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The antigen recognition site of antibodies consists of the
heavy and light chain variable domains (VL andVHdomains). VL
domains catalyze peptide bond hydrolysis independent of VH
domains (Mei, S., Mody, B., Eklund, S. H., and Paul, S. (1991)
J. Biol. Chem. 266, 15571–15574). VH domains bind antigens
noncovalently independent ofVL domains (Ward, E. S., Güssow,
D., Griffiths, A. D., Jones, P. T., and Winter, G. (1989) Nature
341, 544–546). We describe specific hydrolysis of fusion pro-
teins of the hepatitis C virus E2 protein with glutathione
S-transferase (GST-E2) or FLAGpeptide (FLAG-E2) by antibod-
ies containing the VH domain of an anti-E2 IgG paired with pro-
miscuously catalytic VL domains. The hybrid IgG hydrolyzed
the E2 fusion proteins more rapidly than the unpaired light
chain. An active site-directed inhibitor of serine proteases
inhibited the proteolytic activity of the hybrid IgG, indicating a
serine proteasemechanism. The hybrid IgG displayed noncova-
lent E2 binding in enzyme-linked immunosorbent assay tests.
Immunoblotting studies suggested hydrolysis of FLAG-E2 at a
bond within E2 located �11 kDa from the N terminus. GST-E2
was hydrolyzed by the hybrid IgG at bonds in the GST tag. The
differing cleavage pattern of FLAG-E2 and GST-E2 can be
explained by the split-site model of catalysis, in which confor-
mational differences in the E2 fusion protein substrates position
alternate peptide bonds in register with the antibody catalytic
subsite despite a common noncovalent binding mechanism.
These studies provide proof-of-principle that the catalytic activ-
ity of a light chain can be rendered antigen-specific by pairing
with a noncovalently binding heavy chain subunit.

Antibodies (Abs)2 are composed of light and heavy chain
subunits linked by intra- and inter-chain disulfide bonds. The
noncovalent antigen binding site of Abs is formed mainly by
amino acids located in the complementarity determining
regions of the light and heavy chain variable domains (VL and

VH domains). Physiological Ab-antigen binding reactions
require bothAb subunits. The individual light and heavy chains
can bind antigens independent of each other, but the binding
affinity of the isolated subunits is often lower than the intact
Abs from which they are derived (1–4). From crystallography
analyses of Ab-antigen complexes, it appears that antigen con-
tact areas with the VH domain are somewhat greater than the
VL domain (5, 6). Recombinant IgGAbs composed of the heavy
chain drawn from antigen-specific IgGs paired with irrelevant
light chains retain antigen binding activity, albeit at reduced
levels (1, 3).
Following the initial noncovalent antigen binding step, some

Abs proceed to catalyze hydrolysis of peptide bonds (7–12).
The chemical catalysis step entails nucleophilic attack on the
electrophilic carbonyl of peptide bonds by serine protease-like
sites present in Ab V domains followed by hydrolysis of the co-
valent reaction intermediate if a water molecule is available
(13–15). Unlike reversible binding, the catalytic function offers
a means to permanently inactivate the antigen by its hydrolysis
into smaller fragments. Reversibly bindingAbs bind the antigen
stoichiometrically (e.g. 2 antigen molecules/IgG molecule). As
catalysts are reusable, a single catalytic Abmolecule can hydro-
lyze multiple antigen molecules. This offers the possibility of
increased antigen neutralizing potency. Therefore, there is con-
siderable interest in developing catalytic Abs directed to indi-
vidual polypeptide antigens. The serine protease-like activity is
a heritable trait encoded by germlineAbVgenes, andAbs in the
preimmune repertoire can hydrolyze peptides with diverse
sequence promiscuously (13, 14, 16, 17). However, the adaptive
immune system has evolved to maximize noncovalent binding
affinity of Abs over the course of B cell differentiation. Physio-
logical immune mechanisms do not favor retention and
improvement of the catalytic function. B cell clonal prolifera-
tion is driven by antigen binding to B cell receptors (Abs asso-
ciated with signal transducing proteins). Antigen hydrolysis by
catalytic B cell receptors is followed by release of the antigen
fragments, resulting in reduced B cell receptor occupancy and
loss of the proliferative stimulus for the cells. Therefore, unlike
the noncovalent antigen binding activity, the catalytic function
is poorly selectable. Indeed, other than Abs to autoantigen and
B cell superantigen substrates, there are no examples of anti-
gen-specific catalytic Abs generated by physiological adaptive
mechanisms (18).
Much effort has been devoted to developing antigen-specific

catalytic Abs by immune and protein engineering strategies.
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Based on the premise that binding to the transition state
reduces the activation energy of the catalytic reaction, immu-
nization with transition state analogs has been applied to raise
Abs that catalyze ester bonds in small haptens (19). Attempts to
improve the esterase activity by random mutagenesis followed
by isolation of transition state analog-binding Abs have also
been described (20). Developing antigen-specific proteolytic
Abs, however, has been difficult because peptide bond hydrol-
ysis is an energetically demanding reaction. Moreover, there is
no viable engineering strategy available to render catalytic Abs
specific for individual polypeptide antigens. We (8, 21, 22) and
others (23, 24) have identified Ab light chains that hydrolyze
peptide bonds promiscuously without participation from the
heavy chain subunit. Disruption of the serine protease-like cat-
alytic triad in an Ab light chain by site-directed mutagenesis
was without effect on its ability to bind the polypeptide antigen
by noncovalent means (13), and a discrete peptide epitope
remote from the bond hydrolyzed by a proteolytic Ab prepara-
tion has been identified (25). This lead to a split-site model of
proteolysis, in which distinct subsites present within the Ab
combining site are responsible for initial noncovalent antigen
binding and the ensuing peptide bond hydrolysis reaction (26).
If this model is correct, it should be possible to develop hybrid
proteolytic Abs specific for individual antigens by pairing light
chains containing a promiscuous catalytic subsite with heavy
chains that contribute the noncovalent subsite responsible for
specific antigen binding. We describe proof-of-principle for
this engineering approach using previously described catalytic
light chains paired with the heavy chain of a monoclonal IgG
that binds the hepatitis C virus (HCV) E2 coat protein. This
protein is thought to be important in viral entry into hepato-
cytes and B cells by virtue of its ability to bind receptors
expressed on the host cells (27, 28).

EXPERIMENTAL PROCEDURES

Recombinant Abs—VH and VL cDNA of the anti-E2-IgG1
CBH-7 were prepared by reverse transcriptase-PCR using as
template total RNA from hybridoma cells (29). VL cDNAs of
light chains HK13, HK14, and GG63 cloned in Escherichia coli
were obtained similarly (respectively, GenBankTM accession
numbers L43498, L43499, and AF352557) (21, 22). Anti-gp120
VL and VH domain cDNA was prepared from a single chain Fv
clone GL2 isolated from a phage library (30). VL domains were
cloned into the light chain expression vector on the 5� side of
the � constant domain vector (pLC-huC� vector; Ref. 31 and
see supplemental Table S1 for PCR primers and method). VH
domains were cloned into the heavy chain expression vector on
the 5� side of the �1 constant domains (CH1, CH2, and CH3
domains; pHC-huC� vector). To accommodate the EcoRI
restriction site needed for cloning, the two N-terminal VH res-
idues were changed from Gln-Val to Glu-Phe. Dideoxynucle-
otide sequencing of the VL and VH domains in the 5� and 3�
directions yielded identical sequences corresponding to the
parent VL andVH domains. Coexpression of the heavy and light
chain vectors in NS0 cells afforded secretion of the desired Abs
into the culture supernatant (31). Stable cell lines expressing
full-length IgGs were obtained by electroporation of PvuI-lin-
earized pLC-huC� vectors containing various VL domains (20

�g) into 107 NS0 cells using a BTX ECM830 square wave
electroporator in phosphate-buffered saline (10 mM sodium
phosphate, 137 mM NaCl, 2.7 mM KCl, pH 7.4; Genetronics;
one 15-ms pulse, 250 V). The cells were cultured in 96-well
plates in Dulbecco’s modified Eagle’s medium supplemented
with 4.5 g/liter of glucose, 200 mM L-glutamine, and 10% IgG-
depleted fetal bovine serum (Complete Dulbecco’s modified
Eagle’s medium; 5 � 104 cells/well). After 24 h, puromycin (3
�g/ml) was added. Positive transformants were identified by
ELISA using immobilized polyclonal anti-human � Ab for cap-
ture of secreted � light chains (200 ng/well; Sigma) and perox-
idase-conjugated goat anti-human � chain Ab for detection of
bound � chains (1:1000; Sigma) (32). pHC-huC� plasmids con-
taining VH domains were electroporated into � chain-express-
ing clones (�0.1 �g/ml) similarly, followed by selection with
geneticin (1.5 mg/ml; Invitrogen). IgG expression was deter-
mined as above except that detection was with anti-human
IgG1Ab (Fc specific; 1:1000; Sigma). Culture supernatantswere
concentrated 10-fold (Centriprep YM10; Millipore) and puri-
fied by affinity chromatography on immobilized Protein G
using a pH 2.7 buffer for elution (14). Electrophoresis was on
SDS-polyacrylamide gels (4–20%; Bio-Rad), followed by elec-
trotransfer to nitrocellulose membranes, staining with peroxi-
dase-conjugatedAbs to human IgG (Fc-specific; 1:1000; Sigma)
or to � chains (1:1000; Sigma), and detection with SuperSignal
West Pico chemiluminescent substrate (Pierce) (22). Total pro-
teins were stained with silver nitrate or Coomassie Blue. Band
densities were computed using Quantity One image analysis
software (33). Protein concentrations were determined by the
Bradford method using the Coomassie Plus assay kit (Pierce).
Recombinant E2 Fusion Proteins—A stable cell line coex-

pressing E1 and FLAG-E2 (residues 406–746 of E2 HCV H77
polyprotein with an N-terminal FLAG peptide tag) was pre-
pared by transfection with the plasmid pCDNA3/E1FLAGE2.
This plasmid was constructed from vectors kindly provided by
Dr. L. Cocquerel (by transferring the 450-bp BamHI/AscI frag-
ment from pTM1/E1FLAGE2 vector containing the C terminus
of E1, FLAG tag, andN terminus of E2 to pcDNA3/E1E2 vector
containing the e1 and e2 genes (34). After PvuI linearization,
pcDNA3/E1FLAGE2 was electroporated into Chinese hamster
ovary cells and transformants were selected with geneticin as
above in Complete Dulbecco’s modified Eagle’s medium sup-
plemented with non-essential amino acids. Lysates containing
FLAG-E2 were prepared by treating the cells with 50 mM Tris,
150mMNaCl, pH 7.4 (Tris-buffered saline), containing 1% Tri-
ton X-100, 10 mM CaCl2, 20 mM iodoacetamide, and a protease
inhibitor mixture (35). The lysate (40 ml from �2 � 108 cells)
was fractionated using anti-FLAG M1 Ab conjugated to agar-
ose (0.5 ml of gel; �0.6 mg of FLAG peptide binding capaci-
ty/ml of gel; Sigma). Unbound proteins were removed by wash-
ing with Tris-buffered saline, 1 M CaCl2 containing 0.1 mM

CHAPS. FLAG-E2was eluted using 100�g/ml of FLAGpeptide
(Sigma). This procedure enriched the FLAG-E2 only partially
(estimated FLAG-E2 purity,�1%, determined by silver staining
of SDS-electrophoresis gels). Repeat anti-FLAG or Galanthus
nivalis lectin conjugated to agarose chromatography did not
yield pure FLAG-E2, presumably because of its hydrophobic
character and tendency to associate with other proteins. GST-

Hybrid HCV E2 Hydrolyzing Antibodies

SEPTEMBER 4, 2009 • VOLUME 284 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 24623

http://www.jbc.org/cgi/content/full/M109.011858/DC1


E2, corresponding to full-length E2 (residues 384–746 of HCV
polyprotein) with an N-terminal glutathione S-transferase tag,
produced in a baculovirus insect cell expression system was
purchased from Immunodiagnostics Inc.
Hydrolysis Assays—The enriched FLAG-E2 preparation (70

ng of FLAG-E2/ml; 1 nM) was incubated with electrophoreti-
cally homogenous IgG in 20 �l of 100 mM glycine-HCl, 50 mM

Tris, 0.1 mM CHAPS at 37 °C. Following SDS electrophoresis
under reducing conditions, the gels were electroblotted and
FLAG-E2 was stained with: (a) goat anti-E2 polyclonal IgG
(1:2000; BioDesign) followed by peroxidase-conjugated rabbit
anti-goat IgG (1:1000; Pierce), (b) mouse anti-E2 monoclonal
IgG (1:2000; Sigma) followed by peroxidase-conjugated goat
anti-mouse IgG (1:2000; Sigma), or (c) peroxidase-conjugated
mouse anti-FLAGmonoclonal IgG (1:2000; Sigma). The inten-
sity of the intact FLAG-E2 band (68 kDa) was quantified in
arbitrary volume units (AVU, pixel intensity � band area) (36).
Hydrolysis was computed as ((AVUDiluent � AVUIgG) � 100/
(AVUDiluent)). Hydrolysis of GST-E2 (10 �g/ml; 130 nM) was
determined similarly except that reactions were conducted in
buffer containing skimmilk (150 �g/ml) and human IgG dena-
tured by boiling for 10 min (150 �g/ml) to preclude adsorptive
protein loss on the reaction vessel surface. The intact 72-kDa
GST-E2 band was stained with peroxidase-conjugated anti-
GST Ab (1:1000; Sigma). For N-terminal sequencing of prod-
uct bands, GST-E2 incubated with IgG without protein addi-
tives was subjected to SDS electrophoresis and the gels
electroblotted onto a polyvinylidene fluoride membrane
were stained with Coomassie Blue. Protein bands not pres-
ent in control reactions containing GST-E2 alone or hybrid
IgG alone were excised and their N termini sequenced by
Edman’s degradation using a CLC Capillary 492 Protein
Sequencing System (Applied Biosystems) with a phenylthiohy-
dantoin-derivative mixture as standard (2 pmol each; sensitiv-
ity of detection of individual amino acids, 0.04–0.10 pmol). To
determine substrate specificity, IgG was incubated with GST
devoid of the E2 polypeptide (Sigma), biotinylated bovine
serum albumin, or biotinylated C2 domain of Factor VIII (bio-
tinylated-C2) prepared as described (33). GST hydrolysis was
quantified using anti-GST Ab. Hydrolysis of biotinylated pro-
teins was determined with peroxidase-conjugated streptavi-
din. Syntheses of the serine protease inhibitors diphenyl
N-[2-(biotinamido)ethylamido-3,30-dithiodipropionyl]amino-
(4-amidinophenyl)methanephosphonate (E-hapten 1),N-[2-(bio-
tinamido)ethylamido-3,30-dithiodipropionyl]amino(4-amidi-
nophenyl)methanephosphonate (NE-hapten), and diphenyl
N-(benzyloxycarbonyl)amino(4-amidinophenyl)methane-
phosphonate (E-hapten 2) have been described (37). Hydrolysis
of the amide bond linking 7-amino-4-methylcoumarin (AMC)
to the C-terminal amino acid in peptide-AMC substrates was
measured in 50mMTris-HCl, 0.1 M glycine, 0.1mMCHAPS, pH
7.7, at 37 °C in 96-well plates by fluorimetry (�ex 360 nm, �em
470 nm) (17). Authentic aminomethylcoumarin was used to
construct a standard curve. Kinetic parameters were
obtained by fitting the rate data obtained at increasing con-
centrations of peptide-AMC substrates to the Michaelis-
Menten-Henri equation: V � kcat�[Ab] � [S]/(Km � [S]).

RESULTS

Hybrid Abs—Human IgG molecules containing catalytic
VL domain paired with the VH domain of an anti-HCV E2 Ab
were purified from supernatants of NS0 cells. The VL
domains were from catalytic light chain clones GG63, HK13,
and HK14 isolated from phage display libraries. Light chain
GG63 hydrolyzes various tripeptide model substrates (22).
Light chains HK14 and HK13 hydrolyze vasoactive intestinal
polypeptide (21) and amyloid-� peptide (38), substrates unre-
lated in sequence to the E2 fusion proteins. This catalyst engi-
neering strategy is predicated on the hypothesis that the speci-
ficity of hybrid IgGs can be derived from the noncovalent
antigen binding activity contributed by the VH domain. The VH
domain is from themonoclonal IgG1 CBH-7, an Ab that recog-
nizes HCV E2 with high affinity (Kd � 10 nM) and neutralizes
infection by HCV pseudovirions expressing E2 (39, 40). The
precise epitope bound noncovalently by the wild type anti-E2
IgG CBH-7 (VH domain donor) is not known, but studies with
E2 deletion mutants suggest that the epitope is a conforma-
tional determinant outside the hypervariable 1 region com-
posed of amino acids distant from each other in the linear pro-
tein sequence (39, 41). Recombinant IgG containing the natural
VL-VH pair of anti-E2Ab (29) and the irrelevant anti-gp120 IgG
GL2 were prepared as controls. The recombinant IgGs are
intended to recapitulate the structure of natural IgGs contain-
ing 2 heavy chains disulfide bonded to 2 light chains. Like nat-
ural IgGs purified from blood, each of the hybrid and wild type
IgGs purified by chromatography displayed amolecularmass of
�150 kDa on non-reducing SDS-electrophoresis gels (Fig. 1A,
lanes 1–4). Under reducing conditions, silver staining and
immunoblotting of the gels revealed the anticipated 50-kDa
heavy chain and 28-kDa light chain bands (Fig. 1A, lanes 5–12).
The electrophoresis results indicated that the hybrid IgGs have
been assembled as full-length, tetrameric IgG molecules. Ex-
pression levels for wild type anti-E2 IgG, hybrid GG63 IgG,
hybrid HK13 IgG, and hybrid HK14 IgG were, respectively, 0.9,
2, 0.4, and 1.3 mg/liter.
E2 Substrate Properties—E2 is thought to be expressed on the

HCV surface in association with E1 as a 66–70-kDa glycosy-
lated transmembrane protein (42). Noncovalent E2-E1 com-
plexes as well as disulfide-linked oligomers have been identified
on the pseudovirion particles, the closest approximation of
infectious HCV available for biochemical studies (43, 44). Sol-
uble recombinant E2 versions linked to various polypeptide
tags have been proposed as models for native E2 (35, 45). We
studied two E2 fusion proteins as substrates for hybrid Abs. E2
bearing the N-terminal FLAG peptide tag (FLAG-E2) coex-
pressed with E1 in a mammalian cell line was evident as a band
with a nominal 68-kDa mass stainable in reducing SDS gels
stained with anti-E2 and anti-FLAG Abs (Fig. 1B, respectively,
lanes 3 and 4). In nonreducing SDS gels, FLAG-E2 migrated
primarily as complexes of 277–410 kDamass alongwith a small
amount of the monomeric protein (Fig. 1B, lanes 5 and 6). The
alternate substrate was E2 bearing a GST tag at the N terminus
obtained from a baculovirus expression system (GST-E2).
Unlike FLAG-E2, most of the GST-E2 migrated as a 72-kDa
monomer under nonreducing conditions, and only faint stain-
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ing of aggregates was observed (168–316-kDa smear; Fig. 1B,
lane 8). Two minor bands at 26 and 25 kDa were also visible,
presumably degradation products formed during purification
or sample handling (Fig. 1B, lane 7). All 3 bands were stained
with anti-GST Abs.
FLAG-E2 and GST-E2 are derived from the same HCV gen-

otype (genotype 1a). However, they contain several structural
differences that may alter their antigenic reactivity with anti-
bodies. The differences are (Fig. 1C): (a) the 21-residue hyper-
variable 1 region present in GST-E2 is deleted in FLAG-E2; (b)
residues 431, 434, and 444 of the two substrates are non-iden-
tical; (c) GST-E2 contains the large 26-kDa GST tag, whereas
FLAG-E2 contains the small FLAG tag (8 amino acids,�1 kDa);
and (d) glycosylation of the two substrates may be different.
GST-E2 is expressed in insect cells, and FLAG-E2 in mamma-

lian cells known to support superior glycosylation (46, 47).
From the primary structure, the mass values for the non-glyco-
sylated E2 polypeptide andGSTare 39 and 26 kDa, respectively.
The observed GST-E2 mass (72 kDa) suggests limited glycosy-
lation corresponding to �7 kDa (observed mass-predicted
polypeptide mass). For FLAG-E2, the predicted polypeptide
mass and observedmass values are 39 and 68 kDa, respectively,
suggesting a higher glycosylation level (�29 kDa/molecule).
Proteins expressed in insect cells (used to obtain GST-E2) are
deficient in complex-type glycan structures with terminal sialic
acid residues (47, 48), consistent with poor GST-E2 glycosyla-
tion. Yet another factor is coexpression of FLAG-E2with the E1
protein. E2-E1 association can influence the conformation of
E2 antigenic epitopes and may allow improved mimicry of
native E2 (42, 49).

FIGURE 1. Hybrid Abs and HCV E2 fusion protein substrates. A, expression and purification of full-length hybrid IgGs. Coomassie Blue-stained nonreducing
SDS-electrophoresis gels of wild type IgG CBH-7, hybrid IgG HK13, hybrid IgG HK14, and hybrid IgG GG63 (respectively, lanes 1– 4); silver-stained reducing SDS
gels of these IgGs (respectively, lanes 5– 8) and immunoblots of reducing SDS gels of these IgGs stained with a mixture of anti-heavy chain and anti-light chain
Abs (respectively, lanes 9 –12). IgGs were purified from culture supernatants by affinity chromatography on Protein G-agarose. The 150-kDa band corresponds
to intact tetrameric IgGs. The 50- and 28-kDa bands are the heavy and light chains, respectively. B, E2 fusion protein substrates. Shown are reducing SDS gels
of the crude lysate from stably transfected Chinese hamster ovary cells coexpressing FLAG-E2 and E1 (lane 1) and the lysate after fractionation on immobilized
anti-FLAG Ab stained with silver (lane 2), an anti-E2 Ab (lane 3), or anti-FLAG Ab under reducing (lanes 4) or non-reducing conditions (lane 5 and its overexposed
version, lane 6). Lanes 7 and 8 are, respectively, reducing and non-reducing SDS gels of GST-E2 stained with Coomassie Blue. C, FLAG-E2 and GST-E2 primary
structure. The E2 fusion proteins have identical sequences except: (a) GST (amino acid residues 1–220 of GST-E2) and FLAG tags (residues 1– 8 of FLAG-E2); (b)
the hypervariable 1 region is deleted in FLAG-E2; and (c) mismatches at positions 431, 434, and 444 (bold, numbering corresponding to HCV H77 polyprotein).
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Hybrid Ab Hydrolytic Activity—Treatment of GST-E2 with
electrophoretically homogenous hybrid IgG preparations con-
taining the VH domain from anti-E2 Ab clone CBH-7 resulted
in slow cleavage of the intact 72-kDa protein band and appear-
ance of a smaller 54-kDa product band stainable with anti-GST
Ab (Fig. 2A, lanes 3–5; IgG clones GG63, HK13, and HK14).
Therewas little or no cleavage of intactGST-E2 following treat-
ment with wild type anti-E2 IgG CBH-7 purified from the cul-
ture supernatants by an identical experimental protocol (�3%
decrease of GST-E2 cleavage; background rate � 2 S.D.
observed for GST-E2 treated with diluent, 4.5%; n� 6 determi-
nations). Further studies were done using hybrid IgG HK14.
Three independent preparations of the hybrid IgG displayed
reproducible hydrolytic activity. The gels do not allow determina-
tion of the full product profile or quantitative comparisons, as the
fragmentation reactionmay result in alteredor even complete loss
of reactivity with the anti-GST Ab used for detection. Treatment
with thehybrid IgGresulted in reproducibledepletionof the intact
68-kDa FLAG-E2 band stainable with a polyclonal anti-E2 Ab
preparation in reducing SDSgels (see Fig. 2B, lane 2; see under “E2
CleavageRegions” for evidence that thedepletion is due to a cleav-
age reaction).NoFLAG-E2depletionwas evident in reactionmix-
tures containing an irrelevant IgGpurified from the culture super-
natants by the same protocol as hybrid IgGHK14 (Fig. 2B, lane 3).
FLAG-E2 depletion in the presence of wild type anti-E2 IgG

CBH-7 was within or close to the error limit in several assays (Fig.
2B, background rate � 2 S.D. for FLAG-E2 treated with diluent,
8%; n � 6 determinations).
Hydrolysis of GST-E2 (not shown) and FLAG-E2 increased

progressively with increasing duration of incubation (Fig. 3A)
and increasing concentrations (Fig. 3B) of the hybrid IgG.
FLAG-E2 was hydrolyzed about 3-fold more rapidly than
GST-E2 by hybrid IgG HK14 (respectively, 65 	 8 and 23.4 	
7.4% hydrolysis/�M IgG/24 h; mean 	 S.D. of three independ-
ent experiments). If E2 expressed on the surface of HCV is
hydrolyzed at the rate observed for FLAG-E2, 4.3 and 65% of
the viral protein will be degraded, respectively, by 150 �g/ml of
hybrid IgG (1 �M IgG) in 1 and 24 h (computed as % hydroly-
sis � 100(1 � e(�kobs�t)), where kobs and t represent the first-
order rate constant and time, respectively; kobs� ln(100/(100�
% cleavage))/t � ln(100/(100-65))/24 � 0.0437 h�1). The rate
increased linearly at 50–200 nM GST-E2 concentrations (Fig.
3C). The concentration of FLAG-E2 in the hydrolysis assays
was�1 nM (computed as: total protein content of the FLAG-E2
preparation � (intensity of the 68-kDa FLAG-E2 band/sum of
intensity of all silver-stained bands observed in Fig. 1B, lane 2)).
As the E2 fusion protein concentrations were insufficient to
saturate the hybrid IgG, the reaction ratewas determined by the
strength of noncovalent substrate binding along with the cata-
lytic rate constant.

FIGURE 2. Hydrolysis of E2 fusion proteins by hybrid IgG Abs. A, GST-E2 hydrolysis. Inset, reducing SDS gels stained with anti-GST Ab showing GST-E2 (130
nM) incubated for 5 days with diluent (lane 1), wild type IgG CBH-7 (lane 2), hybrid IgG GG63 (lane 3), hybrid IgG HK13 (lane 4), or hybrid IgG HK14 (lane 5; all IgG
samples tested at 1 �M). The bar plot shows GST-E2 hydrolysis rates computed by densitometry of the intact GST-E2 band. A reaction product at 54 kDa is
evident. B, FLAG-E2 hydrolysis. Inset, reducing SDS gels stained with polyclonal anti-E2 Abs showing FLAG-E2 (1 nM) incubated for 2 days with wild type IgG
CBH-7 (lane 1), hybrid IgG HK14 (lane 2), or irrelevant anti-gp120 IgG GL2 (lane 3; IgG samples tested at 0.5 �M). Bars show hydrolysis of FLAG-E2 determined as
cleavage of the intact 68-kDa protein band as in panel A. Data in panels A and B are mean 	 S.D. of three independent reactions.
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The light chains employed to construct the hybrid IgG
hydrolyze peptide bonds by a serine protease-like mechanism
(13, 22).Hydrolysis of FLAG-E2 by the hybrid IgGwas inhibited
completely by an active site-directed phosphonate inhibitor of
serine proteases (�99 and 97% inhibition by E-hapten 1 and
E-hapten 2, respectively, Fig. 4A). This suggests acquisition by
the hybrid IgG of the serine protease-like property contributed
by the light chain. Smallmodel peptide substrates conjugated to
a fluorophore have been employed to study Ab proteolytic
activities free of the influence of noncovalent epitope recogni-
tion (17). The proteolytic activity of the hybrid IgG was
detectable at an excess concentration of the tripeptide peptide-
AMC substrate, Glu-Ala-Arg-AMC. Hydrolysis of Glu-Ala-
Arg-AMC was inhibited by E-hapten 2, confirming the serine
protease-like mechanism (Fig. 4B). Degradation of FLAG-E2
was inhibited by an excess concentration of the alternate sub-
strate Glu-Ala-Arg-AMC, indicating that a common catalytic
site is responsible for hydrolysis of both substrates (Fig. 4B,
inset). From rate data at increasing Glu-Ala-Arg-AMC concen-
trations, the apparent catalytic rate constants (kcat) and Km for
the reaction were, respectively, 1.06 	 0.02 h�1 and 154 �M

(Fig. 4C). Light chains generally hydrolyze peptide bonds on the
C-terminal side of basic residues. Studies on a panel of 10 pep-
tide-AMC substrates indicated preferential hydrolysis of the
Arg/Lys-AMC bond by the hybrid IgG (Table 1). No hydrolysis
of substrates containing acidic and neutral residues linked to
AMC was evident. Hydrolysis of Gly-Gly-Arg-AMC and Gly-
Gly-Leu-AMCwas compared to confirm the requirement for a
basic residue at the cleavage site. Gly-Gly-Arg-AMC was
hydrolyzed, but Gly-Gly-Leu-AMC was not. These substrates

are identical except for Arg-AMC/Leu-AMC linkage, eliminat-
ing the possibility of confounding remote residue effects.
Specificity Derived from Noncovalent Binding—No cleavage

of intact GST-E2 or FLAG-E2 was observed following treat-
ment with the catalytic HK14 light chain alone or the wild type
anti-E2 IgG CBH-7 under conditions affording robust hydrol-
ysis by hybrid IgGHK14 (Fig. 5). The hybrid IgG did not hydro-
lyze irrelevant proteins (biotinylatedC2 domain of Factor FVIII
and bovine serum albumin; Fig. 6A, lanes 4 and 6, respectively).
Importantly, GST devoid of the E2 protein was not hydrolyzed
by hybrid IgG under conditions permitting GST-E2 hydrolysis,
indicating that recognition of the E2 component of GST-E2 is
essential for the hydrolytic reaction (Fig. 6A, lane 8). The wild
type anti-E2 IgG was selected as the VH domain donor because
of its ability to bind E2 noncovalently. In ELISA tests, hybrid
IgG HK14 displayed readily detectable FLAG-E2 binding,
although at reduced levels compared with the wild type anti-E2
IgG (by 90-fold; computed from IgG concentrations displaying
a A490 value 1.0; Fig. 6B). Light chain HK14 did not bind
FLAG-E2 (Fig. 6B). Therefore, the anti-E2 VH domain alone is
sufficient to impart noncovalent E2 binding activity to the
hybrid IgG despite pairing with a catalytic VL domain devoid of
this activity. Taken together, these observations suggest that
specific FLAG-E2 and GST-E2 hydrolysis by the hybrid IgG
entails noncovalent recognition of the E2 component of the
fusion proteins by contacts occurring at the VH domain fol-
lowed by peptide bond hydrolysis by a catalytic site located in
the VL domain. Reduced E2 binding by the hybrid IgG cannot
be explained by diminished E2 availability due to its hydrolysis,
as the rate of hydrolysis is slow (predicted FLAG-E2 hydrolysis

FIGURE 3. Characteristics of E2 fusion protein hydrolysis by hybrid HK14. A, time dependence of FLAG-E2 hydrolysis. Hydrolysis of FLAG-E2 (1 nM) by the
hybrid IgG (0.5 �M) was measured as described in the legend to Fig. 2B. Mean 	 S.D. of two reactions is shown. Inset, reducing SDS gels stained with polyclonal
anti-E2 Abs showing cleavage of the 68-kDa FLAG-E2 band after incubation with hybrid IgG for 12, 24, 36, and 48 h. B, hybrid IgG concentration dependence.
FLAG-E2 (1 nM) hydrolysis determined after incubation for 3 days with increasing hybrid IgG concentrations. Mean 	 S.D. of two reactions is shown. Inset,
reducing SDS gels stained with polyclonal anti-E2 Abs showing cleavage of the 68-kDa FLAG-E2 band after incubation with 0.13, 0.25, 0.5, and 1.0 �M hybrid IgG
HK14. C, substrate concentration dependence. Increasing GST-E2 concentrations were incubated for 48 h with the hybrid IgG (0.5 �M). Hydrolysis was
determined from cleavage of the intact 72-kDa protein band stainable with polyclonal anti-E2 Abs. Mean 	 S.D. of two reactions is shown. The linear increase
in rate confirms that substrate is present at concentrations that do not saturate the IgG, permitting measurement of the effect of noncovalent substrate
recognition on the reaction rate.
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at 100 �g of IgG/ml over the duration of the ELISA, 5.7%;
assuming the same rate observed for soluble protein hydroly-
sis). Previous studies have also reported reduced antigen bind-
ing by heavy chains paired with irrelevant light chains com-
pared with the wild type Ab (2, 3). This suggests that E2
recognition by the wild type anti-E2 IgG is dependent at least in
part on noncovalent antigen interactions occurring at its VL
domain. Unless E2 is present at an excess concentration
(��Kd), its reduced noncovalent recognition will also reduce
the rate of catalysis.
E2 Cleavage Regions—Pure FLAG-E2 was not available to us,

precluding analysis of its fragmentation profile by total protein
staining or product sequencing methods. However, a 57-kDa
E2 product bandwas identified by staining the reactionmixture

of FLAG-E2 and hybrid IgG with a commercially available
monoclonal anti-E2 Ab (Fig. 7A, lane 2). The FLAG epitope is 8
amino acids in length. The predicted mass ranges of products
released from the N- and C-terminal sides of hydrolysis at any
peptide bond in the FLAG peptide are 0.1–1.0 and 67.0–67.9
kDa respectively. The observed product mass (57 kDa) indi-
cates that the hybrid IgG must hydrolyze a peptide bond in the
E2 polypeptide (Fig. 7C). This product was not stained with
anti-FLAGAb (Fig. 7A, lane 4). As the product does not contain
the FLAG epitope, it must correspond to the fragment on the
C-terminal side of the hydrolytic site. The deduced region of
hydrolysis is�11 kDa from theN terminus of the fusion protein
(�10 kDa from E2N terminus, corresponding to residue 406 of
theHCVpolyprotein in Fig. 7C). The FLAGepitope-containing
product on the N-terminal side of the cleavage site (predicted
mass �11 kDa) was not detected by immunoblotting. A possi-
ble explanation is its inefficient electrotransfer. Small polypep-
tides often remain undetected due to their poor transfer in
immunoblotting procedures (50).
Coomassie Blue staining of the alternate substrate GST-E2

treated with hybrid IgG revealed product bands at 54 and 15
kDa that were absent in GST-E2 alone or IgG alone (Fig. 7B).
Also visible were the IgG heavy and light chain bands
(respectively, 50- and 28-kDa bands) and the presumptive
GST-E2 fragments present in the starting GST-E2 preparation
employed as substrate (25- and 26-kDa bands). N-terminal
sequencing identified two peptide sequences present in the
15-kDa band, corresponding to residues Asn-Lys-Lys-Phe-

FIGURE 4. Serine protease inhibitor effect and kinetics of Glu-Ala-Arg-AMC hydrolysis. A, phosphonate diester hapten inhibition of FLAG-E2 hydrolysis.
Reducing SDS gels showing FLAG-E2 (1 nM) incubated with diluent (lane 1) or hybrid IgG HK14 (0.5 �M) in the presence of 2% dimethyl sulfoxide (lane 2), the
non-electrophilic compound NE-hapten (lane 3), E-hapten 1 (lane 4), or E-hapten 2 (lane 5). Inhibitor concentrations: E-hapten 1 and NE-hapten, 500 �M;
E-hapten 2, 200 �M. Reaction time was 48 h. Staining was with polyclonal anti-E2 Abs. Numbers below the lanes indicate % hydrolysis compared with diluent
control (lane 1). Top, structures of NE-hapten, E-hapten 1, and E-hapten 2. B, phosphonate diester inhibition of Glu-Ala-Arg-AMC hydrolysis. Shown are the
hydrolysis rates of the substrate (400 �M) incubated with hybrid IgG (0.1 �M) for 24 h in the presence or absence of E-hapten 2 (200 �M). Mean 	 S.D. of three
reactions is shown. Inset, inhibition of FLAG-E2 hydrolysis by the alternate substrate Glu-Ala-Arg-AMC. Shown are reducing SDS gels showing FLAG-E2 (1 nM)
incubated with the hybrid IgG (0.5 �M) in the absence (lane 2) or presence (lane 3) of Glu-Ala-Arg-MCA (200 �M) for 48 h. Lane 1, diluent control without IgG.
Staining with anti-E2 Ab. Numbers below the lanes indicate % hydrolysis compared with diluent control (lane 1). Mean 	 S.D. of two reactions is shown. C, kinetic
parameters for hybrid IgG catalyzed Glu-Ala-Arg-AMC hydrolysis. IgG was 0.1 �M. Initial velocities (V) fitted to the Michaelis-Menten equation by nonlinear
regression (r2 � 0.98). Data are means of three reactions computed as slopes of plots of rate versus time at each substrate concentration.

TABLE 1
Hybrid IgG cleavage site preference
Reaction conditions were IgG, 100 nM; peptide-AMC substrates, 200 �M, except
GGR-AMC and GGL-AMC, 12.5 �M. Values are means of 3 replicates 	 S.D.
determined as slopes of rate versus reaction time plots.

Substrate �M AMC released/24 h

EAR-AMC 1.68 	 0.13
PFR-AMC 1.07 	 0.31
IEGR-AMC 0.25 	 0.06
EKK-AMC 3.45 	 0.09
VLK-AMC 4.06 	 0.80
AE-AMC NDa

AAA-AMC ND
AAPF-AMC ND
IIW-AMC ND
GGR-AMC 0.56 	 0.02
GGL-AMC ND

a ND, not detected (�0.1 �M AMC/24 h).
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Glu-Leu-Gly-Leu-Glu-Phe and Lys-Phe-Glu-Leu-Gly-Leu-
Glu-Phe located in theGST tag (Fig. 7B). This indicated hydrol-
ysis of the Arg42–Asn43 and Lys44–Lys45 bonds in the GST
component of GST-E2 (arrows 1 and 2, Fig. 7C). AsGST devoid
of the E2 polypeptide was not hydrolyzed by the hybrid IgG
(Fig. 6A, lane 8), it may be concluded that noncovalent E2 rec-
ognition by IgG facilitates hydrolysis at the GST tag (see “Dis-
cussion” for a proposed reactionmodel). The small products on
the N-terminal side of Arg42–Asn43 and Lys44–Lys45 cleavage
sites were not visible (predicted mass, 5.2 and 5.4 kDa; residues
1–42 and 1–44 of the fusion protein), presumably because they
migrated with the gel dye front. The 15-kDa product is too
small to qualify as the entire polypeptide fragment on theC-ter-
minal side of the Arg42–Asn43 and Lys44–Lys45 cleavage sites
(predicted mass from primary structure �52 kDa), suggesting
that another site within the GST tag is hydrolyzed by the IgG
(�6 kDa upstream of the GST C terminus; arrow 3, Fig. 7C).
The predicted mass of this fragment is close to the observed
54-kDa product band. N-terminal sequencing of the 54-kDa
product did not yield an identifiable amino acid sequence, sug-
gesting a blocked N terminus, a common problem in protein
sequencing studies. Further chemical analyses was not under-
taken, as information about the identity of the 54-kDa product
is not needed to validate the hypothesis underlying the present
study, i.e. the hybrid IgG acquires antigen-specific catalytic

activity driven by noncovalent binding interactions contributed
by the VH domain.

DISCUSSION

These findings indicate specific hydrolysis of the two E2
fusion proteins containing FLAG and GST tags by hybrid
IgGs composed of promiscuous catalytic VL domains paired
with the VH domain of a noncatalytic E2-binding IgG. The
hybrid IgG did not hydrolyze proteins unrelated to E2, indi-
cating specific E2 recognition. Under conditions affording
hydrolysis by the hybrid IgG, the light chain used to con-
struct the hybrid IgG failed to hydrolyze FLAG-E2. Similarly,
the hybrid IgG displayed E2 binding in ELISA tests and the
light chain alone did not. Previous reports have indicated
that the heavy chain alone can bind the antigen (4, 51). Taken
together, these findings suggest accelerated E2 hydrolysis by
the hybrid IgG facilitated by noncovalent E2 binding.
The V domain hybridization principle derives from the

split-site model of Ab catalysis (13, 26). The model states
that distinct Ab subsites are responsible for weak noncova-
lent binding and the subsequent nucleophilic hydrolytic step
(Fig. 8). The hybrid IgG expressed hydrolytic properties sim-

FIGURE 5. Hydrolytic specificity of hybrid IgG: failure of the light chain
alone to hydrolyze E2 proteins. Hydrolysis of FLAG-E2 (left) or GST-E2 (right)
by hybrid IgG HK14 (1 �M, stippled bars) or light chain HK14 alone (2 �M, solid
bars) was measured as described in the legend to Fig. 2 (24 and 96 h incuba-
tion, respectively, for FLAG-E2 and GST-E2). Data are mean 	 S.D. of two
reactions. Insets, reducing SDS gels showing FLAG-E2 incubated with wild
type IgG CBH-7 (lane 1), hybrid IgG HK14 (lane 2), or light chain HK14 (lane 3)
and GST-E2 incubated with wild type IgG CBH-7 (lane 4), hybrid IgG HK14 (lane
5), or light chain HK14 (lane 6).

FIGURE 6. Hydrolytic specificity of hybrid IgG: failure to hydrolyze irrele-
vant proteins and noncovalent E2 binding activity. A, substrate specificity.
Reducing SDS gels showing reaction mixtures of hybrid IgG HK14 (0.5 �M) or
diluent and FLAG-E2 (respectively, lanes 1 and 2), biotinylated Factor VIII C2
domain (respectively, lanes 3 and 4), biotinylated bovine serum albumin
(respectively, lanes 5 and 6), or GST devoid of the E2 polypeptide (respectively,
lanes 7 and 8). FLAG-E2 was 1 nM. Other substrates were 10 �M; reaction time
was 48 h. FLAG-E2 staining was with anti-FLAG Ab, biotinylated protein stain-
ing with peroxidase-conjugated streptavidin, and GST staining with anti-GST
Ab. Numbers below the lanes indicate % hydrolysis compared with diluent
control. B, FLAG-E2 binding. Binding of hybrid IgG HK14, wild type IgG CBH-7,
irrelevant anti-gp120 IgG GL2, and light chain HK14 to FLAG-E2 (4 ng/well)
was measured by ELISA. Shown are A490 values versus Ab concentration
curves fitted to A490 � bottom � (top � bottom)/(1 � 10((log EC50 � X) � Hill slope))
(r2 � 0.97). Mean 	 S.D. of two wells each.
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ilar to its component light chain.
Like free light chains (8), the
hybrid IgG hydrolyzes Arg/Lys-X
bonds preferentially. An active site-
directed inhibitor of serine proteases
inhibited the hydrolysis of FLAG-E2
and a model peptide substrate by the
hybrid IgG. This is consistent with
previous reports that Ab VL domains
contain serine protease-like catalytic
sites (13, 22). The sites are composed
of triads and diads of amino acids in
which intramolecular hydrogen
bonding impartsnucleophilic reactiv-
ity to Ser/Thr residues. Noncovalent
binding, on the other hand, results

FIGURE 7. E2 fusion protein cleavage regions. A, reducing SDS gel showing reaction mixtures of FLAG-E2 (1 nM) incubated with wild type IgG CBH-7 or hybrid IgG
HK14 (0.5 �M) for 48 h and stained with anti-E2 monoclonal Ab (respectively, lanes 1 and 2) or anti-FLAG Ab (respectively, lanes 3 and 4). Note the 57-kDa anti-E2
stainable product band generated by the hybrid IgG (lane 2) that was not stained by anti-FLAG Ab (lane 4). B, reducing SDS gel lanes of GST-E2 alone (lane 1), the hybrid
IgG alone (lane 2), and the reaction mixture of GST-E2 and hybrid IgG HK14 (lane 3) stained with Coomassie Blue. GST-E2 was 3 �M and hybrid IgG was 1 �M with
incubation for 5 days. The N-terminal 10 residues of the 15-kDa band determined by Edman’s degradation and the deduced scissile bonds are indicated. Yields of the
phenylthiohydantoin-derivitized amino acids in individual sequencing cycles were 0.53–1.61 pmol. C, schematic representation of FLAG-E2 (top) and GST-E2 (bottom)
showing the cleavage sites deduced from the mass and immunoreactivity of the FLAG-E2 57-kDa product, and from amino acid sequencing and mass of the GST-E2
15-kDa product (see “Results”).

FIGURE 8. Split-site model for shared noncovalent E2 binding specificity and divergent hydrolytic spec-
ificity of hybrid IgG. The noncovalent antigen binding pocket of the hybrid IgG is occupied by the E2 epitope.
The hydrolytic subsite of the IgG (�) is located distant from the binding site. If the conformations of the
substrates (FLAG-E2, GST-E2) are divergent, different peptide bonds can be placed in register with the hydro-
lytic subsite despite noncovalent IgG binding to the same epitope in the substrates.
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from cumulative weak contacts between the antigen at a com-
paratively large number of V domain amino acids (15–22 resi-
dues) (6). The antigen-specific hydrolytic activity reported here
indicates the feasibility of effectiveVdomain pairing permitting
initial noncovalent binding at VH domain residues coordinated
with subsequent peptide bond hydrolysis at a site belonging to
the VL domain.
E2 is expressed on the HCV surface as a heterodimer in asso-

ciation with E1. E2 binding by a host cell receptor is thought to
initiate infection.Host proteins advanced as potential E2 recep-
tors include CD81 (41, 52), scavenger receptor class B type I
(53), and the low-density lipoprotein receptor (54). E1 associ-
ated to E2 is thought to be essential for the next step in infec-
tion, virus-host cell membrane fusion (55). Certain structural
details of the HCV coat have been elucidated by electron
microscopy (56). However, the three-dimensional structures of
native E2 and E1 have not been defined. Various E2 fusion pro-
teins have been cloned as models of the native E2 protein. The
conformation of the E2 polypeptide is sensitive to various
microenvironmental factors, exemplified by changes in its reac-
tion with various Abs (35, 57). Of the two E2 fusion protein
tested in the present study for FLAG-E2 and GST-E2, the for-
mer likely approximates more closely the native protein struc-
ture.UnlikeGST-E2, FLAG-E2 is co-expressedwith E1, and the
small FLAG tag is less likely to introduce conformational dis-
turbances in the E2 polypeptide compared with the large GST
tag. Moreover, FLAG-E2 is expressed in mammalian cells,
which may produce a glycosylation pattern closer to the native
protein. E2 contained in the FLAG-E2 was hydrolyzed by the
hybrid IgG �11 kDa downstream from its N terminus. The
precise identity of the scissile bond is not available. However, if
the glycosylation sites of FLAG-E2 are identical to those deter-
mined previously for an E2 preparation obtained from a similar
mammalian expression system (58), the E2 region containing
the scissile bond can be narrowed to the HCV polyprotein
region between glycosylated residues Asn430 and Asn447
(deduced assuming an average mass of 2.7 kDa/glycan chain
(58); this region is located 10.8–12.8 kDa downstream from the
FLAG-E2 protein N terminus, approximately corresponding to
the deduced cleavage region). Further studies are necessary to
determine whether the hybrid IgG recognizes viral E2 and
influences viral infectivity. Studies by other groups have sug-
gested that the CD81 binding site of E2 is a conformational
determinant with contributions from E2 residues 474–492,
522–551, and 612–619 (52, 59, 60). Importantly, the hydrolytic
reaction may influence the functions of E2 peptide regions
remote from the cleavage site, as backbone breakage often pro-
duces fragments that differ in overall conformation compared
with the corresponding intact protein regions.
Like other irrelevant polypeptides, GST devoid of the E2

polypeptide was not hydrolyzed by the hybrid IgG. This indi-
cates that GST-E2 hydrolysis is a specific reaction. Interest-
ingly, however, GST-E2 was hydrolyzed at peptide bonds
located in the GST tag. In the split-site model, noncovalent
binding is the basis of substrate specificity, and the catalytic
subsite hydrolyzes the substrate at peptide bonds distant from
the noncovalently bound region of the substrate (Fig. 8). The
hydrolytic activity of hybrid IgG itself is a promiscuous func-

tion, evident from the hydrolysis of small peptide substrates
tested at excess concentrations (400 �M). Provided contact is
established in the transition state of the reaction, the Ab cata-
lytic site is free to hydrolyze alternate peptide bonds in the
substrate. This reactionmodel has been verified experimentally
by epitope mapping, mutagenesis, and alternate scissile bond
studies for autoantibody catalyzed hydrolysis of the neuropep-
tideVIP (13, 25). UnlikeGST-E2, FLAG-E2was unambiguously
hydrolyzed at a site within the E2 polypeptide. Evidently, non-
covalent E2 binding by the hybrid IgG positions different pep-
tide regions of FLAG-E2 and GST-E2 in register with the cata-
lytic subsite in the hydrolytic step of the reaction. Contacts
between the Ab hydrolytic site and the substrate backbone are
determined by the three-dimensional folding pattern of the
substrate and the spatial distance between the noncovalent and
hydrolytic sites (Fig. 8). The differing hydrolysis pattern of
FLAG-E2 and GST-E2 may derive from conformational differ-
ences between the two proteins. FLAG-E2 and GST-E2 exist in
differing aggregation states, and they also present additional
structural variations (Fig. 1, B and C).
Althoughdriven by noncovalent E2 binding, hydrolysis at the

GST tag is an unintended reaction that highlights the pitfalls of
employing structurally divergent substrates (FLAG-E2 and
GST-E2) in efforts to identify useful catalysts. Controlling the
site of substrate hydrolysis by split-site hybrid IgGs is difficult.
However, this criticism is valid only at the initial proteolytic
activity analysis stage. Proteins mostly adopt stable conforma-
tions. Once a proteolytic IgG that hydrolyzes the native sub-
strate at a functionally significant bond is identified, the hydro-
lytic specificity will be preserved.
Pegylated interferon and ribavirin are the mainstays of cur-

rent therapy for chronic HCV infection (61). These drugs con-
trol infection only in �50% of patients and they can exert toxic
side effects. Additional studies are needed to determine
whether catalytic hybrid IgGs can be developed for immuno-
therapy of HCV infection. If FLAG-E2 and native E2 are recog-
nized similarly by the hybrid IgG HK14, certain predictions
concerning inactivation of the viral protein are possible. HCV is
present at 4 � 104 to 7 � 107 copies/ml in the blood of infected
patients (62), corresponding to the E2 concentration of 1.2 �
10�17 to 2.2 � 10�14 M if each virus particle is assumed to
express 180 E2 copies (56). At viral E2 concentrations smaller
than the catalytic IgG concentration, the rate equation for
hydrolysis of FLAG-E2 applies (see “Results”). From this equa-
tion, 50 and 90%viral E2 in the bloodwill be hydrolyzed, respec-
tively, in 16 and 53 h by 0.5 �M hybrid IgG (75 �g/ml; IgG
concentrations in this range are readily attained in currently
used passive immunotherapy protocols, e.g. natalizumab, bev-
acizumab, and cetuximab (63)). The rate is slower than
required for rapid interruption of infection mediated by high
affinity HCV interactions with host receptors (by about 1–2 log
orders). However, IgG circulates in peripheral blood with half-
life on the order of 14–21days (64), and substantial proportions
of E2 expressed on the viral surface can be hydrolyzed over the
life of IgG in circulation. More advanced engineering strategies
that preserve noncovalent antigen binding activity and improve
the rate of catalysis may eventually enable the development of
hybrid IgGs that interrupt the infection more rapidly. In the
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present study, the hybrid IgG displayed 90-fold reduced non-
covalent E2 binding compared with the wild type anti-E2 IgG.
Pairing of different VH domains from antigen-specific Abs with
non-physiological VL domains results in variable loss of the
antigen binding activity (2, 3). IdentifyingVHdomains that bind
E2 with unimpaired affinity despite pairing with a catalytic VL
domainmay yield catalytic IgGs with improved noncovalent E2
binding activity. We recently identified unpaired VL domains
with exceptional catalytic activity from a phage-displayed Ab
library by an electrophilic selection procedure (65). Using a
highly catalytic VL domain to construct the hybrid IgG may
improve the rate of catalysis.
The generation of antigen-specific proteolytic Abs by nat-

ural immunological mechanisms is a rare event. The studies
reported here provide the first proof-of-principle that the
catalytic activity of VL domains can be rendered antigen spe-
cific by pairing with an antigen binding VH domain. This
engineering principle is not limited to E2 Abs. If the hybrid
IgGs express sufficient levels of specific proteolytic activity,
they can be conceived as viable candidates for immunother-
apeutic applications.
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