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ABSTRACT: Functional imaging of subtilisin Carlsberg active center by the idiotypic network yielded a
catalytic anti-idiotypic antibody with endopeptidase, amidase, and esterase activities. A monoclonal antibody
inhibitory to subtilisin (Abl 5-H4) was employed as the template for guiding the idiotypic network to
produce the catalytic anti-idiotypic Ab2 6B8-E12. Proteolytic activity of 6B8-E12 was demonstrated by
zymography using self-quenched fluoreseeBSA conjugate and in a coupled assay detecting Ab2-
dependent RNase A inactivation. Cleavage of peptide substrates by 6B8-E12 revealed distinct patterns of
hydrolysis with high preference for aromatic residues before or after the scissile bond. Catalytic activity
of Ab2 was inhibited by phenylmethylsulfonyl fluoride, a mechanism-based inhibitor of serine hydrolases.
5-H4 and 6B8-E12 were cloned, producedEscherichia colias single-chain variable fragments (scFvs),

and purified. Kinetic parameters for amidolytic and esterolytic activities were similar in Ab2 and its scFv
derivative. Although the antigen-specific portion of 6B8-E12 possesses no primary structure similarity to
subtilisin, it mimics proteolytic and amidolytic functions of the parental antigen, albeit with 4 orders of
magnitude slower acceleration rates. The lack of detectable endopeptidase activity of 6B8-E12 scFv raises
interesting issues concerning general evolution of catalytic activity. The in silico 3D models of Abl and
Ab2 revealed strong structural similarity to known anti-protease antibodies and to abzymes, respectively.
These results indicate that the idiotypic network is capable, to a significant extent, of reproducing catalytic
apparatus of serine proteases and further validate the use of imaging of enzyme active centers by the
immune system for induction of abzymes accelerating energy-demanding amide bond hydrolysis.

Development of a strategy for de novo design of proteasesdevelopment of a number of abzymes, mimicking catalysis
capable of recognizing and specifically cleaving sequencesof biological transformations as well as catalyzing reactions
of interest in proteins and peptides and potentially suitable belonging exclusively to the chemical spa@. (
to work in vivo is among the most sought and least tractable In parallel, evidence has been accumulated that catalytic
goals of modern biochemistry and molecular medicine. antibodies can be generated spontaneously by the immune
Targeted removal of extracellular proteins contributing to system, in the absence of rationally designed immunization.
certain pathology can be of considerable therapeutic benefitCatalytic immunoglobulins have been documented in the
(1, 2). Indeed, modern technologies permit generation of an serum of healthy individuals3( 9), as well as in patients
antibody with specificity to virtually any macromolecular with various diseased(Q—16). Catalytic antibodies can also
template. Apart from its ability to generate binders specific form in response to infusion of large quantities of a
to a target of choice, the antibody repertoire is widely homologous protein; in particular, the abzyme cleaving factor
recognized as a source for generation of “antibody enzymes”VIIl forms in patients with hemophilia A in response to
(abzymes) with different specificities3,( 4). The first infusion of the therapeutic factor VIIL{).
evidence that antibodies can catalyze chemical transforma- Development of the target-specific (or, within the frame
tions was brought by immunizing mice with transition state of the immunological terms, epitope-specific) proteolytic
analogs (TSA) (5, 6). Progress in this field has led to abzymes using the TSA approach achieved only limited
success X8). Importantly, the hydrolytic mechanism of
T This work is supported in part by BTEP Grant #37, RFBR amidase antibodies obtained by the TSA approach differs
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disease-associated abzymes are capable of cleaving macro- The following are the sequences of the primers used in

molecular antigens such as proteigg)(or nucleic acids5).

Of note, natural abzymes cannot be transition state mimics,

this work:
1, 5-GA[A,CJA[A, T]TGTGIA,C]JT[C,G]JACJA,C]CA-

due to the absence of transition state analogs in the organisnjA,G]TCTCC[A,T]-3'
stable enough to drive the immune response. Therefore, other 2, 5-GA[T,C]AT[T,C][A,CJAGATGACIA,C]CAGIA,T]-
mechanisms can be involved in spontaneous formation of CT[A,C]C[A,C]-3'

antibody proteases. One plausible explanation for the forma-

tion of natural abzymes is provided by the concept of the
“functional internal image”. According to this concept, an
abzyme can form as the functional internal image of the
enzyme (auto)antigen through the idiotypic network postu-
lated by Niels Jerne2@). This concept has been successfully
developed into the methodology of artificially guided
development of abzymes with estera®4, 5) and amidase
activity (26—28). In the cited experiments, functional internal
images of acetylcholinesterase afidactamase were ob-
tained.

In a previous study, we obtained the first evidence of the
amidase and protease activity of anti-idiotypic monoclonal
antibody (mAb) elicited by immunization of mice with a
mADb specific to the active site of subtilisin Carlsbe&g);

In this report, we further analyzed structtifeinctional
relationships of anti-idiotypic mAb 6B8-E12 mimicking the
functional activity of its parental antigen.

MATERIALS AND METHODS

Molecular Cloning of Abl and AbZlotal mMRNA from
hybridoma cells 6B8-E12 and 5-H4 was isolated using an
Oligotex Direct mRNA Kit (Qiagen) according to the
manufacturer’s protocol. cDNA was synthesized using Su-
perScript One-Step RT-PCR with Platinum Tag (Invitrogen).
Amplification of the immunoglobulin light-chain variable

3, 5-CAAATTGTTCTCACCCAGTCTCCA-3

4, 5-GAT[A,G]TT[T,GITGATGAC[T,CICA[A,G][A,G]-
CT[C,G]CA-3

5, 5-TTACGTTT[T,GJATTTCCA[G,AICTT[G, TIGTCCC-
3’

6, 5-TTACGTTTCAGCTCCAGCTTGGTCCC-3

7, 5-TGAGGAGACGGTGACCGTGGT-3

8, 5-TGAGGATACGGGAACCGTGGT-3

9, 5-TGCAGAGACACTGACCAGACT-3

10, 5-TGAGAAGACGGTGACTGAGGT-3

11, 5-TCTTCCTCCATGGGACAAATTGTTCTC-
CCCCAGTCTCCA-3

12, 5-AGAAGGACCATGGCCGAGGTGCAGCTG-
GTGGAGTCTGGGGGA-3

13, 5-CTTCTTCGCGGCCGCCAGATCTG-
CACGTTTCAGCTCCAGC-3

14, 5-TCTCCTTGTCGACACGGTGACCGTGGTC-
CCTGC-3
15, 5-GAGGAAGCTCGAGTGGTGGTGGTGGT-

TCTGGTG-3

16, 5-ACCACCACCACTTCCACCACCACCAGAAC-
CACC-3

17, 5-AGAGGAAACATGTGGGATCCACCACCAC-
CACTT-3

Purification of Abl and Ab2 mAbsAntibodies from
culture supernatants were precipitated with ammonium

region (VL) was performed using degenerate forward primers sulfate at 50% saturation at*€. After centrifugation for

1—-4 encompassing N-terminal sequences of mousght
chains and degenerate reverse primteend 6 for mouse

30 min at 1400, precipitates were dissolved in phosphate-
buffered saline, pH 7.4. Protein A affinity chromatography

J-fragments. The heavy-chain variable region (VH) was was done with an Affi-Gel Protein-A MAPS 11 kit (Bio-
amplified with the set of degenerate forward primers Rad) using a 2-mL column according to the manufacturer’s
designed on the basis of the heavy-chain leader sequencemstructions. 1gG antibodies were eluted with MAPS I

(see ref 25) and reverse prim&rs10for J-fragments. Blunt-
ended PCR products were cloned infroRV-digested
pGEM5Zf(+) (Promega), and selected clones were se-
quenced. Primers corresponding to the N-termiti, (12)
and J-fragments1@, 14) of light and heavy chains were
constructed on the basis of these sequence data.

The VL of 6B8-E12 was amplified with primerkl and
13 to append 5Ncd and 3-Bglil sites, respectively. The
VH of 6B8-E12 was amplified with primer§2 and 14 to
introduce 5Ncd and 3-Sal sites, respectively. A flexible
(Ser-Gly)s linker was constructed using primetS—17. The
linker was ligated together with VL usinBcil and Ncd
restriction sites, respectively. The resulting VL construct was
amplified using primergd5and13and ligated with VH using
Xhd andSal restriction sites, respectively. Finally, a single-
chain variable fragment (scFv) construct was amplified with
primers12 and 13, digested byNcd and Notl, and cloned
betweenNcd and Notl sites of pET22N vector. The latter
was prepared on the basis of the pET22pbbackbone and
contained thécd recognition site in the sequence encoding
the periplasmatic leader peptide. An additional fragment,
encoding sequences of c-myc epitope andsthg, was
cloned into the scFv construct betwe&glll and Not
recognition sites.

elution buffer, pH 2.7 (Bio-Rad). Collected samples were
immediately neutralized wit1 M Tris-HCI buffer, pH 9.0,
and then dialyzed overnight against 5 mM phosphate buffer,
pH 8.0.

Antibodies were further purified by FPLC anion exchange
chromatography on a MonoQ HR 5/5 column (Amersham
Pharmacia Biotech). The column was equilibrated with 5 mM
phosphate buffer, pH 8.0, at a flow rate of 1 mL/min. After
injection of protein A-purified antibodies, the column was
washed with 4 mL of 5 mM phosphate buffer, pH 8.0.
Antibodies were eluted by linear gradient of NaCH@00
mM NacCl) over 30 min at 1 mL/min. Collected fractions
containing mAbs were pooled and dialyzed against the same
phosphate buffer. After centrifugal diafiltration using 30 kDa
cutoff Microsep cartridges (709045 min), IgG concentra-
tion was determined by the bicinchoninic acid assay (BCA,
Sigma). Purified antibodies were subjected to 8% SDS
PAGE, and the purity of IgGs was assessed by silver staining.
Molecular sieving performed by gel filtration was done on
a FPLC Superdex 200 HR 10/30 column (Amersham
Pharmacia Biotech). The column was equilibrated with 0.1
M Tris-HCI buffered saline, pH 7.5, and calibrated with
protein standards. Samples were applied, and 1gG was
separated at a flow rate of 0.5 mL/min.
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lytica of Brandford) with a medical infusion pump at a flow

sion of recombinant scFv fragments was performed accordingrate varying from 0.2 to LL/min. To inhibit the antibody-

to the following general scheme: competéntcoli cells
BL21(DES3) were transformed by a plasmid DNA, transfor-

mediated peptide cleavage, phenylmethylsulfonyl fluoride
(PMSF, Sigma) was added to the incubation medium (100

mants were plated onto Petri dishes containing 1% agaruM final concentration) prior to the addition of the peptide

supplemented by 2 YT, 50 ug/mL ampicillin, and 2%
glucose; and incubated for #24 h at 37°C. A single colony
was used to inoculatl L of 2x YT medium containing
100 ug/mL ampicillin and 0.1% of glucose. Bacteria were
grown at 37°C with vigorous agitation to Oy ~ 0.6—
1.0, and scFv production was induced with 0.1 mM of IPTG.
Bacteria were grown fo3 h at 30°C and harvested by
centrifugation. The fraction of soluble recombinant proteins

was isolated using a standard protocol (pET System Manual).

Recombinant protein was purified by IMAC using Ce
loaded TALON resin according to the manufacturer's
protocol. Proteins were eluted by buffer A (50 mM NaH
POJ/NaHPQ,, 300 mM NaCl, pH 8.0) containing 50 mM
EDTA and dialyzed against TBS.

Analysis of Specificity of Interaction of AbRAb2. SPR
ExperimentsSPR measurements were done with a BlAcore
2000 apparatus (BlAcore). Whole 1gG Abl 5-H4 was
immobilized on a dextran-coated chip by first injecting 35
uL of 0.2 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
to activate the surface and then @b of Abl at 2uM. The
residual carboxylic groups were subsequently blocked by
injecting 1 M ethanolamine at pH 8.5. In all cases, the flow
rate was S«L/min and the buffer used was 10 mM HEPES
buffer, pH 7.4, containing 150 mM NacCl, 3.4 mM EDTA,
and 0.005% P20 surfactant. 6B8-E12 (40 at concentra-
tions varying from 0.1 to 4M in 10 mM Tris-HCI buffer,
pH 8.0, was then injected at a flow rate of Al0/min. Kinetic
data were analyzed with BlAevaluation software. Prior to
analysis of Abt-Ab2 binding, the readouts were obtained
by separately subtracting the control curve obtained with the

substrate.

Study of the cleavage of self-quenched bovine serum
albumin (BSA) was done according to the original protocol
(30) with some modifications3l). Self-quenched fluorescein
BSA conjugate (FBSA, 0.1@M) was incubated with 0.5
uM antibody in 0.1M Tris-HCI buffer, pH 7.5, containing
0.1% NaN. Hydrolysis of FBSA was measured by a
fluorescence microtiter plate readée{= 495 nm,lem =
525 nm) for 24, 36, 48, 60, and 72 h. The monoclonal anti-
idiotypic 1gG 4H7-H3 with amidase activity against AAPF-
pNa was used as negative control. Fluorescence intensity is
measured in arbitrary units (au) and calculated as the
difference between the median fluorescence intensity at the
time point ‘t” (F;) and the median fluorescence intensity at
the initial time point Eo): au= F; — Fo. The fluorescence
intensity of 0.16uM FBSA digested by 10 nM trypsin to
completion in the same reaction conditions was 230 au.

The degree of inhibition of FBSA cleavage was analyzed
by adding 10uM PMSF or 1uM aprotinin to the reaction
medium containing M 6B8-E12 just before addition of
the substrate. Inhibition of abzyme-mediated FBSA cleavage
by Abl 5-H4 was analyzed at the same concentration of 6B8-
E12 and FBSA in the presence of 8.3 uM 5-H4.

Detection of Proteolytic Actity of Antibody Sample by
Enzymatic TestFirst, a calibrating curve was constructed
for RNase A concentrations of 0.61 ngiL (PBS/TA
buffer). Hydrolysis of polyC by the RNase was performed
for 5 min at 37°C, and reaction was quenched by adding
50% aqueous solution of trichloroacetic acid (TCA) to the
final concentration of 10%. Quenched samples were then

control surface, activated and deactivated in the absence offlash-frozen in liquid nitrogen and stored &80 °C until

Abl, and the blank curve obtained by running buffer alone
on an immobilized surface. Experimental and control curves
were obtained simultaneously in parallel using two indepen-

use. Samples were centrifuged and diluted 10-fold with
water, and their optical density was measured at 274 nm.
The obtained values of optical density were subtracted from

dent flow systems. Steady state and bivalent analyte modelsvalues of a control sample, polyC, which was incubated

were used for data analysis.
Catalytic Actvity MeasurementsThe amidase activity of
subtilisin Carlsberg (EC 3.4.21.62, Sigma) and of 6B8-E12

without RNase. For assaying the proteolytic activity, the
reaction mixture containing 0.15..05uM antibodies and
RNase A in the same buffer was incubated atG@7#or 14

was assayed by monitoring cleavage of the chromogenich. The amount of RNase A is taken so that the quantity of

substrates succinyl-Ala-Ala-Pro-Plpenitroanilide (AAPF-
pNa) and glutaryl-Gly-Gly-Lew-nitroanilide (GGLpNa)
(Sigma) at 410 nm in 0.1 M Tris-HCI, pH 8.6. Substrates

the released soluble material with adsorption at 274 nm was
within 70% of the upper limit of the determined linear range
provided that the RNase A remains intact. After incubation,

were incubated alone under the same conditions, and scoredhe mixture was used for hydrolysis of polyC as described

values of spontaneous hydrolysis were subtracted. All

experiments were done in triplicate. Kinetic parameters were

calculated on the basis of five independent readouts.
Angiotensin Il (Bachem), bradykinin, kinetensin, Leu-

above. The degree of degradation of RNase was determinated
as the ratio of concentration of RNase A after reaction with
abzyme to intact RNase A in percent.

For zymography experiments, 100 or 200 ng of anti-

enkephalin, and substance P (all from Sigma) were used asdiotypic mAb was resolved by 10% SB$AGE containing
substrates to evaluate the peptidase activity of 6B8-E12. The30 ug/mL of FBSA. The latter was impregnated in the gel

antibody (1.2«M) was incubated with 1 mM peptide in 10
mM Tris-HCI buffer, pH 8.0, at 20C for 96 h, and 1Q¢L
aliquots were taken each 12 h during 96 h and kept frozen.
Samples were then gently thawed by mixing with 200

of ionizing solution containing 50% (v/v) methanol and 0.5%
acetic acid (v/v) in water. The solutions were continuously

during polymerization. After washing in 2.5% Triton X-100
for 20 min, the gel was incubated in the dark at°&7 for

72 h, in 50 mM Tris-HCI, pH 7.6, containing 10 mM CacCl
and 0.1% NaM Mouse anti-c-myc antibody 9E10 was used
as the negative control. Bovine trypsin (100 pg and 1 ng)
was used as the positive control. The fluorescence was

infused in a Finnigan SSQ mass spectrometer equipped withvisualized using a Chemilmager apparatus (Alpha Innotech)
an ion spray (nebulizer-assisted electrospray) source (Ana-with midrange UV illumination and 540 nm optical filter.
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The amidase activity of recombinant scFv of 6B8-E12 was posed to be involved in binding inside the active site of
studied using a set of methylcoumarinamide (MCA) peptides. HIV-1 protease §4). The 3D model of 5-H4 scFv (Figure
Substrates at 50M concentration were incubated with 0.75 2A) was built using the Insight Il software using two
uM scFv at 37°C in the dark in PBS, pH 7.5, supplemented structure models from the Protein Data Bank with the high
with 0.05% NaN. A proteolytically inactive irrelevant scFv ~ VH-+VL homology, 1dzb (anti-lysozyme scFv 1F36) and
selected from a phage display library was used as theljp5 (scFv fragment of anti-HIV-1 protease mAb 16987)(
negative control. Subtilisin Carlsberg was used as the positive The VH sequence of Ab2 6B8-E12 showed high similarity
control. The fluorescence readout(= 360 NMAem = 465 with Q425, an anti-CD4 monoclonal antibod8jf, and with
nm) was collected from microtiter plates at different time VH sequence of 2H1, a polysaccharide-binding antibody to
points using fluorescence reader (Tecan GeNios) equippedCryptococcus neoformam®mplexed with a peptide from a
with Magellan software (Tecan). MCA peptides were phage display library39). The VL sequence of 6B8-E12
incubated alone, and scored values obtained for spontaneoukas high homology with the VL sequence of ANO2, an anti-
hydrolysis were subtracted. Kinetic parameters were analyzeddinitrophenyl-spin-label antibodyQ). The 3D model of scFv
using the integral form of the MichaetidMenten equation.  6B8-E12 was built (Figure 2B) analogously to that of Abl

Computer-Based Homology Mod&ltructural models of ~ using 1qok (anti-carcinoembryonic antigen scF4)(@as the
the variable regions of both 5-H4 and 6B8-E12 antibodies structure with higher VH-VL homology.
were constructed using antibodies of known structure as SPR analysis on BlAcore was performed to evaluate
templates. The VH and VL fragments were initially modeled binding between Abl 5-H4 and Ab2 6B8-E12. Whole IgG
independently of each other after sequence alignment with5-H4 molecule was immobilized on a dextran sensor chip,
sequences represented in the PDB (http://swissmodel.ex-and kinetic constants were obtained in four independent
pasy.org/SM_Blast.html) and using the Swiss model server. experiments. The average associatiky) @nd dissociation

Both chains were then superimposed onto the crystal (Kor) rate constants were determinedkgs= (4.10+ 0.22)
structure of the variable fragment of the antibody demon- X 10° M™%.s™ andks = (1.92+ 0.24) x 107° s™%. The
strating highest sequence similarity. The atomic coordinatesdissociation constankp) for binding of Ab2 to Abl was
of the modeled structures were then saved as pdb files.thus evaluated as (4.68 0.84) x 107" M. ,

Finally, the models were refined by energy minimization with ~ Catalytic Properties of the Anti-Idiotypic mABrevious
the program Insight Il with the Discover module (Accelrys, Studies showed that mAb 6B8-E12 cleaves model chromoge-
Orsay, France). The structure refinements were assessed byiC Peptides as well as self-quenched FBSA, revealing not
tracing Ramachandrag/y plots to control the absence of ©Only amidase but also endopeptidase activg)( Mono-

conformationally unrealistic regions in the models. clonal antibody secreted by the 6B8-E12 hybridoma clone

was purified and subjected to size-exclusion chromatography

RESULTS under denaturing conditions according to the previously
developed protocol1). After renaturation, amidase and

Structural Properties of Abl and Ab2 AntibodiesAb protease activities were retained in the 150 kDa IgG fraction

5-H4 elicited against subtilisin Carlsberg binds to the active (data not shown). When mAb 6B8-E12 was affinity captured
site of the protease, 32). BALB/c mice were immunized by the immobilized anti-mouse IgG, the proteolytic activity
with Abl 5-H4, and 40 clones were selected for specific was removed from the supernatant (data not shown). A
binding to the 5-H4 variable region. Among these clones, zymogram analysis using FBSA as the in-gel probe indicates
lgG 6B8-E12 was found to catalyze hydrolysis of AAPFpNa that the proteolytic activity exhibited by mAb 6B8-E12
and GGLpNa chromogenic peptide substra2s}. (This mAb preparation belongs to the 150 kDa IgG fraction (Figure 3A).
was therefore chosen for further investigation. Proteolytic activity was also found when the Fab fragment
Complementary DNAs coding for variable portions of preparation of 6B8-E12 was tested for catalytic activity
5-H4 (Abl) and 6B8-E12 (Ab2) mAbs were cloned, se- (Figure 3B). All these results provide evidence for the 6B8-
guenced, and expressed as soluble scFv construgtioli. E12 origin of the detected proteolytic activity and rule out
Primary structures of VH and VL fragments of both any possible contribution of enzyme contamination.
antibodies are shown in Figure 1. These were aligned to other The esterolytic activity of Ab2 was analyzed using
antibody sequences from the Protein Data Bank. The VH p-nitrophenyl acetate as the substrate. The good fit of
sequence of Abl showed best homology with an antibody collected data to MichaelisMenten kinetics for esterase,
directed against HIV-1 surface protein p233). The VL amidase, and protease reactions catalyzed by the anti-
sequence of Ab1l displays high similarity with the light chain idiotypic abzyme allowed for calculating kinetic parameters
of F11.2.32, an antibody elicited against HIV-1 proted&®® (  and comparing the obtained values with those determined
and with the light chain of mAb 2b-2F, a mAb that inhibits for subtilisin Carlsberg (Table 1). As for the FBSAhydrolysis,
the ribonuclease activity of angiogenin by interacting with esterase and amidase activities of 6B8-E12 were quantita-
key catalytic residues3p). Light-chain sequences of 5-H4 tively removed from solution by immobilized anti-mouse
and 2b-2F differ only by five amino acids: one is located in antibodies (data not shown).
CDR1, two are located in CDR3, and two are in the  The amidase activity of the Ab2 was studied using
framework regions. Light-chain sequences of 5-H4 and chromogenic peptides AAPFpNa and GGLpNa. Compared
F11.2.32 differ also by five amino acids: two are located in to subtilisin, the amidase activity of Ab2 is rather low
CDR1 and the three others are in the framework. An (K, f"PFPNa = 11 0004+ 1500 and 1.5+ 0.2 min?! and
intriguing characteristic of F11.2.32 light chain is the kfC"*Na= 432 4+ 63 and 0.5+ 0.1 mir?, for subtilisin
protrusion of CDR1 out of the overall immunoglobulin and anti-idiotypic abzyme, respectively). The same conclu-
domain fold. The protruding fingerlike structure was pro- sion can be drawn for lower antibody affinity for the
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5-H4 Light chain

5-H4 VL GAT ATT GTG CTG ACC CAA TCT CCA GCT TCT TIG GCT GTG TCT CTA GGG CAG AGG GCC ACC
D | v L T Q s P A 5 L A v 5 L G Q R A T

CDR1

5-H4 VL ATC TCC TGC AGA GCC AGC GAA AGT GTT GAT AAT TAT GGC ATT AGT TIT ATG AAC TGG TTC
1 s C R A s E s v D N Y G 1 s F M N w F

5-H4 VL CAA CAG AAA CCA GGA CAG CCA CCC AAA CTC CTC ATC TAT GGG GTC CCT GCC AGG TIT AGT
Q Q K P G Q P P K L L 1 Y G v P A R F s

CDR2

5-H4VL GGC GCT GCA TCC AAC CAA GGA TCC AGT GGG TCT GGG ACA GAC TCC AGC CTC AAC ATC CAT

G A A s N Q G 5 s G s G T D F s L N 1 H
CDR3

5-H4 VL CCT ATG GAG GAG GAT GAT ACT GCA ATG TAT TTC TTC TGT CAG CAA AGT AAG GAG GTT CCG
P M E E D D T A M Y F F C Q Q s K E v P

5-H4 VL TGG ACG GGT GGA GGC ACC AAG CTG GAA ATC AAA
W T G G G T K L E 1 K

5.H4 Heavy chain

5-H4 VH CAG GTT CAA CTG CAG CAG TCT GGG GCT GAG CTG GTG AGG CCT GGG GCT TCA GTG AAG CTG
Q v Q L Q Q s G A E L v R P G A S v K L

CDR1

5-H4 VH TCC TGC AAG GCT TTG GGC TAC ACA TTT ACT GAC TAT GAT ATG CAC TGG GTG AAG CAG ACA

s C K A L G Y T F T D Y D M H w v K Q T
CDR2

5-H4VH CCT GTG CAT GGC CTG GAA TGG ATT GGA GCT ATT CAT CCA GGA AGT GGT GGT ACT GCC TAC
P v H G L E w 1 G A 1 H P G s G G T A Y

5-H4VH AAT CAG AAG TTC AAG GGC AAG GCC ACA CTG ACT GCA GAC AAA TCC TCC AGC ACA GCC TAC
N Q K F K G A T L T A D K s s S T A Y

5-H4VH ATG GAG CTC AGC AGC CTG ACA TCT GAG GAC TCT GCT GTC TAT TAC TGT ACA AGA CGA CGG
M E L 5 5 L i 5 E D s A v Y Y C T R R R

CDR3

5-H4VH TCC CTT GAC TAC TGG GGC CAA GGC ACC ACT CTC ACA GTC TCC TCA
5 L D Y W G Q G T T L T v s s

6B8-E12 Light chain

6B8-E12VL CAA ATT GTT CTC A GCA ATC ATG_ TCT GCA TCT CCA GGG GAG AAG GTC ACC

5:
%
=8

cce

g 1 Vv L[ P ] A I [M]S A S P G E K V T

kod
CDRI

6B8-EI2VL ATG ACC TGC AGT GCC AGC TCA AGT GTA AAT TAT ATG TAC TGG TAC CAG CAG AAG CCA GGA

M T C€C § A S S s V[IN]Y M Y[W]Y Q Q K P G
kod

CDR2

6B8-EI2VL TCC TCA CCC AAA CCC TTG ATT TAT CAC ACA CCC AAC CIG GCT TCT GGA GTC CCT CCT CGC

s 8§ p K P[L]1 Y[H]T[P]N L A § G VvV PJ[P]R
kod
6B8-EI2VL TTC AGT GGC AGT GGG TCT GGG ACC TCT TAC TCT CTC ACA ATC AAC AGC GTG GAG GCC GAA

F § G § G § G T S8 Y 8§ L T I1I[N|S[V]E A E
kod

CDR3

6B8-EI2VL GAT GCT GCC ACT TAT TAC TGC CAG CAG TAC AAT ATT TAC CCA CCC ACG CTC GGT GCT GGG

D A A T Y Y C Y Y P P T L G A G
kod
6B8-EI2ZVL ACC AAG CTG GAG CTG AAA

T K L E L K
6B8-E12 Heavy chain
6B8-E12VH GAG GTG CAG CTG GTG GAG TCT GGG GGA GGC TTA GTG CAG CCT GGA GGG TCC CTG AAA CTC

G S L K L

E v[Q]L V E 8§ G 6 L V[Q]P G G
VH7183.27b

6B8-E12VH TCC TGT GCA GCC TCT GGA TTC ACT TTC AGT AGC TAT GGC ATG TCT TGG GTT CGC CAG ACT
A S G F F L J

C A T S S Y G M S w R Q T
VH7183.27b
CDR2
6B8-E12VH CCA GAC AAG AGG CTG GAG TCG GTC GCA ACC ATT AAT AGT AAT GGT GGT AGC GCC TAT TAT
P D K R L E vV A T 1 N S N G G S A Y Y

VH7183.27b

6B8-E12VH CCA GAC AGT GTG AAG GGC CGA TTC ACC ATC TCC AGA GAC AAT GCC AAG AAC ACC CTG TAC
G R by 1 S N A K

6B8-E12VH CTG CAA ATG AGC AGT CTG AAG TCT GAG GAC ACA GCC ATG TAT TAC TGT GCA AGA GAT CCG
L M S S L S
VH7183.27b

6B8-E12VH GGA ATG GGT ATC CCG
G M G T L3

6B8-EI2VH ACC GTG
T v

Ficure 1: Primary structure of variable light and heavy chains of Abl 5-H4 and Ab2 6B8-E12. The nucleoside sequences of the variable

regions of these antibodies have been deposited in the GenBank database and have been assigned accession numbers ef392663 and ef3926

for 5-H4 VH and VL respectively, and ef392665 and ef392666 for 6B8-E12 VH and VL respectively. VL and VH of 6B8-E12 were

compared with their equivalent germline (accentuation by gray). Boxes indicate amino acids different from germline.
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Ficure 2: Rendered images of the 3-D models of Abl 5-H4 and Ab2 6B8-E12 scFvs. (A) Side view and a top view of the modeled
structure of 5-H4 scFv with the characteristic protruding fingerlike structure formed by VL CDR1 and CDR3. (B) Rendered top view of
5-H4 scFv. (C and D) Side and top views, respectively, for the modeled structure of 6B8-E12 scFv with the typical cleft between VH and
VL CDRs. Colors indicate VH CDR1 (yellow), CDR2 (green), and CDR3 (red) and VL CDR1 (orange), CDR2 (cyan), and CDR3 (pink).

substrates whel, values are compared. Interestingly, when not substance P, were hydrolyzed by the anti-idiotypic
catalytic efficienciesk:./Kn) for catalysis of amide substrates abzyme. No peptide hydrolysis was catalyzed by the 5-H4
are compared, both 6B8-E12 and subtilisin exhibited clear mAb. Peptide cleavage sites determined in mass spectrometry
preference for AAPFpNa over GGLpNa. When esterase experiments are shown in Figure 4. Bradykinin was cleaved
activities are compared usingnitrophenyl acetate as a only once, whereas several cleavage sites were detected in
substrate, catalytic parameters determined for subtilisin wereLeu-enkephalin, angiotensin, and kinetensin. Analysis of
close to those of 6B8-E12. This could be explained on the cleavage sites reveals certain preferences of the anti-idiotypic
one hand by the low efficiency of esterase activity of abzyme. Preferred scissile bonds are located either before
subtilisin and on the other hand by the fact that the measuredor after hydrophobic residues, preferably aromatic ones,
activity corresponds to a background hydrolysis by proteasealthough the lle-Ala in kinetensin was also cleaved. No
catalysts of ester bonds with low activation energy. scissile bonds were found around charged residues, aliphatic
In order to further characterize the specificity of peptide polar residues, or with a proline at'lP Thus, peptide
bond cleavage by 6B8-E12, nonactivated small bioactive hydrolysis by Ab2 6B8-E12 exhibits amino acid specificity.
peptides (Leu-enkephalin, Tyr-Gly-Gly-Phe-Leu; angiotensin ~ We have previously shown that the protease activity of
I, Asp-Arg-Val-Tyr-lle-His-Pro-Phe; bradykinin, Arg-Pro-  6B8-E12 can be revealed by using FBSA and by measuring
Pro-Gly-Phe-Ser-Pro-Phe-Arg; kinetensin, lle-Ala-Arg-Arg- the decrease of catalytic activity of RNase A induced by the
His-Pro-Tyr-Phe-Leu; and substance P, Arg-Pro-Lys-Pro- enzyme hydrolysis or by visualizing RNase degradation
GIn-GIn-Phe-Phe-Gly-Leu-Met) were used as substrates toprofiles by SDS gel electrophoresi29j. Kinetics of hy-
probe the abzyme proteolytic activity. Each peptide taken drolysis of FBSA can be assayed by absorption/fluorescence
at 1 mM was incubated with 1.2M 6B8-E12 in 10 mM spectroscopy techniques (Figure 5A). A lag phase occurring
Tris-HCI buffer, pH 8.0, and accumulation of hydrolysis before the catalytic activity was observed. The lag phase has
products was detected by ion spray mass spectrometry.been previously described for antibodies catalyzing esterase
Peptides incubated in buffer alone or in the presence of 1.2and protease activitiegt?, 43) and was attributed to slow
uM 5-H4 mAb (Ab1l) were taken as the negative control for substrate-induced conformational changes of the catalyst. The
the cleavage reaction. After the 96-h, incubation, Leu- catalytic mechanism of the Ab2 was probed by the serine
enkephalin, angiotensin Il, bradykinin, and kinetensin, but protease inhibitors PMSF and aprotinin, a competitive and
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Ficure 3: Proteolytic activity of 6B8-E12 anti-idiotypic mAb. (A) The anti-idiotypic antibody 6B8-E12 (100 and 200 ng, lanes 2 and 3,
respectively) was separated by 10% SEFAGE with FBSA impregnated in the gel during polymerization (see Materials and Methods for
details). After electrophoresis, proteins were in-gel renatured by Triton X-100 washes. Proteolytic degradation was visualized by the increase
in fluorescence intensity, seen as bright bands at the dark background. Mouse anti-c-myc antibody 9E10 was used as the negative control
(lane 1). Bovine trypsin (100 pg and 1 ng, lanes 4 and 5, respectively) was used as the positive control. (B) Time course of unquenching
of the FBSA fluorescence by the anti-idiotypic abzyme. Concentrations of antibody and F(ab) fragment wevk @rfsl substrate was

0.16 uM. Measurements of fluorescenck,(= 495 nm;i.m = 525 nm) were done directly on microtiter plates at different times. F(ab)
fragment of 6B8-E12 (gray), Ab2 6B8-E12 (black), and amidase IgG 4H7-H3 (white) used as negative @dhtégree of total trypsin

digestion of FBSA was 235 fluorescence au (nhot shown).

Fluorescence a.u

Table 1: Comparison of Kinetic Parameters for Amidase and Esterase Activities of Ab2 6B8-E12 and Subtilisin Garlsberg

subtilisin Carlsberg 6B8-E12
KealKm KealKm
substrate Keat (Min2) Km (MM) (MM~tmin™?) Keat (Min—2) Km (MM) (MM~tmin™?)
AAPFpNa 110006t 1500 0.20+ 0.03 55000+ 16000 1.5+ 0.2 1.4+ 0.3 1.1+ 04
GGLpNa 432+ 63 0.26+ 0.05 1662+ 560 0.5+ 0.1 3.2+ 05 0.2+ 0.04
p-nitrophenyl acetate 245 1.45+0.34 17+ 7 16.2+ 3.7 2.6+ 0.7 6.2+ 3.1

@ Amidase activity of subtilisin Carlsberg and of 6B8-E12.¥ final concentration) was assayed by monitoring the cleavage of succinyl-Ala-
Ala-Pro-Phep-nitroanilide (AAPRpNa) and glutaryl-Gly-Gly-Lep-nitroanilide (GGlpNa) at 410 nm in 0.1 M Tris-HCI, pH 8.6. Esterase activity
was estimated by monitoring the hydrolysisphitrophenyl acetate by subtilisin Carlsberg and 6B8-E12 (@M@inal concentration) at 410 nm
in 0.1 M phosphate buffer, pH 7.6. The experiments were performed in triplicate. Kinetic parameters were calculated from five independent
measurements.

reversible inhibitor of trypsin-like serine proteases. Cleavage respectively, as the enzymic templates. In the present study,
of FBSA by 6B8-E12 was inhibited by Abl 5-H4 (Figure subtilisin Carlsberg was exploited as the template to raise
5B) and by PMSF, but not by aprotinin (Figure 5A). 6B8-E12, a monoclonal IgG with protease activity.
of e B38.E12Recombinant schy derved from fhe bz T chioice of the adequate idiotypic mAb i crtical for
was expressed and purified and its functional activity was accurate 'reprOf'ju.ctlor? of the functional internal image of
investigated. The scFv retained binding capacity to the Ab1, €N2YmMevia the idiotypic networi26). The 5-H4 mAb (Ab1)
judging by ELISA (data not shown) and hydrolyzed peptide WaS previously sglected for its efficient inhibition of subtlhs[n
substrates. However, we failed to show endopeptidase(29- When the primary structure of 5-H4 was compared with
The recombinant scFv cleaved Leu-MCA, Phe-MCA, and high homology with an antibody directed against HIV-1
Met-MCA peptides. So, cleavage preferences of the scFvsurface protein p24 and, instructively, that the 5-H4 VL
generally correspond to those of the parental antibody. region exhibits close homology with VL of F11.2.32, an
Kinetic parameters of scFv-mediated cleavage of fluorogenic antibody known to inhibit activity of HIV-1 protease, and
substrates were determined and are summarized in Table 2with the light chain of mAb 2b-2F, an antibody that inhibits
ribonucleolytic activity of angiogenin by interacting with key
DISCUSSION catalytic residues. The structure of 5-H4 seems to exhibit a

Functional mimicry of the enzyme active center through Planar surface, usually found at the antibegyotein
transfer of the catalytic interface from the inhibitory idiotypic ~ interface, by its heavy chain and to include protruding loops
to the catalytic anti-idiotypic antibody has been previously inits light chain able to be accommodated inside the enzyme
used to elicit esterase2@ 21) and amidase 22, 24) active site and guide the immune system toward generation
antibodies based on acetylcholinesterase /af@ctamase, of the functional internal image of the parental enzyme.
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Ficure 4: Hydrolysis of bioactive peptides by 6B8-E12 monoclonal antibody. (A) Hydrolysis of natural bioactive peptides by anti-idiotypic
antibody 6B8-E12 as studied by mass spectrometry. Scissile bonds are marked by arrows; aromatic amino acid residues (squares); aliphatic
amino acid residues (circles)B) Leu-enkephalin (1 mM) was incubated in the presence or absence of 6B8-E12M}.ix 10 mM

Tris-HCI buffer, pH 8.0. The different products of hydrolysis were measured by mass spectrometry after a 96 h incubation period.
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Ficure 5: (A) Time course of cleavage of FBSA by 6B8-E12. FBSA (QuM) was incubated with 0.zM of the abzyme in the absence

(m) or presence of &M aprotinin (a) or 10uM PMSF @). (B) Inhibition of FBSA cleavage reaction by the Abl. The abzyme concentration
(6B8-E12) was kept constant auM, the Ab1 concentration (5-H4) increased from 0 taM. Relative activity was calculated as a ratio

of cleavage rate in the presence of 5-H4 (Vi) to cleavage rate with the abzyme alone (V0O) and was expressed in percents (% relative
activity).

Time h

5-H4 Abl was used for eliciting Ab2 by immunizing the idiotype-anti-idiotype interaction and the ability to
BALB/c mice. Further screening was done on the basis of hydrolyze chromogenic substrates AAPFpNa and GGLpNa.
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Table 2: Kinetic Parameters of Hydrolysis of Model MCA-Amino the increase in the proteolytic activity using the in vitro

Acid Substrates by scFv Derivative of 6B8-B12 evolution. In the present study, we further investigated kinetic
kel K parameters and cleavage specificity characteristics of the anti-
substrate  Kea (Min-Y) K (MM) (MM~ min-Y) idiotypic protease. In particular, it was of interest if the
MEL-MCA 09+ 02 0.065% 0.018 1395 6.9 antibody cleavage spemﬂuty_re_zsembles to any extent _the
Phe-MCA 0.45+0.08  0.009+ 0.002 52.3+ 17.0 cleavage preferences of subtilisin. The specificity of peptide
Leu-MCA 0.52+ 0.07 0.05+0.01 10.44+ 3.3 bond cleavage by 6B8-E12 was investigated using several
aThe experiments were performed in triplicate. Kinetic parameters Short peptides and the mass spectrometry readout. While only
were calculated from five independent measurements. one cleavage site was found in bradykinin, two or even three

cleavage sites were detected in Leu-enkephalin, angiotensin,
and kinetensin. The substance P peptide was found to not
be hydrolyzed by the anti-idiotypic abzyme. Thus, the

e ; bzyme does not hydrolyze the peptide bond when a charged
of 6B8-E12 VH showed no significant homology with any abz . . S
element of the primary structure of subtilisin. Within residue, either basic or acidic, is present at the 6t P1

antibody banks, 6B8-E12 VH showed high homology to anti- position. Most of the cleavage sites were found near an

: L aromatic residue, and once between aliphatic residues (lle-
;_[') f rrnnitt)) Q-?ﬁg \\//HL adn(;jnfgir\ll I—Lfo fﬁréogéigclir;ﬁgtglnh(jiénr? Ala in kinetensin). On the other hand, hydrolysis was never

homology with VL of anti-dinitrophenyl mAb ANO?2. observeq when a proline residge s prese_n_t at po_sitlQn P
) i of a peptide bond or when a residue containing amide in the

When the 3D model has been prepared, it became evidenige chain is present at positiofilPor P1. This specificity
that the structure of Fv combines the planar characteristics st peptide bond cleavage by 6B8-E12, especially for lack
of a typical “protein binder” and a typical “peptide binder”, ot heptide bond hydrolysis near a charged residue, could be
but also with a large cleft between the VH and the VL CDRS ye|ated to hydrophobic and aromatic residues populating the
with a high concentration of hydrophobic residues. This antibody combining site. In particular, since the VL domain
suggests that hydrophobic substrates might preferentially bindot g8 E12 possesses high homology to the VL of anti-
to the antibody combining site. Preliminary data indicated ginjtrophenyl-spin-label antibody, this can provide a partial
that 6B8-E12 mAb catalyzed hydrolysis of chromogenic eyplanation of the antibody cleavage preference to aromatic
peptide substrates with Michaeti#enten kinetics. Thor-  and hydrophobic amino acid side chains. Although more data
ough validation of catalytic activity was performed in several o cleavage specificity is needed for detailed description of
distinct ways, such as denaturatiorenaturation, repeated  the Ab2 cleavage specificity, the above observations suggest
purification steps, catalytic activity measurements using similarity between cleavage preferences of the catalytic
antibody fragments, and inclusion of negative controls antihody and parental enzyme.
represented by noncatalytic mAbs. Such a validation pro- the catalytic efficiency of the Ab2 is comparable with
cedure allowed us to rule out contamination issues and provey,q catalytic efficiency of other peptidase and amidase
that the activity belongs to the antibody moiety. antibodies (Table 2 and refgl—46). Interestingly ke values

Previously, it has been pointed out that it is difficult to of amide bond hydrolysis for the Ab2 are-2 orders of
find correlates that highlight the fidelity of transfer of the magnitude higher than the relevant; values of naturally
enzyme active center image by the idiotypic netwd2k)( occurring @6) and artificial anti-TSA catalytic antibodies
Data presented in Table 1 provide some insight in this issue.(45). Relatively highk., values and the above-described
The ke, value measured for amidase activity of 6B8-E12 is substrate specificity of the Ab2 suggest that combinatorial
4 orders of magnitude lower than measured with subtilisin. selection and rational design can be applied to this antibody
At the same time, the esterase activity of 6B8-E12 is within to generate a protease efficiently cleaving narrow range of
the same range as that determined for the enzyme. This coulchydrophobic substrates.
be explained by the fact that subtilisin has been evolved to  Endopeptidase activity of Ab2 was also investigated using
catalyze hydrolysis of specific peptide bonds with a high- FBSA as the substrate. An important feature of FBSAhy-
energy barrier, while 6B8-E12 originated as from a structur- drolysis is the lag time period observed before the un-
ally altered copy of the enzyme active site. The energy barrier quenched fluorescence emerged. Similarly, the lag phase was
for esterase reaction is significantly lower than for proteoly- observed when studying other antibodies with esterase and
sis, so the structural requirement for expression of such protease activities4@, 43). In these works, the lag-phase
activity can be more relaxed. The esterase activity of both phenomenon was explained by slow substrate-induced con-
catalysts could represent a certain primitive property exhib- formational changes of the catalyst. Such induced confor-
ited by a catalytic nucleophilic apparatus catalyzing the mational changes have been described and clearly demon-
peptide bond cleavage and not evolved further in subtilisin. strated by comparison of antibodies crystallized in the
It is unlikely that, given the significant difference between absence or in the presence of their peptide antigen. The
the structure of antibody and enzyme, the proteolytic activity antibody conformational changes described in complex or
of the former can achieve the value comparable to that of in the absence of the antigen range from side-chain rear-
the enzyme in a single round. At the same time, a similar rangements and small segmental movements in the CDR
level of esterolytic activity in protease and in antibody loops to a major rearrangement of the H3 loop in Fab 17/9
suggests that the natural evolutionary precursor of subtilisin (47). A conformational change was described for peptide
could possess proteolytic activity comparable to that observedbinding by mAb 2H1, the antibody found to have VH high
in the antibody. This in turn suggests that, starting from the sequence homology with 6B8-E12 heavy doma®9)(
obtained antibody-based catalytic apparatus, one can achievé&nderstanding the actual mechanism underlying the observed

Screening of the hybridoma panel yielded the 6B8-E12
proteolytic anti-idiotypic antibody29). The primary structure
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lag phase can help to significantly improve the catalytic

Biochemistry, Vol. 46, No. 50, 200714607

Earlier, it has been found that a proteolytic VIPase light

efficiency of antibody and its derivatives. Cleavage of chain has the germline-encoded protease-like active center
peptides and FBSA by 6B8-E12 was inhibited by PMSF, a (10). On the basis of this finding, the hypothesis on the innate
serine protease inhibitor. This result clearly suggests that aantibody catalysis has been advanc2d On the contrary,
nucleophilic amino acid residue (presumably serine) is critical our data on the active center of the first nucleophilic catalytic

for catalysis mediated by the anti-idiotypic antibody.
Demonstration of catalytic activity of scFv derived from
cDNA of Ab2 was the most compelling evidence that

antibody with esterase activity, 9A8, indicated the principal
role of somatic hypermutation in development of the active
center, in particular, the reactive serine resid2®.(Like-

proteolysis occurs due to an intrinsic property of the Ab2 wise, somatic hypermutation have been implicated in the
and is not due to contamination issues. The absence of datdormation of the active center of several other catalytic
on activity of recombinant fragments derived from catalytic antibodies$1—53). Comparison between sequences of heavy
mADbs often impedes the final proof on existence of specific and light chains of mature 6B8-E12 antibody and corre-
antibody-dependent catalysis. As was shown, the recombi-sponding germline genes indicated several mutations that
nant scFv of 6B8-E12 is functionally active, judging by the might be directly implicated in formation of the antibody
amidase activity and specific binding to Abl. Recombinant active center (Figure 1). These findings warrant further study
scFv revealed the same substrate specificity with MCA- of the catalytic mechanism and mode of the functional
peptides as subtilisin. Failure to demonstrate the endopep-nternal image transfer in the 6B8-E12 mADb.

tidase activity of scFv can be due to the inherent difference  Although the resulting catalytic turnover of the 6B8-E12
between thermodynamic properties of the full-length antibody needs to be improved, the fact that the quantum difference
and the artificial assembly of its variable domains. The between esterolysis and proteolysis can be surmounted in
interaction between heavy and light chain in the antibody is artificially generated antibodies paves the way to creation
rather stable, whereas it is not always the case for scFvof efficient proteolytic antibodies with the antigen-tailored
subunits interconnected by a flexible linker. It was noted specificity.

above that proteolysis of FBSA was preceded by a lag phase

presumably needed for the correct superposition of slow- ACKNOWLEDGMENT

cleaving protease against the scissile bond. It can be Aythors express gratitude to Dr. Anna Mikhailova for
speculated that fast changes in the scFv conformation in4gsistance in kinetic data processing.

solution due to its inherent flexibility interfere with the slow

movements needed to bind a peptide and overcome theREFERENCES

energy barrier of peptide bond hydrolysis. Although scFv
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