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ABSTRACT. Antibody 15A9 is unique in its ability to catalyze the transamination reaction of hydrophobic
p-amino acids with pyridoxal-phosphate (PLP). Both previous chemical modification studies and a
three dimensional (3-D) homology model indicated the presence of functionally important tyrosine residues
in the antigen-binding cavity of antibody 15A9. To gain further insight into the hapten, ligand binding,
and catalytic mechanism of 15A9, all tyrosine residues in the complementarity-determining regions (CDRS)
and the single arginine residue in CDR3 of the light chain were subject to an alanine scan. Substitution
of Tyr(H33), Tyr(L94), or Arg(L91) abolished the catalytic activity and reduced the affinity for PLP and
Na-(5'-phosphopyridoxyl)-amino acids, which are close analogues of covalent PLP-substrate adducts. The
Tyr(H100b)Ala mutant possessed no detectable catalytic activity, while its affinity for each ligand was
essentially the same as that of the wild-type antibody. The binding affinity for the hapten was drastically
reduced by a Tyr(L32)Ala mutation, suggesting that the hydroxyphenyl group of Tyr(L32) participates in
the binding of the extended side chain of the hapten. The other-TyMa substitutions affected both
binding and catalytic activity only to a minor degree. On the basis of the information obtained from the
mutagenesis study, we docki@-(5'-phosphopyridoxylp-alanine into the antigen-binding site. According

to this model, Arg(L91) binds the-carboxylate group of the amino acid substrate and Tyr(H100b) plays

an essential role in the catalytic mechanism of antibody 15A9 by facilitating tti€4C prototropic shift.

In addition, the catalytic apparatus of antibody 15A9 revealed several mechanistic features that overlap
with those of PLP-dependent enzymes.

More than one hundred antibodies that catalyze a wide coo

variety of reactions, including many that cannot be achieved + ‘
by standard chemical methods, have been generated to date H,N— CH— R
(1). Although rate accelerations of &fbld over uncatalyzed |
reactions and in a few cases rates approaching those of the CH,
corresponding enzyme-catalyzed reaction have been achieved B
(2—4), catalytic antibodies in general have not yet reached Z 0
the rate enhancements characteristic of enzymes. However, |
it should be noted that many pathways and ideas still remain X"

- . N CH,
to be explored such as metal- or cofactor-containing antibod- H

ies or the evolution of catalytic antibodies under metaboli-
cally driven pressures.

The incorporation of nonproteinaceous cofactors into the
binding sites of antibodies seems to be of interest, as it may 2a R=CH;(D)
extend the catalytic potential of antibodies. Pyridoxal-5
phosphate (PLP),a derivative of vitamin B, is probably
the most versatile organic cofactor of enzymes and thus an

I
1 R=(CHy)y —NH —C— CH,

2b R=CHj (L)
Ficure 1: Structure of ligands used in binding studids:N*-(5'-
phosphopyridoxylN¢-acetylt -lysine; 2a, N*-(5'-phosphopyridoxyl)-
p-alanine;2b, Ne-(5'-phosphopyridoxyl)--alanine.
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FIGURe 2: Transamination reaction ofalanine and pyridoxal‘Ephosphate (PLP) as catalyzed by antibody 15A9. Catalysis of the reverse
reaction has also been demonstratéd (

Antibody 13B10 catalyzes thg-elimination reaction of purified by agarose gel electrophoresis and cut with the
f-chloroi-alanine to chloride, ammonia, and pyruvate. restriction enzymes Pstl and BstEll in the case gfahnd
Antibody 15A9 catalyzes the same reaction with the Sacl and Xhol in the case of \VThe iy and M genes were
enantiomer of3-chloroalanine. In addition, it catalyzes full then separately inserted into the Fab expression vector
transamination reactions of hydrophobi@amino acids and  pASK85 (10) that had been cut with the same enzymes,
oxo acids with PLP and its aminated counterpart, pyridox- yielding pASK85-15A9. The mutants were prepared by
amine-53-phosphate (PMP), respectively (e.geatk= 0.42 polymerase chain reaction from pASK84%5A9 using the
min~! with p-alanine and PLP at 25C; Figure 2). In QuikChange Site-directed mutagenesis kit from Stratagene
comparison to the unassisted reactions of the PLP-amino acidand the following primer pairs: Y-H32-Aa, &GGTTCAC-
aldimineb, the rate enhancement brought about by antibody CTTCACTGATGCCTACATGAGCTGGGTC-3 Y-H32-
15A9is 5x 1C® (7). The challenge, therefore, is to generate Ab, 5-GACCCAGCTCATGTAGSCATCAGTGAAGGT-
antibodies with increased efficiency starting from the first- GAACCC-3; Y-H33-Aa, 3-CACCT-TCACTGATTACGC-
generation antibody 15A9. CATGAGCTGGGTCCGACAG-3 Y-H33-Ab, 5-CTGT-

As a first step toward this goal, the amino acid sequence CGGACCC-AGCTCATGECGTAATCAGTGAAGGT-
of the variable regions of the catalytic antibody 15A9 was G-3; Y-H55-Aa, 3-GGTCTTATTAGAAACAA-AGCTAAT-
determined by sequencing its cDNB)( Consistent with a ~ GGTGCCACAAAAGAGTACAGTGC-3; Y-H55-Ab, 5-GC-
high tyrosine content in the complementarity-determining ACTGTACTCTT-TTGTGGCACCATTAGCTTTGTTTCT-
regions (CDRs), chemical modification of monoclonal AATAAGACC-3'; Y-H59-Aa, 3-GGTTACACAA-AAGAG-
antibody 15A9 by tetranitromethane has indicated that GCCAGTGCATCTGTGAAGGG-3 Y-H59-Ab, 5-CCCT-
tyrosine residues are essential for both hapten binding andTCACAGATGCACTG-GCCTCTTTTGTGTAACC-3; Y-H-
catalytic activity ©). 99-Aa, B-GTAAGAGATAAGGGCTCGGCTGGTAA-CTA-

In the current study, we have mapped the active site of CGAGGCCTGG-3 Y-H99-Ab, 5-CCAGGCCTCGTAGT-
the catalytic antibody 15A9. To understand how the catalytic TACCAGCCGAGCC-CTTATCTCTTAC-3, Y-H100b-Aa,
antibody 15A9 recognizes its substrate and accelerates th&s-GGGCTCGTATGGTAAGCCGAGGCCTGGTT-TGCT-
transamination reaction, we first constructed a 3-D model 3'; Y-H100b-Ab, 3-AGCAAACCAGGCCTCGSGCGTTAC-
of the 15A9 Fv fragment by homology modeling. This model CATACGAGCCC-3; Y-L32-Aa, 5-GCCACCTCAGGTG-
was used together with the chemical modification results as TAAAT GCCATGCACTGGTTCCAGC-3 Y-L32-Ab, 5-G-

a guide for performing site-directed mutagenesis of the CTGGAACCAGTGCATGSCATTTACACCTGAGGTGG-
recombinant 15A9 Fab fragment. The data provided by this C-3; R-L91-Aa, 3-GCCA-CTTATTACTGCCAGCAAGC-
work allowed us to perform affinity docking oN*-(5'- GAGTACTTACCCATTCACG-3; R-L91-Ab, B-CGTGA-A-
phosphopyridoxylp-alanine (PPLz-Ala), an analogue of TGGGTAAGTACTOGCTTGCTGGCAGTAATAAGTGGC-
the covalent PLP-substrate intermediate, in the three dimen-3'; Y-L94-Aa, 5-GCCAGC-AAAGGAGTACTGCCCCAT-
sional (3-D) model of the antibody. In conjunction with the  TCACGTTCGGTGG-3 and Y-L94-Ab, 5-CCACCGAACG-
site-directed mutagenesis experiments, these computationalf GAATGGGGCAGTACTCCTTTGCTGGC-3 The muta-
docking simulations served to identify the amino acid tions were verified by cycle sequencing (SequiTherm
residues in antibody 15A9 that are critical for molecular EXCEL Il Long-Read DNA Sequencing Kit-LC, Epicentre
recognition and catalysis. Technologies) with fluorescent primers using a DNA se-

qguencer (LI-COR).

Expression and Purification of Fab Fragments. Escheri-
Construction of Expression Plasmid and Mutagenédie chia coli JM83 cells were used as hosts for pASK85-15A9
Fab expression vector was constructed using the previouslyand the mutant plasmids. Cells transformed with the corre-
amplified polymerase chain reaction products of the variable sponding plasmid were grown in LB medium (50 mL)
regions of the heavy and light chains(\nd \{, respec- overnight at 37C in the presence of 1Q0g/mL ampicillin.
tively) of antibody 15A9 9). The amplification products were  One liter of 2xYT medium in a 5-L shaking flask was

EXPERIMENTAL PROCEDURES
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inoculated with 20 mL of the overnight culture and incubated distance-dependent dielectric in the Discover module of
at 37°C until anAsso of 0.8 was reached. Expression was Insight II.

then induced by the addition of 10@L of a 2 mg/mL The substrate analogue PBtAla was docked to the 15A9
solution of anhydrotetracycline (ACROS Chimica) in di- model using the program package FTDOCK/) Manual
methylformamide. After further shaking of the sample for 4 adjustments of torsion angles and positional refinements were
h at 25°C, the cells were harvested by centrifugation at 5000 then performed. The atomic model of the antibody 15A9
rpm for 15 min. The Fab fragments were purified from the with the substrate analogue PBLAla was energy-mini-
periplasmic cell extract by Immobilized Metal-Affinity  mized with the program CNSLB). The coordinates of PPL-
chromatography as described previoudl§)( The purified  p-Ala in p-amino acid aminotransferase were used as a
Fab fragments were dialyzed extensively against 50 mM Bis- template {9). The refinement protocol has been performed
Tris propane, 140 mM NacCl, pH 7.5, and kept in the same applying constraints on the planar coenzyrseabstrate
buffer at 4°C at a concentration of 0-71.0 mg/mL. All adduct. Harmonic restraints were imposed on the protein

preparations were pure by the criterion of SB®lyacryl- atoms (3 kcal/mol/A) with increased weight (20 kcal/mol/
amide gel electrophoresis. The concentration of purified Fab A2) for the Go atoms.

fragments was determined photometrically with a calculated
absorption coefficient at 280 nm of 1.8 mL mgcm 2. RESULTS

Measurement of Dissociation Equilibrium Constartse ] ) )
synthesis of the haptens has been described previozsly (_Production of Recombinant Wild-Type and Mutant Fab
8). The thermodynamic binding affinitie&{ values) of wild-  15A9. The expression of catalytic antibody 15A9 in a
type and mutant Fab 15A9 for ligands were determined by bacterial host was a prerequisite for this Work_ becaus_e it
the quenching of the intrinsic antibody fluorescence at 342 allowed the functional consequences of specific mutations
nm. The excitation wavelength was set to 280 nm (band- {0 Pe assessed. Recombinant antibody 15A9 was produced
pass 0.45 nm), and emission was recorded from 290 to 430N E colias chlmer_lc Fab with the murine variable regions
nm (band-pass 4.50 nm) on a Spex Fluorolog spectrofiuo- being fused to murine cgnstant regions of subclaswen@
rimeter. Increasing concentrations of ligands were added toC+1y1 (20). The expression levels of wild-type protein were
the Fab fragment (0.610.44M) in 50 mM Bis-Tris propane, found to be_ similar to those of a variety of other a_nt|t_)od|es
140 mM NaCl, pH 7.5 at 28C. After each addition, the  €xpressed in the same way (2€50ug/L; 11). The binding
fluorescence spectrum was recorded when equilibrium hag@ffinities of the recombinant 15A9 Fab fragment for PLP
been reached. All measurements were corrected for the@nd variousN*-5'-phosphopyridoxyl (PPL) amino acids
fluorescence of the ligand itselq values were calculated ~ (Figure 1) as determined by fluorescence titration and the
by nonlinear regression analysis. _catalytlc a_lct|V|t|e_s Were_almost identical with those of the

Measurement of Transaminase Attij. The transaminase intact murine antlbody(Elgure 3, Tables 1.a_nd 2). The mutant
activity of the recombinant wild-type and mutant Fab Fab fragments were isolated and purified by the same
fragments was measured by following the increase in procedure'and in similar yields as wild-type Fab (for details,
absorbance at 325 nra € 8300 M~ cm; 12) due to the ~ S€€ Experimental Procedures).
production of PMP8 (Figure 2). PLP3 (200 uM) and Choice of MutantsThe amino acid sequences of the PLP-
p-alanine4 (25—200 mM) were preincubated for 30 min in  dependent catalytic antibodies 15A9 and 13B10 and of five
50 mM Bis-Tris propane, 140 mM NacCl, pH 7.5, at 25. hapten-binding but noncatalytic antibodies have been deter-
The amount of the PLB-alanine Schiff base addugtwhich ~ mined previously by cDNA sequencing. Despite the inde-
served as substrate for the transamination reaction, waspendent origins of this panel of antibodies, they all seem to
calculated with the experimentally determined extinction Possess tyrosine residues essential for both hapten binding
coefficientes10 = 3.7 mMt cm™! (13). The reaction was  and catalytic activity as determined by chemical modification
then started with the addition of-110 uM Fab 15A9.  studies §). Consequently, it would be expected that com-
Controls without antibody were measured under identical parison with structurally related noncatalytic antibodies might
conditions. be important in understanding the mechanism of action of

Molecular Modeling and Affinity Docking of PPh-Ala. antibody 15A9. However, antibody 15A9 did not show a
A homology model of the 15A9 Fv fragment was built using high degree of amino acid sequence identity in both the V
the Homology module of the Insight Il program package and . domain with any of the noncatalytic antibodies.
version 97 (MSI/Biosym, San Diego). For the domain, Therefore, mutagenesis studies were necessary to identify
the structure of the murine anti-rhinovirus Fab 17-1a (PDB the tyrosine residues important for binding and catalysis in
code 1FOR, 2.75 A resolution, 93% sequence identity, 95% antibody 15A9.
similarity) was used as a template4]. The W3 domain was The 3-D structure of various immunoglobulins has been
modeled using the anti-Brucella A cell wall polysaccharide examined mainly by X-ray crystallography, and sufficient
Fab YST 9.1 (PDB code 1MAM, 2.45 A resolution, 93% data are now availabl€{) to allow reliable computational
sequence identity, 95% similarity excluding CDR H3) as a 3-D modeling of antibody 15A9 (Figure 4). Antibody 15A9
template 15). The CDR H3 conformation was based on that possesses seven tyrosine residues in the CDRs of the heavy
of murine Fab HC19 (PDB code 1GIG, 2.3 A resolution; chain (H32, H33, H55, H59, H99, H100b, and H102) and
16). Since the two templates used for thedhd iy domains two tyrosine residues (L32 and L94) in the CDRs of the light
differed in the relative orientation of the two domains, an chain (Figure 5). Four of these tyrosine residues (L32, L94,
intermediate relative domain orientation was chosen for the H33, and H100b) reach into the area of space usually
model. The model was submitted to 500 cycles of conjugate occupied by hapten antigens and are therefore potential
gradient minimization using the cvff force field and a candidates for contact residues. Tyrosine residues H32, H55,



Mapping the Active Site of the Antibody 15A9

Biochemistry, Vol. 43, No. 21, 20046615

A

Table 2: Kinetic Constants for the Transamination Half-Reaction
Catalyzed by Wild-Type and Mutant 15A9 Fab
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Ficure 3: Fluorescence titration of wild-type Fab 15A9 witls-
(5'-phosphopyridoxylp-alanine (PPLe-Ala 2ain Figure 1). The
measurements were performed in 50 mM Bis-Tris propane, 140
mM NaCl, pH 7.5, at 25C. (A) The ligand was added in a final
concentration of 0.812 uM and quenched the intrinsic fluorescence
of the antibody (0.2&M). (B) The differences between the relative
fluorescence intensity at 342 nm of Fab 15A9 alone and complexed
with PPLD-Ala, are plotted as a function of ligand concentration.
For details, see Experimental Procedures.
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Table 1: Dissociation Equilibrium Constants of Mutant and
Wild-Type 15A9 Fab for PLP antl*-5'-Phosphopyridoxyl (PPL)
Amino Acids®

Ka (uM)
PPLN¢-acetyl-
antibody L-lysine PLP PPL--Ala PPLD-Ala
IgG 15A9 0.03 90 15 15
Fab wild-type 0.02 110 21 3.2
Tyr(H32)Ala 0.06 178 28 13
Tyr(H33)Ala 0.40 360 48 50
Tyr(H55)Ala 0.02 132 4.4 6.5
Tyr(H59)Ala 0.03 90 2.3 35
Tyr(H99)Ala 0.02 135 34 4.0
Tyr(H100b)Ala 0.05 152 4.6 4.9
Tyr(L32)Ala 0.18 97 6.8 9.2
Tyr(L94)Ala 0.29 332 129 209
Arg(L91)Ala 0.20 295 199 312

Keal Km
antibody Keat (Min—2) Km («M) (min~t M~

IgG 15A9 0.42 65 6.5x 10°
Fab wild-type 0.40 76 5.4 1C°

Tyr(H32)Ala 0.08 121 0.% 10°

Tyr(H33)Ala b.d¢

Tyr(H55)Ala 0.19 101 1.8 10°

Tyr(H59)Ala 0.39 108 3.6¢ 108

Tyr(H99)Ala 0.40 106 3.8 10°

Tyr(H100b)Ala b.ck

Tyr(L32)Ala 0.19 118 1.6< 10°

Tyr(L94)Ala 0.020

Arg(L91)Ala 0.027

3 The keat and Kr, values were determined at pH 7.5 and Z5 as
described under Experimental Procedures. Khevalues are for the
PLP-p-alanine Schiff base adduct. The rates of the antibody-catalyzed
reactions were corrected for the rates of the corresponding uncatalyzed
reactions measured in the same buffer system without added antibody.
The errors on kinetic parameters arel 5%.° From ref7. ¢b.d., below
detectiond Rates measured at 2¢0M PLP and 200 mMb-alanine
without reaching saturation.

Nterm

Ficure 4: Homology model of the 15A9 Fv fragment. Dashed
lines outline the binding pocket utilized by the majority of the
hapten-binding antibodies. Tyrosine and basic residues in the
vicinity of the binding pocket have been highlighted: Tyrosine

aThe constants were determined by measurement of the quenchingresidues L32, L94, H33, and H100b (red) and Arg L91 and H52
of the intrinsic antibody fluorescence at 342 nm upon ligand addition (Plue) were predicted to have a high probability of making direct

at pH 7.5, and 25°C. For details, see Figure 3 and Experimental
Procedures. The errors on determinationkgfare less thant 8%.
bThe values are taken from ré&f

H59, and H99 point away from the putative antigen-binding
pocket (Figure 4), they are located, however, in positions
where a substitution by alanine might influence CDR
conformation and thus indirectly affect antigen binding and

antigen contact, while TyrH32, H55, H59, and H99 (green) were
predicted to have a low probability of making direct contact but to
potentially have an indirect effect on antigen binding.

position with low backbone conformation variability because
it is embedded in thg-sheet, was not mutated. One of the
arginine residues in the binding pocket (L91), which is the
only arginine residue in CDR L3 of antibody 15A9 (Figure
5), was also substituted by alanine, as the important

catalysis. Thus, all the above tyrosine residues were mutateccontribution of arginine residues to antibody affinity and

to alanine by site-directed mutagenesis. Tyr(H102), which
faces away from the binding pockétd) and is located in a

catalysis toward anionic ligands has been emphasized previ-
ously 23, 24) and holds also true for enzyme25j.
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CDR1 CDR2

20 30 40 52abc 60
15A9VH EVKLQESGGGLVQPGHSLRLSCATSGFTFT DYYMS WVRQPPGKALEWLG LIRNKANGYTKEYSASVKG

CDR3

70 82abc 90 100abcdef 110
RFTISRDNSQSILYLQOMNALRAEDSATYYCVR DKGSYGNYEAWFAY WGQGTTVTVSS

CDR1 CDR2

10 20 30 40 50
15A9VL DIELTQSPAIMAASPGEKVTITC SATSGVNYMH WFQQKPGTSPKLWIY STSNLAS

CDR3

60 70 80 90 100
AVPARFSGSGSGTSYSLTISRMEAEDAATYYCQ QRSTYPFT FGGGTKLELKR

Ficure 5: Primary structure of heavy and light chain variable regions &id \{) of antibody 15A9 9). Numbering of amino acid
residues and CDR designation are according to Kabat e2@L The residues that were mutated in this study are indicated in bold.

Binding and Catalytic Actities of Mutant Fabs 15A9 he the reduced catalytic activity of the mutant was not due to a
dissociation equilibrium constants for the hapten, PLP, and conformational disruption of the antibody active site. Obvi-
PPL-alanine (Table 1) as well as the PLP-dependent trans-ously, Tyr(H100b) plays an essential role in the catalytic
aminase activity toward-alanine (Table 2) were determined mechanism of antibody 15A9.
for each mutant. The preserved affinity of an antibody mutant ~ Substitution of Tyr(H33) abolished the catalytic activity.
for its hapteril (Figure 1) provides the most direct indication The parallel decrease in binding of coenzynagnino acid
that a nativelike structure has been retained. Khealues adducts is consistent with the notion that Tyr(H33) partici-
for PLP and of the covalent coenzymsubstrate adduct pates in the positioning of PLP, which is common to all
analogues PPb-Ala 2a (Figure 3) and its enantiomer PPL- ligands. Substitution of this residue might destabilize the
L-Ala 2b were measured to differentiate between the planar transition states of the aldiminketimine tautomer-
consequences of the mutations on the binding of the ization in the transamination reactio®gj and thus result in
coenzyme and the substrate moiety (Table 1). the complete loss of catalytic activity.

As expected from our model, substitution of Tyr(H59) and  Substitution of Tyr(L94) and Arg(L91) resulted in both
Tyr(H99) by alanine changed neither the binding affinities impaired ligand binding and substantially reduced catalytic
nor the catalytic activities (Table 2). With this confidence efficiency. The fact that the affinity of these mutants for
in the model, we further examined the role of mutated hapten and PLP is not severely altered (an approximately
residues. Replacement of Tyr(H55) and Tyr(L32) with 10- and 3-fold decrease, respectively) argues against drastic
alanine resulted in a 2-fold decreasekii. The binding structural changes in the coenzyme-binding site. However,
affinities of Fab 15A9 Tyr(H55)Ala for all ligands were the significant decrease observed in both the binding affinities
similar to those of wild-type Fab 15A9 (Table 1). In contrast, for PPL-D-Ala (65- and 98-fold decrease for the Tyr(L94)-
the Tyr(L32)Ala mutation reduced the binding affinity for Ala and Arg(L91)Ala mutant, respectively) and the substrate
haptenl (Figure 1) 10-fold, while the binding affinities for  affinity indicate a substantial perturbation in the environment
PLP, PPLp-Ala, and PPL:-Ala were nearly the same as surrounding the amino acid substrate moiety.
those of the wild-type Fab, suggesting that the hydroxyphenyl  Affinity Docking of PPLe-Ala to the 15A9 Homology
group of Tyr(L32) participates in the binding of the extended Model. Affinity docking experiments often predict that the
side chain of the hapten. The residual catalytic activity of hapten and/or the substrate have several possible binding
the latter two mutants suggests that neither Tyr(H55) nor modes 26). The selection among the possible docked
Tyr(L32) is essential for catalysis. The binding affinities of structures requires additional experiments. Here, we docked
the Tyr(H32)Ala mutant for PLP and hapten were close to the substrate analogue PBtAla in planar conformation into
those of the wild-type Fab, suggesting that the active site the antigen-binding pocket of the model, based on the results
had remained largely intact. However, the binding affinities obtained from the site-directed mutagenesis (Figure 6).
for the substrate analogue PBEAla and its enantiomer The cofactor-binding region is located at the interface of
PPL1-Ala were reduced 5- and 15-fold, respectively. The the two domains and is mainly composed of residues of CDR
catalytic activity of this mutant was decreased 5-fold. Tyr- H1, CDR H3, CDR L1, and CDR L3. The model suggests
(H32) may thus assist catalysis by favorably orientating Tyr- that the cofactor interacts with residues in the active site of
(H33), which in turn affects ligand binding and catalysis. 15A9 through numerous hydrogen bonding and hydrophobic

A dramatic change in catalytic activity was observed when packing interactions, such that tiseface of the pyridine
Tyr(H100b) in the CDR H3 was replaced with alanine. Fab ring is solvent-exposed, and theface oriented toward the
Tyr(H100b)Ala was devoid of detectable catalytic activity protein. The pyridine ring of the cofactor is engaged in an
(Table 2). The binding affinity for the ligands was nearly aromatic stacking interaction with Tyr(H33). The positive
the same as that of wild-type Fab (Table 1), suggesting thatcharge of the protonated pyridine nitrogen atom is balanced
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Ficure 6: Comparison of the active sites of antibody 15A9 aramino acid aminotransferase. (A) Homology model of the Fv fragment

of antibody 15A9 liganded with a planar covalent coenzyvedanine adduct (PLB-ALA, corresponding to intermediaté&s-7 in Figure

2). The heavy chain is drawn in light-blue with the CDRs in blue and bold. The light chain is colored in light red with the CDRs in red
and bold. The coenzymesubstrate adduct is drawn in gray. Important side chains are numbered according to Kab20gt(&) Crystal
structure ofb-amino acid aminotransferase-élanine aminotransferase, EC 2.6.1.21). The coordinates are from Peisach et al. (PDB code
3DAA) (19). Amino acid residues contributed by the adjacent subunit are marked with an asterisk.

by a hydrogen bond to the carboxylate group of Asp(H95). transition states, and principal mechanistic determin&@&is (
The O3 atom of the pyridine ring has no antibody ligand. 28). Despite the great number of catalytic antibodies that
The 3-phosphate group of the cofactor is fixed via hydrogen have been generated to date, only a few investigations on
bond interactions between the side chains of Tyr(H32), Asn- the structural requirements for catalysis and comparisons of
(H52a), and Ser(H104) of CDR1, 2, and 3, respectively, of the antibody-catalyzed and the corresponding enzyme-
the heavy chain. In addition, the side chain of Tyr(H100b) catalyzed reactions have been repore®7). Site-directed

is positioned close to the phosphate group of the cofactor mutagenesis and computer-assisted construction of structural
forming a hydrogen bond between its phenolic hydroxyl models of catalytic antibodies can provide insight into the
group and the coenzyme phosphate. Noncovalent bindingcontributions of individual amino acid residues to both
of PLP, which, in antibody 15A9, serves as a dissociable binding and catalysis20—32). Here, we undertook an
cofactor, is confirmed by the simild¢, values for PLP and  alanine scanning and structural modeling study of the
PMP, i.e., 90 and 4@M, respectively 7). Tyr(H32) has a catalytic antibody 15A9, which may be considered an
structural role that appears to be the stabilization of the analogue of primordial PLP-dependent enzyni&3 84).

interaction between CDR H1 and CDR H2. The candidate amino acid residues for site-directed mu-
The model revealed that the guanidinium group of Arg- tagenesis studies were selected on the basis of previous
(L91) lies at the bottom of the binding pocket, forming a chemical modification studies of the antibodg),( the
salt bridge/hydrogen bond with the Carboxylate group of the h0m0|ogy model, and the know|edge on the Cata|ytic
substrate. Arg(L91) together with Tyr(L32) and Tyr(L94) mechanism of PLP-dependent enzymes ¢Bzymes) §3,
act as a carboxylate trap. These three residues together witlgs, 36). In PLP-dependent enzymes, tyrosine and arginine
the coenzyme seem to define the pOSition and the Orientationresidues have been found to partake in coenzyme binding,
of substrate in the binding site of antibody 15A9. The sypstrate recognition, as well as in the catalytic proca3s (
positioning of the bound substrate relative to Tyr(H100b) 35 37, 38). In antibodies, the disproportionate number of
appears to define the enantiomeric selectivity of the antibody. tyrosine residues in CDRs and especially in the CDRs of
Only ap-amino acid would have its-proton pointing toward  the heavy chain has been emphasized in several previous
the catalytic residue. The side chain of the substrate lies inreports 22, 39). It has been pointed out that the hydroxy-
a Iarge pOCket which accounts for the accommodation of a phenyi group of tyrosine may participate in both poiar and
wide range ofb-amino acid substrates) apolar interactions. Chemical modification of antibody 15A9
with tetranitromethane has indeed indicated the participation
DISCUSSION of tyrosine residues in both hapten binding and catalytic
Previous studies have shown that antibodies, which areactivity (9). The positively charged side chain of arginine
selected in vivo for binding of a transition-state analogue fesidues of CDR L3 has been found to allow binding and
and screened ex vivo for catalytic activity, may recapitulate pola_rl_zatl_on of anionic _substrates for nucleo_p_hlllc attack and
a number of characteristics of enzymes, the evolution of stablllzatlo_n _of anionic _tetrahed_ral tr_ansmon states by
which has been directed toward increased catalytic efficiency: electrostatic interactions in catalytic antibodi&8,40, 41).
examples of such congruent features include the molecular As we have previously reported, antibody 15A9 catalyzes
interactions underlying substrate recognition, stabilization of the transamination reaction ofalanine with PLP through
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the mechanism shown in Figure Z,(8). Schiff base5
(formed from PLP3 andp-alanined) is, under the conditions

Mouratou and Stetefeld

aspartate residues engage in aromatic and electrostatic
interactions with the PLP ring and with the positively charged

used in this study (see Experimental Procedures), the actuapyridine nitrogen atom, respectively, in many &rzymes

substrate for the antibody. Deprotonation at I8ads to the
quinonoid intermediates. Reprotonation at C4of the

(33, 35, 44—48).
The mutational analysis of 15A9 has provided valuable

coenzyme moiety and hydrolysis of the ensuing ketimine predictions regarding substrate binding and catalysis of the
intermediate7 complete the transamination half reaction PLP-dependent transamination reaction. In particular, the data

producing pyruvate8 and PMP 9. Catalytic activity is
observed exclusively with the-enantiomer of alanine.

presented here indicate that tyrosine and arginine residues
in the catalytic antibody 15A9 play roles similar to those

Antibody 15A9 in the presence of PLP catalyzes the fulfilled by such residues in 8enzymes. These results may

exchange of the pro-2S proton of {&2] glycine about 6
times faster than that of the pro-2R protoA2). The

be expected to prove useful in guiding the design of more
effective catalysts that certainly would require substitutions

preferential deprotonation of the pro-2S proton of glycine of numerous amino acid residues that do not participate in

agrees with the exclusive transaminatiorbedimino acids, the

active site and thus the construction and screening of

as exchange of the pro-2S proton of glycine corresponds tolarge libraries of random variants. Work in this direction is

the deprotonation at ¢ of p-amino acids. in progress.
Substitution of Tyr(H100b) with alanine abolishes the
catalytic activity with little effect on ligand binding. Tyr- ACKNOWLEDGMENT
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