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Abstract

Catalytic antibody 2B generated by immunization wikmethyl mesoporphyrin as hapten catalyzes the insertion of a cupric ion into
mesoporphyrin. To identify amino acid residues essential for the catalytic activity, we studied effects of various amino acid-reactive reagents
on the catalytic activity. The reagents reactive to Arg, Tyr and carboxyl-containing residues inactivated the antibody and mesoporphyrin
protected notably the antibody from the inactivation. These results indicated that Arg, Tyr and carboxyl-containing residues are situated in
or near the substrate-binding site of the antibody and that some of them would be essential for the catalytic activity. The modified Arg and
Tyr residues in the inactivation were quantified in connection with the residual activity. As the result, it was shown that three Arg and one
Tyr residues are modified to lead the inactivation. Kinetic analysis indicated that the antibody loses the catalytic activity by modification of
one carboxyl-containing residue. In order to find candidates for the modified residues, we performed modeling of the variable domain of the
antibody. The model showed that the modified residues are Arg L54, Arg H94, Arg H95, Tyr L91 and Asp H96, and suggested that Arg H95,
Tyr L91 and Asp H96 residues would stabilize the transition state of mesoporphyrin in the antibody-mediated reaction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction insights into the molecular mechanisms of the antibody catal-
ysis and to produce an antibody with an enhanced catalytic
Transition state stabilization has been the most important activity, we must accumulate detailed studies of the individ-
and successful guiding principle for generating catalytic an- ual catalytic antibodies.
tibodies. Since the first reports of Tramontano efHl.and Previously, we produced catalytic antibodies generated
Pollack et al]2], there have been many reports on catalytic by immunization withN-methyl mesoporphyrinN-MMP)
antibodies but the catalytic activities of the antibodies pro- as hapter[5], which was designed to mimic a transition-
duced by this method are often lower than natural enzymesstate geometry in insertion of a metal ion into porphy&h
that catalyze analogous reactif)4]. And the mechanism  They catalyze insertion of a cupric ion (Cu(ll)) into meso-
by which these antibodies perform their catalytic functions porphyrin (MP) to form Cu(ll)-mesoporphyrin (Cu-MP). We
has been postulated but largely remains unknown. To gainhave been characterizing the biophysical and kinetic proper-
ties of the catalytic antibodigg—9] and showed that the rate
* Corresponding author. Tel.: +81 42 7789410; fax: +81 42 7789942,  acceleration of the antibodies is attributed to the transition-
E-mail addresskonisi@sci.kitatato-u.ac.jp (Y. Kawamura-Konishi). ~ State stabilizatiorf5]. More recently, efforts have focused
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on the study to know essential amino acid residues for the sulfoxide and 90 mM Tris-acetate (pH 8.0). Time course of

catalytic activity. Sequence analysis of the catalytic anti-

the absorbance change was followed at 397 nm arfitcC37

bodies presented the possibility that a common sequenceThe initial rate was calculated from the time course using the

of R%D%6X°7D101y102 jn CDRH3 would include essential
amino acid residues for the catalytic activify0].
As a general means of studying the functional role of

difference absorption coefficient at 397 nm between MP and
Cu-MP of 0.318:M~1cm™1 [5] and was corrected for the
background rate. The residual activity in the inactivation ex-

amino acid residue of an enzyme, chemical modification periments was expressed as a relative value of an appropriate
with amino acid-specific reagents of the enzyme has beencontrol.

exploited for many years and the chemistry is well estab-

lished[11-13] Therefore, comprehensive chemical modifi-

cation study may provide a better understanding of essential

amino acid residues for the catalytic activity. In this study,
we employed the chemical modification of Arg, Tyr, Trp,

His, Met, Lys, Asp and Glu residues of the catalytic anti-
body 2B4, which has the highest levels of metalation activity
among our catalytic antibodies obtained, to identify amino

2.3. Chemical modification of arginyl residues

A 400 mM PGO solution (37.pl) in methanol was added
to a 10.26.M antibody solution (1462.pl) in 50 MM
HEPES-KOH (pH 8.0) with or without 391M MP, and
the reaction mixture was incubated at°Z5in the dark. At
appropriate time intervals, aliquots (40 of the reaction

acid residues essential for the catalytic activity. These amino mixture were removed and mixed with a 20 mM arginine
acids construct the CDRs of the antibody and are known to solution (70ul) to terminate the reaction, and @0 of the

be often catalytically important. Coupling with the chemical

solution was assayed for the residual activity. For analysis by

modification and three-dimensional model of the antibody Tsou’s statistical method, aliquots (2Q0) of the reaction
constructed on the basis of Fv sequence, we propose plausimixture were removed and freed of excess reagent by a

ble amino acid residues responsible for the catalytic activity.

2. Experimental

2.1. Materials

gelfiltration through a Sephadex G-25 column (7 mm
150 mm) equilibrated with 0.1 M Tris-acetate (pH 8.0).
The fractions containing the antibody were pooled, and the
protein concentration was determined from the absorbance
at 280 nm on the assumption Afgp of 1% of IgG as 13.7
[14]. The difference spectrum of the modified antibody was
obtained with the untreated antibody as the control and the

Porphyrin derivatives were synthesized as described number of modified Arg residues were estimated using a

previously [5]. Monoclonal antibody 2B4 elicited against
N-MMP was prepared and purified from ascites fluid as
in the previous papef5]. The protein concentration was

molar absorption coefficient of 11,000Mcm~1 at 250 nm
for a diphenylglyoxal derivativgl5], and the solution was
assayed for the residual activity.

determined from the absorbance at 280 nm and calculated

assumingAzgp of 1% of 1gG as 13.714]. The antibody

2.4. Chemical modification of tyrosyl residues

concentration was expressed per binding-site assuming a

molecular weight of 150,000 (two binding sites per anti-
body). Ammonium chloride (NECI), 1,3-diaminopropane
(DAP), diethylpyrocarbonate (DEPC), glycine ethyl ester
(GEE), glycine methyl ester (GMEp;nitrobenzenesulfonyl
fluoride (NBSF), 3-nitroe-tyrosine ethyl ester (NTEE),
phenylglyoxal (PGO) and tetranitromethane (TNM) were
purchased from Sigma—Aldrich Chemical Co., St.Louis,
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide  (EDC)
from Peptide Institute Inc., Japam-bromosuccinimide
(NBS), chloramine-T and 2,4,6-trinitrobenzene sulfonic acid
(TNBS) from Wako Pure Chemical Industries Ltd., Japan.
All other reagents were of analytical grade.

2.2. Measurement of metalation activity

Catalytic activity for insertion of a cupric ion into MP was

A 100mM NBSF solution (1.pl) in 2-propanol was
added to a 1Q.M antibody solution (148.5.l) in 0.1 M Tris-
acetate (pH 8.0) with or without 394M MP, and the reac-
tion mixture was incubated at 2& for 15 min. The mixture
(70ul) was added to a 2 mM tyrosine solution (Z0) to ter-
minate the reaction and @0 of the solution was assayed
for the residual activity. A 50 mM TNM solution (30l) in
methanol was added to a 1Qu®1 antibody solution (147@.1)
in 0.1 M Tris-acetate (pH 8.0), and the reaction mixture was
incubated at 25C. At appropriate intervals, aliquots (10
ofthe reaction mixture were removed and added to a2 mM ty-
rosine solution (12Q.1) to terminate the reaction, and g0of
the mixture was assayed for the residual activity. For analysis
by Tsou'’s statistical method, aliquots (12 of the reaction
mixture were removed and added to a 2 mM tyrosine solu-
tion (120ul) to terminate the reaction, and then the buffer

determined by measuring an increase in absorbance due tavas changedto 0.1 M Tris-acetate (pH 8.0) by a gel-filtration
the production of Cu-MP according to the previous method through the column described in tiection 2.3 The frac-

[5]. The reaction mixture (300I) contained 1.QwM anti-
body, 39uM MP and 1.0 mM Cu(ll) acetate in assay buffer
consisting of 0.5% (w/v) Triton X-100, 5% (v/v) dimethyl

tions containing the antibody were pooled, and the protein
concentration was determined by the Lowry—Folin method.
The number of modified Tyr residues by TNM was estimated
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spectrophotometrically using a molar absorption coefficient 2.8. Chemical modification of carboxyl-containing
of 4100 M~ cm~1 at 428 nm for 3-nitrotyrosingl6] and the  residues
solution was assayed for the residual activity.
A 10pM antibody solution was incubated with EDC
2.5. Chemical modification of tryptophanyl residues (20-100 mM) and a nucleophile at 3 in the dark. The nu-
cleophile used was NACI (100 mM), DAP (100 mM), GME

A 6 MM NBSF solution (1Qul) in 50 mM sodium-acetate (73 mM) and GEE (73 mM). The reaction mixture was main-
buffer (pH 4.0) was added to a 1QuB1 antibody solution tained at pH 4.8 by adding a small amount of alkaline so-
(290u.1) in the same buffer and the reaction mixture was incu- lution. Aliquots (10Qul) of the mixture were withdrawn at
bated at 25C for 10 min. An aliquot (20Gvl) of the mixture given times and added to the same volume of 2 M sodium ac-
was passed through the gel filtration column described in the etate buffer (pH 4.0) to quench residual reagent. After dialysis
Section 2.30 remove excessive reagent. The fractions con- against0.1 M Tris-acetate (pH 8.0) to remove the reagents, the
taining the antibody were pooled, the protein concentration protein concentration was determined from the absorbance at
was determined by the Lowry—Folin method and the residual 280 nm on the assumption Afgo of 1% of IgG as 13.714],

activity was measured. and the solution was assayed for the residual activity.
A 10pM antibody solution was incubated with EDC
2.6. Chemical modification of lysyl residues (100 mM) and NTEE (30mM) at 37C in the dark. The

reaction mixture was maintained at pH 4.8 by adding a
A 10 mM TNB solution (24u!) in 50 mM HEPES-KOH small amount of alkaline solution. At zero and 90 min, the
buffer (pH 7.0) was added to a 1Qu8/ antibody solution aliquots (50Qul) of the mixture were removed and added
(376l) in the same buffer with or without 39iM MP, and to the same volume of 2 M sodium acetate buffer (pH 4.0)
the reaction mixture was incubated at°Z5for 90 min in to terminate the reaction. The solution was dialyzed exten-
the dark. An aliquot (18Q.l) of the reaction mixture was re-  sively against 0.05M sodium acetate buffer (pH 4.0) and
moved and added to a 2 M Lys solution (2f) to terminate subsequently against 0.1 M Tris-acetate (pH 8.0). The pro-
the reaction, and the whole was passed through the gel fil-tein concentration of the dialyzate was determined with Ad-
tration column described in th8ection 2.3 The fractions vanced Protein Assay Reagent ADV01 (Cytoskelton) and the
containing the modified antibody were pooled, the protein residual activity was measured. The modified antibody in the
concentration was determined by the Lowry—Folin and the dialyzate (50Qul) was precipitated by the addition of 30%

residual activity was measured. (w/v) TCA (250ul) and the precipitates were collected by
centrifugation, washed extensively with chilled acetone, air
2.7. Chemical modification of histidyl residues dried and dissolved in 0.1 M NaOH (4@0). The number of

nitrotyrosyl groups incorporated was determined spectropho-
A 100 mM DEPC solution (2@.) in ethanol was added  tometrically at 430 nm using a molar absorption coefficient

to a 10.2uM antibody solution (98@.l) in 0.1 M sodium of 4600 M1cm~1 [18], and the protein concentration was
phosphate buffer (pH 7.0), and the reaction mixture was in- determined with Advanced Protein Assay Reagent ADV01
cubated at 37C for 10 min in a cuvette. The change in ab- after addition of 0.1 M HCI (40Q.l).
sorbance at 240 nm with time was recorded, and the number
of modified His residues was determined using a molecular 2.9. Chemical modification of methionyl residues
absorption coefficient at 240 nm of 3200 #cm~1 for anN-
carbethoxyhistidine derivatij&3,17] The reaction mixture For chemical modification of Met residues, a 20 mM
(200u.l) was subjected to a gel filtration through the column chloramine-T solution (4kl) in 0.1 M Tris-acetate (pH 8.0)
describedinth&ection 2.3The fractions containingthe anti- was added to a 118M antibody solution (25%.1) in the
body were pooled, the protein concentration was determinedsame buffer, and the reaction mixture was incubated a€25
from the absorbance at 280 nm on the assumptidkpgf of for 20 min. The respective reaction mixtures (20pwere
1% of IgG as 13.714], and the solution was assayed for the passed through the gel filtration column described in the
residual activity. For test of the reactivation, pllofa 7.1 M Section 2.3and assayed for the residual activity.
NH2OH solution (pH 7.0) was added to the reaction mixture
(450u]) and the whole was incubated at 32 for 20 min. 2.10. Analysis of relationship between chemical
Then 20Qul of the reaction mixture was passed through the modification and inactivation
gel filtration column described in thgection 2.30 remove
the reagent, and the fractions containing the antibody were For determination of number of the amino acid residues
pooled. The protein concentration was determined from the essential to the catalytic activity, the inactivation caused by
absorbance at 280 nm on the assumptiodgh of 1% of chemical modification was analyzed according to Tsou'’s sta-
IgG as 13.7[14], and the residual activity was measured. tistical method19]. In the method, the inactivation was clas-
The number of modified histidine residues was determined sified into following six cases: Case 1, the essential and the
spectrophotometrically described above. non-essential residues are modified at the same rate; Case
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2, the essential and the non-essential residues are modifie®. Results

at markedly different rates; Case 3, the essential and the

non-essential residues are modified at significantly but not 3.1. Effects of amino acid-reactive reagents on the
markedly different rates; in the Cases 1-3, the activity is lost activity of catalytic antibody 2B4

completely when all the essential residues are modified; Case

4, some of the activity remains after all the essential residues To identify amino acid residues responsible for catalytic
are modified; Case 5, the protein retains full activity when activity of the antibody 2B4 which accelerates insertion of
any one of the essential residues is not modified; Case 6,Cu(ll) into MP to form Cu-MP, we studied effects of fol-
two kinds of amino acid residues are modified, and both are lowing amino acid-reactive reagents on the activity: PGO,
the essential residues. Our experimental data were appliedNBSF, NBS, TNBS, DEPC, chloramine-T and EDC were
to the method of Case 4, in which all the modified residues used to modify Arg, Tyr, Lys, Trp, His, Met and carboxyl-
under respective experimental conditions used are classifiedcontaining residues, respectively, in the antibody. After the
to three kinds of groups as follows: (1) the first group that re- antibody was incubated with and without respective reagents
acts most rapidly and does not contain any residues essentialinder their typical conditions as shown Table 1, the re-

for the catalytic activity, (2) the second group that includes maining activity was measured. The antibody was inactivated
the essential residues and reacts appreciably only after theoy PGO, NBSF, TNBS and EDC, indicating that modifica-
reaction with the first group has almost reached completion, tion of Arg, Tyr, Lys and carboxyl-containing residues in
and (3) the third group that reacts most slowly, or not at all, the antibody led to the loss of the catalytic activity because
with the reagent. The observed residual actiaty, can be PGO, NBSF, TNBS and EDC are highly reactive reagents

expressed by the following equatifio]. specific to the corresponding amino acid residues in proteins
[11-13]
ay = {nx — (n_p_s)}il—_aT +ar (1) DEPC reacts with His residues in proteins to yield an
l

N-carbethoxyhistidyl derivative, followed by an increase
in absorbance at 240nifi13,17] Number of the modi-
fied His residues can be calculated from the absorption
increase at 240 nm with a molar absorption coefficient of
3200 M~1cm! for N-carbethoxyhistiding13,17] On the
other hand, DEPC does not always react specifically with His
but also with Tyr, Lys, Cys or carboxyl-containing residues in
proteing[13]. Hydroxylamine has been shown to reverse the

whereay is the residual activity of the completely modified
speciesh a total number of residues corresponding to the
modification,sa number of the first group,a number of the
second onaj-p-sa number of the third one andhe number

of the essential residues. The overall fraction of unmodified
residuesy, is calculated by

n—m modified His and Tyr residues, which is much more reactive

r= @ to the former than the latter, but does not reverse the modified
) » ) Lys, Cys and carboxyl-containing residyés]. The inacti-
wherem s the observed number of modified residues. vation of the antibody by DEPCTéble 1 is ascribable to

The residual activitiesa) were calculated at the number
of essential residues) Py use ofEgs. (1) and (2pn the fol-
lowing assumptions: (1) a total number of modified residues
in the antibody ) is 16 for Arg and 29 for Tyr, (2) the num-
ber of the first group of the modifiable Arg or Tyr residues
(s) is 0, (3) the number of the second group of the modified
residuest) is 3 for Arg and 2 for Tyr and (4) the fractional
residual activity of the modified antibodsi£) is 0.09 for Arg
and 0.17 for Tyr.

modification of His residues if the inactivation follows the
absorption increase at 240 nm and exposure of the inacti-
vated antibody to hydroxylamine reverses the absorption at
240 nm accompanying regeneration of the activigble 2
clearly shows that the hydroxylamine treatment of the inacti-
vated antibody failed to regenerate the activity in spite of the
absorption reverse. We therefore concluded that the inactiva-
tion by DEPC, as shown iable ] is not ascribable to the
modification of His residues but to that of other residues.
Table lalso shows that substrate MP protected notably
2.11. Modeling of the three dimensional structure of the the antibody from the inactivation by PGO, NBSF and EDC,
antibody Fv segment and that the existence of MP did not affect the inactivation
by TNBS. The results indicate that Arg, Tyr and carboxyl-
The molecular operating environment (MOE) program containing residues are located in or near the MP binding-site
(Chemical Computing Group Inc.) was used to perform of the antibody, and that some of them would be catalytically
molecular modeling of the three dimensional Fv structure of important. We examined in detail the modification of these
the antibody 2B4 under the supplier’s conditions. The coor- residues in the antibody given further.
dinates for the antibody 7G12 (Protein Data Bank accession
code 1INGW)[20] were downloaded from the Protein Data 3.2. Modification of arginyl residues in the antibody
Bank and used as a template for the modeling in Amber89
force field.N-MMP was superimposed on the modeled struc- Fig. 1A shows that the antibody was inactivated in a
ture in the same coordination as INGW. time-dependent manner by the arginine-specific modifying
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Table 1

Chemical modification of catalytic antibody 2B4

Modified residue Modification conditions Residual activity (%)

Reagent (mM) TemperatureQ) pH Time (min) MP ()2 MP (+)°

Arg PGO (10) 25 8.0 240 14 88
Tyr NBSF (1.0) 25 8.0 15 5 67
Trp NBS (0.2) 25 4.0 10 89 ND
Lys TNBS (0.6) 25 7.0 90 17 9
His DEPC (2.0) 37 7.0 10 31 ND
Met Chloramine-T (3.0) 25 8.0 20 109 ND
Asp and Glu EDC (100) 37 4.8 180 4 40

The antibody was reacted with various amino acid-specific reagents in the absence and presence of mesoporphyrin and assayed for resistailestivity. De
were shown in th&ections 2.3-2.NND: the measurement was not conducted, and thus the activity was not determined.

a In the absence of mesoporphyrin.

b In the presence of 391M mesoporphyrin.

Table 2 The number of Arg residues essential for the activity was
Modification of catalytic antibody 2B4 by DEPC determined on the basis of the dataFiig. 1B according to
Treatement with Residual Number of modified Tsou’s statistical method Case[#9]: the residual activi-
hydroxylaminé activity (%) His residue$ ties (@,) were calculated at the number of essential residues
Before 31 5.6 () of 1, 2 and 3 by use oEgs. (1) and (2)see details in
After 10 0.4 Section 2.1] Fig. 1B shows that the theoretical curveiir

The antibody was modified by 2mM DEPC in 0.1 M sodium phosphate 3 explains well the experimental data. Accordingly, we con-

buffer (pH 7.0) containing 2% ethanol at 3¢ for 10min. Subsequently, ¢, 4o that three Arg residues in the antibody are modified
the modified antibody was treated with MEIH. Details were shown in the i N
to lead the inactivation.

Section 2.7

@ Incubation of the modified antibody with 0.71 M NBH at pH 7.0 and
37°C for 20 min.

b Number of the modified His residues was determined spectrophotomet-
rically using a molecular absorption coefficient at 240 nm of 3200 b1
[13,17] NBSF inactivated the antibody as showrable 1 How-

ever, number of the modified Tyr residues for the inacti-
reagent PGO and MP protected the antibody from the inac- vation could not be estimated because the modification by
tivation. Fig. 1B shows plots of number of the modified Arg NBSF does not yield chromogenic derivatives. We used an-
residues versus the remaining activity, in which the number other reagent, TNM, which specifically reacts with Tyr to
of the modified Arg residues was estimated by measuring produce a nitrated Tyr having an absorption maximum of
absorption change at 250 nm. The figure shows that a partial428 nm[16]. Incubation of the antibody with TNM resulted
activity remains even when the modification proceeds, in the time-dependent inactivation but the catalytic activity
indicating that the modification of the Arg residues related remained after prolonged incubation tinkgd. 2A). The re-
to the inactivation does not result in the complete loss of the sults indicate that the modification of Tyr residue essential
activity. for the activity does not result in the complete loss of the

3.3. Madification of tyrosyl residues in the antibody

-
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< 2 0.5
® ®
> =]
] 3
(7] 7]
& &
0 I T N T T T T T T T T T T - —— ) 0
0 60 120 180 240 o 1 2 3
(A) Time (min) (B) Number of modified Arg

Fig. 1. Modification of Arg residues of the antibody 2B4 by PGO. The antibody.@Pwas incubated with 10 mM PGO in 50 mM HEPES-KOH (pH 8.0)
containing 2.5% methanol at 2& in the dark. (A) Time course of the residual activity in the abseqgedr presence®) of 391uM MP. (B) Relationship
between the number of Arg residues modified and the residual activity. Theoretical cuireek (n--), 2 (—- —) and 3 (—) were calculated according to Tsou’s
statistical metho19] (details are in th&ections 2.10 and 3)2or n = 16,s=0, p = 3 anday = 0.09.
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Fig. 2. Modification of Tyr residues of the antibody 2B4 by TNM. The antibody(lA) was incubated with TNM (1.0 mM) in 0.1 M Tris-acetate (pH 8.0)
containing 2.0% methanol at 2&. (A) Time course of the residual activity. (B) Relationship between the number of Tyr residues modified and the residual
activity. Theoretical curves in=1 (—) and 2 (---) were calculated according to Tsou’s statistical mefi®@d (details are in th&ections 2.10 and 3.%orn=
29,s=0,p=2anday =0.17.

activity. It is not clear that MP protects the antibody from catalytic assay and spectrophotometric determination of ni-
the inactivation by TNM since MP reacted with TNM un- trotyrosyl groups in the antibody. The modification resulted
der the experimental conditions used (data not shown). Re-in the incorporation of 11.3 nitrotyrosyl groups per mole of
lationship between the number of the modified Tyr residues the antibody with a loss of 98.6 % of its activity. This re-
and the remaining activityHig. 2B) was analyzed accord-  sult suggests that many carboxyl-containing residues were
ing to Tsou’s method Case 4 (s8ection 2.1D The analysis modified by EDC and that the inactivation process cannot be
showed that one Tyr residue is responsible for the inactivation analyzed exactly according to Tsou’s statistical method as
(Fig. 2B). used in theSections 3.2 and 3.8Ve therefore obtained num-
ber of the carboxyl-containing residues for the inactivation
kinetically as further.
3.4. Modification of aspartyl and glutamyl residues of In a preliminary experiment, the antibody was treated with
the antibody 0.1 M EDC in the presence of a nucleophile such as: DAP,
GME or GEE as well as NECI. Since semi-logarithmic
EDC alkylates carboxyl groups of proteins in the pres- plots of the residual activity as a function of time were lin-
ence of nucleophil§l1,21-23] Fig. 3A shows time courses  ear in the case of DAPFg. 3B), the pseudo first-order
of the residual activity after the antibody was mixed with rate constants of the inactivatioR) (were obtained in the
0.1M EDC and 0.1 M NHCI as a nucleophile in the ab- presence of DAP with varying concentrations of EDC. The
sence and the presence of MP. The modification resulted ink value shows a linear dependence on the concentration
a time-dependent inactivation and MP provided a significant of EDC with a slope of 1.1 in double logarithmic plots
protection of the antibody against this inactivation. However, (Fig. 3C). According to the method reported by Hollenberg
there is a possibility that carboxyl groups of MP may compete et al.[24] we concluded that modification of one carboxyl-
with those of the antibody for EDC. To clarify this possibility, containing residue by EDC leads to the inactivation in the
we performed the inactivation experiments in the presence of antibody.
oxalate that has two carboxyl groups in a molecule as well
as MP. As shown in the same figure, the inactivation was
not protected by oxalate. This result indicates that carboxyl 4. Discussion
groups of MP did not compete with those of the antibody
for EDC but binding of MP to the antibody protected the Comprehensive chemical modification of the catalytic
antibody from the inactivation, that is, carboxyl-containing antibody 2B4 indicated that three Arg, one Tyr and one
residues exist in or near the antigen binding-site of the carboxyl-containing residues are situated in or near the
antibody. substrate-binding site of the antibody, and that some of them
Since neither EDC nor NECI are chromogenic, number  are essential for the catalytic activity. In order to find candi-
of the modified residues by EDC could not be estimated pho- dates for the residues, we constructed the three-dimensional
tometrically. Therefore, we performed the inactivation ex- molecular model of the antibody on the basis of the amino
periments by use of a chromogenic nucleophile, NTEH: acid sequence inthe Fvregion. The crystal structure of the an-
the antibody was treated with 0.1 M EDC in the presence tibody 7G12 Fab fragment complex withMMP [20] (PDB
of 30 mM NTEE for 90 min, followed by extensive dialysis, code 1NGW) was selected as a template for the modeling,
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Fig. 3. Modification of carboxyl groups of the antibody 2B4 by EDC at pH
4.8. (A) Time course of the residual activity after the antibody(M) was
mixed with EDC (100 mM) and NKCI (100 mM) at 37C in the dark; in the
absence() or presence®) of 391uM MP or in the presence of 39iM
oxalate ). (B) Semi-logarithmic plots of time course of the residual activity
after mixing the antibody (1@M) with EDC (100 mM) and a nucleophile
at 37°C in the dark. The nucleophile used is 100 mM DAB)( 100 mM
NH4Cl (@), 3mM GME (a) or 73 mM GEE (). The straight line represents

a linear relationship obtained in the data of DAP. (C) Double logarithmic
relationship between the pseudo-first order rate constaatjd EDC con-
centration. Thé values were obtained from the time courses of the residual
activity after mixing the antibody (1@M) with varying concentrations of
EDC in the presence of DAP (100 mM) at 2. The line represents a linear

relationship obtained with slope = 1.j € 0.95).

antibody 7G1720]. We found that three Arg residues (Arg
L54, Arg H94 and Arg H95) are located near the binding site
of N-MMP (Fig. 4A), indicating that modification of these
three residues by PGO brings on a great steric hindrance to the
substrate binding and subsequently decreases in the catalytic
activity.

As described above, the chemical modification study sug-
gested that one Tyr residue located near the substrate-binding
site would be related to the catalytic activity. The model in-
dicates that two Tyr residues (Tyr L91 and Tyr L94) are sit-
uated near the binding site 8-MMP (Fig. 4A) and that
Tyr L91 interacts with a pyrrole ring di-MMP (Fig. 4B).
Since Tyr L91 is buried deeper in the binding pocketsf
MMP than Tyr L94 as shown iifrig. 4A, the pKa of the
hydroxyl group of Tyr L91 must be lowered rather than that
of Tyr L94. TNM is subjected to react with a Tyr having
a lower K3 value[25]. We considered, therefore, that Tyr
L91 is more reactive to TNM than Tyr L94 and modifica-
tion of Tyr L91 by TNM loses the catalytic activity in the
antibody.

Kinetic analysis of the carboxyl modification indicated
that one carboxyl-containing residue would be related to the
catalytic activity Fig. 3C), though the antibody has 65 cor-
responding residues in the sequence. We found that only two
carboxyl-containing residues (Asp H96 and Asp H101) are
located in the binding-site df-MMP of the modeled struc-
ture (Fig. 4A). Both Asp H96 and Asp H101 are included in
CDRH3, which has a characteristic feature in the antibody:
its amino acid sequence 26X °’D101y102 s conserved
in all the catalytic antibodies generated by a single immu-
nization withN-MMP as hapten but has not been found in
the non-catalytic antibodies generated by the same immu-
nization [10]. Thus we anticipated that there is an amino
acid residue responsible for the catalytic activity in the se-
quence. As shown ifrig. 4B, Asp H96 is in close vicinity
to N-MMP and the carboxyl group of this residue is ori-
ented toward the center ™¥-MMP, whereas Asp H101 is
buried in the binding site oR-MMP. Treatment of the an-
tibody with EDC almost completely abolished the catalytic
activity, while MP protected partially the antibody from the
inactivation Fig. 3A), suggesting that the modified residue
related to the catalytic activity is not buried deep in the
binding site of substrate. Consequently, it is suggested that
the antibody lost its activity with the modification of Asp
H96.

In the modeled structure of thR-MMP binding site
(Fig. 4B), CDRHS3 forms &3 turn and the side chain of Arg
H95 interacts with adjacent Asp H96 so as to tend the car-
boxylic side chain of Asp H96 to the cente™dMMP, which
agrees well with the CDRH3 structure previously predicted

because 7G12 and 2B4 antibodies have been raised againgf0]. On an opposite side of Arg H95 and Asp H96, the side-
N-MMP as hapten and accelerate the insertion of Cu(ll) into chain of Tyr L91 interacts wittN-MMP in Fig. 4B. These

MP and their amino acid sequences of the light and heavy findings lead to the view that the coordination of Arg H95,
chains in the variable regions are 87.7 and 78.9% homolo- Asp H96 and Tyr L91 plays a key role in stabilizing the tran-

gous, respectively. A possible site dMMP binding in the
model is shownifrig. 4, which was quite similar to that of the

sition state of porphyrin in the insertion of a metal ion into
porphyrin.
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Arg H94

Asp H101

Tyr L94

Tyr L9A

VL

(A) N-MMP

Asp H101
CDRL3
Tyr H102
A93_R94_
CDR H3
@) Wi

Fig. 4. Modeled structure of the antibody 2B4 Fv fragment WtMMP. The amino acid residues are numbered according to Kabat [@6al.(A) Space

filling model of the {4y and \{_ regions displayed in gray and light gray, respectively, WtMMP (blue). Three Arg residues (L54, H94 and H95) are in light

blue, Asp H96 in magenta, Asp H101 in red, Tyr L91 in green and Tyr L94 in yellow. (B) Ribbon model of CDRL3 (magenta) and CDRH3 (orange) structures
of the antibody 2B4 Fv fragment witk-MMP (blue). Backbone structure adjacent to CDRH3 consisting of Ala H93, Arg H94 and Trp H103 is also displayed
with ribbon model in red. Side chains of Arg H95 (light blue), Asp H96 (magenta), Gly H97 (gray), Asp H101 (red), and Tyr H102 (gray) are shown.

5. Conclusions reagents inactivates the antibody. Construction of a three-
dimensional molecular model of the antibody Fv region
To identify amino acid residues essential for the cat- demonstrated that candidates for the modified residues are
alytic activity of the antibody 2B4, we examined effects Arg L54, Arg H94, Arg H95, Tyr L91 and Asp H96, and
of various amino acid reactive reagents on the activity. suggested that Arg H95, Tyr L91 and Asp H96 participate
As a result, it has been shown that modification of three in the transition state stabilization in the antibody-mediated
Arg, one Tyr or one carboxyl-containing residues by the reaction.
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