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SUMMARY

Anti-enzyme to citrate-condensing enzyme from pig heart was prepared in rabbits,
The interaction of the enzyme and anti-enzvme was not depondent on pH between
6.3 and 8.9 nor was it dependent on temperatuie at o” or 37°. The reaction was
complete within 10 min of mixing the enzyme and its anti-enzvme. The presence of
heat-inactivated enzyme, acetyvl-CoA, CoA or citrate did not affect the interaction
of active enzyme and anti-enzyme; cnzyvme inactivated by acetylation retained
some reactivity for anti-enzyme. p-Mercuribenznate-treated enzyme interacted with
the anti-enzyme in a manner indistinguishable from untreated enzyme. The enzymes
from pig liver and kidney and pigeon heart and breast muscle could not be dis-
tinguished from pig-heart enzyme on the basis of their reactivity with the pig-heart
anti-enzyme, enzyme from pigeon liver and dog hcart, liver and kidney rcacted
partially whereas that from moth flight muscle and rabbit heart remained com-
pletely uninhibited in the presence of pig-heart anti-enzyme. The suggestion is made
that the catalytic cente. and the antigenic determinant may occupy neighooring
arcas.

INTRODUCTIOXN

Enzyme-anti-enzynie systems provide means for studying the interactivns between
an antigen and its antibody?-? and also between an enzyme and its substrates®-7.
Similar studics have vielded information iegacding ecnzyme structure®?, and the
relationship between enzymes from different sources1-7. 19-13 The following studies
were a preliminary attempt to characterize certain teatures of the pig-heart citrate-
condensing enzyme-rabbit anti-enzvme system.

METHODS AND MATERIALS

Anti-enzyme to citrate<condensing enzvme frum pig heart was preparsd in New
Zealand albino rabbits by injecting them with an enzyme preparation that was
approx. 5% pure (see below). 75 i ui the impure enzyme were given as 6 injections
over 3 weeks; each dose was injected in part by tne subcutaneous, intracutanecous,
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intraperitoncal and intravenous routes. One week after the last injection there was
no demonstrabie anti-enzyme activity in the rabbit serum. A subsequent course of
3 weekly subcutaneous injections of 8 mg of the crude enzyme emulsified in an
equal volume ot complete Freund’s adjuvant (total volume 4 ml} was followed by
the appearance of low levels of anti-enzyme. After a similar course of 4 weekly in-
jections, 40 ml of blood were removed from each rabbit. One month later a single
booster injection in adjuvant was given and another 40 ml of blood collected. Two
months later another course of 4 weekly injections of enzyme in adjuvant were
administered and a further 40 ml of blord obtained. The titer of anti-enzyme did
not vary appreciably in the sera os individual rabbits over the course of these 3
Slcedings. All of the studies to be reported were carried out with the pooled sera
from the rabbit with the highest titer: 1 ml of this serum was capable of inactivating
1.2 units'® of crystalline enzyme (approx. 40 ug). Merthiolate (final concentration of
I : 10 600) was added to both control and immune sera, and they were stored in
4-mi lots at approx. —20°. The anti-enzyme activity remained stable for at least
6 months.

‘Tube precipitin tests!? {4-32 ug enzyme and 0.25 ml serum) and OUCHTERLONY
double diffusion testsi® (160 ug enzyme and 0.1 ml serum) were made using 3 times
recrystallized enzyme. No specific precipitate could be detected.

The interaction between enzyme and anti-enzyme was studied using the capacity
of the immune serum to inhibit enzyme activity. For each determination one tube
with normal rabbit serum and another with immune serum were used; the control
serum had no anti-enzyme activity. Each tube contained o.20 1nl of diluted serum
{1 : 8 with 0.15 M sodium chloride in 0.02 M potassium phosphate {(pH 7.4)), and
0.05 ml of enzyme adjusted to *he appropriate concentration with 1 : 50 normal
rabbit serum. The volume of reactants was increased proportionally when larger
total volumes were required. Except where otherwise indicated, the pH of the reac-
tion mixture was 7.3, the temperature was maintained at 0° and the time between
mixing and assay did not exceed s h. Neither the control nor immune sera contained
citrate-condensing enzyme activity.

Enzyme activity was assayed at 340 mp (sce ref. 1g) in a Beckman DU spectro-
photometer with a Minneapolis Honeywell recorder and a Gilford absorbancy con-
verter and automatic cuvette changer. The activity measured in the presence of
immune serum was expressed as a percent of that in the concurrently assayed control;
this is referred t us the '‘percent residual activity”. The cuvette chamber was main-
tained at approx. 25°; the final cuvette temperaturc was measured with a thermistor
and enzyme activity corrected to 25° (see ref. 16},

The change in absorbancy was followed for 10 min and the activity computed
on the basis of the first 8-m. interval. As little as 4-107° unit of enzyme (approx.
1.2 mug) could be measured with relative ease.

The preparation of pig-heart citrate-condensing enzyme used in immunizing the
rabbits contained malate dehydrogenase! and the immune serun~ {but not the con-
trol) was found to have anti-enzyme to pig-heart malate dehydrogenase. Since the
assay for citrate-condensing enzyme was a coupled one dependent on malate dehy-
drogenase, a concentration of malate dehydrogenase was taken that was ten-fold
higher than that used for standard assays and greatly exceeded the anti-malate
dehydrogenase capacity of the serum. Both the contro! and immnne sera contained
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malate dehydrogenase activity; this activity alome would have been sufficient to
support the usual conpled assay.

Boehringer malace dehydrogenase and CoA were used and acetyi-CoA was
prepared according to the method of Simox anp SueviN®. The antigen used for
injecting the rabbits, referred to as the 50-75%, ammonium sulfate fraction, was
prepared as described earlier'®. Crystalline condensing cnzyme was prepared from
pig heart either as previously described!® or by a recent modification of the method.
Citrate-condensing enzymes from other tissues were prepared in the following way:
the tissue was homogenized for 5-10 min in a Waring Blendor with 4 volumes of
50%7 ammonium sulfate. The suspension was centrifuged and ammonium suifate was
added to the supernatant solution to 7o%, saturation. The precipitate was collected
and dissolved in a small quantity of o.02 M potassium phosphate (pH 7.4). This
solution was dialyzed overnight against o.ooz M potassium phosphate {pH 7.4). Any
precipitate formed during dialysis was removed by centrifugation and the super-
natant solution used as a source of condensing enzvme. The crystalline pigeon breast
and moth flight muscle enzymes were prepared with methods similar to that used
for the pig-beart enzyme.

RESULTS
Time-course of the enxyme-anti-enzyme tnteraction

Crude enzyme (50~-70%;, ammuonium sulphate fraction) and 3 times recrystallized
enzyme were added in varying concentrations to coniroi and immune sera (Table I).

TABLE I
TIME-COURSE OF THE ENZYME--ANTI-ENZVME INTERACTION

Conditions at o and at pH 7.3

Percent residual aclivdy

L'wils added Crude eniyme
per 0,2 mi —_————— e ———— -- -
I .8 scram 6-i0 Tk "y F a F 2 3 fo
mn days days days duys days dirys
0.344 92 83 86 Bs G2
0.125 60 7?7 58 53 54 58 62
0.0b1 49 11 38 35 42 42 34
0.037 I3 12 1o 10 1 a

Recrystalhised encyme

©.349 91 QI 100 74 8s 85 Br
0.134 il 70 71 oty 64 67 67
0.066 55 35 46 49 44 42 13
0.038 22 ro 22 19 23 13

Within 6—10 min at 0° the reaction was complete. Crude and recrystallized enzyme
behaved similarly. The experiment was also repeated with the mixture first at 37° for
30 min and subsequently at 0°. Stnall differences were obtained which did not =xceed
the variation inherent in the meinod.
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E ffect of centrifugation

knzyme- anti-enzyme mixturas were assayed before and after centrifuging at
4000 rev_/min for 30 min. No decrease was observed in residual cnzyme activity.

Standard curve

A plot of all data obtained within s h of mixing enzyme and anti-enzyme at o°
(oH 7.3) is shown in Fig. 1. These rcsults were obtained during a 4-month interval
and show a reproducibiiity of + 159%,. The effect of certaiin variables on the enzyme-
anti-enzyvme reaction was always compared with this standard curve.

PERCEMT ReSICUdL ACTIVITY
w
o
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Fig. 1. Interaction of enrvme and anti-enzyme at ¢ and pH 7.3. n.o5 m! of cozyme was added
to o.zoml of 1 : 8 control and immunc rabbit serum and the two were astayed concurrently
within 5 h of adding enzyme.

Effect of pH

The stability of this enzyme with regard to pH over short intervals of time has
been previously described?, The enzynie was stable between the pH’s of 6.3 and
8.g over (he longer perieds of time which this work required. The reaction mixture
was adjusted to pH levels within this range by altering the pH of the diluents for the
serum and cnzyme with an appropriate 0.02 M Tris-citrate or o.u2 M potassium
phousphate buffer. At pH 8.9, 6.6 and 6.3 enzyme was inhibited by anti-enzyme to
the same extent as ot pH 7.3, with no apparent effect of different buffer compo-

sitions.
Effect of hea. denatured cnzyme on the enzyme—-anti-enzyme reaclion

A soluticn of citrate-condensing enzymie ~.ntaining 23.2 units/ml was inactivated
at £8° for 5 min. When 0.05 ml of the original snlution (hefore heat inactivation)
was added to u.40 i of . : 8 immune serum, 1009, residual activity was found;
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this result indicated an excess of enzvme over the quantity of anti-enzyme. Inter-
action between heat-denatured enzyme and anti-enzvine was assessed by determining
if the prior addition of 0.05 m} of this inactivated enzyme to immune serum produced
a reduction in the capacity subsequently to inhibit active enzyme. No alteration of
this capacity could be detected (Fig. 2). When enzvme was 509, inactivated by
heating at 48° for 5 min, the remaining active enzyme reacted with anti-enzyme to
the same extent as unheated enzyme.

Imteraction of p-mercuribenzoate-treated enzyme with anti-enzyme

p-Mercuribenzoate {3.55 mg) was dissulved in 0.0 ml of water by adding several
drops of 5 M potassium hydroxide. The pH was then adjusted to 8 with HC! and the
resulting precipitate removed by centrifugation. A preparation of crystalline enzyme
was spectrophotometrically titrated at 255 mu with a 1 : 5 dilutivn of the p-mevcuri-
benzoate until the incretnent in absorbancy with each additivn of p-mercuribenzoate
was equal to that in the blank which contained no free sulfhydryl groups?2. Crystalline
condensing enzyme contains 2—-3 frec sulfhvdryl groups per molecule of enzyme™.
p-Mercuribenzoate-treated enzyme retained full enzymic activity and reacted with
anti-enzyme to thc same cxtent as untreated enzyme (Fig. 2).

100 1
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=] o

Fig. 2. Reactivity of altered enzyme wizi anti-cnzyme. The data obtaiped are illustrated in
relation to the standard curve and its -1- 139 limits. Eleat inactivated enzyme ((J—L):
citrate-condensing enzyme was totally inactivated in 5 min at 58°. o.05 mi of this preparation
wrs added to 0.40 ml of 1 : B control anit immune serum at o° (prior to inactivation, when this
amount of snzyme was added to 0.40 ml of § : 8 immune serum, 100%, residual activity could
subsequently be measured); following this, o.05 ml of active enzyme was added. The enzyme
activity in the contral and immune sera were then measured and the latter expiessed as a percent
of the former. p-Mercuribenzoate-treated enzyme (A —A): citrate-condensing enzyme re-
tained full activity after complete titration with p-mercuribenzoate. v.os ml of treated enzime
was added to 0.20 ml of 1 : 8 control and immune serum and the percent vresidual activity deter-
mined as above. Acctylated enzyme (N --(O): citrate-condensing ¢nzyme was totally imac-
tivated by treatment with acetic anhydride at a pH close to neutrality. This preparation was
then used in an experiment sinilar to that described for heat-inactivated enzyme.
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Effect of acetyiated enzyme on the enzyme-anti-enzyme reaction

Acetic anhyvdride (0.05 ml) was added iv u.n ml of water and quickly neutralized
with solid potassium bicarbonate. The freshly prepared anhydride was used to
acetvlate a solution of enzyme containing 23.2 units/ml. The next morning the
solution was found to be only slightly acidic and to show no residual enzymic activity.
When equal amounts of the acetylated and active enzyme were mixed and allowed to
stand fc- 1 h, no lyss of enzyme activity resulted. The interaction between acetylated
enzvme and anti-enzyvme was then assessed in a similar manner to that described for
heat-inactivated enzyme. Addition of the acetylated ecnzyme preduced a small but
significant reduction in the capacity of immune serum to inl’bit active enzyme
subsequently (Fig. 2}.

Influence of substrales on the enzyme—ants-enzyme reaction

The enzyme (0.004 pmole or less) in a volume of 0.05 ml was treated for § min
at room temperature with an equal volume of either acetyl-CoA (0.25 and 9.50 umoles)
or coenzvme A (0.I6, 0.25 and o0.50 umoles} or Tris-citrate (pH 7.4) (1.» and 2.0
;moles); 0.4 ml of 1 : 8 serum was then added and enzyme activity assayed. The
data in Table 11 show that the presence of cither of these 3 substrates singly, pro-
duced no detectable interference with the enzyme-anti-enzyme reaction. These were

not tested in pairs or ail 3 together; it was not possible to study the effect of oxalo-
acetate with the assay used in this work.

TABLE 11
INFLUENCE OF SUBSTRATES ON THE ENZYME-ANTI-ENZYME REACTION

a.004 ymole or less of enzyme in a volume of 0.05 ml was added to o0.05 ml of substrate, and
allowed to stand at room temperature for 5 min. 0.40 mi of 1 : 8 serum was then added and the
pereent wesidual activity compared with that found under standard conditions.

Unus of entyme  Restdw.: Predicted

Substrate et e B v SR i

serum added e o)
0.25 uymole Acetyl-CoA 0042 23 15
0.50 pmole Acetyl-CoA 0.073 39 46
o.z25 gmole CoA 0.036 3 5
0.50 gmole CoA 0.035 4 3
1.0 gemole citrate 0.045 27 18
2.0 yumoles citrate 0.059 29 34

Reactivity of condensing enzvmes from other tissues with rabbil anti-emzyme to pig-
heart condensing enzyme

The ,0-70%, ammonium sulphate fraction from pig kidney or liver axtract was
added to 1 : B rabbit serum under similar conditions to those used for pig-heart
enzyme. The data in Table 111 show that enzyme from these other pig tissues reacted
with heart anti-enzyme to the same extent as did the heart enzyme.

The condensing enzymes from pigzon heart and pigeon bieast muscle also
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TABLE 111

REACTIVITY OF CONDENSING ENZYMES FROM OTHER SOURCES WHEN ANTI-ENZVME
TG PIG HEART [S COMPARED WITH THAT OF TiFE PIG-HEART EN2VME:

Reswdual activity found 4 j

Tisswr Enzyme wmls Enzyme from Piz-rear?
added to o 2 ey source Rrymic
MR erum Pl iy me - wi-ensyme

A, 1, Pig liver 0.139 74 72
0.037 L] 5
Pig kidney o.138 70 72
0.038 o 7
2. Pigeon heart 0.079 14 50
a,018 o o
Pigeon breast o.072 36 35
0.019 [+ o
B. 1. Pigcon liver Q.07 3 o
©.000 1 o
©.005 8 o
2. Dog heart 0.044 q9 17
0.017 2 Q
0.000 59 o
Dog kidnev 0056 Rg 31
u.010 75 &)
0.004 73 o
Dog liver 0.031 3¢ o
0.008 49 o
G0 51 o
3. Moth flight @033 o2 2
muscle 0.n03 103 o
Rabbit heart ©.033 104 2
0.005 35 o

reacted with the anti-enzyme ts pig heart in a manner indistinguishable from pig-
neart enzyme; rabbit heart and moth flight-muscle enzymes were not inhibited by
the anti-enzyme; enzymes from pigeoun liver and dog heart, kidney and liver were
only partially inhibited by the anti-enzyme. The latter group appeared to reach a
plateau of inhibition which did not change upon reducing the ratio of enzvme to
anti-enzvme. When pig-heart enzyme was added to immune serum containing moth

flight-muscle enzyme, the pig-heart enzyme was inhibited to the same extent as if
the other were not present.

DISCUSSION

The poor antigenic property of pig-heart citrate-condensing enzyme noted here
may have resulted from the use of a crude extract in immunizing the rabbits; possibly
a more satisfactory response would have been found in the absence of other antigenic
stimuli.

The results presented here suggest a close relauonship between the catalytic
center and the antigenic determinant. The enzyme became totally inactive after
being added to an appropriate amount of anti-enzyme; the rapidity of inactivation,
the absence of an effect by centrifuging and the lack of demonstrable precipitate
minimize the possibility that enzyme was unavailable to substrate threugh sedimen-
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tation from solution in the immunological complex. This suggests that the catalytic
center may have become sterically inaccessible to substrate following the inter-
action of enzyme and anti-enzyme; it is alternatively possible that lass of enzymic
activity following union with anti-enzyme may have been due to a resulting disto

tion of the catalytic center®*®, In some other enzyme-anti-cnzyme systems, the
immunological complex retained at least some enzymic activity?®14.27-20, Both the
cnzvmic activity and capacity to react with sati-enzyme were losc in parallel when
enzvme was treated with heat; nowever, this may have been related to alteration of
different parts of the molecule. A free sulfhydryl group is not important in either
site since p-mercuribenzoate treatment did not affect cither enzymic activity or
the interaction of enzyme and anti-enzyme. Acetylation of the enzyme destroyed
its activity and greatly reduced its capacity to react with anti-enzyme. These ob-
servations suggest that the catalytic center and antigenic determinant may be re-
presented in a similar area of the molecular surface, but *n an overlapping rather
than identical manner.

It would be anticipated from the foregoing that the presence of the substrates
might interfere with the enzyme-anti-enzyme reaction. Of other enzyme-anti-
enzyme systems in which similar studies were carried out, substrate and cofactors
were demonstrated to interfere in some*-%.%11.3 and not in others!-%,212.14,15,30,21, 57,
Since the individual substrates did not affect the enzyme-aiiti-enzyme interaction
it is possible that the avidity of the enzyme for anti-enzyme is considerably stronger
than for substrate, or as found by others®®, that substrate pezirs must be present
before binding of either occurs. Previous equilibrium dialysis experunents bLetween
condensing enzyme and oxaloacetate or [14]-acetyl-CoA gave no evidence for binding
of either material by the cnzyme®.

Pigeon-heart and breast-muscle cnzyme were indistinguishable from the pig-
heart enzyme by these immunological means. However, the pigeon-breast muscle
enzyme behaved quite differently from the pig-heart enzyme in starch-gel electro-
phoresis, was more soluble in ammonium sulphate, could be eluted from DEAE-
cellulose with a lower ionic strength phosphate buffer and was more heat stable¥.
This clearly indicates that the presence of camplete immunological identity does not
necessarily imply the existence of complete molecular identity!0.18.38,

The plateau of inactivation that occurs with pigeon liver and dog heart, kidney
and liver enzymes may be due to (a) the anti-enzyme covering only a fixed proporticn
of the catalytic centers, {b} more than one form of citrate-condensing cnzyme being
present in these preparations and not all of them being inhibited by anti-enzyme, or
morve likely (c) the dissociation constant between the anti-enzyme and these en-
zymes being higher.

The findings with rabbit-heart enzyme wre of further interest. If in the pig-heart
system the catalytic center and antigenic determinant overlap, the failure of the
rabbit enzyme to cross react suggests thal a comparable determinant is either uot
present in this molecule or is present but sterically unavailable to the anti-enzyme.
The former might be anticipated to be more likely and the rabbit produces anti-
enzyme which is specific for some portion of the pig enzyme not present in the rabbit
enzyme; however, MAgsHALL AND CoOHEN™ found that rabbit anti-enzyme to hetero-
logous carpamyl phosphate synthetase inactivated the homologous enzyme.
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