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The insertion of a copper(II) ion into mesoporphyrin by a monoclonal catalytic antibody
has been investigated kinetically by measuring the increase in Soret absorbance due to the
production of copper(II)-mesoporphyrin. The initial rate of the reaction showed saturation
kinetics as a function of the mesoporphyrin concentration, while it increased linearly with
an increase in the copper(II) concentration. Based on observations, a scheme for the reaction
was proposed: mesoporphyrin binds to the antibody to form a complex, and copper(II)
binds to the complex to yield copper(II)-me8oporphyrin. Kinetic parameters for the
respective steps were estimated, and the thermodynamic parameters were calculated. The
binding of mesoporphyrin to the antibody was endothermic and entropically driven. This
implies that hydrophobic interactions are an important factor in the binding. Free energy
profiles for the antibody-catalyzed and uncatalyzed reactions were drawn by use of the
obtained thermodynamic parameter values. The results demonstrate that the rate accelera-
tion by the antibody is ascribable to transition-state stabilization, and suggest that the
structure of mesoporphyrin in the complex is more distorted than that of free mesoporphy-
rin.
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Since the first catalytic antibodies were generated in 1986
(1, 2), there have been nearly 80 reports about catalytic
antibodies (3, 4). The mechanism by which these anti-
bodies perform their catalytic functions has been postulat-
ed but largely remains unknown. Resolution of the mecha-
nism will provide a way to augment their catalytic effi-
ciency and to improve hapten design, and lead to under-
standing of the similarities and dissimilarities between
natural enzymes and catalytic antibodies.

In this paper we report the kinetic characterization of an
antibody-catalyzed reaction; the insertion of a copper(II)
ion [Cu(II)] into mesoporphyrin (MP) to produce copper-
(II)-mesoporphyrin (Cu-MP). A monoclonal catalytic anti-
body (2B4) to iV-methyl mesoporphyrin (iV-MMP) was
raised, according to the method reported by Cochran and
Schultz (5), which mimicked the distorted porphyrin
features of the transition state for the insertion of a metal
ion into a planar porphyrin. We chose the antibody as a
model for kinetic studies, since the product, metallopor-
phyrin, has a much larger absorption coefficient in the Soret
region than the substrate, porphyrin (6), so the sensitivity
of Soret absorption detection allows accurate kinetic
measurements, particularly at low substrate concentra-
tions. In addition, the antibody has the potential as a
catalyst for other reactions, e.g., redox or electron transfer

Abbreviations: Cu(II), copper(II) ion; Cu-MP, copper(II) mesopor-
phyrin; DMSO, dimethyl sulfoxide; ELJSA, enzyme-linked immuno-
sorbent assay; KLH, keyhole limpet hemocyanin; MP, mesoporphy-
rin; N-MMP, iV-methyl mesoporphyrin; OVA, ovalbumin.

reactions (7, 8), if it is bound tightly to iron-porphyrin
derivatives. The kinetic and thermodynamic parameters
obtained demonstrated the features of the antibody-cata-
lyzed reaction.

MATERIALS AND METHODS

Synthesis—MP (9) and iV-MMP (10) were prepared
according to the reported methods. The N-MMP produced
was a mixture of four structural isomers, with the methyl
group for nitrogen atoms on pyrrole rings, in nearly equal
amounts. Cu(II) was inserted into MP by refluxing a
methanol solution containing two equivalents of Cu-
(CH3CO2)2 to afford Cu-MP with visible absorption peaks
at 397, 524, and 561 nm. All of the porphyrin derivatives,
purified by silica-gel chromatography, were identified on
visible spectral comparison with the authentic ones. The
concentrations of iV-MMP, MP, and Cu-MP were deter-
mined by measuring the absorbance on the basis of absorp-
tion coefficients of l . lSxiO'M- ' -cm- 1 at 560 nm, 1.51X
104 M"1 -cm'1 at 547 nm, and 2.57 X104 M~' -cm"' at 561
nm, respectively (6, 11).

Preparation of KLH-Hapten and OVA-Hapten Conju-
gates—The hapten, iV-MMP, was coupled to keyhole lim-
pet hemocyanin (KLH) or ovalbumin (OVA) according to
the following procedure. iV-MMP (2.8 mg) was dissolved in
20 ml of distilled water. Water-soluble carbodiimide hy-
drochloride (310 mg; Peptide) and hydroxysulfosuccin-
imide (14.4 mg; Pierce) were then added to the solution.
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The mixture was maintained for 30 min at pH 4.5-5.0 by
the addition of 1 M HC1. After the reaction mixture had
been neutralized with 1 M NaOH, KLH (2.5 mg; Calbio-
chem), or OVA (2.5 mg; Sigma) was added. The mixture
was stirred for 6 h at O'C, maintaining the pH at 8.0 by the
addition of 1 M NaOH, dialyzed against PBS (8 mM
Na,HPO4, 2 mM KH2PO4, 137 mM NaCl, and 3 mM KC1),
and then lyophilized. The resultant KLH-hapten and
OVA-hapten conjugates were dissolved in a small volume of
PBS, respectively, and then stored at — 20'C until used.

Antibody Production—BALB/c mice were immunized
(hypodermic tail injection) with 50 ^g of KLH-hapten
emulsified in complete Freund's adjuvant. Fourteen days
after the first injection, a booster (50 jjg of KLH-hapten in
incomplete Freund's adjuvant) was administered. Similar
boosters were given two times at 14 days intervals. Six
months after the first injection, a mouse was injected
intravenously with 50pig of KLH-hapten in PBS; 4 days
later, the spleen cells were fused with a P3x 63AgUl
myeloma cell line according to the procedure of Masuho et
al. (12). The hybridoma supernatants were screened by
means of an ELIS A technique for binding with OVA-hapten
using a peroxidase-linked rabbit anti-mouse antibody
(Zymed). Twenty-two supernatants were found to be
positive on ELIS A. Five of them contained antibodies of the
IgM class, and the others ones of the IgG class. Fifteen
IgG-secreting hybridoma cell lines were cloned. Two of the
15 monoclonal antibodies, 2B4 and 2D7, catalyzed the
insertion of Cu(II) into MP to produce Cu(II)-MP at a rate
above that of the background reaction.

Purification of a Catalytic Monoclonal Antibody—The
2B4 monoclonal antibody (IgG2a, *) was obtained by
propagation of the respective clone as ascites in BALB/c
mice. The globulin fraction was precipitated from the
ascitic fluid by 20-50% ammonium sulfate fractionation.
The ammonium sulfate was removed by dialysis against 20
mM phosphate buffer, pH 7.0. The antibody was next
purified by aflinity chromatography on a protein G-Sepha-
rose (Pharmacia) column. After being loaded onto the
column, unadsorbed materials were removed by extensive
washing with 20 mM phosphate buffer, pH 7.0. The ad-
sorbed antibody was eluted with 0.1 M citrate buffer, pH
3.0, immediately neutralized by the addition of a small
volume of 2 M Tris-acetate, pH 9.0, and then dialyzed
against 20 mM Tris-acetate buffer, pH 8.0. The antibody
was next purified by anion exchange chromatography on a
Resource Q (Pharmacia) column. The antibody was eluted
with a linear gradient of NaCl, and then dialyzed against 0.1
M Tris-acetate buffer, pH 8.0. The purified antibody was
judged to be homogeneous on SDS-PAGE under reducing
conditions, exhibiting only heavy and light chains on
Coomassie Blue staining. Protein concentrations were
determined from the absorbance at 280 nm. The absor-
bance of 1% IgG was taken as 13.7 (13). The antibody
concentration was expressed as active sites assuming a
molecular weight of 150,000 (two active sites per anti-
body).

Measurement of Catalytic Activity—The initial rate for
the monoclonal antibody catalyzed insertion of Cu(II) into
MP was determined by measuring the increase in absor-
bance due to the production of Cu-MP. The 300 jxl reaction
mixtures contained 0.173-1.73 //M antibody, 5-90/^M
MP, 0.15-1.5 mM copper(II) acetate (Nacalai Tesque),

0.5% (w/v) Triton X-100, and 5% DMSO in 90 mM Tris-
acetate buffer, pH 8.0. Each reaction was initiated by the
addition of Cu(EI). The time course of the absorbance
change was followed at 397 nm in a cuvette of 0.1 cm path
length with a Hitachi U-3210 spectrophotometer equipped
with HAAKE temperature controllers, F3 and CH. From
the time course, the initial rate was calculated on the basis
of the difference absorption coefficient at 397 nm between
MP and Cu-MP, 0.318//M^'cm"1, and expressed as f/M
Cu-MP produced per minute. The initial rates obtained
were corrected for the background rate, which was deter-
mined under conditions identical to those for the antibody-
catalyzed reaction.

Reverse-Phase HPLC—The 200 /xl reaction mixture
contained 0.864/xM antibody, 45//M MP, 1 mM Cu(II),
0.5% (w/v) Triton X-100, and 5% DMSO in 90 mM Tris-
acetate buffer, pH 8.0. The mixture was incubated at 37*C,
and 20 fi\ aliquots of the mixture were poured into 80 ^1
30% (v/v) DMSO in methanol containing 215/^M EDTA.
After nitration, 50 fi\ of the solution was analyzed by
HPLC. The chromatographic system consisted of a JASCO
880-PU pump, and a JASCO 880-30 solvent module
equipped with a JASCO 875-UV/VS detector and an
Inertsil C18 column (4.6 mmX25 cm, 10 ptm particle size;
GL Science). The flow rate was 0.5ml/min, and the
absorbance at 400 nm was monitored. The amount of
Cu-MP produced was determined using a standard curve
generated with known amounts of Cu-MP.

Determination of the Dissociation Constant—The disso-
ciation constant (IQ) of the iV-MMP-antibody equilibrium
was determined by the method of Friguet et al. (14) as
follows. iV-MMP at various concentrations ([./V-MMPJt^
2.35 to 9.95 nM) was incubated with a constant concentra-
tion of the antibody ([Ab] t = 7.25 nM) in 90 mM Tris-
acetate buffer, pH 8.0, containing 0.5% (w/v) Triton X-100
and 5% DMSO. After one hour incubation at 37"C, the
amounts of free antibody were determined by measuring
the absorbance by the ELISA technique described in the
Antibody Production section. The id value was obtained by
use of the following equation:

A0/(A0-A)-l = Kd/{[N.MMP]l-[Ab]r(A0-A)/A0}

where A and At, are the absorbance measured in the
presence and absence of iV-MMP, respectively, at 405 nm.

RESULTS

Kinetic Measurements—For kinetic characterization of a
reaction, it is necessary to measure the initial rate of the
reaction accurately. Since metalloporphyrin has a much
larger absorption coefficient in the Soret region than
porphyrin (6), the insertion of Cu(II) into MP to produce
Cu-MP was detected by measuring the increase in the Soret
absorption. Figure 1 shows the absorption changes at 397
nm after mixing of MP and Cu(II) in the presence and
absence of monoclonal antibody 2B4, and the amounts of
Cu-MP produced were calculated by use of the difference
absorption coefficient of 0.318 //M^-cm"1 between Cu-MP
and MP. To make sure that such a calculation was valid, the
reaction mixture in the presence of the antibody was also
analyzed by reverse-phase HPLC, and the results are
presented in the same figure. The HPLC data agreed well
with the time course. This showed that the insertion of
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Cu(II) into MP to produce Cu-MP could be quantitated by
measuring the increase in the Soret absorption, and the
initial rate of the reaction could be exactly calculated from
the time course.

Figure 2 shows the initial rate of the insertion of Cu(II)
into MP as a function of the antibody concentration. A
linear relationship was observed, indicating that the reac-
tion was mediated by the antibody. The initial rate at 1 mM
Cu(II) showed saturation kinetics as a function of the MP
concentration (Fig. 3). Such kinetics were also observed at
various Cu(II) concentrations (data not shown). These
observations indicate that the reaction proceeds with
Michaelis-Menten type kinetics. On the other hand, the
initial rate increased linearly with an increase in the Cu(II)
concentration (Fig. 4), and did not show a saturation curve
at the Cu(II) concentrations studied, indicating that the
reaction proceeds with second-order kinetics.

Based on the above observations, the following scheme

may be proposed, which is essentially consistent with that
of Cochran and Schultz (5), except that theirs includes

Fig. 3. Relationship between the initial rate and the MP
concentration. The reaction mixture contained 0.864 //M antibody,
1 mM copper(II) acetate, 0.5% (w/v) Triton X-100, 5% (v/v) DMSO,
and 90 mM Tris acetate (pH 8.0), at 37"C.

• 0.6

100
T I M E (min)

Fig. 1. Time courses of antibody-catalyzed and uncatalyzed
insertion of Cu(II) into MP to produce Cu-MP. The reaction
mixture contained 1 mM copper(II) acetate, 45 ̂ M MP, 0.5% (w/v)
Triton X-100, 5% (v/v) DMSO, and 90 mM Tris acetate (pH 8.0), at
37'C. The antibody concentration was 0.864 //M. Solid lines denote
the absorbance change at 397 nm, and open circles show the HPLC
analysis data (see text, and "MATERIALS AND METHODS').

Fig. 2. Relationship between the initial rate and the antibody
concentration. The concentration of antibody is expressed per
binding site. The reaction mixture contained 1 mM copper(II) acetate,
36 //M MP, 0.5% (w/v) Triton X-100, 5% (v/v) DMSO, and 90 mM
Tris acetate (pH 8.0), at 37'C.

10
[CudD] (mM)

Fig. 4. Relationship between the initial rate and the copper(II)
acetate concentration. The reaction mixture contained 0.864 //M
antibody, 24 //M MP, 0.5% (w/v) Triton X-100, 5% (v/v) DMSO, and
90 mM Tris acetate (pH 8.0), at 37*C.

1/ lMP]
Fig. 5. Double reciprocal plots of the initial rate vs. MP
concentration at three different concentrations of copper(II)
acetate (d: 1.5 mM, O: 1.0 mM, A: 0.5 mM). The reaction mixture
contained 0.864 ^M antibody, 0.5% (w/v) Triton X-100, 5% (v/v)
DMSO, and 90 mM Tris acetate (pH 8.0), at 37*C. (Inset) Relation-
ship between the reciprocal of the intercept on the ordinate of Fig. 5,
K « , us. concentration of copperfll) acetate. From the slope of the
plot, the k value was estimated to be 127 M"' -s"' using the antibody
concentration of 0.864 //M.
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TABLE I. Kinetic parameters for insertion of Cu(II) into MP.
Temperature CC) K, Q/M) * (M--min-') K, Q/M)

Antibody-catalyzed reaction
25 32.8±12.6 59.4±10.2 5.0±0.88
30 28.6±15.0 84.5±20.0 5.9±0.99
37 23.0±l l . l 127±25.5 9.9±2.6
26" 50 72.2 —

2.0

25
30
37

Uncatalyzed reaction
— 0.15±0.032 —
— 0.21±0.036 —
- 0.28±0.040 -

'Data from Ref. 5. Each error is the standard deviation.

product inhibition, as described later. In the scheme, MP
binds to the antibody (Ab) reversibly to form the complex
(Ab-MP), followed by the binding of Cu(II) to the complex
according to the second-order rate law. The binding of
Cu(II) in turn dissociates the complex into the antibody and
Cu-MP.

Ab+MP Ab-MP

i£=[Ab] [MP]/[Ab-MP]

Ab-MP+Cu(H) • Ab + Cu-MP

(1)

(2)

(3)

where Ks the dissociation constant of the complex and k the
second-order rate constant for the Cu(II) binding. The rate
of the increase in [Cu-MP], v, is derived from Eq. 3, as

i; = d [Cu-MP]/df = ife[Cu(II)] [Ab-MP] (4)

When [Ab-MP] and [Cu-MP] are negligibly small as
compared with [MP], Eq. 4 becomes Eq. 5 using the initial
value of [Ab], [Ab]0, and that of [MP], [MP]0.

u = *[Cu(n)] [Ab]0[MP]0/(X,+ [MP].) (5)

Equation 5 means that a plot of 1/v vs. 1/[MP]O gives a
straight line with the intercept on the abscissa as — l / iC,
and that on the ordinate as l/(fc[Cu(II)] [Ab]0).

Figure 5 shows double reciprocal plots of v against [MP] 0

at various Cu(II) concentrations. It was found that there is
a linear relationship between them, and each line gives the
same intercept on the abscissa of the plots. The parameter,
K,, was determined to be 23 /*M from the intercept value.
The Fig. 5 inset shows the linear relationship between the
reciprocal of the intercept on the ordinate of Fig. 5, Vmnx.
us. [Cu(II)]. From the slope of the plot, the k value was
estimated to be 127 M"1 -min"' using the antibody concen-
tration of 0.864 /iM. The obtained values of IQ and k, which
are listed in Table I, were similar to those reported by
Cochran and Schultz (5).

The natural enzyme, ferrochelatase (protoheme ferro-
lyase, EC 4.99.1.1), catalyzes the insertion of ferrous iron,
Fe(II), into protoporphyrin to produce protoheme. The
enzyme also catalyzes the insertion of various divalent
metal ions into mesoporphyrin, but not that of Cu(II) (25).
The Km value of the enzyme was reported to be 26.7 n M for
mesoporphyrin with Fe(II) {16). Interestingly, the K, value
of the antibody, 23 /JM, is similar to the Kn value of the
enzyme in spite of the difference in the metal ion. The
catalytic activity of the antibody strongly depends on the
second-order process for the binding of Cu(TI) (Eq. 3), Le.
the rate of the binding is very slow with low concentrations
of Cu(IT). Acceleration of the binding of Cu(II) is necessary

1.0

-

-

I

o

I

>-

o

1 0,

0

I

10
ICu-MPI (

o o

1

-

20
M

-

Cu
10

MP ]
15

MM
20

Fig. 6. Inhibition of the insertion of Cu(ET) Into MP by Cu-MP.
The reaction mixture contained 0.864 //M antibody, 1 mM copper(II)
acetate, 24 //M MP, 0.5% (w/v) Triton X-100, 5% (v/v) DMSO, 90
mM Tris acetate (pH 8.0) and 0.28-15 /iM Cu-MP, at 37"C. A plot of
Vs/v (or v/ui, inset) and Cu-MP concentration is presented.

for improvement of the catalytic activity.
Product Inhibition—Cochran and Schultz (5) observed

that catalytic activity was inhibited by the addition of
various metalloporphyrins. To examine the possibility of
product inhibition by Cu-MP, the initial rate was measured
in the presence of 0.28-15 //M Cu-MP (Fig. 6). This figure
shows that Cu-MP inhibited the reaction. The type of
inhibition could not be determined, since further measure-
ments could not be carried out at higher Cu-MP concentra-
tions due to the high absorbance of the reaction mixture. On
the assumption that Cu-MP competed with MP for binding
to the antibody, the data in Fig. 6 were analyzed with the
following equations.

Ab+Cu-MP ;=;Ab-Cu-MP (6)

tf, = [Ab][Cu-MP]/[Ab-Cu-MP] (7)

v/ul = ([Cu-MP]/Kl)/(l+[MP]0/K,) + l (8)

where Ab-Cu-MP is the complex of the antibody and
Cu-MP, Kt the dissociation constant of the complex, and v
and u, the initial rates in the absence and presence of
Cu-MP, respectively. The Fig. 6 inset shows plots of v/u,
vs. [Cu-MP] using the data in Fig. 6. The slope of the plots
gives l/{Kt (1+ [MPJo/its)}. The K, value was estimated
to be 9.9 fiM by use of a K, value of 23 /*M (Table I).
Though Cu-MP is an inhibitor at concentrations comparable
to those of MP, it does not significantly alter the rate when
the concentration of Cu-MP is much lower than that of MP.
For example, the concentration of Cu-MP produced was 1.8
//M at 10 min in the time course in Fig. 1, and the inhibition
of Cu-MP was determined to be u,/i; = 0.94. Therefore, it
seems likely that the observed initial rate was unaffected
by product inhibition.

DISCUSSION

To reveal the features of the antibody-catalyzed insertion
of Cu(II) into MP to produce Cu-MP, thermodynamic
parameters of the reaction were calculated using the kinetic
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TABLE n.
Reaction

Parameter
UK,

* •

K,

Thennodynamic parameters for insertion

AG.
-6.6±0.32

AG*at

22±0.20
AG,

7.1±0.17

Antibody-catalyzed
AH,

5.2±0.35
AH*al

ll±0.54
AH,

11±3.1

of Cu(n) into

AS,
38±2.2

AS*M

-35±2.4
AS,

ll±10

MP at 37*C.

AG*uacml

25.7±0.10

Uncatalyzed

—

AH*uml

9.9±1.5

—

-51±5.2

AG, AH, and AS are the free energy change (kcal/mol), the enthalpy change (kcal/mol), and the entropy change (cal/mol/deg), respectively.
The superscript, +, denotes activation. Each error is the standard deviation. • The k value was used as the first-order rate constant at [Cu(II)] =
lmM.

Ab<

\
4 /

AbMP

MF

- AbMP"

A G L

1 •
reaction

coordnate

r

Ab«Cu-MP

^^^^TIG,
AbCu-MP

Ab*MP

Fig. 7. Free energy profile for the insertion ofCu(II) into MP to
produce Cu-MP based on the results in Table II. The standard
concentration of Cu(II) is 1 mM and the temperature is 37'C. The
subscript, *, denotes the transition-state.

parameters in Table I. AG, AH, and AS for the binding of
MP and Cu-MP to the antibody were calculated from van't
Hoff plots of 1/KS and 1/K,, respectively, and AG*, AH*,
and AS* for the binding of Cu(II) from Arrhenius plots of
k at [Cu(II)] = 1 mM. The results are presented in Table II
and discussed below. In the absence of the antibody, the
reaction proceeded with second-order kinetics (data not
shown), and the second-order rate constant and the thermo-
dynamic parameters were calculated by the same pro-
cedure, and are listed in Tables I and II, respectively.

For the binding of MP to the antibody, AHt = 5.2 kcal/
mol and AS, = 38 cal/mol/deg, as calculated using I / id , are
shown in Table II. When two molecules bind to form one
molecule, a negative AS is expected. The positive AS,
obtained suggests that water molecules are released when
MP binds to the antibody. This implies that hydrophobic
interactions are an important factor in the binding. The
result of the negativezJGs was that the magnitude of the T-
AS, factor exceeded that of AH*. Therefore, the binding of
MP to the antibody was entropically driven. In contrast to
our results, negative AH and AS have been observed for
the binding of some antibodies with the respective antigens
(17-19). These bindings are enthalpically driven, and
might include van der Waals interactions and hydrogen
bonds.

Table II shows that the AH* and AS* values of the
binding of Cu(II) to MP in the antibody-catalyzed reaction
are 11 kcal/mol and — 35 cal/mol/deg, respectively, and
those in the uncatalyzed reaction are 9.9 kcal/mol and —51
cal/mol/deg, respectively. The rate acceleration by the
antibody in this binding is ascribable to the entropy effect.

( nM

Fig. 8. Plotof A>/(A,-^)-l«w..Kd/{[A r-MMP] t-[Ab] t-(A-
A)/Aa). A and AQ are the absorbance at 405 nm, measured by the
ELISA technique, in the absence and presence of N-MMP, respec-
tively. [JV-MMP], and [Ab]t are the total concentrations of iV-MMP
and the antibody, respectively.

The difference in AG* between the antibody-catalyzed and
uncatalyzed reactions is 4 kcal/mol. This value can be
calculated to be a difference in equilibrium constant of
about 660 times at 37'C, indicating that MP in the anti-
body-MP complex is activated more easily than free MP.

Negative AH, and AS are expected on dissociation of the
antibody • Cu-MP complex into the antibody and Cu-MP,
since this process includes the release of apolar Cu-MP into
a polar solvent. However, as shown in Table II, both AH,
and AS, are positive. The results suggest that interactions
between the antibody and Cu-MP are not similar to those
between the antibody and MP, which might be hydro-
phobic. The T • AS\ factor is not large enough to compensate
for the positive AH,, resulting in a positive AG,.

From the thermodynamic parameters in Table II, a free
energy profile for the insertion of Cu(EI) into MP to produce
Cu-MP was drawn (Fig. 7). It was found that the favorable
binding of MP to the antibody contributes to the rate
acceleration by the antibody rather than the increased rate
of the Cu(II) binding step. The difference in free energy
between the transition state of free MP and that of the MP
bound to the antibody, AG*{ = AG*unaLl-AGs-AG*al),
was calculated to be 10.3±0.62 kcal/mol. To compare this
value with the free energy change of the binding of 2V-MMP
to the antibody, AGN-MMP, the dissociation constant of
N-MMP, Ka, was determined by the ELISA method (Fig.
8). The Ka value obtained (8.20±2.0 nM) gave the value of
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— 11.5±0.15kcal/mol, which was close to that
of -AG* ( -10.3±0.62 kcal/mol). This result indicates
the validity of the free energy profile presented in Fig. 7,
and that the antibody-catalyzed reaction is based upon the
transition-state stabilization theory (20, 21). In addition,
the value of —AG* is smaller than that of AGS by about 4
kcal/mol. These findings suggest that the structure of MP in
the complex is similar to that in the transition-state, that is,
MP in the complex is more distorted than free MP.

This work demonstrated that the rate acceleration by the
antibody is ascribable to transition-state stabilization.
Human ferrochelatase has a distinct histidine residue
which might act as the binding site with a metal ion (22).
The introduction of such residues as histidine in ferro-
chelatase into the active site in the antibody would be
effective for improvement of the catalytic efficiency of the
antibody. One question still remains, what is the difference
between the catalytic antibody and the uncatalytic antibody
raised to the same hapten, iV-MMP. There should be
differences in the affinity for the substrate, MP, the
orientation of MP in the antibody-MP complex, the degree
of porphyrin distortion, and/or the affinity for the product,
Cu-MP, etc. To reveal the differences, further experiments
are now in progress.
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