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Abstract

ax-Macroglobulin (ayM) is a proteinase inhibitor that functions by a trapping mechanism which
has been exploited such that the receptor-recognized, activated form (coM*) can be employed to
target antigens to antigen-presenting cells. Another potential use of aoM* is as a drug delivery
system. In this study we demonstrate that guanosine triphosphate, labeled with Texas red (GTP-
TR) formed complexes with apM* following activation by proteolytic or non-proteolytic
reactions. Optimal incorporation occurred with 20uM GTP-TR, pH 8.0 for 5h at 50°C. NaCl
concentration (100mM or 200mM) had little effect on incorporation at this pH or temperature, but
was significant at sub-optimum temperature and pH values. Maximum incorporation was 1.2 mol
GTP-TR/mol aoM*. PAGE analysis showed that 70-90% of the GTP-TR is bound in a SDS/2-
mercaptoethanol resistant manner. Guanosine, adenosine, and imidazole competed with GTP-TR
to form complexes with aoM*.
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The human plasma proteinase inhibitor ay-macroglobulin (a,M) is a homotetramer,
molecular weight 718kDa, composed of two cage-like “half-molecules” linked by disulfide
bonds. aoM inhibits proteinases by a “trapping” mechanism [1,2]. Proteinases first cleave
native aoM at the “bait region”, resulting in receptor-recognized, “activated” ao,M (aoM*),
which has undergone a conformational change trapping the proteinase. These events
sterically hinder access of substrates or antibodies to the proteinase [3,4]. Bait region
cleavage results in greatly increased reactivity of internal B-cysteinyl-y-glutamyl thiolesters
in each a»M subunit. In this “nascent” state, the exposed thiolesters are labile and undergoes
cleavage by nucleophiles [5,8]. Lysine-containing proteinases can form covalent linkages by
nucleophilic substitution at the thiolester of the a;M subunits.

Several characteristics of aoM make it a pharmaceutically interesting protein. These include:
the diversity of macromolecules that incorporate into aoM* including cytokines,
chemokines, growth factors enzymes, or antigens [9-11]; receptor-mediated delivery to
target cell types [11-13]; increased immunogeneicity of complexed antigens [7,8,10,14]; and
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development of a non-proteolytic alternative method of activating a;M [9,15]. Using this
method, a,M* incorporates proteins as large as HIV gp 120 (molecular weight, ~120kDa) or
polypeptides as small as 1 kDa, as long as they contained nucleophilic amino acid side
chains (Cianciolo and Pizzo, unpublished).

Practical applications of apM* include it use in vaccines, where aoM functions both as a
delivery system and as an adjuvant [8,10,14]. Molecules other than proteins or peptides may
incorporate thus serving as a novel drug delivery system. Such an approach would be well
suited for hepatic delivery since in vivo clearance studies demonstrate that aoM* is cleared
in less than 10 minutes and that greater than 90% of this clearance mediated by hepatocytes
and kupffer cells of the liver [16-18].

Nucleosides could be potential candidates for a,M* incorporation as amine groups present
in the nucleoside could form covalent linkages by nucleophilic substitution at the thiolester
as previously observed for other nucleophiles. Synthetic nucleosides derived from guanosine
demonstrate immuno - modulatory and immuno-stimulatory properties and provide anti-
tumor and -viral activity by the stimulation of endogenous cytokines [19-26].

The current studies were designed to probe whether guanosine nucleosides can incorporate
into a,M* and to develop a general approach demonstrating incorporation of low molecular
weight substrates into a,M*. We now report the incorporation into apM* of fluorescently-
labeled guanosine triphosphate (GTP) into apM*, to date the smallest molecule reported to
form complexes with apM* at the thiolester. We demonstrate that the incorporation of the
fluorescently-labeled GTP is both SDS and 2-mercaptoethanol resistant and is not dependent
on the fluorescent probe. Furthermore we show that other nucleosides and bases, including
guanosine, and imidazole, compete with the fluorescently-labeled GTP for binding with
apM*. This is the first demonstration of incorporation of nucleosides and nucleobases into
ap;M* and provides a model for studying the incorporation of related compounds of potential
therapeutic application.

Material and methods

Materials

Guanosine triphosphate - Texas red (guanosine 5'-triphosphate BODIPY ® TR) and
sulforhodamine were from Invitrogen (Carlshad, CA). Adenosine, adenine, guanosine,
guanosine triphosphate guanine, imidazole, iodoacetamide, thymidine, HEPES, NaCl, and
porcine pancreatic elastase were from Sigma-Aldrich (St. Louis, MO).

Preparation of human a;M and a,M complexes

Human a,M was purified using endotoxin-free plasma, columns, and buffers [9,15,27].
Activation to apM* was achieved using ammonium bicarbonate [27]. a;M was also
activated using elastase. Elastase and a;M were incubated at a ratio of 10:1 at room
temperature for 45 min. Activated a,M* was carboxamidomethylated with10mM
iodoacetamide for 15min at room temperature. GTP-TR (20,50 or 200 uM) was incubated
with ao;M or apM* at 50°C for 5h or 37°C for 18h in HEPES buffer. The final
concentrations of GTP-TR was ~ 4-, 10-, and 40-fold in excess to a,M. HEPES (25mM)
buffers were prepared at pHs of 6.5, 7.0, 8.0 or 9.0 with either 100mM or 200mM NacCl.
Following incubation, unincorporated GTP-TR was removed using Micro Bio-Spin® P-30
tris chromatography columns (Bio-Rad, Hercules, CA). The fluorescence of GTP-TR was
determined using the detector of a real-time quantitative PCR machine (MX300sp;
Stratagene, LaJolla, CA) or a Storm 860 Phosphorimager® (Molecular Devices, Sunnyvale,
CA). Fluorescence was converted to GTP concentration using a standard curve. Protein
concentration was quantified using the bicinchoninic acid protein assay (Pierce
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Biotechnology, Rockford, IL) and measuring the absorbance at L = 280nm (extinction
coefficient 0.893 M~1 cm™1).

Competition binding studies

GTP-TR was employed as a substrate to investigate whether other low molecular weight
molecules form complexes with aoM*. A final concentration of 20uM GTP-TR was co-
incubated at 50°C for 5h with adenosine, adenine, guanosine, guanosine triphosphate,
guanine, thymidine, or imidazole at 1.0mM. Following incubation, free GTP-TR was
separated from the complexes as described above and the fluorescence was quantified. A
decrease in fluorescence indicates competition of the low molecular weight molecule with
GTP-TR for complex formation with aoM*.

Polyacrylamide gel electrophorersis (PAGE)

Proteins were separated by SDS - PAGE, 4 - 20% polyacrylamide gels (pre-cast Ready Gel;
Bio-Rad), using 25mM Tris, 192mM glycine, and 0.1% SDS (w/v; Bio-Rad). Non-
denaturing 5% polyacrylamide gels (pre-cast Ready Gel; Bio-Rad) using 130mM tris,
45mM boric acid and 2.5mM ethylenediaminetetraacetic acid were also performed.

Data analysis

Results

All incorporations were repeated a minimum of 5 times. Data presented are the mean + 1
standard error (SEM). Statistcal analysis and non-linear regression were calculated using
Prism 4 (GraphPad Software Inc, San Diego, CA) The stoichiometry of the apM* — GTP-TR
association is referred to as the resultant incorporation ratio and is cited as the number of
mol GTP-TR/mol apM*.

Characterization of GTP binding to a,M*

apM* was incubated with a 100-fold molar excess of GTP-TR at 37°C for 18h. Following
incubation, apM*-GTP-TR complexes were separated from unbound GTP-TR. The samples
were analyzed by non-denaturing PAGE (Figure 1) and the fluorescence was quantified.
ap;M*, because of its decreased Stokes radius, demonstrated greater mobility than native
apM in an electrophoretic field. The presence of GTP-TR was observed in non-
proteolytically and proteolytically activated ao,M* with ~ twice the fluorescence in the non-
proteolytically as compared to the proteolytically activated apM* complexes (Figure 1B).
Some GTP-TR associated with non-activated a,M, but this was only ~ 10% of that present
in activated apM™.

GTP-TR binding to a,M* was observed under SDS-nonreducing and —reducing PAGE
(Figure 2). Under SDS-nonreducing conditions there was approximately a 20% decrease in
fluorescence associated with a,M*. Under SDS-reducing conditions there was a further
~40% decrease in fluorescence associated with apM*. Under both SDS-nonreducing and —
reducing conditions the fluorescence associated with carboxamidomethylated a,M* was
approximately 70% less than that associated with a,M*. It was not possible to quantify the
incorporation ratio of GTP-TR into aoM™* using PAGE due to poor reproducibility in the
quantification of a known GTP-TR concentration in the polyacrylamide gel. To reliably
calculate the resultant incorporation ratio of GTP-TR to a,M* following separation of
apM*-GTP-TR complexes from unbound ligand, fluorescence was quantified using a RT-
PCR fluorescence detector and protein concentration determined for each sample.

To optimize the conditions for formation of GTP-TR — apM*, the effect of activation
method, initial concentration of GTP-TR, temperature, NaCl concentration, and pH were
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investigated. The incorporation ratio was dependent on the initial concentration of GTP-TR
(Figure 3). Following non-proteolytic activation, the greatest stoichiometry, 1.19 + 0.11 mol
GTP-TR/mol apM*, was observed at 334 uM GTP-TR at 50°C for 5h (see Figure 3).
Incorporation at incubation conditions of 50°C for 5h or 37°C for 18h was not significant
(p<0.0001) until initial concentrations of GTP-TR were greater than 50 M. Repeated
separation and addition of GTP-TR (20uM) for four cycles, followed by incubation at 37°C
for 18h did not increase the incorporation ratio (data not shown).

There was greater GTP-TR fluorescence associated with aoM* under nonreducing and
reducing conditions following incubation at 50°C for 5h compared to incubation at 37°C for
18h (Figure 3C). Following incubation at 37°C for 18h, with 20uM, 25uM, and 50uM GTP-
TR, the fluorescence associated under nonreducing conditions was approximately twice that
observed under reducing conditions. Following incubation at 50°C for 5h, with 20uM,
25uM, and 50uM GTP-TR, the fluorescence associated under non-reducing conditions was
approximately tenfold of that observed under reducing conditions. At both temperatures and
durations of incubation, increasing the initial concentration to greater than 50uM increased
the proportion of fluorescence observed under reducing conditions. The optimal pH for
incorporation was 8.0. NaCl concentration did not effect the resultant incorporation ratio
(p<0.0003) (Figure 4).

Incorporation of low molecular weight molecules into non-proteolytically activated a,M*

Non-proteolytically activated apM* was incubated with sulforhodamine at 37°C for 18h.
Following separation from unbound sulforhodamine, no fluorescence was observed using
the fluorescence detector. Using PAGE analysis, sulforhodamine association with a;M* was
less than 4% of the GTP-TR equivalent control. No fluorescence was observed under SDS-
nonreducing conditions (data not shown).

GTP-TR was used as an indicator to investigate whether other small molecular weight
molecules can compete to form complexes with non-proteolytically activated a,M*, we
compared the fluorescence observed following incubation of a,M* with 20uM GTP-TR to
the fluorescence observed following the co-incubation of a,M* with 20uM GTP-TR and the
competing low molecular weight molecule. Competition with GTP, guanosine, imidazole,
and thymidine resulted in a significant decrease in GTP-TR fluorescence (Table I).
Comparative experiments were performed in which apM* was omitted and no decrease in
fluorescence was observed (data not shown). SDS-PAGE analysis showed that competition
with 1ImM guanosine and imidazole resulted in a reduction in fluorescence associated with
ap;M* under SDS- non-reducing and reducing conditions. The reduction in fluorescence
associated with apM* under SDS nonreducing conditions was twice that under reducing
conditions (data not shown).

Discussion

These studies were undertaken to determine if the receptor-recognized form of aoM, apM*,
could incorporate small molecules such as nucleosides. Such incorporation is not only of
mechanistic interest, but also would suggest that aoM* could serve as a delivery system for
nucleoside-derived drugs. Here we demonstrate that the fluorescently-labeled nucleoside
analogue GTP-TR incorporates into ayM* made either through a proteolytic activating
mechanism or by nucleophilic exchange. Moreover, a simple technique has been developed
that utilizes fluorescently-labeled GTP incorporated in a,M* to demonstrate, by competition
analysis, that other nucleoside derivatives can also incorporate into a,M*.

Molecules can bind to apM by a variety of mechanisms. For example: (i) cytokine binding is
mediated by hydrophobic interactions, disulfide linkages, and interactions with zinc; (ii)
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proteinase binding is both non-covalent and is also mediated by g(y-glutamyl)lysine linkage;
and (iii) virus binding involves the terminal sialic acids on carbohydrate side chains [12].
We have previously presented the mechanism by which molecules incorporate into apM*
[27,28]. Incorporation is meditated through nucleophile exchange at GIn%52 or thiol disulfide
exchange at Cys?4°. Under reducing conditions ligands bound to the Cys%*? residue
dissociate, but ligands bound to the GIx remain associated. 70-90% of GTP-TR was
associated to apM* in a SDS and 2-mercaptoethanol-resistant manner. Previous studies of
the structure of apM™* have indicated that the thiol ester is a site for covalent attachment to
apM*; for example, the attachment of the protease to the inhibitor [29-31]. Our data indicate
that GTP-TR associates with aoM* in a similar covalent manner. This covalent
incorporation is independent of the initial concentration of GTP-TR and of incubation
conditions of either 50°C for 5h or 37°C for 18h. a,M* incubated with iodoacetamide is
modified by carboxyaimdomethylation at Cys?4° residue. Non-denaturing PAGE and SDS/
PAGE of a,M* and carboxamidomethylation a,M* revealed that the majority of GTP-TR is
bound to the thiol groups. The binding of GTP-TR to the thiol ester differs from the
incorporation of cadaverine (a diamine molecule, molecular weight, 102) where studies
showed that the majority was not bound to the thiol ester but to the Gln residues [32].
Increasing the initial concentration of GTP-TR above 50uM resulted in a greater proportion
of the GTP-TR being associated with the Cys®*? residue. Temperature and duration of
incubation also affected the distribution of GTP-TR to the GIn%?2 or the Cys®*? residues; at a
concentration of 20-50 uM and a temperature of 50°C, a greater proportion of GTP-TR was
associated with the Glx, whereas at 37°C the distribution between the GIn%2 and Cys49
residue was approximately equal.

A non-proteolytic method of activating of axM has been developed by our laboratory. This
method of activation of a;M would be significantly cheaper and easier to implement for
pharmaceutical use than the use of proteolytic enzymes to activate ap,M [9,15]. The resultant
incorporation ratio of GTP-TR/ayM* is dependent on the method of activation of ayM.
Following non-proteolytic activation there was greater GTP-TR incorporation than observed
following proteolytic activation. The method of activation of ayM is known to influence the
final incorporation ratio of ligands [9]. Using GTP-TR as an indicator to investigate whether
guanosine derivatives can form complexes with aoM*, there was the possibility that the
fluorescent indicator, Texas red (TR), could itself have been responsible for the association
with apM*. Small amounts of sulforhodamine, the parent fluorophore of Texas Red, were
shown to associate with apM*, but this association was SDS-sensitive. As shown in Figure 2
however, GTP-TR forms SDS and 2-mercaptoethanol resistant covalent associations with
ap;M* and thus the fluorescent probe is not responsible for the SDS and 2-mercaptoethanol
resistant covalent binding of the GTP-TR. As shown in Table 1, guanosine and other
nucleosides and nucleobases were able to compete with GTP-TR to form complexes with
apM*. This indicates that it is neither the Texas red nor the phosphate groups that are
responsible for the association. The GTP-TR fluorescence decreased from 100% to
approximately 70% with each competing molecule. This is equivalent to an incorporation
ratio of non-fluorescently labeled nucleosides or bases that of approximately 0.03.

Using SDS-PAGE under nonreducing or reducing conditions it was possible to determine
that guanosine competes with GTP-TR for binding both at the Cys®*? residue and the GIn95?2
residue. Possible interactions between apM* and guanosine could be due to nucleophilic
attack by: the primary amine at C2, the 2’ and 3" hydroxyl groups, or the amide at C6. The
competition for complex formation may be due not only to nucleophilic attack but to
additional interactions: for example (and not limited to), hydrogen bond formation with the
2'-hydroxyl group. To investigate the nature of the interaction with aoM*, imidazole was co-
incubated with a,M * and GTP-TR. Imidazole does not contain either the sugar or the amide
group. Co-incubation with imidazole resulted in decreased fluorescence similar to that
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observed following co-incubation with guanosine. This suggests that the amide group
performs a role in the competition for complex formation with apM*. Nonreducing and
reducing SDS-PAGE analysis of imidazole competition complexes showed that imidazole,
like guanosine competes for association with ap,M*, with equal competition at the Glx
residue and the Cys®4? residues.

In this report we have demonstrated that nucleosides and bases compete with GTP-TR for
formation of complexes with apM*. Although the incorporation ratios of the nucleosides or
bases was low, covalent association with aoM* was demonstrated using PAGE analysis
following incubation with SDS or SDS and 2-mercaptoethanol. With optimization of
incubation conditions, and by chemical modification of the nucleosides, the association with
ap;M* should be capable of being improved, allowing aoM* to be considered as a novel drug
delivery system.
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Fig. 1.

Electrophoretic analysis by non-denaturing 5% PAGE of complexes of GTP-TR and apM*
formed at 37°C for 18h (A) Coomassie brilliant blue and (B) fluorescence imaging. The
lanes are as follows: lane 1 and 2, proteolytically activated a,M* with GTP-TR; lane 3,
proteolytically activated a,M*; lane 4 and 5, non-proteolytically activated apM* with GTP-
TR; lane 6, non-proteolytically activated a,M*.
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Electrophoretic analysis by nonreducing and reducing 4-20% SDS-PAGE of complexes of
GTP-TR and apM* formed at 37°C for 18h (A) Coomassie brilliant blue and (B)
fluorescence imaging. The lanes are as follows: lane 1, nonreducing, non-proteolytically
activated apM*; lane 2, nonreducing, non-proteolytically activated opM* with GTP-TR; lane
3, nonreducing, non-proteolytically activated carboxamidomethylated aoM* with GTP-TR,;
lane 4 reducing, non-proteolytically activated ao,M*; lane 5, reducing, non-proteolytically
activated ooM* with GTP-TR; lane 6, reducing, non-proteolytically carboxamidomethylated
activated opM* with GTP-TR
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The effect of initial concentration of GTP-TR and temperature on the (A) resultant
incorporation ratio, (B) under native conditions and (C) under nonreducing and reducing
conditions. Complexes were prepared following non-proteolytic activation of a,M, by
incubation at 37°C for 18h (o,m) or 50°C for 5h (A,V,A) . (A) The resultant incorporation
ratio is shown as a function of initial GTP-TR concentration following incubation at 37°C
for 18h (o) or 50°C for 5h (A). (B) The total incorporation ratio (A) and the SDS-sensitive
associated GTP-TR incorporation (V) are shown as a function of initial GTP-TR
concentration following incubation at 50°C for 5h. (C) The fluorescence data are shown
following SDS-PAGE analysis under non-reducing conditions at 37°C for 18h (=3) and
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50°C for 5h (C=3) or under reducing conditions at 37°C for 18h (&=) and 50°C for 5h (m) as

a function of initial concentration of GTP-TR. All data points are the mean £ 1 SEM, with
n=6.
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Fig. 4.

The effect of pH and NaCl concentration on the resultant incorporation ratio of GTP-TR
with apM* Complexes were prepared following non-proteolytic activation of ayM, by
incubation of a,M* with a 40-fold molar excess GTP-TR at 37°C for 18h, in 25mM HEPES
buffer solutions of pH 6.5, 7.0, 8.0 and 9.0 with NaCl concentration of 200mM (m) or
200mM (C3). All data points are the mean + 1 SEM, with n=6.
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Table 1

Competition of low molecular weight molecules with GTP-TR for formation of complexes with a,M*. A 50-

fold molar excess (1mM) of competing molecule was co-incubated with GTP-TR (20uM) and non-
proteolytically activated a,M* for 5h at 50°C in 25mM HEPES pH 8.0, 200mM NaCl following which

unbound ligand was separated and the fluorescence of the aoM* complex was quantified. A decrease in

fluorescence indicates competition of the low molecular weight molecule with GTP-TR for formation of a
complex with apM*. All data points are the mean + 1 SEM, with n=6.

Compound  Percentage fluorescence  P- value

GTP-TR 100

GTP 50 0.001
Guanosine 65 0.01
Guanidine 79 0.12
Adenosine 68 0.44
Adenine 89 0.14
Thymidine 74 0.02
Imidazole 74 0.02
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