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We have expressed recepior-binding domains of human aa-macroglobulin and nit @,-macroglobuiin in Eschiericlifa colt Expression levels of both

recombinanis were quite hugh, but the human one was insoluble, probably Forming inclusion bodies. The rat domain, which lacks the human

disulfide, was produced in a soluble form and readily punified by two simple chromatograplue steps  Punified recombinant rat o, -macroglobulin

1eceptor-binding domain was fully lNinctiona! in binding to the z-macroglobulin receptor on human fibroblasts. This 142 residue domain should

serve ds an excellent template lor analyzing the structural requilements for a-macroglobulin receplor ligation and dissecting the vatied biological
functions resuiung from such ligation

&-Macioglobulin: Protein expression: Lipoproten receptor

1. INTRODUCTION

o-Mucroglobulins {(xMs), such as human o,-mac-
roglobulin (2,M) and rat @,-macroglobulin (g, M),
probably censtitute a general proteinase clearance svs-
tem and backup te the more specific proteirase inhib-
itors present in mammals [1]. Related to the aMs, al-
though with distinct functions, are the complement
components, C3 and C4. Although they probably di-
verged during early chordate evolution {2, certain prop-
erties reveal that C3, C4 and the aMs descended from
a common ancester. These properties in¢lude primary
sequence homology, activation by endopeptijases in a
region equidistant from the terminals of the precursor
protein chains, and the presense of an intra-chain 8-
cysteinyl-y-glutamyl thiol ester about cne third of the
distance from the C-terminus (reviewed by Sotirup-
Jensen {3]). In modern vertebrates, C3 and C4 partici-
pate in proinflammatory and eytolytic reactions in re-
sponse to infectious agents [4].

Following reaction with proteinases, the complement
components and most aMs undergo a conformalional
change that results in exposure of a recepior recognition
site. Receptor ligation allows C3- and C4-coated parti-
cles to bind blood cells to aid in immune complex clear-
ance and promote phagocylosis. The receptor that rec-
ognizes the proteinase-inhibitory aMs has a much
broader cell-type distribution (for review see Pizzo [5]).
Although initially thought only to be responsible for
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removal of aM-proteinase complexes, ligation of the
regeptor may also influsnce cellular functions [6-8).

The human oM receplor hias been cloned z2nd se-
quenced [9,10], and is identical to one previously re-
ported as the low density lipoprotein receptor-related
protein (LRP). The LRP receptor is responsible for
binding apolipoprotein E-enriched A.migiating very
low density lipoproteins [11], although this receptor
may not be the primary one for uptake of S-migrating
very low densily lipoproteins in vivo [12]. Very recently,
the aM/LRP recoptor has also been shown to bind
Pseudomonas exotoxin A [13] and tissue plasminogen
aclivator, either alone or via its complex wita a specific
tissue inhibitor [14,15]. It thus seems that this single
receptor is capable ol binding and internalizing several
distinet ligands, none of which appear to show signifi-
cant sequence homelogy, and most of which probably
bind to different siies on the receptor.

aMs derived from various mammals show compari-
ble binding affinities for mouse and human receptors,
suggesting that the specificity of the interaction is highly
conserved. A 20-30 kDa C-terminal fragment derived
from the 18¢ kDa parent chain of aMs contains most,
if not all, of the information required for binding to the
cellular receplor [16-19]. Although C3 and C4 are ho-
mologous to aMs, they utilize different regions of their
polypeptide chains for receptor binding. Moreover,
complement receptors 2 and 3 recognize primary se-
quence epitopes whereas binding of ®Ms Lo their recep-
tor is dependent on the correct folding of the ligand
13,4]. Consequently, pentide-based strategies that have
been employed (o characterize the complement recep-
tor-binding epitopes are unlikely to succeed in defining
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the aM-receptor binding site. To characierize the region
of aMs responsible for recognizing the receptor we are
expressing small regions of the parent molecules in
forms that preserve binding activity. These can serve as
templates for mutagenesis strategies and aliow dissec-
tion of the biological effects of oM receptor ligation.

In the present study, we report the cloning and ex-
pression of the C-terminal receptor binding domain
from rat &, M. Our use of rai a;M, rather than another
aM, is based on the following two principles. Firstly,
ihis is the only known oM devoid of the 1,329-1,444
disulfide [20] (human a.M numbering system). Sec-
ondly, a fragment of 40 kDa isolated from rat oM,
which contains the C-terminal receptor binding site, had
previously been shown to regain activity following dial-
ysis from 6 M guanidinium chloride [19]. Consequently,
folding should be spontaneous and not be dependent on
disulfide formation.

2, EXPERIMENTAL

21 Materials

Escherichia cofi TG [21] was used for cloming and expression.
Resiriction endonueleases, T4 ligase, T4 polynucleotide kinase, helper
phage MK 107, and pFlag-1 vector were purchased from Internutional
Biotechnologies Ine., New Haven, CT. Sequenuse version 2.0 was
purchased from United States Biochemicals, Cleveland, O, and a-
#'8)thue dATP (1,200 Cyminol) was from Dupont, Wilmington, DE.
HS527 human shin fibroblasts (ATCC catalog number CRL 1634) were
the gift of Michuel Banda, University of California al San Franeiseo

2.2, Construciion of expressfon vecior

All DNA manpulations were perfornmned as described [21] The
following two primers with embedded Hindlll recognition sites (un-
derlined 5-CAAAGCTTGAGGCAGAAGGAGAAGCG-3, and
5'-CGAAGCTTTTCACGTGTGGAGGAGTC-3" were used to am-
phfy a 484 bp ragment coding for the C-termudl region of rat ;M
cDNA [20]. Amplificution was performed by polymerase chain reac-
tion (I"CR) emmploying Tuq polymerase and reagent kits [roin Perkin-
Elmer/Cetus, Emeryville, CA, in a Perkin-Elmer IDNA thermal cycler.
The amplified product was purified from a 1% low gelling temperature
agarose pel (FMC BioProducts, Rockland, ME), cut with MindIIL
then ligated into the Mindlll site of pFFlag-1. The hgated product was
used to transform E. cofi TG by the procedure of Hanahan [22]. The
plasmud construct was characierized by endonuclease digestion and
nucleotide seguence analysis [23]. To abtai single-siranded DNA for
sequenging, the transformant was co-infected with belper phage
MEK107 according to ihe supplier’s instruchions.

2.3, Stre~clirected mulagenests

Bases 105-188 of the vector (encoding the OmpA signal peptide and
the trypsinogen activation peptide) were deleted with the mutagenic
primer;: &-CGO0TICTTCTCCTTCCATATGATATCTCCTG-3"
Mutagenesis was earried out as deseribed (21] using single-sirand
templale oblamed with helper phige and Sequenase version 2 0 as the
exlending polymerase, Transiormants were screened by PCR 1o detect
the deletion, and one candidate, termed poyM-RBD, was sequenced
n its entirety te conflim the pression of the deletion.

2.4, Expressian and purification of rar 2, M receptor binding dontdiin
(REG)

E. coli TG1 wransformed with pe;M-RBD was grown in 2 ) of 2%

TY containing 50 #g/ml amplcilhn. When the Ayg o of the culture

reachied 0.5 the cells were induced with isopropyl thiogalactopyru-
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noside (IPFTG) 1o 4 final concentranion of 1 mMi for 3 hihen harvested
by centnfugation at 13,000x=g for 30 min The cell pellet was resus-
pended in 300 ml ice-cold 50 mM Tris-Cl buffer, pH 8.0, then lysed
by sonication (Sonies and Materials Ine., Danbury, CT) for 1wo 5 min
bursty The lysate was centrfuged at 13,000=¢ for 40 min and Lhe
supernatant was loaded onto a 60 mi Q Sepharose FF ion exchange
column (Phannacia) equilibrated with 50 mM Tris-Cl, pH 8.0. The rat
2, M-RBD was eluted with a linear gradient from 10 1 M NaCl in
50 mM Trs-Cl, pH 8.0. Fractions were monitored by SDS-PAGE
under reducing conditions.

Fraciions contanung the bulk of the rat ¢, M-RBD were poolad and
coneentrated from 30 ml to 1.5 ml by ultrafiltrauon {Amicon,
Danvers, MA)Y with a 10 kDa cut-off membrane (YM 10}, Ln addition,
the bufler was exchanged with e Hank’s salt solution buffered with
10 mM HEPES, pH 7.4 (binding bufler). The protein was further
purtflied on ¢ 25 ml Superose 12 gel Oliration column {Phammasia)
equilibrated with the same buffer, The peak conlaming o, M-RBD

from the gel fltration column was used directly for cell binding stud-
1e5.

25 Amuno acid sequence and cartpositional analysis

Automated Edman degradation was carried out m an Applied Bio-
systems 477 A sequencer wilth an-line analysis of phenylithiohydantoms
usiig an Applied Biosystems 120A HPLC Amine acid compositional
analysis was carried oul in a Beckman 6300 amino acid analyzer A
sample of desalied o, M-REBD was hydrolyzed in 6 N HCl ©=- 24 h at
110°C 11 vacuo, All residue weights were calculated by integration,
with the exception of Pro and Trp. The weight of the protein sample,
allowingealeulanon ofiheextincuioncoetticient{A5%' ), wascalculated
as the sum of the weights of edch residue. The extinetion ecefficien
of the purified recombinunt protein was 11.5,

2 6. Mass spectrotietry

A sample of purified recombinant rai o, M-RBD was analyzed by
Stanley Hefla, Beckman Research Institutc, Duarte, CA, using <lec.
trospray-lonization mass spectrometry [24]. Briefly, the sample wa:
introduced into a Finnegan TSQ-700 quadropole mass speciromete
by reverse-phase liquid chromatography. The averaged muitiple
churged speetrum was collecied over (the scan range of 50-2000 AMU
and the mass of the proiein was assigned by using Finnegan-MA]
BIOMASS sofiware.

2.7, Cellufar recepior binding assay

The conformational change mduced by reaction of aMs with pro
temases also occurs when many eeMs react with small primary amines
such as methylamine. Thus, methylamine-lreated aMs are ofien use
to imitate proleinase inhibitor complexes for studying recepior bind
1ng and ancillary events, obviating problems caused by iniroducin
protemnases into cell binding expersments. Therefore, receptor-recog
razed human @M was made by incubatien overnight in 0.2 M meik
ylamine hydrochloride, pH 8.0, ai a prolein concentration of 4 mg/m
Cell binding experiments were performed essentially as previousl
deseribed [18], except that human fibroblasts were substituted fc
mouse magrophages, HS27 cells were seeded an 24-well culture plau
al a density of 20,000 cells per well in DMEM contuining 10% feu
bovine serum and grown lor 48 h unul about 80% conflueat. The cel
were washed Lwice with binding bufTer at 4°C and incubated wil
various eoncentrations of unlabeled competing ligand (methylamin
trealed human o.M, or rat &, M-RBD) contaning 0.3 nM '3[label
human a:M-methylamine in binding bufier with 1% BSA. After 6
at 4°C the eells were washed once with binding buiTer containing 1
BSA, and twice with binding bufler alone. Cells were removed [ro
the wells following lysis in 05 ml 0.1 M NaOH and radicactivi
counted in a ¥-counter 1o deterrrune the extent of bound radicligun
Non-specific binding was determined as the amount of radicliga:
bound i the presence of $ mM EDTA. All data points were measun
at least three times and the resulls averaged. The Ly, is the congentr
tion of higand required to decrease the spexilic binding of radioligas
by 50%. Under the conditions employed in this study, where t
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radioligand tracer 15 used at ils K, the K, of competing ligands is
calenlated according Lo the relationship, 14=24, the use of which with
1his systern was detailed in an earler publication {18].

3. RESULTS AND DISCUSSION

3.1. Constrietion of a rat o,M-RBD expression vector

Our initial strategy was to drive expression of an
QOmpA signal peptide/trypsinogen activation peptide/
@, M-RBD fusion so that the protein wouid be secreted
following OmpA removal to provide for facile purifica-
tion using antisera raised against the activation peptide.
Recombinants were isolated and the correct orientation
of the o,M-RBD insert was determined by restriction
endenuclease digestion of plasmid minipreps and nucle-
otide sequencing. One recombinant was chosen for ex-
pression by induction with IPTG as described in section
2. This clone produced a product thal was inseluble
unless dissolved in 6 M guanidinium chloride, and
which precipitated upon dialysis into 5 mM Tris-Cl
buffer, pH 8, containing 0.05 mM EDTA. The product
was sequenced and found to contain the GmpA signal
peptide and the trypsinogen activation peptide, indicat-
ing lack of the expected signal peptide processing. We
suspect that the hydrophobicity of the OmpA signal
peptide prevented proper folding, and promoted aggre-
gation and precipitation of the recombinant rat a,M-
RBD. Since expression was at such high levels, we de-
cided to utilize the same expression vectlor, but to delete
the OmpA signal peptide and the trypsinogen activation
peptide from the recombinant vector and to express the
protein devoid of the N-terminal extensions provided by
the parent vector.

Deletion was accomplished with a 31-mer mutagenic
oligonucleotide primer complementary to sequences
flanking the OmpA signal pepiide and the trypsinogen
activation peptide, thus looping out 83 bp. PCR analy-
sis of 24 colonies revealed 8 with deletions. One mutant
was sequenced and was found to have the engineered
deletion and no other mutations. This construct was
designated pa, M-RBD (Fig. 1). The initiator methion-
ing provided by the vector is followed immediately by
Glu'* (numbering of Eggerston et al. [20]), which is the
N-terminal residue of the C-terminal oM receptor
binding domain [19

3.2, Expression and purification

The o, M-RBD expressed in E. coli was only visual-
1zed following induction with IPTG and was the second
most abundant protein seen by Coomassie staining
(Fig. 2). The protein migrated with an apparent size of
22 kDa in reduced SDS-PAGE, rather than the 30 kDa
size of the same fragment from a digest of natural rat
oM (see [19]). When we attempted expression of a
human o,M-RBD utilizing the same procedure, the
product was insoluble whether or not it contained the
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Fig 1. Expiession veetor pa,M-RBD. The consiruct is derived from

pFlag-1 with the &;M-RBD coding region higated into the fAadlll site

of the muluple cloning region. The OmpA signal peptide and trypsm-

ogen activalion peplide of the parent vector were deleted by sites

directed mutagenesis. Regions of the vector important in ¢loning and

expression are indicated; Further detuils of the vector may be oblained
fiom Lhe distributors (see seclion 2).

OmpA/trypsinogen activation peptide. Preliminary ex-
periments confirmed that the rat o, M-RBD was solu-~
ble, s0 we concentrated our efforts on purifying and
characterizing this recombinant domain. Although the
receptor binding fragment from the digest of natural rat
@, M has previously been designated 20 kDa, its size is
closer to 30 kDa in reduced SDS-PAGE, s0 we will refer
to it as the 30 kDa fragment. The smaller size of the

kDa 1 2 3 4

97.4
66.2

31—
21.5 -
14.4 e “::‘:; |

Fig. 2. Purification of recombinant rat o,M-RBD. All samples were

boiled for 3 min in 1% SDS and 20 imM 1T and run ina 5-15% linear

gradient SDS-PAGE gel as described by |27], Lane 1, standard pro-

leins, lane 2, 40 «l from 300 ml of crude lysate; lane 3, 10 4! [rom o

30 ml pool of Q-Sepharose FF cluate; lane 4, 2 ul from 3 ml of

Superose 12 peak. Since lanes 2 nnd 4 show about the same amount
of ral &, M-RBD, we estimated the yweld 10 be around 20%.



Yolume 313, number 2

recombinant a,M-RBD is probably due to the lack of
carbohydrate.

During ion exchange on Q-Sepharose, the o, M-RBD
cluted in a sharp peak that was contaminated with a 50
kDa pretein in addition to varicus other high molecular
weight proteins (Fig. 2, lane 3). These contaminants
were removed by gel filtration on a Superose 12 column;
the protein was over 20% pure as visually quantitated
by Coomassie blue staining, with a yield of about 20%.
The o, M-RBD behaved as a single homogeneous spe-
cies during both chromatography steps. The first 15
residues of the purified o, M-RBD were confirmed by
Edman degradation, and the muass of the protein was
16,179 Da by mass spectrometry. This is in excellent
agreement with the expected mass of 16,180 Da calcu-
lated from the residue composition of the domain, and
confirms the authenticity of the product.

3.3. Receptor binding activity

The oM-RBD competed with ["**I)methylamine-
treated human 2,M [lor binding to fibroblasis, as has
previously been shown lor the natural 30 kDa fragment,
implying recognition by the a,M receptor. The K, of the
recombinant &,M-RBD was 20 nM, lower than the
value of 62 nM for the binding of natural 30 kDa frag-
ment to mouse macrophages, (which was previously
calcuiated as 125 nM based on an assumed extinction
coefficient of 0.5 [16,19]). This difference may retflect
species differences of the receptor.

There is approximately a two-order of magnitude dif-
ference in binding of o, M-RBD and naturai a,M to the
receptor (Fig. 3). This is consistent with previous results
[19,25), and has two likely ¢xplanations; (i) aMs (which
are usually tetraniers) bind by occupying two receptors,
thus lowering the observed K [25] wilh respect Lo the
monomeric RBD; (ii) not all of the receptor binding site
i contained ir: the RBD fragment [19). We do not kinow
which of these speculations is correct, but the ability to
express functional aM domains gives us the opportu-
nity lo test them.

We conclude that the recombinant rat e, M-RBD and
the 30 kDa fragment of natural rat o,M are close
enough in their affinities that they can be thought of as
equivalent in their ability to bind to ithc human receptor.
Their similar affinities confirms earlier snggestions [26]
that carbohydrate is not important in binding of a-
macroglobulins to their receptor.

Although the rat g,M-RBD shares 60-75% identity
with the equivalent regions of other aMs, it lacks the
iwo cysteines present in the latter domains. Correct
folding of the cysteine-containing RBDs probably re-
quires disulfide formation, since we found that the re-
combinant human x,M-RBD was insoluble, and since
Sottrup-Tensen et al. {16] found that fragmentation, de-
naturation or reduction of the natural human oM re-
ceptor-binding fragment abglished its activity. Presum-
ably, the rat 2,M-RBD is able to fold spontaneously
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Fia. 3 Binding of recombinant rat g M-RBE to human fibroblasts.
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human g, M-methylamine (O). Error bars are standard seviations

from the mean using at least three data poinis per ligand concentra-

tion. One hundred percent binding was 771 ¢pm above a background
af 100 ¢pin

without the formation of a disulfide, thus facilitating
production of a soluble functional domain in E. cali.
The ready solubility and high level of expression of the
rat o, M-RBD makes it an excellent candidate for stud-
ies, such as site-directed mutagenesis, designed to detail
the mechanism and specificity by which the receptor
recognizes a-macroglobulins.
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