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Abstract

tions, and thus introducing the label at some distance from the
antigen binding sites.

A site-specific labeling method was developed in which sulfhydryl
groups of a murine IgG2a anti-ovarian monoclonal antibody, 5G6.4, were
biotinylated with /V-iodoacetyl-yV'-biotinylhexylenediamine (Compound

Introduction
lodoacetyl-type reagents which site-specifically alkylate immunoglobulin interchain sulfhydryls have long been recognized
as a tool for studying antibody structure (1). As a new radiolabeling method for monoclonal antibodies, sulfhydryl site-di
rected alky Lition has the potential of directing the label distant
from the antigen-binding sites (2, 3). This approach may there
fore have the advantage of minimizing loss of immunoreactivity
resulting from the nonselective chemistry of other random
labeling techniques currently in wide use (4). Recently we
reported our preliminary findings on the site-specific biotinylation of monoclonal antibodies using /V-iodoacetyl-yV'-biotinylhexylenediamine (5) [Compound 1 (Fig. 1)] and their abil
ity to form immunoreactive complexes with streptavidin (6). In
the current paper we provide details on the preparation and
characterization of these complexes, as well as evidence for
their specific tumor localization to human ovarian carcinoma
xenografts. Our radiolabeling strategy is outlined in Scheme 1.
The rationale of the method draws primarily from the well
known high avidity and tetravalency of avidin and streptavidin
(M, Â«60,000-65,000) towards biotin (7). Following reduction,
the ensuing thiols are trapped by / in situ which site-specifically
attaches biotin to the antibody. The resulting biotin "bridge"
then serves to anchor streptavidin (which can be radiolabeled
with high efficiency in a variety of ways) to yield streptavidin7-biotinylated antibody complexes (6, 8, 9). Two attractive
features of this procedure are (a) radioactivity is introduced
distant from the antibody itself and (b) chemistry performed
on the antibody is solely limited to the sulfhydryl site-specific
reduction and alkylation thus avoiding unnecessary side reac1Presented al the "Second Conference on Radioimmunodetection and Radioimmunotherapy of Cancer." September 8-10. 1988. Princeton, NJ. Supported
in part by NIH Grants ROI CA41531-02 and ROI CA42768-01 Al.
2To whom requests for reprints should be addressed.

Materials and Methods
Monoclonal Antibodies. The murine anti-ovarian IgG2a monoclonal
antibody 5G6.4 was produced as previously described (10) and purified
by staphylococcal protein A chromatography (11). UPC-10 was pur
chased from Bionetics Research (Charleston, SC) as lyophilized ascites
and was similarly purified. Antibody concentrations were determined
using the method of Bradford (12) using a commercially available
bovine 7-immunoglobulin IgG standard (Bio-Rad).
Reduction and Biotinylation of Monoclonal Antibodies with /. The
procedure is exemplified for 5G6.4. To 500 n\ of Â«4.4x 10~5(Â«2.2x
10~2Mmol)of 5G6.4 in =0.1 M sodium phosphate buffer (pH =8) were
added by syringe 14 Mlof a 3.89 x lO^2 M (DTT3 (Aldrich or Sigma)
solution in 0.2 M Na2HPO4 ([DTT]/[IgG2a] =25). After standing for 5
h at 37"C, 43 n\ of a 1.27 x IO'2 M DMSO (Sigma) of /V-iodoacetyl7V'-biotinylhexylenediamine(/) (5) (Pierce Chemical Co.) solution were
added, and the cloudy emulsion was kept at 37Â°Covernight in the dark.
The mixture was allowed to stand at 4Â°Cfor an additional 12 days. It
was then chromatographed through Sephadex G-25-150 (9 ml) using
0. l M phosphate buffer. The protein was collected in 2 x =300-400-^1
fractions, pooled together, and filtered through a 0.22-^m filter to
remove residual insoluble material.
I25I-Streptavidin. '"I-Streptavidin (=20-30 pCi/j/g) was purchased
from Amersham (Arlington Heights, IL) and used without further
purification. Alternatively, unlabeled streptavidin (Molecular Probes,
Eugene, OR) was labeled using the lodo-Gen method (13) as follows.
To a reaction vial containing 12 ^1 of '"I (5.05 mCi; ICN Biomedicals,
Lisle, IL) and lodo-Gen (=20 fold molar excess over protein) was added
100 p\ of a 10-fig/ml solution of streptavidin (Molecular Probes)
solution in 0.05 M sodium phosphate buffer (pH =7). After standing
for 20 min, the labeled protein was passed through an anion-exchange
column (Bio-Rad AG-1-X8, 200-400 mesh) and collected in a total
volume of = 1.5 ml (3.3 mCi). Cell binding assays on product mixtures
purified by FPLC upon reaction with /-biotinylated 5G6.4 were carried
out based on a published procedure with the use of = 10 x IO6 77IP3
ovarian carcinoma target cells/tube (14, 15).
Native and SDS-PAGE, Autoradiography, and FPLC Analysis. Native
and SDS-PAGE were routinely performed using commercially available
Pharmacia 8-25% polyacrylamide gradient gels on a Pharmacia Phast
System in the absence or presence of DTT (16). Samples were typically
heated for 2-3 min in a boiling water bath prior to electrophoresis. For
native-PAGE/autoradiography, developed gels were covered with a thin
plastic film and the activity was measured without delay by immediate
exposure to X-ray film or counted using a Bioscan System 200 Imaging
Scanner. FPLC analyses were conducted on a Pharmacia P-500 system
equipped with a series of two SuperÃ³sesize exclusion columns with 0.1
M phosphate buffer (pH =7) as eluting buffer and a flow rate of 24 ml/
h. For molecular weight calibrations, commercial standard proteins
(Fig. 6) were used. For radio-FPLC studies, 1-min fractions were
collected and the activity per tube was measured on Packard Minaxi
5000 Auto-Gamma counter.
Animal Experiments. Details on the animal model utilized have been
published previously (17). Each s.c. tumor-bearing nude mouse (=2530 g) was given an (17) i.p. injection of the following preparation. To
= 120 Mlof 7-alkylated 5G6.4 (=1.7x1 0~' ^mol, = 1.4 x 1fr ' M, = 17
1The abbreviations used are: DTT, dithiothreitol: DMSO, dimethyl sulfoxide;
FPLC, fast protein liquid chromatography; SDS. sodium dodecyl sulfate; PAGE,
polyacrylamide gel electrophoresis.
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/) following partial reduction of disulfide bonds with dithiothreitol.
Reaction of 7-alkylated 5G6.4 with 125I-streptavidin gave immunoreactive
streptavidin-/-biotinylated complexes. Radio-fast protein liquid chromatography data were consistent with the formation of a stable monovalent
streptavidin-half-antibody complex as the major species. In vivo specific
localization of these radioantibody conjugates to human tumor xenografts
of ovarian carcinoma was confirmed by a comparative biodistribution
study in nude mice using as a control the nonspecific '"I-strcptavidin-/alkylated UPC-10 (an irrelevant IgG2a monoclonal antibody) complex
prepared analogously as described above. Tumor uptake for radiolabeled
5G6.4 J0.279 Â±0.041 % (SE) kg injection dose/g) was significantly greater
\P < 0.025] than for UPC-10 |0.165 Â±0.027% kg injection dose/g]. The
tumorblood ratio (7.38 Â±1.285) for 5G6.4 was =3 times that for UPC10 (2.48 Â±0.708, P < 0.01). This sulfhydryl site-directed approach
demonstrated that reduced disulfides of monoclonal antibodies are viable
sites for attaching labels without significant loss of in vitro and in vivo
immunoreactivity.
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Scheme 1. Preparation of radiolabeled streptavidin-/-biotinylated
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fold molar excess) was added 1.5 ml (=195 pCi, Â«4.5x 1(T3 MgA<las
specified by manufacturer) '"I-streptavidin (Amersham, Â»28fÂ¿Ci/Vg).
After overnight standing at 4Â°C,the solution was further diluted with
=3 ml 0.1 M sodium phosphate (pH =7-8) and used directly for IP
delivery (=32-33 Â¿iCiin =0.5 ml/mouse). The radiolabeled UPC-10
was prepared in exactly the same manner. Native-PAGE and quanti
tative scanning autoradiography showed that both preparations were
contaminated by streptavidin plus other radiolabeled impurities (18.9%
Fig. 2. Nonreducing SDS-PAGE analysis of 7-alkylated 5G6.4 (A) and UPCfor UPC-10 and 14.8% for 5G6.4 relative to total sample activity). In 10 (A).
calculating for tissue activity, the initial dose activity of radiolabeled
complex/animal was corrected to account for the purity of the reagents.
Animals were sacrificed after 5 days and activities for liver, kidney,
spleen, intestine, muscle, tumor, and blood were measured.

A B B CC

Results
Partial reduction of the interchain disulfides of the IgG2a
antibodies 5G6.4 and UPC-10 was readily accomplished using
DTT (6). Since / was completely insoluble in aqueous media,
it was added as a solution in DMSO and the amount of DTT
used was adjusted such that minimal precipitation of / occurred
in the resulting DMSO (8-13% by volume) emulsion (see
"Materials and Methods"). Fig. 2 (lanes B and C) shows the
nonreducing SDS-PAGE profile of the chromatographed prod
uct mixture upon quenching the reduction mixture of 5G6.4
(Fig. 2, Lane A) and UPC-10 (Fig. 2, Lane B) with a stoichiometric quantity of / with respect to DTT. As a molecular weight
reference, the migration profile of a mixture of H2L2 (intact,
M, =150,000), H2L (=125,000), H2 (=100,000), HL
(=75,000), H (heavy chain, =50,000) and L (light chain,
=25,000) fragments of a typical IgG2a antibody is included in
Fig. 2, Lane A? Analysis of the 7-alkylated 5G6.4 product (Fig.
2, Lane B) mixture by size exclusion FPLC revealed one major
peak with elution time identical with that of unreduced antibody
plus a small quantity of low molecular weight species (Fig. 3).
4R. B. del Rosario, R. L. Wahl, S. J. Brocchini, R. G. Lawton, and R. H.
Smith. Sulfhydryl site-specific labeling of a monoclonal antibody by a fluorescent
equilibrium transfer alkylation cross-link reagent, submitted for publication.

Fig. 3. FPLC analysis of /-alkylated 5G6.4 (elution time. 58 Â±2 min).

Comparison of Fig. 2, Lane B and Fig. 3 suggests that the
product mixture consisted predominantly of /-alkylated H and
L fragments which remained strongly associated by noncovalent
interactions in the absence of denaturing reagents. This obser
vation is in agreement with the hypothesis that reduced heavy
and light chains of an IgG molecule do not undergo complete
dissociation even after alkylation (1, 18). The site specificity of
1 thiols over other nucleophilic residues was previously con
firmed by flow cytometric experiments (6).
In our earlier communication (6), we provided evidence for
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streptavidin (6), while Fig. 4B summarizes the tumomontumor
ratios for different tissues.
In addition to native-PAGE analysis (6), complexation of
streptavidin to 7-biotinylated 5G6.4 was most clearly demon
strated by size exclusion radio-FPLC. Fig. 5 shows the radioFPLC plots for 125I-streptavidin (Trace A) and '"I-5G6.4
(Trace B, lodo-Gen labeled). Fig. 5C gives the radio-FPLC
trace of the product obtained when approximately equimolar
quantities of/-alkylated 5G6.4 and I25l-streptavidin are allowed
to stand overnight at 4Â°C.A nearly identical set of data are
obtained when complexation is performed using a Â«7-fold
molar excess of 7-alkylated 5G6.4 to 125I-streptavidin. The
complex appears as a broad peak which overlaps both intact
antibody and streptavidin (Fig. 5). The molecular mass corre
sponding to the region about the peak maxima was estimated
to be Â»95,000-140,000 Da based on a standard protein curve
(Fig. 6) after correcting for the time difference between UV and
radioactive peak detection. Cell binding assays performed using
eight sample fractions taken from the radio-FPLC analysis
(Fig. 5C) spanning from the origin of the curve (elution time,
Â«50min) to the region for streptavidin (Fig. 5, Traces C and
A) overlap yielded Â«1-40% specific binding to 77IP3 ovarian
carcinoma target cells, with maximum binding (Â«50%) being
observed at the peak maximum. A similar assay on the Â«7:115G6.4/streptavidin preparation gave Â«58-38% specific bind
ing, with maximum binding (Â«60%) again being observed at
the peak maximum.

strepuvidin
UPC-10
5G6.4

splem

Tissue

T/ liver

T/ spleen

17muscie

TI blood

T/Tissue(Fluid)
[I-125I5G6.4
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SG6.4

Discussion
Biotinylation of antibodies is a well established protocol in
immunohistochemistry (19), protein blotting (20, 21), and immunoassays (22). Biotin conjugation is commonly achieved via
reaction of a derivative which reacts with (-amino groups of
IgG lysines (19, 22). The potential of one such derivative for
radioimmunolocalization
applications was first illustrated by
Table 1 BiodÃ-stribulÃ-on
activity data for '"l-streptavidin
plus UPC-lff"

uva

plus I-alkylated 5G6.4

Fig. 4. A, biodistribution of '"I-streptavidin and 12!I-streptavidin-/-biotinylated 5G6.4 and UPC-10; B, tumor ( 7"):nontumor ratios: C, comparative biodis
TissueLiverKidneySpleenIntestineMuscleTumorBloodUPC-100.2820.9180.2030.0370.0170.1650.012*0.0270.0120.0040.0020.0270.075
tribution of '"I-5G6.4 (lodo-Gen method) and 12!I-streptavidin-/-biotinylated
0.0220.900
Â±
5G6.4.
0.0630.1
Â±
Â±0.0310.031
56
Â±0.0030.021
Hnatowich et al. (8) who showed that monomeric streptavidinÂ±0.0040.279
Â±0.0410.046
biotinylated polyclonal IgG localized to staphylococcal protein
0.0055G6.40.249
Â±0.010
A in vivo through binding of the antibody Fc portion. In
" Values are given as % K/g injection dose/g and are the means for four mice.
addition to our initial study with 1 (6), a preliminary account
All data were derived after animals were sacrificed 120 h post-i.p. injection.
* Mean Â±SE.
describing a somewhat different approach of probing tumor-
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complexes which underwent in vivo tumor localization to hu
man ovarian carcinoma xenografts. To test the tumor specificity
of these complexes, we examined the uptake of /-alkylated
5G6.4 in parallel with 7-alkylated UPC-10, a nonspecific IgG2a
antibody in s.c. ovarian tumor-bearing mice. The corresponding
radiolabeled complexes were prepared with the product mix
tures of Fig. 2, Lanes B and C (Â«17-fold molar excess) using
commercially available I25l-streptavidin (Amersham). Inspec
tion by native-PAGE and autoradiography showed one major
radioactive spot for both preparations with molecular mass
>streptavidin. Table 1 gives the tissue activity data for I25Istreptavidin-7-alkylated 5G6.4 and UPC-10 acquired 5 days
post-i.p. (17) injection of-28-29 ^Ci /-alkylated UPC-10 (Â«8
MCi/Mg)and Â«32-33 ^Ci 5G6.4 (Â«0.8ÃŸCi/ng)per mouse. Fig.
4A compares the cumulative data along with those for 125I-
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reactions of 5G6.4.4 Total selectivity was not possible and it
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B: [I-12515G6.4
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Fig. 6. Protein molecular mass as a function of FPLC elution time (r = 0.96).

our strategy (Scheme 1) led to a surprising difference in the
chemistry of streptavidin-7-biotinylated
antibody complexation. The radio-FPLC data of Fig. 5C, clearly indicated that
the major immunoreactive species from the /-alkylated 5G6.4
plus streptavidin preparation is not the monomeric streptavi
din-biotinylated antibody complex (M, ~220,000) observed by
Hnatowich et al. (8, 9). Instead, the results are more consistent
with the major immunoreactive species being a monovalent 1alkylated HL-streptavidin complex (molecular mass ~ streptav
idin + half-intact antibody ~ 60,000 -I-75,000 ~ 140,000). The
immunoreactivity of this species at the upper end of Fig. 4C
was comparable with that obtained from routine random (lodoGen) labeling of 5G6.4 (30-60% using an identical assay). The
observation of a broad peak in the radio-FPLC analysis (Fig.
5C) is consistent with both the SDS-PAGE (Fig. 2, Lane B)
and FPLC (Fig. 3) data of /-biotinylated 5G6.4 consisting
predominantly of noncovalently held IgG2a chain fragments.
The correspondence of the radioactive peak maximum (Fig.
5C) to presumably a complexed HL fragment may reflect both
the steric requirements of streptavidin and the general obser
vation that H-H chain noncovalent interactions are weaker than
those for H-L (18). The apparent formation of one major peak
in Fig. 5C is unusual considering that a wide range of oligomerization is possible in view of the tetravalency of streptavidin.
Radio-FPLC analyses of the radiolabeled UPC-10 and 5G6.4
preparations actually used in the animal studies also showed
similar peaks with molecular mass ~< 150,000 Da to be major
constituents in these product mixtures. However, direct corre
lation of these earlier FPLC data with Fig. 5 C was not possible
since these were prepared from commercial grade 12il-streptavidin which was found to contain significant quantities of radi
olabeled impurities.
Evidence for specific tumor uptake comes from the cumula
tive data of Figure 4, A and B. Most notable are the differences
between the tumor uptake for 5G6.4 and UPC-10 and the
tumonnontumor ratios, particularly for tumonblood level ac
tivities. Tumor uptake for /-alkylated 5G6.4 [0.279 Â±0.041%
SE kg injection dose/g] was significantly greater (P < 0.025]
than for UPC-10 [0.165 Â±0.027% kg injection dose/g]. Target:nontarget ratios were highest for /-alkylated 5G6.4 with a
tumonblood ratio (7.38 Â±1.285) =3 times that for /-alkylated
UPC-10 (2.48 Â±0.708, P < 0.010). Fig. 4C gives a qualitative
comparison between I25l-streptavidin-/-alkylated 5G6.4 and the
biodistribution of lodo-Gen-labeled I25I-5G6.4 in i.p. tumor-

bound streptavidin-biotinylated antibody with radiolabeled biotin was also recently presented by the same group (9). In the
course of evaluating new methods for sulfhydryl site-specific
bearing mice following i.p. administration taken from an earlier
labeling4 we became interested in Compound / because there
study (17). (Values for /-biotinylated 5G6.4 study in Fig. 4C
was already literature precedence for retention of immunoreacwere arbitrarily divided by 5 to fit both results to scale for a
more graphic comparison.) Although the tumorblood ratio for
tivity following alkylation of reduced disulfides of monoclonal
/-biotinylated 5G6.4 was notably better than lodo-Gen-labeled
antibodies with iodoacetyl-type compounds (1, 23, 24). Fur
5G6.4, the kidney and liver uptake were significantly higher
thermore, the well known high nucleophilicity of IgG interchain
using the present method. The reasons for these high nontarget
thiols (1) should make I ideal for biotinylation of antibody
uptakes are yet unclear since the procedure is not yet optimized.
fragments.
Present knowledge on immunoglobulin structure (25, 26) The unusually high kidney uptake may partly be explained by
the fact that the streptavidin-/-biotinylated
5G6.4 preparation
suggests that the ideal location for sulfhydryl site-specific in
contained at least 15% unconjugated streptavidin plus other
corporation of / into an antibody would be via reaction of thiols
derived from selective partial reduction of disulfides situated at radiolabeled impurities (by native-PAGE and quantitative autoradiography). (Note also that commercial grade '"I-streptavthe hinge region (scheme 1) (18, 27, 28). Reaction conditions
for reduction of 5G6.4 prior to reaction with / were chosen
idin localizes almost exclusively in the kidney.) The presence
based on work by Packard et ai. (29) and our experience with of dissociated /-biotinylated low molecular weight fragments
ongoing experiments on the sulfhydryl specific cross-linking
in the biotinylated antibody preparation (as in Fig. 3) may have
807s
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Fig. 5. Radio-FPLC of 12!I-streptavidin (A). " 1-5G6.4 (A), and product of A
+ /-alkylated 5G6.4 (C).

was found that reactions of reduced disulfides with reagents
such as 1 were complicated by a competing reannealing mech
anism (30, 31).4 Nonetheless, the disulfide reduction step of
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also produced undesired labeled fragments leading to higher
nonspecific tissue uptake. It is likely that targetrnontarget ratios
could be significantly improved by using high quality 125I-
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