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ABSTRACT

In this report we demonstrate that human a2-macroglobulin (a2M)
reacts with deglycosylated ricin A chain (dgA) and its immunotoxins to
form high molecular weight complexes (molecular mass approximately
800 kDa). This interaction has a /i/2at 37Â°Cof 5 h and reaches completion

at 24 h. Complexes of Â«2M-dgAcannot be dissociated by guanidine,
sodium dodecyl sulfate, or low pi I, but can be partially dissociated by
reducing agents, such as 2-mercaptoethanol in the presence of sodium
dodecyl sulfate. This indicates that dgA or dgA-containing immunotoxins
are bound to a2M by disulfide bonds. The dgA-binding site on a2M and
the mechanism underlying its interaction with dgA are different from
those described for proteases or methylamine. <>2Mcomplexes do not
bind to Blue-Sepharose 4B or anti-A chain-Sepharose, suggesting that
the sites on dgA which bind Cibacron Blue or polyclonal anti-A chain
antibodies are sterically blocked or modified by interaction with ,.2M.
The interaction of a2M with dgA or its immunotoxins results in a 2- to
3-fold decrease in the activity of the dgA in both cell-free assays and
cytotoxic assays. However 12 h after injection into mice, only 11% of
immunotoxin was bound to Â«2Mbecause of the slow kinetics of the
interaction versus the more rapid r1/2 of the immunotoxin in the
circulation.

INTRODUCTION

Human <v2-macroglobulin is a high molecular mass (725 kDa)
plasma protease inhibitor which is highly conserved among
mammals (1). Native Â«2M' is a tetramer containing four iden

tical (185 kDa) subunits formed by the noncov aient association
of two disulfide-bonded pairs of subunits (2). A characteristic
of the Â«2Mmolecule is the presence of a thioester bond involv
ing the cysteine residue and Â«-carboxyl group of a nearby
glutamic acid residue in each of the subunits (3, 4). There are
three distinct types of binding of molecules by Â«2M(5): (a)
specific trapping of proteases (2). Each subunit of Â«2Mhas a
"bait" region that is susceptible to limited proteolysis. During
"entrapping" of proteases, the thiol esters are cleaved resulting

in the generation of free â€”SH groups (3, 4). An intramolecular
(7-glutamil) lysine bond between Â«2Mand the protease may be
generated following the closing of the "trap" and this bond is

resistant to reduction (6, 7); (b) covalent binding of proteins
containing sulfhydryl groups. One or more of the four â€”SH
groups exposed in the <v2M molecule after interaction with a
thioester splitting agent (8) can react by a sulfhydryl/disulfide
exchange with a sulfhydryl-containing protein and form a di
sulfide-bonded heterodimer. Examples of these include Â«2M
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complexes which form with platelet-derived growth factor (9),
lymphocyte-produced proteins (10), and interleukin 10(11). In
contrast to the bond formed between Â«2Mand proteases, the
linkage between Â«2Mand these three proteins can be cleaved
by reduction; and (c) noncovalent binding to a variety of pro
teins through a reversible hydrophobic or ionic linkage (1).

In an earlier study describing the fate of antibody-ricin A
chain conjugates in normal rats (12), it was noted that IgG-
ricin A chain in serum was eluted from a sizing column as two
Chromatographie peaks with molecular masses of >800 kDa
and 180 kDa. In vivo administration of radiolabeled ricin A
chain resulted in the rapid disappearance of radioactivity from
the circulation, and the formation of a species with a high
molecular mass (13). These results, taken together with our
previous observation that injected immunotoxins appear in the
serum as high molecular mass material, prompted us to inves
tigate the interaction between ricin A chain and some of its
conjugates with different human plasma proteins. We found
that <v2M, but not other plasma proteins, interacts with both
free dgA and its immunotoxins, forming a stable complex with
a high molecular mass. This interaction may involve a thiol-
disulfide exchange reaction between Â«2Mand dgA (or dgA-
containing immunotoxins) which is different from the interac
tion between Â«2M and proteases.

MATERIALS AND METHODS

Proteins and Reagents. Human Â«2M(purity > 90%), an IgG fraction
of rabbit anti-human Â«2M,human fibrinogen, transferrin, Â«,-acidgly-
coprotein, Â»-globulins(fraction IV-1). and Cibacron Blue 3GA were
purchased from Sigma (St. Louis. MO). The dgA, prepared and char
acterized as previously described (14), was purchased from Inland
Laboratories (Austin, TX). Human -y-globulin (fraction II) was pur

chased from Pentex (Miles Laboratories, Inc.) and human IgM was
purchased from Dakopats (Santa Barbara, CA). Immunotoxins con
taining mouse IgGl monoclonal anti-CD22 antibodies (RFB4-dgA)
(15) were prepared as previously described (16). The number of free
â€”SHgroups in Â«2Mwas determined by using 2 mM 5,5'-dithiobis(2-

nitrobenzoic acid) (Pierce Chemical Co., Rockville, IL) (3).
Animals. BALB/c mice (6-8 weeks old) were obtained from our

colony in the Animal Resources Center at University of Texas South
western Medical Center.

Radiolabeling of Proteins. Proteins (Â«2M,dgA, IgG-RFB4-dgA, Fab'
RFB4-dgA, and a2M-dgA complex) were labeled with Na I25Iusing the
lodo-Gen reagent (Pierce) (17). The specific activities of the proteins
were approximately 1 /Â¡Ci/Mg.

In Vitro Interaction of '"I-dgA or <25l-Immunotoxins Containing dgA

with Serum or Plasma. Human, mouse, and monkey scrum or plasma
(200 \i\) were mixed with radiolabeled dgA or with immunotoxins
containing dgA at different ratios (30-60 ^g/ml serum or plasma) and
were incubated for different intervals (5 min to 24 h) at 37Â°Cand then

subjected to analysis on SDS-PAGE and gel permeation HPLC.
In Vivo Interaction of I25I-dgA or '"I-Immunotoxin with Plasma

Proteins. l25I-dgA or 12';I-RFB4-dgA (10 Â¿tgprotein containing 5-8 x
IO6cpm) was injected i.v. (retroorbitally) into BALB/c mice and plasma

samples were obtained from the tail vein at intervals of 5 min to 48 h
thereafter. Samples were subjected to HPLC analysis and SDS-PAGE
followed by autoradiography. Densitometric scanning of the autoradi-
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ographs (using a Bio-Rad videodensitometer) was used to calculate the
relative amounts of l25I-dgA or I25l-immunotoxin bound to a protein

with a high molecular mass protein.
Identification of Protein Component(s) Reacting with dgA or Immn-

notoxins Containing dgA. Several human serum proteins have been
tested for their ability to interact with l25I-dgA or with l25I-RFB4-dgA.
These include albumin, the Â«-globulinfraction of serum. <Â»2M.IgM,
IgG. Â«i-acidglycoprotein. fibrinogen. and transferrin. Proteins at 0.5-
1 mg/ml in PBS. pH 7.5, were incubated overnight at 37Â°Cwith

radiolabeled dgA or RFB4-dgA at 60 Mg/m'- Samples were analyzed by
HPLC and SDS-PAGE.

Preparation of Complexes of a2M-dg.\ with I'se of Purified a2.M.

Either l25I-dgAor 125I-Â«2Mwas used to prepare a radiolabeled complex
by incubating Â«2M(0.5 mg/ml) with dgA (60 Mg/ml) or dgA-containing
immunotoxins overnight at 37Â°C.The complexes were purified by

either preparative HPLC or by gel filtration on Sephacryl S-200HR.
Gel Permeation HPI.C. Mixtures of radiolabeled dgA or its immu-

notoxin and serum, plasma, or plasma proteins were applied either to
an analytical 7.5 x 600 mm TSK 3000SVV column (Spherogel; LKB,
Bromma, Sweden) or to a preparative 21.5 x 600 mm TSKG3000SWG
column (Ultropac; LKB) and separation was performed in PBS con
taining 0.1r; sodium azide at pH 7.0, at a flow rate of l ml/min

(Spherogel) and 3 ml/min (Ultropac). The retention times for the peaks
of radioactivity (or distance measured from the starting point) were
compared to those of standard proteins of known molecular mass
(Pharmacia. Piscataway, NJ).

Gel Filtration on Sephacryl S-200IIR. Gel filtration of some samples
analyzed by HPLC was performed on 80 x 1.8 cm column equilibrated
with PBE, pH 7.O. and the protein in the void volume was used as the
purified complex formed between l25I-dgA and a protein with a high

molecular mass.
Molar Ratios of Â«2M-dgA.To calculate the molar ratio dgA/Â«2M,

an excess amount of '25I-dgA (60 pg/m\) was added to 0.5 mg Â«2M/ml
and the mixture was incubated overnight at 37Â°C.The Â«2M-'25I-dgA

complex was separated from free dgA either by preparative HPLC or
by gel filtration on Sephacryl S-200HR. By knowing the specific
radioactivity of '25l-dgA in the purified complex and reading the ab-

sorbance (which included both dgA and Â»2M).we calculated the con
centration of dgA in the complex. Absorption coefficients at 280 nm
(1%) of 7.7 and 8.9 were used for dgA and Â«2M,respectively. By
subtracting the absorbance of the dgA from that corresponding to Â«2M-
dgA. we calculated the concentration of <\2M in the complex. Then,
knowing both concentrations, we calculated the molar ratio of dgA/
Â«2M.

Sequential Immunoprecipitation. In order to definitively identify Â«2M
in the complexes formed by incubating radiolabeled dgA with human
plasma or serum, samples were precipitated with anti-Â«2M immuno-
complexes (18). Rabbit anti-n2M antibodies (0.2 mg) were mixed with
250^1 of goat anti-rabbit immunoglobulin. Goat anti-human IgM (0.2
mg) mixed with 250 M' of rabbit anti-goat antibody as well as normal
rabbit IgG were used as controls. The immunocomplexes formed were
incubated with the protein excluded on the Sephacryl S-200HR column
(see "Gel Filtration on Sephacryl S-200HR"). The radioactivity bound

to preformed immunocomplexes was determined and the percentage of
binding was calculated.

SDS-PAGE. Complexes of <i2M and dgA or dgA-immunotoxins
were analyzed under nonreducing or reducing (2.5 M 2-ME) conditions
following boiling in lci SDS and SDS-PAGE on 7.0<7 (19) and 4-15%

gels (Phast System; Pharmacia). The gels were stained with Coomassie
blue and the radioactivity in the electrophoretic bands (corresponding
to either l2*I-dgA or I25I-Â«2M)was determined by scanning densitom-

etry of the autoradiographs following SDS-PAGE. using a Model 620
Bio-Rad videodensitometer (13). The following proteins were used as
standards for the estimation of molecular masses: Â«2M(725 kDa). IgG
(150 kDa), BSA (66 kDa). and dgA (30 kDa).

Chromatograph) on a Blue-Sepharose C1.-4B Column. Samples of 1-
mg (i2M-dgA (purified complexes) were applied to a Blue-Sepharose
CL-4B column containing 0.5 ml of gel (with a binding capacity of 2
mg of dgA/ml gel). The column was equilibrated with PBE. The

unbound protein was eluted with PBE and the retained material was
eluted with 0.5 M NaCl.

Affinity Chromatograph) on Anti-dgA-Sepharose 4B. Purified com
plexes of 0.2 mg purified <v2M-dgAwere applied to a rabbit anti-dgA-
Sepharose 4B column (2 x 0.8 cm) containing 1 ml of gel. Affinity-
purified rabbit anti-A chain antibodies were coupled to activated CH-
Sepharose-4B (Pharmacia) according to the manufacturer's protocol at

a final concentration of 1 mg affinity purified IgG anti-dgA/ml packed
gel, with a binding capacity of 0.1 mg A chain/ml. The column was
equilibrated with PBS, pH 7.5. The unbound proteins were eluted with
PBS and the bound Â«2M-dgAcomplexes were eluted with 0.1 Mglycine
buffer containing 0.15 M NaCl, pH 3.O.

Cell-free Rabbit Reticulocyte Assay. The procedure used was a mod
ification of that described by Press et al. (20) and was carried out to
determine the toxicity of dgA before and after interaction with <>2M.

Cytotoxic Assay. The cytotoxic activity of RFB4-dgA which had been
incubated at 37Â°Cfor different intervals of time (1.5. and 24 h) (60

Mg/ml) with Â«2M(1 mg/ml) or with an irrelevant protein (BSA, 0.5
mg/ml) was compared with that of the initial immunoconjugate using
Daudi cells as described previously (21).

Binding of Radioiodinated a;M-RFB4-dgA Complex to Daudi Cells.
The affinity constant (A'a)and the number of molecules bound per cell
(n) were determined under equilibrium conditions using '25I-RFB4-dgA

alone or complexed with Â«2M.The affinity constants were calculated
by using the Scatchard form of the equilibrium equation (22).

Half-Life of Â«2M-dgAComplex in Circulation of Mice. 12liI-<v2M-dgA

complexes (5 x lOVpm/SMg/animal) were injected into the retroorbital
sinus of mice. The clearance of radiolabeled protein was determined by
using heparinized samples (75 u\) of blood collected at intervals of 5
min to 48 h. The total radioactivity remaining in the blood was
determined by counting aliquots in a gamma counter and assuming a
total blood volume of 1% of body weight (13). Acid precipitatale
radioactivity was determined by precipitating aliquots of plasma with
10% trichloroacetic acid. The percentage of the injected radioactivity
remaining in the circulation was determined. The half-lives (t, 2) were
determined graphically by extrapolation to zero of the percentage of
acid precipitatale radioactivity versus time (23).

Dissociation of a2M-dgA Complexes. The Â«2M-dgAcomplexes were
treated with 6 M guanidinc-HCl, glycine buffer, pH 3.O. at room
temperature for 90 min or were incubated at room temperature or
boiled for 5 min in 1% SDS with or without 2.5% 2-ME and then
analyzed by SDS-PAGE and HPLC.

Treatment of dgA with lodoacetamide. In order to block the available
sulfhydryl group of dgA. dgA was reduced with 0.05 M dithiothreitol
for 30 min at room temperature, chromatographed on Sephadex G-25,
and alkylated with 0.1 M iodoacetamide for 2 h at 4Â°C.Excess iodoa-

cetamide was removed by overnight dialysis against PBE.

RESULTS

Characterization of High Molecular Mass Complexes Formed
by Incubating 125I-dgAor I25l-Immunotoxins with Plasma Pro

teins in Vitro. Table 1 shows the results of HPLC analysis of
l:5I-dgA (60 Mg/ml) incubated with humun serum at 37Â°Cfor

Table 1 Gel permealion HPLC ' analvaix of human serum after in vitro incubation
with ml-dgA

Time after
mixing

serum and dgA(h)"00.080.255.016.024.0%

of radioactivity
with molecular massof*800

kDac09.6

Â±0.732.2
Â±4.850.8
Â±9.571.8

Â±7.287.6
Â±5.930

kDa^100.090.4

Â±0.767.8
Â±4.849.2
Â±9.528.2
Â±7.212.4Â±

5.9
Â°37'C.
* Mean Â±SD of 3 experiments.
' Retention time. 9-13 min.
d Retention time. 18-22 min.
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KDa

800 â€¢I

30
1 2 3 5 6

Table 2 del permeation IIPLC analysis of human serum after in vitro incubation
with '-*l-lahelctl immunoloxins containing tlgA

PreparationIgG
RFB4-dgA7Fab'-RFB4-dg.A*Time

after
mixingdgA

(h)"015122403.0ri

of radioactivity

with molecular massof8(10

kDa*3

1.6Â±2.243.0
Â±4.054.1

Â±9.565.0
Â±0.434.0200

kDac 80kDa*10068.4

Â±2.257.0
Â±4.045.9
Â±9.535.0
Â±0.4100.062.330

kDa'3.7

" 37'C.
* Retention time, 9-13 min.
' Retention time. 14-17 min.
''Retention time. 16-18 min.
'Retention time. 18-22 min.
1 Mean Â±SD of 3 experiments.
* Average of 2 experiments.

KDa

800

200

B

I
30

789
Fig. I. Autoradiographs of 7'V SDS gels of human serum incubated overnight

at 37'C with either '"1-dgA (A) or with '"l-immunotoxin containing dgA (60
/jg/ml serum) (A): (A) Lane I, human serum incubated with l!'l-dg.A (nonrc-
duced): Lane 2, '"1-dgA (nonreduced); Lane .?, IMI-Â«2M (nonreduced): Lanes 4-
6, the same as Lanes 1-3, but reduced, (fi) Lane 7. '-5l-RFB4-dgA: Lanes K and
V, l2'l-RFB4-dg.A incubated with human serum (nonreduced and reduced).

various times (5 min to 24 h). Radiolabeled material containing
dgA appeared in the high molecular mass range as a function
of time, and by 24 h. 87% of radioactivity was associated with
high molecular mass material. These data indicate that the
interaction of dgA with serum protein(s) is time dependent;
50% of the dgA is complexed in 5 h. Analogous results were
obtained with human plasmas. Rhesus monkey serum, and
mouse serum. If a 10-fold excess of cold dgA (600 /jg/ml) was
added to ':5I-dgA before incubation with serum (or plasma), an
increased percentage of free l2SI-dgA (over 90%) was observed

(data not shown). The autoradiographs of SDS gels of nonre
duced samples of serum incubated with l25I-dgA showed the

presence of a radioactive band with a molecular mass of 800
kDa (Fig. 1), whereas l25I-dgA showed a major band of radio

activity corresponding to =30 kDa.
A similar result was obtained when 125I-RFB4-dgA (or Fab'-

RFB4-dgA) (60 Mg/nil) was incubated with human plasma at
37Â°C.The results of HPLC analysis are shown in Table 2. The

interaction of dgA-containing immunotoxins with plasma pro
teins was also time dependent and the formation of I25l-high

molecular mass complexes was inhibited with unlabeled im-
munotoxin, and consequently the percentage of free I25l-im-

munotoxin increased.
The results obtained by HPLC (Table 1) and SDS-PAGE

followed by autoradiography (Fig. I), suggest that dgA [either

free (Fig. \A) or conjugated (Fig. \B)\ interacts with some
human proteins to yield a high molecular mass complex (=800
kDa). In order to determine which protein(s) interacts with
dgA, several purified serum proteins (albumin, IgM, IgG, the
Â«-globulin fraction, Â«2M, <vi-glycoprotein, fibrinogen, and
transferrin) were incubated overnight at 37Â°Cwith 125I-dgA or
I25l-immunotoxins and were subjected to HPLC analysis. The

major proteins that interacted with dgA were the Â«-globulin
fraction and Â«2M (Fig. 2 shows a representative experiment).
The interaction between dgA and Â«2M was both time and
temperature dependent. At 4Â°Cthe amount of complex formed

was about one-half that obtained by incubating Â«2M and dgA
at 37Â°Cfor the same period of time. These results were con

firmed by an immunoprecipitation assay using immunocom-
plexes containing anti-Â«2M. When these immunocomplexes
were interacted with 125I-dgA-Â«2M (see "Materials and Meth
ods"), the radioactivity bound to the anti-Â«2M represented

34.6% of the input radioactivity as compared to 1.3% for the

- 20

25 15 25

Retention time (minutes)
Fig. 2. HPLC' elulion profiles of samples of 12'l-dg.A added (60 ><g/ml) to: (A)

unlabeled dgA (0.5 mg/ml) in elution buffer (PBS with 0.1'- a/ide); (ri) human
albumin (0.5 mg/ml); (O <i2M (0.5 mg/ml) or '"I-RKB4-dg.A (60 Mg/ml) added
to n2M (0.5 mg/ml): (D). samples taken at 24 h of incubation at 37"C" and

analy/ed on a TSK 3000SVV gel permeation column. The han represent the
recovered radioactititv present in each fraction.
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Â¿ 600

ÃŒ 50Â°

Â° 400

i
S 300

S 200

(A)

SOCKDa

I
Co-noeiÂ« .M-ogA

10 20 30 40 50 60

Number of Tube

Table 3 Relative amounts of high molecular mass complexes formed in the
circulation of mice given injections of either n*l-dnA or '"I-immunotoxin

containing tlgA

Fig. 3. Purification of i:5l-bigh molecular mass complex [obtained by incuba
tion of ii2M (0.5 mg/ml) (overnight al 37Â°C)with '"1-dgA (60 ng/nii)] by gel
Illtralion on S-200 HR (.-I) or by gel permeation on a preparative HPLC column
(TSKG3000SWG)(fi).

control (rabbit IgG-anti-rabbit Â¡mmunoglobulin). No radioac
tivity (0.5ct) was bound to preformed immune complexes with
goat anti-human IgM and rabbit anti-goat antibodies.

The complexes obtained by interacting l:iI-dgA with Â«2M
were purified either by Sepharose S-200HR or by preparative
HPLC (Fig. 3) and were used to determine their molecular
mass and the molar ratios of dgA/Â«2M. The molecular mass
of the complex was =800 kDa and the molar ratio of dgA/<v2M
was 2, assuming that no free <v2M molecules were present in
the purified o2M->2SI-dgA complex (since an excess of dgA was

added). The changes in electrophoretic mobility of Â«2Mthat
has reacted with either trypsin or methylamine ("fast" forms of

Â«2M)(24) were not observed with the Â«2M-dgA complexes
(Fig. 4), suggesting that the mechanism of interaction of Â«2M
with dgA is different from that involving n2M and trypsin or
methylamine.

The purified <Â»2M-dgAcomplex was applied to a column of
Blue-Sepharose-4B and the percentage of free and bound pro
tein was determined. An aliquot of the same complex was
subjected to affinity chromatography on an anti-dgA-Sepha-
rose-4B column. The amount of bound material was calculated
by measuring radioactivity in both the void and retained frac
tions. In both cases, >90TÂ¿of the Â«2M-dgAcomplex failed to
bind to the column (data not shown), suggesting that the binding

KDa

800

200

30

1 2 3 567
Fig. 4. Autoradiographs of purified n2M complexes with ':5l-dgA or I2*l-

imniunotoxin electrophoresed onto 4-l5r< SDS gels. Lane I, dgA: Lane 2. Â«2M-
dgA: Lane 3. RFB4-dgA: Lane -I. <,2M-RFB4-dgA: Lanes 1-4. nonreduced
samples: Lanes 5-7, the same samples as Lanes 2-4, but reduced.

Preparation"dgAlgG-RFB4-dgATime

after
injection

(h)02.06.012.002.06.012.0Molecular

mass800

kDa54.164.567.602.37.210.8200kDa10094.788.584.030kDa100.045.935.532.403.04.35.2

" Average of 2 experiments.

sites on dgA recognized by Cibacron Blue or anti-dgA were
unavailable after the interaction with Â«2M.

Dissociation of the Â«2M-dgA complexes was attempted by
treatment with 6 M guanidine hydrochloride, low pH, or 1%
SDS Â±2.5% 2-ME. The dgA-Â«2M complexes could not be
dissociated by 1% SDS, 6 M guanidine hydrochloride, or at pH
3.0 (data not shown). However, following reduction with 2.5%
2-ME in 1% SDS (with or without boiling), Â«2Mwas disso
ciated into 185-kDa subunits, and dgA was not bound to these
subunits (Fig. 4). These results suggest that the Â«2M-dgA
complex is formed predominantly through disulfide bonds, and
not other noncovalent bonds. The Â«2Mpreparations used in
this study had 3-4 free 5-5'-dithiobis(2-nitrobenzoic acid) titra-

ble â€”SH groups, indicating that Â«2M molecule was in its
"activated" form (3, 6, 7).

Freshly reduced and alkylated dgA does not bind to Â«2M,
and consequently, no complexes were formed (data not shown).
This result adds further evidence to suggest that disulfide bonds
are directly involved in the formation of the a2M-dgA
complexes.

The interaction of dgA with insolubili/ed Â«2M(Â«2M-Seph-
arose 4B) was also tested. Insolubilized Â«2Mbound a larger
amount of dgA (120 ÃŸgdgA/mg o2M) than soluble Â«2M,
corresponding to a dgA/a2M molar ratio of 2.9. This difference
in the molar ratios calculated in a liquid (2.0) versus solid (2.9)
phase might be due to some nonspecific binding of l25I-dgA to
the Sepharose matrix. In contrast to these results, 125I-Â«2M
failed to associate with insolubilized dgA (dgA-Sepharose 4B),
due perhaps to the fact that the free sulfhydryl groups of dgA
became inaccessible for <v2M after its coupling to Sepharose
4B.

Characterization of Complexes Formed in Vivo between
Mouse a2M and I25l-dg.\ or I25l-Immunotoxins. Table 3 shows
the results of SDS-PAGE analysis (densitometric scanning of
autoradiographs) of samples from the sera of mice given injec
tions of either 125I-dgAor l25I-RFB4-dgA. Radiolabeled dgA or
RFB4-dgA migrated as one radioactive band on SDS-PAGE.
The samples of serum were taken at different intervals after
injection. In the sera of mice given injections of these proteins,
radiolabeled material in the high molecular mass range ap
peared during the course of several hours (Fig. 5). The forma
tion of a high molecular mass complex between dgA or RFB4-
dgA and a serum protein was confirmed by HPLC (data not
shown). The mouse serum protein that interacted with l25I-dgA
was a protein of =800 kDa as determined by SDS-PAGE. The
finding that dgA interacts with a high molecular mass murine
serum protein was also confirmed by in vitro incubation of
mouse serum with l25I-dgA. The high molecular mass com

plexes formed in vivo were present in the circulation for at least
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KDa

800

B
Table 4 Half-life of human ,,2.\l. Jf>A, RFH4-uf>A. and >i2M complexed n'i

or RFB4-difA

Component Half-life (h)"

a2M*

dgA
Â«2M-dgA
RFB4-dgA
â€ž2M-RI-B4-dgA

6.2
4.8
5.2

16.5
14.5

" Average of 2 experiments.
* The half-life of Â«2Mcomplexed with trypsin was 2-4 min (28).

30

123456789 10
Fig. 5. Autoradiographs of T'i SDS gels of sera from mice given injections of

'!'I-dg.\: the samples of sera were taken al different intervals after injection: 1.
2. 4. 6, and 12 h (Lanes 1-5} nonrcduccd (A} and reduced (Lanes 6-ID) (fi}.

12 h after injection of '-'I-dgA or i:5I-immunotoxins.
As seen in Figs. 1 and 5, an additional slow-migrating radio

active band was always present when ':5I-dgA was incubated

with plasma either in vitro or in vivo. The molecular weight of
this complex suggests that it may consist of fibronectin (molec
ular mass, 440 kDa). which contains two free thiol groups (25).

Scanning densitometry of the autoradiographs after SDS-

PAGE showed that of the total amount of dgA or immunotoxin
present in the circulation after 12 h, 57.6% of the dgA and
10.8% of the immunotoxin was complexed to Â«2M.Since the
clearance studies indicate that there is little difference between
the half-life of complexed Â«2Mand free Â«2M(Table 4), we
favor the explanation that the presence of noncomplexed dgA
or immunotoxin in plasma is due to the difference between the
slow kinetics of complex formation versus the rapid t\/i of I25I-
dgA or]2- I-RFB4-dgA in the circulation (Table 4). The smaller
amounts of complexes formed between Â«2Mand RFB4-dgA
(10.8%) as compared to those formed between Â«2Mand free
dgA (57.6%) could be explained if Â«2Mbinds only to the dgA
which has either dissociated from an immunotoxin or which
undergoes disulfide exchange.

Toxicity of dgA Complexed with a2M. In a cell-free rabbit
reticulocyte assay, the capacity of dgA to inhibit protein syn
thesis was decreased after interaction with Â«2M. The toxic
activity of free dgA was 3 times higher than that of dgA-Â«2M

(average of 2 experiments).
Cytotoxicity of RFB4-dgA Complexed with a2M. The 50%

inhibitory concentration of RFB4-dgA-Â«2M for Daudi cells
was 3.5 Â±1.2 x 10^" M. as compared to 1.6 Â±0.2 x 10"" for

RFB4-dgA or RFB4-dgA incubated with BSA (average of 3
experiments). Hence, interaction of RFB4-dgA with Â«2Mre
duces its cytotoxic activity by about 2-fold, a value similar to
that observed for the inactivation of dgA by Â«2M.The decrease
in cytotoxic activity of RFB4-dgA by interaction with Â«2Mis
time dependent and is consistent with the time required for
dgA (or dgA-immunotoxins) to bind to Â«2M.

Affinity of RFB4-dgA for Daudi Cells after Interaction with
a2M. The affinity constant of RFB4 antibodies or RFB4-dgA
for Daudi cells was not modified (A'a = 2.3 x 10s M~'; n = 28
X IO4molecules) after incubation at 37Â°Covernight with Â«2M
(K, = 2 x 10* M"': n = 25 x IO4 molecules), demonstrating

that the antibody-combining site of the immunotoxin is not
blocked following interaction with <Â»2M.

DISCUSSION

The major finding to emerge from these studies is that dgA
and dgA-containing immunotoxins form stable, covalent, high
molecular weight complexes with <*2M, both in vitro and in
vivo. The complexes consist of two molecules of dgA bound to
one molecule of Â«2M.The binding of dgA (or Â¡mmunotoxins)
to Â«2Mprobably occurs by a disulfide exchange reaction as
reported by other sulfhydryl-containing proteins (9-11). The
binding of dgA to Â«2Mby disulfide bonds was demonstrated
by the ability of reducing agents to dissociate the Â«2M-dgA
complex and the inability of alkylated dgA to form a high
molecular mass complex with Â«2M.Since the interaction be
tween dgA (or immunotoxins) and <>2Mtakes place through a
disulfide bond, only exposed â€”SHgroups on the Â«2Mmolecule
are able to interact with dgA (or dgA-containing immunotox
ins), suggesting that only the fast form of Â«2M(representing
approximately 1% of the total <*2M)(26) can interact with dgA
(or immunotoxins) to form complexes in vivo. The specificity
of the reaction of dgA with u2M was demonstrated by carrying
out the reaction of radiolabcled dgA with Â«2Min the presence
of an excess of cold dgA. The binding of the labeled dgA was
almost completely inhibited, indicating that this interaction has
ligand specificity.

Since the dgA-containing immunotoxins were bound only to
those Â«2Mmolecules containing free â€”SHgroups, it is possible
that the dgA molecule is attached at a site on Â«2Mclose to the
bait region of the molecule which has already been "opened"

by a previous reaction which generates thiol groups on Â«2M.
This possibility is supported by the lack of reactivity of dgA-
Â£v2Mcomplexes with anti-dgA antibody or with Blue-Sepha-
rose. The blocking of both the Cibacron Blue-binding site and
epitopes recognized by anti-dgA antibodies indicates that some
portions of the dgA molecule are sterically blocked. A similar
loss in the antigenic activity was reported for platelet-derived
growth factor (9) and interleukin 1/i (11), after reaction with
o2M. The blocking of the Cibacron Blue-binding site [the
putative toxic site of ricin A chain (27)] on dgA after its reaction
with Â«2Mcorrelates with the 3-fold decrease in toxicity of dgA
in the reticulocyte assay following its reaction with a2M. There
fore, it is not surprising that the cytotoxic activity of RFB4-
dgA-(v2M on Daudi cells also decreased by 2-fold. These results
could be explained by steric hindrance or direct competition by
Â«2Mof the ribosome-binding site on dgA, or by the failure of
dgA to be reduced from the complex within the cell so that it
can translocate into the cytosol. In this regard, we were unable
to dissociate dgA from the complex following treatment with
10 niM dithiothrcitol for 90 min at 25Â°C.Similar behavior has

been reported for platelet-derived growth factor in which mi-
togenic activity decreased 2-fold after reaction with Â«2M(9).

The rate of reaction between dgA (or immunotoxins) and
(v2M has been determined /'// vitro by mixing radiolabeled dgA

with either plasma (or serum) or with purified <>2M;the tt/1 at
37Â°Cfor binding was 5 h. This relatively slow reaction between
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dgA and Â«2Mundoubtedly explains why both free and Â«2M-
bound dgA complexes are present in the blood of animals even
at long intervals after administration of dgA. Since the half-life
of dgA is short (ii/2 = 4.8 h), it is not significantly changed by
its reaction with Â«2M.Hence, the majority of the injected dgA
(or immunotoxin) molecules leave the circulation without form
ing a complex with Â«2M.Therefore, the immunotoxins bound
to target cells in vivo should retain their cytotoxic activity. At
later times, immunotoxins complexed with Â«2Mwill bind to
cells, but will have moderately reduced toxicity. In the blood of
mice collected at 12 h after injection of 125I-RFB4-dgA, 11% of

the immunotoxin was found complexed with Â«2M.Since the
catabolic rate of both RFB4-dgA (complexed or not with Â«2M)
is similar, it follows that 11% is a maximum value for the
proportion of RFB4-dgA leaving the circulation complexed
with <v2M. This proportion would be even lower if the immu
notoxin were injected into an animal with target cells, since in
this case, the half-life of the immunotoxin is more rapid.
Therefore, the majority of the immunotoxin molecules will
leave the circulation prior to complexing to Â«2M.The physio
logical implications of the dgA-Â«2M complex formation have
not been established, and it remains to be determined whether
Â«2Mmay scavenge the dgA (or immunotoxin) molecules not
bound to the target cells and direct them to normal tissues.
Since receptors for Â«2M-protease complexes have been identi
fied on liver cells and monocytes (29, 30), it is possible that
immunotoxins complexed with Â«2M will be transported to
these tissues.
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