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The esterolytic catalytic antibody (catAb) has the positive charged region interacting
with the carbonyl group of the ester substrate. To examine how such a region
interacts with the substrate, we compared the catAb with the non-catalytic antibody
(non-catAb) for interaction with the non-cleavable amide substrate (a mimic of the
ester substrate) and the two end products. Surface plasmon resonance (SPR) analysis
revealed that the amide substrate gave the equivalent K3 values for the two
antibodies, whereas both the on-rate and off-rate of the catAb were five-times
lower than those of the non-catAb. In agreement with SPR analysis, saturation
transfer difference (STD) NMR spectroscopy detected the STD signals only between
the catAb and one of the product, suggesting the slower exchange rates of the amide
substrate in the catAb as compared with the mixing times, whereas it was not the
case with the non-catAb. Transferred nuclear Overhauser effect NMR spectroscopy
showed the negative signals for only between the non-catAb and the amide substrate
or the product, again suggesting the lower off-rates of the catAb as compared with
the mixing times. The decreased interaction rates should be the primary conse-
quence of the positively charged region in the combining site in the catAb.

Key words: catAb, saturation transfer difference, surface plasmon resonance,
transferred nuclear Overhauser effect NMR spectroscopy.

Abbreviations: TSA, transition-state analogue; EPS, electrostatic potential surface; SPR, surface plasmon
resonance; STD, saturation transfer difference; trNOESY, transferred nuclear Overhauser effect
spectroscopy; trNOE, transferred nuclear Overhauser effect; ELISA, enzyme-linked immuno sorbent assay.

According to the ‘transition-state theory’ advocated by  hydrolytic reactions of aliphatic esters, aryl esters,

Pauling (1) and Jencks (2), antibodies elicited against
stable mimics of a transition-state would catalyse the
corresponding reactions. This prediction was first incar-
nated by successful isolation of esterolytic antibodies
among the antibodies having complementary binding to
the transition-state analogue (TSA). TSA mimics the
tetrahedral structure of the transition-state during ester
or amide hydrolysis (3, 4). Dozens of studies proceeded to
show the potentials of the TSAs, such as phosphonate,
phosphate and phosphonamidate. These TSAs elicit
catalytic antibodies (catAbs), which catalyse the
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carbonate esters, phosphonate esters and amides (5).

How such esterolytic catAbs function has been
addressed by many studies, including structural analysis
with the hapten, studies of homology modelling, reaction
kinetics and site-directed mutagenesis (6-17). These
analyses have shown that catAbs have two binding
sites: One is the catalytic site that presents a conserved
array of amino acid residues. These residues exhibit
an array of hydrogen bond donors complementary to the
anion that represents the tetrahedral geometry of the
transition-state conformation in the basic hydrolysis of
esters and amides (18, 19). The site is held in place at a
mouth of the cavity. The other binding site is a
hydrophobic pocket that is located at the bottom of the
cavity. The residues that form the hydrophobic pocket
interact with the end-group (aryl moiety) of the hapten
through hydrophobic interactions.

In response to the challenging mice with a phospho-
nate hapten, we obtained a number of independent
esterolytic antibodies. These catAbs are clonally inde-
pendent but highly related (20-22). Recovery of catAbs
was more successful with autoimmune MRL/Ipr mice
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than with normal BALB/c mice. However, the latter
challenge yielded a number of antibodies that strongly
bound to the hapten (22-24). Sequence analyses and
3D studies at the combining sites of the esterolytic
antibodies revealed a network of conserved hydrogen
bond contacts between the phosphonate TSA and the
antibodies (25). The 3D results, together with the
results of site-directed mutagenesis, indicated that two
conserved residues (LysH95 and HisL.91) have a catalytic
role (25). In these antibodies, as in many other
antibodies, stabilization of the ‘oxy-anion hole’, also
seems to play a central role of catalytic function.
However, the nature and position of the residues in the
immediate vicinity of the ‘oxy-anion hole’ in our catAbs
are different from what is observed in other catAbs and
these residues were not conserved in the combining site
among the non-catalytic binders derived from BALB/c
mice (22-25).

In our catAbs, a large and strongly positive electro-
static potential surface (EPS) due to a catalytic residue,
LysH95, expands around the mouth of hydrophobic
pocket that is located at the bottom of the cavity (23).
Such a positive EPS should interact not only with the
TSA, but also with the substrate, when the substrate is
in the ground-state and its products, before it functions
to stabilize the tetrahedral transition-state structures of
the substrate. If the positive EPS does interact with the
substrate, it should influence the on-rate and/or off-rate
with which the ester/amide substrates and their products
bind to and unbind from the catAbs. For non-catAbs,
i.e. these without catalytic residues, would be expected to
interact with the substrates and products much less
strongly than the catAbs. In order for an antibody to
function as a catAb, it might require a positive EPS to
interact with the substrate, and without this interaction
it cannot be a catalyst, even if it has strong affinity for
the TSA. We have been interested in determining
whether such an interaction really has a role in catalytic
reactions. In order to address this question, we investi-
gated the modes by which catAbs bind to the substrate
and products and compared them with those for a typical
non-catalytic antibody.

We used the esterolytic catAb with high catalytic
activity and a non-catAb. Both antibodies showed a
strong binding affinity for the TSA. To observe the
interaction modes, we used surface plasmon resonance
(SPR) analysis and NMR spectroscopic analyses, satura-
tion transfer difference (STD), NMR spectroscopy (26-33)
and 2D transferred nuclear Overhauser effect spectro-
scopy (trNOESY) (34-44).

MATERIALS AND METHODS

Antibody preparations—The antibody preparations
used in this experiment are MS6-164 and BS6-16. MS6-
164 is an esterolytic antibody that cleaves the ester
substrate (1) into Product-A (phenylalanine) (2) and
Product-B (phenethylamine) (3) (Fig. 1A) and the
BS6-16 is an antibody that did not cleave the ester
substrate (1) (45). The MS6-164 was isolated from a
hybridoma obtained from the autoimmune strain
MRL-MPJ-lpr/lpr and the BS6-16 from the normal
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Fig. 1. Esterase reaction and structural formula of sub-
strate, products, amide substrate and transition-state
analogue (A) and resonance structure of amide (B).

strain BALB/c after the mice were immunized with a
TSA (4) linked with a linker sequence and keyhole
lympet hemocyanin (45). ELISA experiments showed
that both MS6-164 and BS6-16 had strong affinity
towards TSA (4) (K4 was 0.61 nM for MS6-164 and
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1 30 CDR1 36 49 CDR2

MS6-164: QVQLQQPGAELVKPGASVKLSCKASGYTFT SNWIN  WVKQRPGQGLEWIG NIYPDSYRTNYNEKFKR

BS6-16: D----ES-PG----SQ-LS-T-TVT--SI- -AYAWN -IR-F--DK---M- Y-REFSGTTSYNPSLKS

66

CDR3 103 113

KATLTVDTSSSTAYMQLSSLTSDDSAVYYCVR KHYSYDGVVY WGQGTLVTVSA

RISI-R---KNQFFL-QLNSVTTEDTAT-YCA LPG

B.V, sequences:

1 23

CDR1 35 49 CDR2

MS6-164: DIVMTQAAPSVSVTPGESVSISC RSSKSLLHSNGNTYLY WFLQRPGQSPQLLIY RMSNLAS

BS6-16: QA-V--ESALTTSPG-TVILTC ---TGAVTTSNYAN

57

-VQEK-DHLFTG--G GT---A-

CDR3 98 107

GVPDRFSGSGSGTDFTLRISRVEAEDVGVYYC LOHLEYPFT FGAGTKLELK
-=-V----- LI-DKAA-T-TGAQT--DAM-F- ALWYSTH-V B-G---VTVLG

Fig. 2. Amino acid sequences of variable regions of MS6-16 and BS6-16 antibodies.
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Fig. 3. Synthesis of Product-A (Phenylalanine) 2.

0.07 nM for BS6-16) (22). The sequences of variable
regions of MS6-164 and BS6-16are shown in Fig. 2.
Isolation of hybridomas and preparation of antibodies
and crystallization were as previously described (20, 21,
45, 46).

Chemical Synthesis—Synthesis of Product-A (2)
(Fig. 3) To a solution of bp-phenylalanine (OMe)
(20mg, 0.11mmol) in CHyCly (1ml) was added glutaric
anhydrate (18 mg, 0.15mmol) and triethylamine
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(22mg, 0.22mmol). This mixture was stirred at room
temperature. After the reaction was completed, the
mixture was washed with 1M HCI solution and brine
and then organic layer was dried with MgSO,. This
organic solution was concentrated in vacuo. Then, the
residue was treated with sodium hydroxide and this
mixture was stirred at room temperature. After the
reaction was completed, the mixture was neutralized
with IR-120 (+) and concentrated in vacuo. Purification
of the residue was performed by preparative TLC
(EtOAc:MeOH =3:1) that could afford 2 (70%, 20mg).
[Found: 'H-NMR(400 MHz, D;0) § 7.46-7.34 (m, 5H),
4.61 (dd, J=9.59, 4.62Hz, 1H), 3.32 (dd, J=13.9, 4.62Hz,
1H), 2.98 (dd, J=13.9, 9.59Hz, 1H), 2.29 (m, 2H), 2.16
(m 2H), 1.77 (m, 2H)].

Synthesis of biotinylated Product-A with a linker (8)
(Fig. 4)

To a solution of phenylalanine amido substrate (6) (20 mg,
45 umol) in DMF (400 ul) was added N-hydroxy succini-
mide (8mg, 52.5umol) and dicyclohexylcarbodiimide
(14 mg, 52.5 umol) and this solution was stirred at room
temperature under argon atmosphere. After 4h, the
mixture was filtered and the filtrate was concentrated
in vacuo. To a solution of the residue in DMF
(400 ul) was added triethylamine (10ul, 52.5 pmol) and
2-aminoethanethiol (6 mg, 52.5 umol). And this mixture
was stirred at room temperature under argon atmosphere.
After 30min, the mixture was concentrated in vacuo.
Purification of this residue was performed by preparative
TLC (EtOAc:MeOH = 3:1) that could afford 7 (63%, 13 mg)
[Found: 'H-NMR(400 MHz, CDCly) § 7.26-7.01 (m, 5H),
4.88 (m, 1H), 3.70 (s, 3H), 3.41 (m, 1H), 3.22 (m, 1H), 3.08
(dd, J=5.45, 13.4Hz, 1H), 3.01 (dd, J =6.44, 13.4Hz, 1H),
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Fig. 4. Synthesis of biotinylated Product-A (Phenylala-
nine) with a linker 8.
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Fig. 5. Synthesis of biotinylated Product-B (Phenethyl-
amine) 9.

2.65-2.48 (m, 2H), 2.23-2.02 (m, 4H), 1.88 (m, 2H); HRMS
Caled for Cy7H54NsNaO,S [M+H'] 353.1535, found
353.1542].

To a solution of 7 (3mg, 6 umol) in degassed DMF
(100ml) was added iodoacetyl-LC- Biotin (PIERCE:
2.5mg, 4.9 pmol) and triethylamine (2pl, 14 umol) and
then this mixture was stirred at room temperature under
argon atmosphere. After 4h, the mixture was concen-
trated in vacuo. Purification of the residue was per-
formed by preparative TLC (EtOAc:MeOH=3:1) that
could afford 8 (65%, 3.4mg) [Found: ‘H-NMR(400 MHz,
CD3OD) 6 7.27-7.14 (m, 5H), 4.60 (dd, J=4.73, 8.42Hz,
1H), 4.49 (dd, J=4.74, 7.90Hz, 1H), 4.30 (dd, J=4.74,
7.90Hz, 1H), 3.38 (m, 2H), 3.26-3.12 (m, 6H), 2.95
(dd, J=8.42, 13.4Hz, 1H), 2.93 (dd, J=4.73, 12.9Hz,
1H), 2.70 (d, J=13.4Hz, 1H), 2.70 (¢, J=6.58 Hz, 2H),

Y. Nishi et al.

2.21-2.16 (m, 4H), 2.11 (¢, J=7.37Hz, 2H), 1.82
(m, 2H), 1.77-1.29 (m, 16H); HRMS Caled for
C34H52N6NaO7SZ[M+Na+] 743.3237, found 743.3249].

Synthesis of biotinylated Product-B (9) (Fig. 5)

To a solution of 8 (10mg, 60 pmol) in DMF (500 ul) was
added NaH (1.3 mg, 60 umol) and the mixture was stirred
at room temperature under argon atmosphere. After 1h,
to this mixture was added iodoacetyl-LC-Biotin
(PIERCE: 10mg, 20 umol) and the mixture was stirred
at room temperature. After 4h, to this mixture was
added MeOH to quench the reaction and the mixture
was neutralized with acetic acid. After concentration of
this mixture in vacuwo, purification of the residue was
performed by preparative TLC (EtOAc:MeOH =3:1) that
could afford 9 (14mg, 43%) [Found: 'H-NMR(400 MHz,
CD3;0D) 6 7.29-7.16 (m, 5H), 4.47 (dd, J=4.73, 8.41Hz,
1H), 4.28 (dd, J=4.73, 8.41Hz, 1H), 4.00 (s, 2H), 3.98
(s, 2H), 3.47 (t, J="7.36Hz, 2H), 3.25-3.14 (m, 5H), 2.91
(dd, J=4.73, 12.6 Hz, 1H), 2.82 (¢, J=7.36 Hz, 2H), 2.69
(d, J=12.6Hz 1H), 2.18 (¢, J=7.36 Hz, 2H), 1.77-1.25
(m, 14H); HRMS Caled for CogH43NsNaO5S [M+Na']
584.2883, found 584.2884].

Synthesis of TSA (4)

Synthesis of 4 is previously described (26). The data of
NMR are also shown (26).

Synthesis of amido substrate (5) and biotinylated
substrate (12) (Fig. 6)

For synthesis of 5, to a solution of Z-pD-Phenylalanine
(50mg, 0.17mmol) and glycyl-2- phenethylamine hydro-
chloride (10) (54mg, 0.25mmol) in CH5Cl; (1ml) were
added EDC (38 mg, 0.18 mmol) and triethylamine (34 mg,
0.34 mmol). This mixture was stirred at room tempera-
ture. After the reaction was completed, the mixture was
diluted with CH,Cl; and this organic layer was washed
with 1M hydrogensulfate, agNaHCO3z and brine. The
organic layer was dried with MgSO, and then concen-
trated in vacuo. To a solution of the residue in MeOH
(1ml) was added 10% Pd/C and the mixture was stirred
under H, atmosphere. After finishing the reaction, the
mixture was filtered with a Celite pad and the filtrate
was concentrated in vacuo. To a solution of the residue
in CHyCL, (1ml) was added triethylamine (34 mg,
0.34 mmol) and glutaric anhydride (29mg, 0.25mmol).
This mixture was stirred at room temperature. The
mixture was washed with 1M HCI solution and brine
and then organic layer was dried with MgSO,. This
organic solution was concentrated in vacuo. Purification
of the residue was performed by silica gel column
(Hex:EtOAc=1:10) that could afford 5 in 75%
(56 mg) [Found: ‘H-NMR(400 MHz, CD;0D) § 7.29-7.14
(m, 10H), 447 (dd, J=6.46, 8.69Hz, 1H), 3.84
(d, J=16.7Hz, 1H), 3.61 (d, J=16.7Hz, 1H), 3.39
(t, J=7.5THz, 2H), 3.13 (dd, J=6.46, 13.6 Hz, 1H), 2.91
(dd, J=8.69, 13.6Hz, 1H), 2.79 (¢, J=7.57THz, 2H), 2.23
(t, J=7.57THz, 2H), 2.21 (¢, J=7.57THz, 2H), 1.79 (m, 2H)].

For the synthesis of 12, to a solution of 5 (20 mg,
45 umol) in DMF (400 ul) was added N-hydroxy succini-
mide (8mg, 52.5umol) and dicyclohexylcarbodiimide
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Fig. 6. Synthesis of amide substrate 5 and biotinylated
substrate 12.

(14mg, 52.5umol). This solution was stirred at room
temperature under argon atmosphere. After 30 min, the
mixture was concentrated in vacuo. Purification of this
residue was performed by preparative TLC
(EtOAc:MeOH =3:1) that could afford 11 (63%, 13mg)
[Found: 'H-NMR(400 MHz, CDsOD) & 7.30-7.13 (m,
10H), 4.48 (dd, J=6.56, 8.74Hz, 1H), 3.85
(d, J=16.6Hz, 1H), 3.61 (d, J=16.6Hz, 1H), 3.39
(¢, J=7.48Hz, 2H), 3.29 (m, 2H), 3.13 (dd, J=6.51,
14.0Hz, 1H), 291 (dd, J=8.78Hz, 1H), 2.79
(t, J=7.81Hz, 2H), 2.57 (¢, J=7.16Hz, 2H), 2.21
(t, J=7.48Hz, 2H), 2.12 (m, 2H), 1.82 (m, 2H); HRMS
Caled for CysH34N,NaO,S[M + Na*] 521.2199, found
521.2232].

To a solution of 11 (3mg, 6 umol) in degassed DMF
(100ml) was added iodoacetyl-LC- Biotin (PIERCE:
2.5mg, 4.9umol) and triethylamine (2ul, 14 pmol) and
then this mixture was stirred at room temperature under
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argon atmosphere. After 4h, the mixture was concen-
trated in vacuo. Purification of the residue was per-
formed by preparative TLC (EtOAc:MeOH=3:1) that
could afford 12 (65%, 3.4mg) [Found: 'H-NMR
(400MHz, CD3OD) & 7.29-7.17 (m, 10H), 4.51-4.45
(m,2H), 4.28 (dd, J=5.07, 7.97Hz, 1H), 3.85
(d, J=16.6Hz, 1H), 3.62 (d, J=16.6Hz, 1H), 3.41-3.33
(m, 4H), 3.21-3.10 (m, 6H), 2.92 (m, 2H), 2.79
(t, J=T7.97Hz, 2H), 2.69 (m, 3H), 2.22 (¢, J=7.24Hz,
2H), 2.18 (¢, J=7.24Hz, 2H), 2.12 (¢, J=7.24Hz, 2H),
1.82 (m, 2H), 1.77- 1.28 (m, 16H); HRMS Calcd for
C44H64N8N307SQ[M + Na+] 9034237, found 9034276]

SPR analysis—Kinetic parameters, Ky, k., and kg, of
MS6-164 and BS6-16 and amide substrate 5, Product-A
(2), Product-B (3) and TSA (4) were analysed by a
BIAcore 1,000 analyser (BIAcore, Sweden). Kinetic
measurements were calculated from the sensorgrams
with BIAevaluation software, version 3.0 (BIAcore),
according to the global fitting model. The response
curves with various analyte (antibody) concentrations
were globally fitted to a bivalent analyte model, in
which the first step, A + B = AB, and the second step,
AB + B = AB2, where A is a concentration of analyte,
and B is a concentration of ligand at £ =0. All experiments
were performed at 25°C in a running solution (10 mM
Tris buffer, 150 mM NaCl and 5mM EDTA at pH 7.6) at
0.41, 0.83, 1.66 and 3.33 pM for MS6-164 and 0.24, 0.48,
0.96 and 1.92 uM for BS6-16, respectively. The streptavi-
din chip (SA5, BIAcore) in the flow cells has a gold
surface to which a carboxymethylated dextran layer is
bound. The dextran layer was activated to bind strepta-
vidin following the user’s protocol of the manufacturer.
Prior to the experiments, the streptavidin surface was
cleaned three times with a solution of 0.05N NaOH/1M
NaCl for 1min in each cleaning. For the SPR assays,
biotinylated amide substrate (12), Product-A with a
linker (8) and Product-B (9) (each, 0.016 ug/ml) were
used as a ligand. These compounds in the running buffer
were then added up to 4 resonance units for (12) and the
maximum amount for (8) and (9) on the surface of the
streptavidin chip to immobilize through a biotin—strepta-
vidin interaction. For TSA (4), the maximum amount was
directly linked to the amino groups of the surface of the
chip following the manufacturer’s protocol. And in each
experiment, the BIAcore system was cleaned to remove
any residual detergents or absorbed proteins in the
system following the protocol recommended by the
manufacture.

NMR Experiments—The NMR experiments were per-
formed on a Bruker Advance DMX500 spectrometer
(Bruker Biospin GmbH, Rheinstetten, Germany). All
spectra were acquired at 298 K without sample spinning
and HDO signal was used as an internal reference
(4.81p.p.m. at 298K). XWINNMR software (Bruker)
running on a Silicon Graphics workstation was used for
data acquisition and processing. Fab fragments, which
were used for NMR experiments, were prepared from the
corresponding IgG by treatment with papain following
the conventional procedure.

STD NMR Spectroscopy—STD NMR spectroscopy
experiments were performed according to the previous
reports (Mayer and Meyer, 1999; Mayer and Meyer, 2001).
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The saturation filed (20-50Hz) was applied at
different frequencies ranging from -0.5p.p.m. up to
8.5p.p.m. of the protein spectrum, among which the
ligand signals did not overlap with the protein. The
spectra were acquired in the direct difference mode:
scan at saturation on-resonance (MS6-164:384.7Hz,
BS6-16:450.0 Hz) minus scan at saturation off-resonance
(6,566 Hz), with a total of 512 scans per spectrum using
CYCLOP phase-cycling. Saturation times varied from
50ms to 1.2s. Each sample contained 1mg of Fabs
(MS6-164 and BS6-16) and the ligands [amide substrate
(5), Product-A (2) and Product-B (3)] at 20 equivalents of
each Fab in 250ul of the buffer solution (100 mM
deuterized sodium phosphate buffer, pH 7.0), thus the
final concentration was 80 pM for Fab (50 kDa) and 1.6 mM
for the ligands. The samples were assayed either in the
absence or presence of an equivalent concentration of
(80 uM) of TSA (4).

TrNOESY—Pulse sequence of trNOE used in this
experiment followed the standard Bruker program,
noesytppr. A total of 256 (¢11)-4K (¢2) data points were
recorded for each experiment. Prior to Fourier transfor-
mation, the data matrix was multiplied with a squared
cosine function. The spectral width was 16.0 p.p.m. The
HDO signal was suppressed by low-power pre-saturation
during the relaxation and mixing time. The total
relaxation delay was 1.5s. Mixing times of 100—-600ms
were used. Thirty-two dummy scans and 16 scans per
increment were performed. Each sample contained the
same concentrations of Fabs and the ligands in 250 pul of
the buffer solution (100 mM deuterized sodium phosphate
buffer, pH 7.0).

X-ray crystallography—X-ray crystallography was pre-
viously performed following the crystals of Fab fragment
of MS6-164 and TSA (4) using the hanging drop vapour-
diffusion method (25, 46). The semi-transparent solvent
accessible (1.4A probe radius) surface of the Fab
structure as seen in its binary complex with TSA (4)
(Web Lab Viewer Pro4.0 representation) coloured accord-
ing to the electrostatic potential with the TSA (4)
molecule shown in the active site of the catalytic
antibody MS6-164. The only protein atoms were included
in the surface calculation.

RESULTS

Kinetic parameters determined by SPR analysis—The
binding ability of antibodies to the ligand is expressed
as K3, which can be measured as the ratio of off-rate
(kosp)/on-rate (k,,) of the ligand to the antibody. In the
present experiment, we used SPR analyses and mea-
sured these values for the substrate and the products.
We used a biotinylated amide substrate (12) as a non-
cleavable amide substrate (5), instead of a cleavable ester
substrate (1). We also used a biotinylated Product-A with
a linker (8) and a biotinylated Product-B (9). The amide
substrate (5) can show resonance structures around the
amide bond (Fig. 1B) and it well reproduces the atmo-
sphere of negative charge around the oxy anion of the
carbonyl moiety of the ester substrate (1).

The K4 values of the catAb MS6-164 for the amide
substrate (5) (11.7uM) was similar to that of the
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Table 1. Dissociation parameters (K3, K,, and K,g)
towards amide substrate (5).

K4 (M) K,,(1/Ms) Ko (1/s)
MS6-164 11.7 [1.0] 5320 [1.0] 0.0625 [1.0]
BS6-16 11.3 [1.0] 28900 [5.4] 0.328 [5.2]

The values in square parenthesis indicate relative incidence.

non-catAb BS6-16 (11.3puM) (Table 1). The on- and off-
rates of amide substrate (5) were different for MS6-164
and BS6-16. The on- and off-rate constants of amide
substrate (5) for MS6-164 (k,,=5,320M1s™! and
korr=0.0625s"", respectively) were both about 1/5 of
those for BS6-16 antibody (kon=28,900M's~! and
Por=0.328s71). These results demonstrate that amide
substrate (5) is held longer in the combining site of
MS6-164 antibody than in that of BS6-16 antibody. We
could not obtain measurable data for either product
[Product-A (2) or Product-B (3)] or TSA (4) (data not
shown). The former was probably because the affinities
were too low, whereas the latter was too high for the
SPR analysis using the BIAcore system.

STD NMR Spectroscopy—As the SPR analyses failed
to provide direct evidence of interaction between either
antibody or the products [Product-A (2) and Product-B
(8)] and TSA (4), we attempted to detect these interac-
tions with STD NMR spectroscopy experiments.

STD NMR spectroscopy is well suited for identifying
the compound of the ligand that binds to the protein. The
component of the ligand that has the strongest contact to
the protein will give the most intense NMR signal, which
makes it possible to map of the ligand’s binding epitope.
In this method, the protein resonances are first selec-
tively saturated by pulse irradiation without affecting
the ligand’s resonances. This saturation is spread over
the entire protein by intramolecular saturation transfer
(spin diffusion). Only the ligands interacting with the
proteins are saturated by intramolecular saturation
transfer. Through the chemical exchange between the
free and bound states, these saturated ligands are
transferred into solution, in which their 'H signals are
detected. A fast-exchange equilibrium of ligands between
the bound- and free-states is required to detect a ligand
molecule in solution (28).

We acquired STD NMR spectra for interactions
between each of the antibodies (MS6-164 or BS6-16)
and each of the ligands [amide substrate (5), Product-A
(2) or Product-B (3)]. The molar concentration ratios for
ligand versus antibody were set 20:1 and the saturation
times were set for 50-1,200ms. The data are shown as
plus, if the STD spectrum was observed (Table 2). The
parent 1D 'H NMR of Product-B (3) in the presence of
MS6-164 antibody and that of Product-B (3) in the
presence of BS6-16 antibody are shown in Figs. 7A and
8A, respectively. Example spectra, both made with
saturation times of 1,000ms, are shown for the interac-
tions between Product-B (8) and MS6-164 (Fig. 7B) and
between Product-B (8) and BS6-16 (Fig. 8B). Addition of
TSA (4) to the solutions of each of the antibodies
(MS6-164 and BS6-16) and each of the ligands [amide
substrate (5) or Product-B (3)] quenched the STD signals
(Fig. 7C, Fig. 8C and Table 2).Both the 1D 'H reference
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Table 2. STD signals on different saturation times
Ligand/Antibody Saturation time (ms)

50 100 200 300 400 500 600 800 1000 1000
Amide substrate (5)/MS6-164 - - - - - - — — — NEP
Amide substrate (5)/BS6-16 - — — — + + + + + —
Product-A (2)/MS6-164 NEP NEP - NEP NEP - NEP — - NEP
Product-A (2)/BS6-16 NEP NEP - NEP NE® - NEP - - NEP
Product-B (3)/MS6-164 — - - - + + + + +¢ -
Product-B (3)/BS6-16 - - - - + NEP + + +4 —d

3STD experiments in the presence of TSA (4). °NE, not examined. “Experimental data are shown in Fig. 7. “Experimental data are shown

in Fig. 8.
Ph
Q H, H,
HO
¥
Product-B (Phenethyamine) (3)
Ph Hs,Hs
R | ST |
75 7.0 4.0 3-5 ppm
B
| 1 | | E o %
75 70 4.0 3.5 ppm
C

wa‘m

ST SR S A
4.0 35 ppm

Fig. 7. Interaction of Product-B (3) and esterolytic anti-
body MS6-164. (A) 1D 'H NMR spectrum of Product-B (8) and
MS6-164. (B) STD spectrum of Product-B (3) and MS6-164. The
spectrum was obtained at saturation time of 1,000 ms. (C) STD
spectrum of Product-B (3) and MS6-164 in the presence of 80 uM
of TSA 4 equivalent to the final concentration of Fab. The
spectrum was obtained at saturation time of 1,000 ms.
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Fig. 8. Interaction of Product-B (3) and non-catalytic
antibody BS6-16. (A) 1D 'H NMR spectrum of Product-B
(8) and BS6-16. (B) STD spectrum of Product-B (3) and BS6-16.
The spectrum was obtained at saturation time of 1,000 ms.
(C) STD spectrum of Product-B (3) and BS6-16in the
presence of 80 uM of TSA 4 equivalent to the final concentration
of Fab. The spectrum was obtained at saturation time of
1,000 ms.
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NMR spectrum of Fig. 7A and the STD NMR spectrum of
Fig. 7B clearly show that Product-B (3) specifically binds
to MS6-164 antibody. In this binding, almost all moieties
of Product-B (8) rather evenly interact with the combin-
ing site of MS6-164, because several groups [the terminal
phenyl group (Ph), methylene groups neighbouring the
phenyl group (H;, H; and H,, Hj), and terminal
methylene groups (Hs, Hj)] gave large proton signals in
the STD spectrum at saturation times more than 400 ms.
These signals were identical to those in the 1D 'H
reference spectrum of Product-B (3).

The binding signals were completely abolished by the
addition of TSA (4) (Fig. 7C) This observation leads us to
conclude that Product-B (8) competitively binds to the
combining site in the presence of TSA (4). MS6-164
antibody bound much more weakly to Product-B (3) than
to TSA (4). A similar result was obtained in the case of
BS6-16 antibody. All moieties of Product-B (3) interact
with the combining site of BS6-16 antibody. The binding
signals were also completely abolished by adding TSA (4).
This suggests that the binding of BS6-16 to Product-B (3)
is structure-specific and that BS6-16 binds to Product-B
(8) more weakly than BS6-16 binds to TSA (4).

STD NMR spectra of Product-A (2) and MS6-164
antibody or of BS6-16 antibody did not give significant
proton signals up to a saturation time interval of
1,000ms (Table 2). So, the interactions between
Product-A (2) and MS6-164 or BS6-16 antibodies were
negligible or less than the detectable limit.

Different results were observed between the STD NMR
spectra of amide substrate (5) and MS6-164 antibody and
of amide substrate (5) and BS6-16 antibody (Table 2). In
the former interaction, there were no meaningful proton
signals large enough to be identical to those of the 1D H
reference spectrum of amide substrate (5), even up to the
longest saturation time of 1,200ms (Table 2). In the
latter interaction, however, there were large signals
identical to those acquired in the 1D 'H spectrum of
amide substrate (5) after a saturation time of 400 ms.
Addition of TSA (4) to the sample containing amide
substrate (5) and BS6-16 abolished the STD signals
of amide substrate (5) and BS6-16. This effect of TSA
(4) shows the specific interaction with amide substrate
(5) and BS6-16 antibody.

For the former case, our understanding is that it does
not mean the negligible or weakest interaction between
amide substrate (5) and MS6-164 antibody, but rather
the too much slow exchange rate of amide substrate
(5) from bound- to free-state, or from free- to bound-state,
or both. This argument is further discussed later. The
above results also showed that the combining sites of
MS6-164 and BS6-16 antibodies are specific for the
structure of TSA (4).

TrNOESY—TrNOESY can provide insights into the
conformational properties of small molecules (or ligands)
in the combining site of the receptor proteins. It also
provides a way to identify molecules from a mixture of
compounds each having binding affinity for a protein
(40). Small molecules (MW < 1.5kDa) in the free-state
yield small, positive NOEs, while large molecules, e.g.
proteins with MWs larger than 10kDa, yield large and
negative NOEs. Ligands that reversibly bind to a
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Amide substrate (5)

HiHy
A Hz,Hz Hs,Ha:
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3.6 34 3.2 3.0 ppm

Fig. 9. NOESY of amide substrate (5) and non-catalytic
antibody BS6-16. The trNOE signals are shown in the frames
in (A), which disappeared in the presence of 80 uM of TSA 4 (B).
NOESY shown in (A) and (B) were obtained at mixing time
of 200 ms.

biomolecule are labelled with information of the large
proteins (44). The large negative NOEs reach their
maximal at shorter mixing times (44).

The NOESY spectrum shown in Figs. 9A and 10A were
recorded after addition of amide substrate (5) (Fig. 9)
or Product-B (3) (Fig. 10) to BS6-16 antibody solution.
The spectra show that methylene protons between
(Hy, H}) and (Hy, Hj) of the phenethyl group in
amide substrate (5) or Product-B (3) give rise to a
negative signal of trNOEs at a mixing time of 200 ms.
NOESY reference spectra of amide substrate (5) and

J. Biochem.

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Mechanistic Analysis of Esterolytic Abzyme

Ph

Iz

Product-B (Phenethylamine) (3)

Ha,Hz HiHy

g
— ]

)

A ——
.""‘w’_ s -_,.

S—

(o

36 34 32 30 ppm

- 3.4

— 3.6

I
~ 3.8

i I 1
32 3.0 ppm

Fig. 10. NOESY of Product-B (3) and non-catalytic anti-
body BS6-16. The trNOE signals are shown in the frames in (A),
which disappeared in the presence of 80 uM of TSA 4 (B). NOESY
shown in (A) and (B) were obtained at mixing time of 200 ms.

Product-B (3) show that even in the absence of BS6-16
antibody methylene protons between (H;, Hj;) and
(Hy, H) of the phenethyl group in amide substrate
(5) or Product-B (3) give rise to a cross-peaks of the
small positive signal of NOEs (data not shown). The
NOESY spectra shown in Figs. 9B and 10B were
recorded after addition of amide substrate (5) (Fig. 9)
or Product-B (3) (Fig. 10) to BS6-16 antibody in the
presence of 80 pM of TSA (4) at an equivalent concentra-
tion of the antibody solution. The spectra show that
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Table 3. TrNOE siganls observed on different mixing
times.

Ligand/Antibody Mixing time (ms)

100 200 400 600 200*
Amide-substrate (5)/MS6-164 — — — — NE4
Amide-substrate (5)/BS6-16 — 4P + + _b
Product-A (2)/MS6-164 — — _ _ NE¢
Product-A (2)/BS6-16 — - — _ NE¢
Product-B (8)/MS6-164 — — — _ NE4
Product-B (8)/BS6-16 + + NEY NEI

ATrNOE experiments in the presence of TSA (4). "Experimental
data are shown in Fig. 9. “Experimental data are shown in Fig. 10.
INE, not examined.

the trNOE signals of methylene protons between (H;, H})
and (Hy, H}) of phenethyl group in amide substrate (5) or
Product-B (3) had disappeared.

In summary, the only trNOE signals observed in BS6-
16 antibody in the presence of amide substrate were
those of methylene protons between (H;, H}) and
(Hy, Hj) of the phenethyl group of amide substrate (5)
at mixing times from 200 to 600ms. This was also the
case for BS6-16 antibody in the presence of Product-B (3)
at mixing times of 100-200 ms (data were not obtained at
400-600ms). No trNOEs were observed in MS6-164
antibody in the presence of either amide substrate (5)
or Product (B) (3) (Table 3).

X-ray crystallography—Analysis of a crystal formed
from a binary complex of MS6-164 and TSA (4) solved
the structures of the Fab fragment of MS6-164 antibody
(47). We calculated the ESP of MS6-164 Fab with the
TSA (4) in the combining site (active site) from the atom
coordinates of the solved structure. The calculated ESP is
shown on a semi-transparent solvent accessible surface
(1.4 A probe radius) (Fig. 11).

One of the striking results of this study is the finding
of a strong and large positive ESP spreading around the
LysH95. This indicates that there is a strong coulomb
interaction between the amino group of LysH95 and the
oxyanion(s) of the phosphonate group in TSA (4).
Fig. 11A and B also show that this positively charged
surface region around LysH95 is located just around the
mouth of the deep pocket cavity, where the terminal
phenethyl group of TSA (4) resides.

DISCUSSION

An important feature of catAbs is the presence of amino
acid residues that participate in the chemical reaction at
the substrate-combining site (catalytic site or active site).
For esterolytic antibodies, positively charged residues
should be placed in the centre of the combining site. It is
believed that those residues complementarily to the
transition-state of the substrate would facilitate the
stabilization of the ‘oxyanion-hole’. Nevertheless,
there is no direct evidence so far for what the catalytic
residue(s) really does to the substrate and its transition-
state. Two antibodies, an esterolytic catAb (MS6-164)
and a non-catAb (BS6-16), both of which were elicited
and selected against TSA (4) (20, 45), were chosen for
comparison to reveal the interaction between the
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Fig. 11. A stereo diagram of EPS on the semi-transparent
solvent accessible surface (1.4 A probe radius) that shows
interaction of catalytic pocket of MS6-164 and TSA (4).
Coloured in blue are positive EPSs, coloured in red are negative
EPSs and coloured in grey are non-charged surfaces. (A), plane
view from a mouth of the binding pocket; (B), elevation view
from a side of the binding pocket.

antibodies and its non-cleavable substrate (a mimic of
ester substrate) and so forth in reality.

A 3D study of the binary complex with MS6-164
antibody and TSA (4) demonstrated the importance of
the catalytic residues in the combining site (LysH95 and
His.91), both of which can form hydrogen bonds with
oxygens in the phosphonate (47). The findings of the 3D
study are consistent with the proposed mechanism of
ester hydrolysis for these esterolytic catAbs. The cataly-
tic residues seems to function to stabilize the ‘oxyanion
hole’, which stabilizes the transition-state structure of
the ester substrate (1) in the case for the hydrolysis of
esters (18, 19).

The K, (which is almost equal to K;) of MS6-164
antibody for ester substrate (1) is 2.8 uM by ELISA (20).
This value was the same order of magnitude as the Ky
values measured in this study by SPR analysis for the
interactions between the amide substrate (5) and MS6-
164 or BS6-16 (11.7uM and 11.3 uM, respectively). This
suggests that amide substrate (5) is an appropriate sub-
stitute for evaluating the kinetics of these antibodies.
However, even though the K4 values of amide substrate (5)
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for the two antibodies are similar, the on- and off-rate
constants are quite different. Both the on- and off-rate
constants of MS6-164 were about 1/5 of those of BS6-16.
This means that amide substrate (5) is held five times
longer in the combining site of MS6-164 antibody than in
the combining site of BS6-16 antibody. It would seem
that the ratios of the on- and/or off-rates of the products
would be similar. However, we were unable to measure
these rates by the SPR analyses. These K4 values
are probably outside the lowest range of values that
can be detected by the SPR analysis. In previous studies
(20, 22), the K4 values for a compound similar to Product-
A (2) measured by ELISA, were five orders of magnitude
weaker than the K3 values for TSA (4). For TSA (4), we
were also unable to obtain K4 values by SPR analyses.
This was probably because TSA (4) strongly bound to
both antibodies, as revealed by SPR analysis using the
BIAcore system. Of all the haptens, TSA (4) bound most
strongly, and hardly any was released from the anti-
bodies. In previous ELISA measurements, these values
were found to be at the level of several tens to hundreds
picomoles by a competitive ELISA method (20, 22).

The STD NMR experiments confirmed that Product-B
(3) interacts with the binding pocket of both the MS6-164
and BS6-16 antibodies. As almost all *H proton signals of
Product-B (3) were observed in the STD experiment with
short irradiation times, almost all groups of Product-B
(8) interacted with the binding pocket of both antibodies.
On the other hand, the interaction between Product-A (2)
and its binding sites in the antibodies did not induce a
detectable STD signal. Amide substrate (5) produced an
STD signal in the presence of BS6-16 antibody, but not
in the presence of MS6-164 antibody. Addition of TSA (4)
to the BS6-16 solution in the presence of amide substrate
(5) completely quenched the STD signals. This suggests
that the binding site was structurally specific to the
substrate, the amide substrate and the TSA. The failure
to observe an STD signal in the reaction mixture of
MS6-164 and amide substrate (5) is not due to an
absence of an interaction between them, because in
addition to the crystallographic study, the SPR analysis
showed that it interacted with the appropriate K4 value.
The absence of STD signal also did not seem to be due to
exchange rates from unbound- to bound-state or bound-
to unbound-state that were too fast. The last and most
plausible explanation for these results is that the
exchange rates were too slow to produce an STD signal
with saturation times below 1,000 ms.

A NOESY spectrum contains information about the
magnetization transfer due to the NOE between all pairs
of neighbouring protons in the small molecule (ligand or
substrate <1.5kDa). In the unbound form, the small
molecule is generally characterized by short correlation
times, where the NOEs are positive signals, or at the
boundary of the extreme narrowing limit, where the
NOEs approach zero. When such a molecule is bound to
the protein, it is characterized by the long correlation
time of the protein, where the NOEs are large and
negative signals. When the molecule is bound weakly
and exchanges between the bound- and free-states at
reasonable rates, it produces a detectable intramolecular
trNOESs. Intra-molecular signals are said to provide the
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best technique for demonstrating the bound-state of the
small molecule (34, 35).

The trNOE cross peak signals of methylene protons
between (H;, H}) and (Hy, Hj) of the phenethyl groups of
both amide substrate (5) and Product-B (3) were
observed in the presence of BS6-16. These cross peak
signals were also observed in amide substrate (5) and
Product-B (3) in their free states, although the signals
were positive in these cases. Essentially, no conforma-
tional changes occurred between free- and bound-states.
The present trNOE signals suggest that the methylenes
of the phenethyl group in amide substrate (5) and in
Product-B (3) do not change their relative conformations,
and that both bind to the BS6-16 combinding site with
the appropriate exchange rates. These interactions were
structurally specific because the signals were quenched
after addition of TSA (4). No trNOEs were observed in
MS6-164 antibody in the presence of either amide
substrate (5) or Product (B) (3).

Theoretical considerations may help to explain trNOE
signals in the NOESY experiments. The k,, and k¢
rates of a ligand should be larger than the cross-
relaxation rates of the ligand protons in both the free-
and bound-states. In 2D NOESY experiments, sizable
trNOE signals can be observed as long as the ligand
molecules can associate with the binding protein
and dissociate from the complex at least a few times
during the NOE mixing time. As shown by a theoretical
simulation, when the ligand off-rate is approximately
equal to the inverse of the NOE mixing time (5-10s lor
Tm = 100-200 ms), the trNOE signals become observable.
However, when the off-rate is slow relative to the
inverse of the NOE mixing time, the signal should be
much weaker or even non-observable (48). Because
the exchange off-rates may depend on pH, salt concen-
tration and temperature (48), it is difficult to accurately
predict the complete answer to the relation between
the off-rate of the ligand from the protein and the
mixing time. However, trNOE signals can reveal
whether the exchanges of interactions are faster or
slower.

Based on the present SPR data, the k. rate of amide
substrate (5) was 0.0625s ! for MS6-164 antibody and
0.328s7! for BS6-16 antibody. The mixing time used in
these trNOESY experiments for amide substrate (5) was
100-600 ms. Thus, the inverse of the mixing time was
1.7-10s~ L. This calculation suggests that the off-rate of
amide substrate (5) for BS6-16 antibody was still about
one-fifth that of the lowest inverse mixing time, but that
its off-rate for MS6-164 antibody was far smaller, only
1/25 that of the lowest inverse mixing time.

In summary, the present result suggests that the lower
on-rate in the catAb could compensate for the lower off-
rate. As a result, the K3 (off-rate/on-rate) values of the
catAb become comparable to those of the non-catAb. This
results in high affinity for the TSA, which makes it
possible to select the catAbs in a large population of non-
catAbs.

The EPS on the MS6-164 antibody contains a large
and strong positive charge distributed over the LysH95.
This strongly positive EPS is located around the center of
the combining site, i.e. the mouth of the hydrophobic
pocket in the cavity, where TSA (4) binds its
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phosphonate group. This region appears to interact by
coulomb—coulomb interaction with the negatively
charged region, mainly oxyanion(s) of the phosphonate
group in TSA (4) and the substrate as well. This
coulomb—coulomb interaction could influence the
on-rate and/or off-rate between antibody and substrate/
products or even the TSA. Without the positively charged
region in the combining site, such an effect would not be
detected.

Based on the above considerations, we propose a model
for what a catalytic residue(s), which is thought to play a
role to stabilize an ‘oxyanion hole’, has really to do in the
combining site of esterolytic catAbs.

In a theoretical view, interaction between the combin-
ing site and its ligand is more affected by off-rate, but
less by on-rate, because the on-rate depends much on the
stochastic phase (concentrations), while the off-rate
depends on the non-stochastic phase (structurally related
interactions). In this model, however, a positively
charged residue(s) functions to interfere with the inter-
action between a substrate in its ground-state and a
combining site in a catAb at on-rate. It resulted in
lowering the on-rate. And once a substrate is placed in
the right position, the combining site would hold it for
long time enough to allow it to convert a ground-state to
a transition-state until they reach an equilibrium
between a ground-state and a transition-state (lowering
the off-rate). Such an interaction, therefore, would
influence both the on-rate as well as off-rate.

Here, we classify the antibodies into four categories in
terms of their on- and off-rate constants for a phospho-
nate TSA; a class with both high on-rate and off-rate
(high on/high off-class), both low on-rate and off-rate (low
on/low off-class), high on-rate but low off-rate (high
on/low off-class) and low on-rate but high off-rate (low
on/high off-class).

If antibodies have positively charged amino acid
residues at the combining site, these residues strongly
interfere the binding of the phosphonate TSA to the
combining site due to charge interactions. Such anti-
bodies have a strong disadvantage for selection based on
their affinity for a phosphonate TSA, because this
interference could reduce the on-rate of the TSA hapten
to the antibody. Thus, such an antibody is classified into
either a low on/low off-class or a low on/high off-class.
Low on/high off-class antibodies cannot be competitive in
affinity selection, i.e. it will be readily segregated from
the other binders of a high on/low off-class during the
course of selection. However, if an antibody belongs to a
low on/low off-class or high on/low off-class, it can survive
the affinity selection, because the resulting K4 can be low
enough for the antibody to be selected.

Catalysts should have a binary nature, binding to both
a ground-state and a transition-state. Ideally, selecting
strategy, therefore, should be considered in two steps,
the first is selecting the binders at a high on-rate against
the substrate (or a stable substrate mimic) and then, that
is followed by counter-selecting against the TSA at a low
off-rate (low off-rate to the TSA), or vice versa. However,
such a stepwise selection will be impractical and almost
unlikely, once a complementary structure to the TSA is
formed in a combining site. An alternative strategy of
one-step panning with the TSA is the off-rate driven and
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has advantage to choose the species with a high on-rate/
low off-rate to the TSA. As the species with the high on-
rate/low off-rate to the TSA are not to be a catalyst at all,
they must be exclusively eliminated among the low off-
rate binders to the TSA. In a method named, ‘on-and/or
off-rate’ driven in vitro selection method of catAbs, as the
stage of binding to the TSA before reaching the binding
saturation (k,, phase), the antibodies that show the low
on-rates exchanges can be collected as those that do not
bind to the TSA well. At the stage of release of the TSA
from antibodies (k.¢ phase), the antibodies that show the
low-off rates exchanges can be collected as those that
bind to the TSA well. After repeating these cycles, the
number of the antibodies with low on- and off-rates
exchanges can be enriched at high concentrations.

Extrapolating this model to general natural catalysts,
we can understand the way how catalysts evolve from
molecules that non-catalytically bind to the substrate.
Molecules that did not have enough complementary
residues at the combining site to stabilize the interaction
with the substrate would bind to the substrate with high
on- and off-rates. Such ‘fast-exchange binders’ would
have little chance of being selected as catalysts. But
molecules that bind to the substrate with low on- and off-
rates, ‘slow exchange binders’, have a greater chance of
being selected as catalysts because they would hold the
substrate for a long enough time to find in the catalytic
site the right residues that convert the ground-state of
substrate into a transition-state.
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