo-
meric mixture of BPO-Lys groups.? The stereospecificity exhibited by the rabbit
anti-BPO antibodies is in accord with the well known stereospecificity of anti-
hapten antibodies (33, 34).

It is clear from the negative precipitation tests (Tables III, IV) and the

8 The e-N-(N*“(BPO)-penamaldoyl)-lysine groups (Text-fig. 6) may not be formed in
2ivo where exceedingly low concentrations of PG (or BPE) react with tissue proteins.

9 1f, in vivo, PG reacts directly with lysine e-amino groups of tissue proteins to form anti-
genic conjugates, the two asymmetric carbon atoms of the 8-lactam ring (marked (*), Text-
Fig. 1) are not involved and the resultant BPO-Lys groups would be a-diastereomers. If PG
first rearranges to BPE which reacts with lysine e-amino groups, the two asymmetric carbons
of the S-lactam ring undergo epimerization and the resultant BPO-Lys groups would be formed
as a mixture of the diastereomers. The finding that anti-PG antibodies were directed against
the mixture of diastereomers of BPO-Lys is consistent with the view that PG reacts with tissue
proteins n vivo through its intermediate BPE (1-3, 7). However, it is alternatively possible
that PG may react directly to form the c-diastereomer of BPO-Lys which may secondarily
undergo epimerization to form the mixture of diastereomers.
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negative PCA reactions (Table VII) with the HGG-5S-p-penicillamine conju-
gate that the rabbit anti-penicillin sera contained no detectable antibodies
directed against the D-penicillamine mixed disulfide group. Consistent with
these data are the experiments of Josephson (6), who found that agglutination
of “PG-coated” red blood ceils by rabbit anti-PG sera was not inhibited by
D,L-penicillamine. The data in Text-fig. 9, demonstrates that penamaldoyi-
EACA! contained in the Di-BPO-EACA preparations did not inhibit pre-
cipitation of rabbit anti-PG sera by HGG-BPO (CSH), and indicates the
absence of detectable antibodies directed against the N-(D-a-benzyl-
penamaldoyl) group.?

Both specific precipitation (Table IV) and PCA reactions (Table VI) given
by the pooled rabbit anti-PG and anti(PG-NRS) sera with HGG-SS-BPE
antigen (containing 17 BPE-SS and 3.6 Di-BPO-Lys groups per mole) were
completely inhibited by small quantities of Di-BPO-EACA. These results
indicate that the Di-BPO groups contained in the HGG-SS-BPE conjugate
were responsible for its specific reactions with the rabbit anti-penicillin sera.
By these studies and also by agar gel double diffusion analysis (Quchteriony)
(Text-fig. 7; Fig. 1) no antibodies directed against the BPE-SS group were
detected in the pooled rabbit anti-PG and anti-(PG-NRS) sera. The alternative
possibility that anti-(Di-BPO) antibodies may cross-react with anti-(BPE-SS)
antibodies would appear unlikely on the basis of the considerable structural
differences between the two groups (Text-fig. 1). However, this possibility
bears further study.

The results of PCA analysis (with hapten inhibition of PCA) of one patient’s
serum (Table IX) and skin testing (with hapten inhibition of the wheal-and-
erythema reactions) of several other patients (Table X) demonstrate that at
least some patients with penicillin hypersensitivity of the immediate type
develop serum antibodies and allergic skin reactivity specific for the BPO
group. Further studies on the identities of the antigenic determinant groups
responsible for penicillin hypersensitivity in human beings are currently in
progress.

The above findings demonstrating the importance of the Di-BPO groups as
antigenic determinants responsible for PG hypersensitivity of the immediate
type!! is consistant with the data in Table VIII showing the presence of non-

10 Tn early experiments a conjugated protein antigen containing only BPE-SS-Cys groups
and capable of precipitating rabbit anti-(BPE-SS) serum did not precipitate the rabbit anti-PG
serum.

I With regard to PG hypersensitivity of the contact dermatitis type, the BPE-SS-Cys
and p-penicillamine-SS-Cys groups appear also to be important antigenic determinants (1).
The importance of the mixed disulfide determinants in PG allergic contact dermatitis may be
attributed to the reaction of PG (or BPE) with epidermal proteins which contain relatively
large numbers of reactive cystine disulfide linkages (38).
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dialyzable antigenic BPO-conjugates in the serum of a patient being treated
with PG.

In the experiments described above, no antibodies directed against the BPE-
SS and the D-penicillamine-SS groups were detected in either pooled rabbit
anti-penicillin serum. Thus, either antigenic protein conjugates containing
sufficient number of these groups were not formed iz vivo by reaction of PG
with tissue proteins, or these groups did not induce the formation of detectible
antibodies. Both the BPE-SS and p-penicillamine-SS groups are capable of
inducing antibody formation and hypersensitivity (1, 7, 35). Accordingly, and
considering the small number of cystine disulfide linkages of serum proteins
available for reaction (5), and the low therapeutic concentrations of PG (or
BPE) achieved in tissue, it is possible that conjugates containing several mixed
disulfide residues per mole may rarely be formed iz vivo.

It is still possible, however, that some individuals may develop hyper-
sensitivity to these groups. Further, in view of the numerous chemical reactions
undergone by penicillin, still other derivative groups may prove to be antigenic
determinants responsible for PG hypersensitivity.

It is generally agreed that simple chemicals induce hypersensitivity by
combining irreversibly with tissue proteins to form the complete antigen (36,
37). In the cases of simple chemicals which are known to induce hypersensitivity
and which do not undergo irreversible reactions with proteins, it was first
suggested by Landsteiner (35) that these compounds may be converted to more
reactive compounds i vive which then react with tissue proteins. With regard
to penicillin G, where no reaction of PG with proteins or low molecular weight
protein model compounds had been demonstrated (1, 10 d, 39), it appears that
a degradation product of PG, BPE, may be the protein-reactive pro-antigen
responsible for the iz vivo formation of the penicillin antigen (1-3, 7). Similarly,
the ability of other low molecular weight chemical allergens such as aspirin
and sulfonamides to induce hypersensitivity may be due to the i vivo formation
of one or more reactive intermediate metabolites (e.g., quinone derivatives)
which may combine irreversibly with tissue proteins to form the complete
antigen. It is to be noted that once a major antigent determinant group had
been identified, and the proper complete antigens and univalent haptens
prepared, the penicillin system was found to behave in many ways as do protein
and conjugated-protein systems, i.e. exhibiting detectable precipitating and
skin sensitizing antibodies, and hapten inhibition of specific reactions.

In this study, the general method of hapten inhibition as applied to precipita-
tion reactions in aqueous (¢f. reference 36) and gel media, to PCA reactions
(¢f. reference 31) and to wheal-and-erythema responses (¢f. reference 32)
demonstrated clearly the importance of the Di-BPO groups as antigenic
determinants responsible for PG hypersensitivity of the immediate or anti-
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body dependant type. Similar chemical and immunological studies may
prove to be effective in identifying the antigenic determinants responsible for
hypersensitivity to other allergenic drugs, such as aspirin and sulfonamides.

From the data presented here, it appears that conjugates containing several
Di-BPO groups per mole may be important as antigenic reagents for diagnosis,
prediction and investigation of penicillin hypersensitivity in human beings.
Also, the hapten inhibition experiments described above suggest that univalent
haptens such as Di-BPO-EACA may prove to be useful clinically as therapeutic
agents to specifically inhibit antibody dependent penicillin allergic reactions
in man.

SUMMARY

An excess of D-benzylpenicillenic acid (BPE) was reacted with human
v-globulin, human serum albumin, gelatin, and poly-L-lysine in aqueous solu-
tion buffered at pH 7.5-8.0. Under these conditions, BPE reacted predomi-
nantly with lysine e-amino groups of the proteins to form the mixture of
diastereomers of eN-(p-a-benzylpenicilloyl)-lysine groups (Di-BPO-Lys).
BPE reacted also, but to a considerably smaller extent, with cystine disulfide
linkages of human vy-globulin and human serum albumin to form D-benzyl-
penicillenic acid-cysteine mixed disulfide groups (BPE-SS-Cys). Conjugates
containing large numbers of BPE or p-penicillamine mixed disulfide groups
were prepared by reaction of BPE or p-penicillamine with thiolated human
v-globulin under mild oxidizing conditions.

Anti-penicillin antibodies were produced in rabbits by immunization with
either potassium penicillin G (PG) or a preincubated mixture of PG with
normal rabbit serum (PG-NRS) in complete Freund’s adjuvant. Specific
precipitation analyses in aqueous and gel media (Ouchterlony), PCA analyses,
and specific inhibition of these reactions with haptens were carried out on the
rabbit anti-PG and anti-(PG-NRS) sera, using the above conjugates as anti-
gens. The anti-penicillin antibodies were found to be directed against the
diastereomeric mixture of N-(D-a-benzylpenicilloyl) groups, predominantly the
Di-BPO-Lys groups. By these techniques, no antibodies directed against the
BPE-mixed disulfide or the bD-penicillamine mixed disulfide groups were
detected.

Three out of six patients with histories of allergic reactions to PG responded
with wheal-and-erythema reactions to the N-(p-a-benzylpenicilloyl) (BPO)
groups contained in BPE-human gamma globulin conjugate. Another such
patient exhibited serum antibodies specific for the BPO group. One patient
being treated with 25 gm per day of PG showed the presence of non-dialyzable
antigenic BPO-conjugates in his serum.

These results demonstrate that the diastereomeric BPO groups (predomi-
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nantly Di-BPO-Lys groups) are major antigenic determinant groups responsible
for PG bypersensitivity in rabbits and human beings. The possible clinical
usefulness of multivalent Di-BPO conjugates and univalent Di-BPO haptens
is discussed.

We wish to thank Dr. E. C. Franklin of New York University for performing the ultra-
centrifugal and electrophoretic analyses, Dr. L. Thomas of New York University for per-
mission to study patients on the wards of the Third and Fourth Medical Divisions, Bellevue
Hospital, and Dr. S. S. Schneierson of the Mount Sinai Hospital for permission to use the
animal room facilities of the Mount Sinai Hospital.

BIBLIOGRAPHY

1. Levine, B. B., Studies on the mechanism of formation of the penicillin antigen.
I. Delayed allergic cross-reactions among penicillin G and its degradation
products, J. Exp. Med., 1960, 112, 1131,

2. Levine, B. B., Studies on the mechanism of formation of the penicillin antigen.
II. Some reactions of p-benzylpenicillenic acid in aqueous solution at pH 7.5,
Arch. Biochem. and Biophysics, 1961, 93, 50.

3. Levine, B. B., The degradation of benzylpenicillin at pH 7.5 to p-benzylpenicilloic
acid, Nature, 1960, 187, 939.

4. Levine, B. B., The formation of penicillamine-cystine mixed disulfide by reaction
of p-benzylpenicilloic acid with cystine, Nature, 1960, 187, 940.

5. Marcus, G., and Karush, F., The disulfide bonds of human serum albumin and
bovine gamma-globulin, J. Am. Chem. Soc., 1957, 79, 134.

6. Josephson, A. S., The development of antibodies to penicillin in rabbits, J. Exp.
Med., 1960, 111, 611,

7. de Weck, A,, and Eisen, H. N., Some immunochemical properties of penicillenic
acid, an antigenic determinant derived from penicillin, J. Exp. Med., 1960,
112, 1227,

8. Kabat, E. A., and Mayer, M. F., Experimental Immunochemistry, Springfield,
Illinois, C. C. Thomas, 2nd edition, 1961: (a) p. 480; () chap. 2.

9. Livermore, A. H., Carpenter, F. H., Holley, R. W_, and du Vigneaud, V., Studies
on crystalline b, L-benzylpenicillenic acid, J. Biol. Ckem., 1948, 176, 721.

10. The Chemistry of Penicillin, (H. T. Clarke, ]J. R. Johnson, and R. Robinson,
editors), Princeton, Princeton University Press, 1949: (a) p. 573; (&) p. 427;
(c) p- 431; (@) chap. 8; (e) p. 426.

11. Levine, B. B., The preparation and quantitative assay of N-(D-c-benzyl-
penicilloyl)-amines, J. Med. and Pharm. Chem., in press.

12, Boyer, P. D., Spectrophotometric study of the reaction of protein sulfhydryl
groups with organic mercurials, J. Am. Chem. Soc., 1954, 76, 4331.

13. Florey, H. W., Chain, E., Heatley, N. G., Jennings, M. A., Sanders, H. G,,
Abraham, E. P., and Florey, M. E., Antibiotics, London, Oxford University
Press, 2, 844.

14. Eisen, H. N., personal communication.

15. Singer, S. J., Fothergil, J. E., and Shainoff, J. R., A general method for the
isolation of antibodies, J. Am. Chem. Soc., 1960, 82, 565.


http://www.jem.org

16.

17.

18.

19.

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

BERNARD B. LEVINE AND ZOLTAN OVARY 903

Benesch, R., and Benesch, R. E., ¢n Sulfur in Proteins, New York, Academic
Press, Inc., 1959, 15.

Mirsky, A. E., The sulfhydryl group of egg albumin in different denaturing
agents, J. Gen. Physiol., 1941, 24, 709.

Tabachnick, M., Eisen, H. N., and Levine, B. B., Penicillamine-cysteine, a new
mixed disulfide, Nature, 1954, 174, 701.

Parker, A. J., and Kharasch, N., The scission of the sulfur-sulfur bond, Chem.
Rev. 1959, 59, 583.

Shepartz, S. A., and Johnson, M. J., The nature of the binding of penicillin by
bacterial cells, J. Bact., 1956, 71, 84.

Pan, S. C.,, Simultaneous determination of penicillin and penicilloic acid in
fermentation samples by a colorimetric method, A%al. Chem., 1954, 26, 1438.
Kenchington, A. W., iz A Laboratory Manual of Analytical Methods of Protein
Chemistry, (P. Alexander and R. J. Block, editors), New York City, Pergamon

Press, 1960, 2, chap. 10.

Eisen, H. N., Belman, S., and Carsten, M. E., The reaction of 2, 4-dinitrobenzene
sulfonic acid with free amino groups of proteins, J. Am. Chem. Soc., 1953, 75,
4583,

Leskowitz, S., and Waksman, B. H., Studies in immunization. I. The effect of
route of injection of Freund adjuvant on production of circulating antibody
and delayed hypersensitivity, J. Immunol., 1960, 84, 58.

Ouchterlony, O., Diffusion-in-gel methods for immunological analyses, Progr.
Allergy, 1958, b, 1.

Josephson, A. S., and Franklin, E. C., Characterization of antibodies to penicillin,
Fed. Proc., 1961, 20, 13.

Gell, P. G. H., Harrington, C. R., and Pitt-Rivers, R., The antigenic function of
simple chemical compounds: production of precipitins in rabbits, Brit. J.
Exp. Path., 1946, 27, 267.

Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J., Protein measure-
ment with the Folin phenol reagent, .J. Biol. Chem., 1951, 193, 265.

Ovary, Z., Immediate reactions in the skin of experimental animals provoked by
antibody-antigen interaction, Progr. 4llergy, 1958, B, 459.

Ovary, Z., Reverse passive cutaneous anaphylaxis in the guinea pig with horse,
sheep, or hen antibodies, Immunology, 1960, 8, 19.

Ovary, Z., and Karush, F., Studies on the immunologic mechanism of anaphylaxis,
1. Antibody-hapten interactions studied by passive cutaneous anaphylaxis in
the guinea pig. J. I'mmunol., 1959, 84, 409.

Farah, F. S., Kern, M., and Eisen, H. N., Specific inhibition of wheal and erythema
responses with univalent haptens and univalent antibody fragments, J. Exp.
Med., 1960, 112, 1211,

Landsteiner, K., and van der Scheer, J., Serological differentiation of steric
isomers, J. Exp. Med., 1928, 48, 315.

Avery, O. T. and Goebel, W. F., Chemo-immunologic studies on conjugated
carbohydrate-proteins, J. Exp. Med., 1929, 50, 533.

Bearn, A. G., personal communication.


http://www.jem.org

904 FORMATION OF PENICILLIN ANTIGEN. III

36. Landsteiner, K., The Specificity of Serological Reactions, Cambridge, Harvard
University Press, 1945, revised edition, chap. 5.

37. Eisen, H. N, in Cellular and Humoral Aspects of the Hypersensitive States,
(H. S. Lawrence, editor), New York, Paul B, Hoeber, Inc., 1959, chap. 4.

38. Eisen, H. N., and Belman, S., Studies on hypersensitivity to low molecular
weight substances, II. Reactions of some substituted dinitrobenzenes with
cysteine or cystine of skin proteins, J. Exp. Med., 1953, 98, 533.

39. Chow, B. F., and McKee, C. M., Inactivation of the antibiotic activity of
penicillin by cysteine hydrochloride. I. Chemical aspects of inactivation,
Proc. Soc. Exp. Biol. and Med., 1945, B8, 175.

EXPLANATION OF PLATE 89

Frc. 1. Agar gel diffusion of the pooled Rabbit anti-PG Serum (see Text-fig. 1 a).
Center well contained pooled rabbit anti-PG serum concentrated threefold. The
peripheral wells contained: I and IV, HGG-BPO (CSH); II, HGG-BPO; III, PL-
BPO; V, HSA-BPO all at 450 ug per ml in buffered saline; and VI, HGG-SS-BPE
at 700 ug per ml in buffered saline. The plate was incubated at room temperature for
48 hours. See Table I for abbreviations of the conjugates.

Fig. 2. Specific hapten inhibition of penicillin hypersensitivity (PCA). PCA
analysis of rabbit anti-penicillin serum and hapten inhibition of PCA reactions (See
Table V). Each skin represents an individual guinea pig. The pooled rabbit anti-PG
serum diluted in 0.15 M NaCl to 1:200, 1:500, 1:1000, 1:2000, and rabbit anti-
ovalbumin (control) were injected intradermally (total volume = 0.10 ml). After 6
hours, the animals were challenged by intravenous injection of a mixture of 200 ug.
HGG-BPO (CSH), 75 ug ovalbumin and 0.50 ml 1 per cent Evans blue (total volume
= 1.0 ml). The animals were killed 12 minutes after challenge. The inhibited animals
were injected intravenously with 10 mg of the hapten (skin on the right, «-BPO-
EACA; skin on the left, Di-BPO-EACA) in 1.0 ml 0.15 M NaCl 5 minutes prior to
injection of the antigen mixture.
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(Levine and Ovary: Formation of penicillin antigen. IIT)
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