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Abstract When o;-macroglobulin (;M) from the American
horseshoe crab, Limulus polyphemus, reacts with proteinases, its
thiol esters, like those of other o-macroglobulins, become
activated, leading to the formation of covalently crosslinked
species that can be detected as high molecular weight bands in
reducing SDS-PAGE. While other o-macroglobulins extensively
form crosslinks to the reacting proteinase, Limulus ;M does
not. It rather becomes internally crosslinked. It was found from
N-terminal sequence analysis of purified ['*C]carboxymethylated
peptides from Limulus o, M-trypsin complexes that an isopeptide
bond formed in approx. 60% yield from the thiol esterified Gin-
1002 specifically to Lys-254 in the opposing monomer of the
disulphide bridged dimer is the main cause of the internal
crosslinking.
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1. Introduction

The oy-macroglobulin (0oM) superfamily consists of the
high molecular weight mono-, di- or tetrameric proteinase
inhibitors, the o-macroglobulins, and the non-inhibitory com-
plement components C3, C4 and CS5 [1]. The a-macroglobu-
lins are found in the blood of vertebrates and invertebrates,
and in the egg white of birds and reptiles (for reviews, see
[2,3).

Upon proteolytic cleavage in a specific region, designated
the ‘bait’ region, the inhibitor undergoes a conformational
change that ‘traps’ the proteinase within the ‘cage’ of the
di- and tetrameric inhibitors [4]. Along with the entrapment
of the proteinase, a domain in the C-terminal part of the
polypeptide chain is exposed [5,6] that is recognised by the
oxM-receptor/LDL-receptor related protein (caMR/LRP) [7-
10}, leading to rapid clearance of the complex [11,12]. Coin-
cident with the structural change, an internal B-cysteinyl-y-
glutamyl thiol ester, which is found in the strictly conserved
sequence GCGEQNM, is activated, allowing the typical o-
macroglobulin to form an ester or amide crosslink through
the y-carbonyl group of the glutamine and hydroxyl or, typi-
cally, amino groups on the proteinase [13-15]. The thiol ester
can also be cleaved by small nucleophiles such as methylamine
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with the covalent linkage of methylamine via an amide bond
to the y-carbonyl of the thiol esterified glutamine, which in
general leads to the same conformational change as the pro-
teolytic attack [16]. In reducing SDS-PAGE, the covalently
linked a-macroglobulin-proteinase complexes are recognised
as bands with apparent molecular mass higher than the ap-
prox. 180 kDa monomer. However, as shown previously, oo M
from the American horseshoe crab, Limulus polyphemus [17-
20], does not crosslink biotinylated trypsin [21], although
bands of apparent high molecular weight are seen in reducing
SDS-PAGE after proteinase treatment, indicative of isopep-
tide crosslinking.

We here show that Limulus oM entraps proteinases with
high efficiency but forms crosslinks to '?°I-labelled trypsin
([*®I]trypsin) only to a very limited extent, indicating that
the low level of crosslinking of trypsin reported [21] is not
the result of lysine derivatisation of the biotinylated trypsin
used in that study. We also show that the high molecular
weight products mainly are formed through specific crosslink-
ing of the activated thiol ester to Lys-254 (Limulus 0oM num-
bering [22]) in the opposing monomer of the Limulus 0uM
dimer.

2. Materials and methods

Human o;M was prepared from outdated plasma [23]. Limulus
oM was purified from freshly prepared plasma as previously de-
scribed [24]. Tosyl phenylalanyl chloromethyl ketone-treated trypsin
was from Cooper Biochemicals, iodo[**CJacetic acid and Na'?T were
from Amersham, Mono S HR 5/5, benzamidine-Sepharose 6B, and
Sephadex G 25 SF (10X 100 mm) were from Pharmacia, Nucleosil C-
18 100-5 and Vydac C-18 packing materials were from Machery-Na-
gel and The Separations Group, respectively. Standard chemicals were
of analytical grade from Rathburn, Sigma or Merck.

Sequence analysis was performed on an Applied Biosystems 477A
equipped with a model 120A online chromatograph. Reagents and
solvents were from Applied Biosystems, and the instruments were
operated according to the manufacturer’s instructions, with some
modifications [25].

Bovine B-trypsin was purified by benzamidine-Sepharose chroma-
tography. Trypsin (15 mg) was dissolved in 50 mM Na-acetate, 10
mM CaCl,, pH 5.5, and loaded on a benzamidine-Sepharose 6B col-
umn (7 ml) equilibrated with the same buffer. 95% pure B-trypsin was
recovered after elution with a pH gradient formed from 50 ml 50 mM
Na-acetate, 10 mM CaCl,, pH 5.5, and 50 ml 20 mM citrate-HCl, 10
mM CaCly, pH 2.0. Iodination of B-trypsin was performed as de-
scribed in [26].

SDS-PAGE was performed using 10-20% polyacrylamide gels in
the standard Tris~glycine buffer system, and non-denaturing PAGE
was performed in 5-10% polyacrylamide gels, using the same buffer
system without SDS.

Aliquots (20 pg) of human and limulus 0oM were treated with
1.5%10° cpm [*®Itrypsin for 2 min and then with 1 equivalent of
unlabelled trypsin for 1 min at room temperature. The reaction was
stopped by adding 3,4-dichloroisocoumarin (DCI) to 1 mM final con-
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centration. Samples were subjected to SDS-PAGE with and without
reduction, and to non-denaturing PAGE. After staining the gels were
placed on a Phospholmager screen, and the radioactivity of the dif-
ferent bands was measured (Fig. 1).

20 mg of Limulus ayM in 50 mM Tris-HCI, pH 8.0 was treated with
an equimolar amount of trypsin for 5 min at room temperature before
treatment with | mM DCI. The thiol groups appearing from thiol
ester cleavage were labelled with 70 uCi iodo[**Clacetic acid for 1 h,
and any unreacted thiol groups were blocked by treatment with 10
mM unlabelled iodoacetic acid for 15 min. Excess reagents were re-
moved by gel filtration on a Sephadex G-25 SF column in 10% formic
acid. After lyophilisation, the protein was denatured and reduced by
heating to 60°C in 6 M guanidinium chloride, 30 mM dithioerythritol
(DTE), 300 mM Tris-HCI, pH 8.5 for 15 min and the thiol groups
were blocked by treatment with 100 mM iodoacetamide. As a control,
2 mg of methylamine-treated Limulus a;M was labelled, reduced and
carboxamidomethylated as above. The proteins from both prepara-
tions were digested with 1:10 w/w trypsin overnight at 37°C after 10-
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fold dilution with 50 mM Tris-HCl, 10 mM CaCl,, pH 8.0. After
lyophilisation, the peptides were dissolved in 0.1% trifluoroacetic
acid (TFA) and loaded on a Nucleosil C-18 column (4X250 mm)
equilibrated with the same buffer. The peptides were eluted at a
flow rate of 1.0 ml/min with a linear gradient (Fig. 2) formed by
0.1% TFA (A) and 90% acetonitrile containing 0.085% TFA (B)
(10-60% B) over 2 h at 50°C. Radioactive fractions were further
purified by cation exchange chromatography and RP-HPLC.

For cation exchange 2 Mono S column equilibrated and eluted at a
flow rate of 0.7 ml/min with the solvent system of [27] was used (5
mM Hj3POy, 25% acetonitrile in water, eluted with a stepwise linear
gradient between 10 and 200 mM NaCl over 20 min and between 200
and 350 mM NacCl over 10 min). Finally, the peptides were purified
on a Vydac C-18 column (2 X 220 mm) operated at a flow rate of 0.2
ml/min using the aqueous acetonitrile system described above (0-20%
B or 10-30% B over 38 min at 50°C). The identity of the labelled
peptides was determined by N-terminal sequence analysis.

Fig. 1. Nondenaturing PAGE and SDS-PAGE analysis of native and %I-trypsin-treated human and Limulus aoM. (A) Coomassie brilliant
blue-stained nondenaturing gel (left) and the corresponding autoradiogram (right). Lanes: 1,2, native and '’I-trypsin-reacted human asM; 3.4,
native and '®[-trypsin-reacted Limulus 0;M, respectively. 2.5 ug of protein was used per lane. (B) Coomassie brilliant blue-stained SDS-PAGE
gel (left) and the corresponding autoradiogram (right) of '°I-trypsin-aoM complexes. Lanes: 1,2, nonreduced human and Limulus 0;M; 3,4, re-
duced human and Limulus ouM, respectively. 5 ug of protein was used per lane.
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Fig. 2. Elution profile of the tryptic peptides from reduced and
[“Clcarboxymethylated Limulus asM-trypsin complex. The peptides
were separated on a Nucleosil C-18 column eluted with a linear gra-
dient of acetonitrile in 0.1% TFA (dashed line). The number of cpm
in each fraction is indicated by vertical bars beneath the chromato-
gram. The level of radioactivity in fractions containing less than
1.5x10* cpm is not indicated. The radioactive peptides from the
methylamine-treated control digest eluted in the region shown by
the horizontal bar.

3. Results and discussion

The binding of ['*I]trypsin to Limulus auM and human
ouM as assessed by non-denaturing PAGE is shown in Fig.
1A. Clearly, both proteins bind trypsin efficiently. In addition,
both Limulus and human oM experience the formation of
covalent isopeptide crosslinking following reaction with pro-
teinase, seen as protein bands positioned above the unreacted
monomer in reducing SDS-PAGE [21]. With human o;M,
these crosslinked bands contain most of the asM-bound tryp-
sin, indicative of the efficient covalent crosslinking of oM
and trypsin [14] (Fig. 1). Limulus 0o,M in contrast contains
very little covalently bound trypsin (Fig. 1B, lane 4), indicat-
ing that the majority of crosslinks of proteinase-reacted
Limulus 0;M must be within the osM molecule itself, since
this is the only other protein in the system. Approx. 10% of
the radioactivity was found in bands corresponding to species
larger than 30 kDa in reducing SDS-PAGE of proteinase-
reacted Limulus op;M. In contrast, 90% of the radioactivity
was found in such species from human oM.

Since methylamine-reacted Limulus asM failed to form high
molecular weight products during treatment with trypsin, the
activated thiol ester, as in human ayM, is a participant in the
crosslinking [21]. Hence, the peptides from a tryptic digest of
Limulus oyM-proteinase complexes containing isopeptide
crosslinks will by necessity contain the thiol ester sequence.
As the cleavage of the thiol ester by proteolytic attack in the
bait region or directly with methylamine leads to the appear-
ance of a thiol group, the strategy for identifying the tryptic
peptides containing the crosslinks was to label the freed thiol
with iodo['*Clacetic acid to be able to identify the fractions
containing the thiol ester peptide during their purification [14].
Sequence analysis of the peptides crosslinked to the thiol ester
peptide would reveal the localisation of the crosslink. In order
to isolate the peptides of interest, the crude mixture was sep-
arated by RP-HPLC on a Nucleosil C-18 column (Fig. 2),
and the radioactive fractions recovered. In some cases radio-
active fractions were subjected to strong cation exchange on a
Mono S column, and finally all fractions were purified by
microbore RP-HPLC on a Vydac C-18 column. The identity
of the peptide or set of peptides was established by N-terminal
sequencing as shown in Fig. 3 and comparison to the com-
plete sequence of Limulus 0oM [22].

As seen from Fig. 2, the radiolabelled peptides from the
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Limulus aoM-trypsin complexes eluted in two major groups.
The first group of peptides eluted at approx. 15-20% solvent
B, similar to the radiolabelled peptides generated from methyl-
amine-treated Limulus 0,M (Fig. 2, horizontal bar). The sec-
ond group of peptides eluted at 26-29% solvent B.

In the first group the labelled peptides contained only the
thiol ester sequence L995-PTGCGEQNMIK, with GIn-1002
[22] being recovered as Glu. As reported earlier [14], this is
presumably due to hydrolysis of a fraction of the activated
thiol esters. In the peptides isolated from methylamine-treated
Limulus dsM GIn-1002 was recovered as Glu-methylamine
due to thiol ester cleavage by methylamine.

The multiple peptides eluting in the second group all con-
tained the thiol ester sequence 1.995-PTGCGEQNMIK and
the sequence Y250-NWEKEGVPVIHK in equimolar yields.
Upon sequence analysis of these peptides, no PTH-Lys was
present in cycle 5, and in cycle 8 where the thiol esterified Gln-
1002 is located, the characteristic bis-PTH Glu-Lys [14] was
seen in high yield. Hence, all peptides in the second group
contained an €-Lys-y-Glu crosslink formed from Gln-1002
and Lys-254.

For some peptides sequenced, including those that repre-
sented hydrolysis products and those that represented cross-
linked products, the level of PTH-Met in cycle 10 was much
lower than expected, and in some cases no PTH-Met was
seen. Further, in the sequence Y250NWEKEGVPVIHK the
yield of PTH-Trp in cycle 3 was generally very low. Hence,
the recovery cof the peptides 995-1006 and 995-1006 cross-
linked to 250-262 in multiple fractions is most likely due to
partial oxidation of Met-1004 and Trp-252.

In the peptide separation obtained from Limulus aoM-tryp-
sin complexes (Fig. 2) approx. 10% of the radioactivity was
present in the peptides containing the hydrolysed thiol ester,
approx. 60% was present in the fraction containing the cross-
linked peptides, with the remainder approx. 30% distributed
in numerous minor fractions. At least some of these fractions
may contain crosslinked peptides involving crosslinks of the
thiol esterified glutamine with other lysine residues of ayM
and/or with lysine residues of trypsin (Fig. 1B). However,
due to the complexity of the digest and the relatively low
amount of radioactivity in these fractions, no attempt was
made at their characterisation.

Unlike human oM [14], the association between Limulus
oyM and bound proteinase is predominantly non-covalent.
The thiol esterified Gln-1002 reacts with high efficiency to
form covalent crosslinks within the Limulus o.M dimer,

Peptides, eluting at approx. 15-20 %B:
Leu-Pro-Thr-Gly-CMCys-Gly-Glu-Glu®-Asn-Met-Tle-Lys (995-1006)

Peptides (crosslinked), eluting at approx. 26-29 %B:
Lcu-Pro-Thr-Gly—CMCys-Gly-Glu—Xaab-Asn—Met-Ile-Lys (995-1006)
Tyr-Asn-Trp-Glu-Xaa®-Glu-Gly-Val-Pro-Val-Tle-His-Lys (250-262)

Fig. 3. Sequences in Limulus a;M-trypsin complexes identified from
4C-labelled fractions (Fig. 2) containing the major reaction pro-
ducts of the thiol esters. *PTH-GIu-NH,;CH3 or PTH-Glu was seen
in this step in the peptides from methylamine-treated Limulus ooM
and Limulus o,M-trypsin complexes, respectively; "bis-PTH-Glu-Lys
was seen in this step, consistent with crosslinking of Gln-1002 and
Lys-254; °no signal was seen in this step, consistent with the pro-
posed crosslinking.
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rather than crosslinking the bound proteinase. The results of
the present investigation clearly identify a major role for Lys-
254 in the self-crosslinking of Limulus ozM occurring as a
result of complex formation with trypsin. However, it cannot
be excluded that other residues play a minor role. It has been
determined earlier that Limulus aoM-proteinase complexes are
dimeric [21]. Hence, the crosslinking reaction identified here
must engage one thiol ester group and one Lys-254 residue
located on opposing monomers of the disulphide bridged di-
mer. In order for the crosslinking reaction to proceed effi-
ciently there must be a close spatial relationship between the
structural elements bearing the involved residues.

The data presented here reveal a previously undescribed
role for the thiol ester. Unlike other thiol ester proteins,
that form intermolecular bonds through the y-carbonyl group
of the thiol ester, Limulus 0oM evidently forms crosslinks to
itself. By comparing the stretch containing Lys-254 of Limulus
oM [22] with the corresponding stretches of other o-macro-
globulins, it is found that the sequences are generally highly
variable, but intriguingly, none of the other a-macroglobulins
contain the equivalent of Lys-254. Hence, the formation of
specific intramolecular crosslinks in Limulus oM when re-
acted with a proteinase is likely to represent an alternative
mechanism for stabilising the complex, fulfilling the same
functional role as the intermolecular crosslinking of a-macro-
globulins in other species [28].

This is supported by recent results showing that injected
proteinase or Limulus apM-proteinase complexes are cleared
in 10-30 min in vivo [29] which is considerably faster than the
time it takes to run a non-denaturing gel (about 3 h), indicat-
ing that the complex is sufficiently stable to be cleared from
circulation without leaking the non-covalently trapped pro-
teinase.
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