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Spontaneous thioester bond formation in a,-macroglebulin, C3 and C4
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Purilied a-mucroglobulin iund complement proteins €3 and C4 were treated with wnunonii ta break their intramalecular thioester Bands and reform
the ariginul free eysteinyt and glutamyl side chains, When this reaction wis performed at low wempentture o conformutionn! intermediate was
wrupped which lacked u thivesier, but whigh could refald 1o the native structure and spontancously reform the thiaesier wnd full biotogieu! function.
The findings suggest that these proteing may underga spantancous post-translilional sell-wmodification forming the thinesters withaul invalvenian

of enzymes or high cnergy metabaliles such us ATP.

a-Microglobuling Prateise inhibitor; Complament 3; Camplement 4; Poststranslutional protein modification

. INTRODUCTION

Formation of u thiocester bond between the side
chains of the amino acids cysteine and glutamine in a
single polypeptide is rure. but occurs in three human
plasma proteins involved in complement and congula-
tion [1-6). This bond results from a posttranslational
modification which joins a cysteinyl -SH to u glutamyl
residue with expulsion of ammeniu.

Thicester-contuining proteins fall into two functional
clusses, a,-Macroglobulin (M) is 4 proteinuse inhibi-
tor with broad specificity. Proteases are lirst attracted
to a ‘bait region' of a,M then ure both physically
trapped in a molecular cige and covalenily linked to the
inhibitar viz the thioester site (reviewed in {7}). The
complement proteins C3 and C4 are homologous [8) to
&M, but utilize the thicester to covalently attach tham-
selves to pathogens and other purticles on which ths
complement system is uctiviting [9,10]. Covalent at-
tachment is largely nonspecific allowing attachment to
sugars or proteins on the surfuce of any organism.

A recent report described thioester reformation in C3
lollowing treatment with ammonia [11]. This is now
shown to be u general phenomenon shared by €4 and
a.M suggesting that all three proteins possess an uclive
site [12] which functions intramolecularly to condenss
the Cys und Gln side chains,

1. MATERIALS AND METHODS

CA{13.14), CA [15] and &M [6) were purified fom humisn plasma
as previously described. Teypsin was purchused from Sigma and rudi-
oiadinated to approximutely | #Cilug using lodagen (Pierce),
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Thiosster-dependent fungtivn of oM wis usanyed by mensuring its
ubility (o couple cavalently ta trypsin, Snmplex were mised with 10 4M
HgCl: to Block further thivesier refarmution sand i 3-fold molar exvess
of ["*Lieypsin in PBS pH 7.4 contuining 0.1 % gelatin wis udded, After
incubation for § min w 254C covalent attachment was assessed by gel
chramatography through S300HR (0,630 em) ufler denuturation in
4 vols, af 9 M guunidine. The amount of native C3 reformed was
determtingd by HPLC on 1 Mane 8 column (Phanmacia) or by hemae.
bytie funetion ax previously describied {11], Whare necessury ammonia
was rapidly remaved by centrifugal desalting through Sephadex G.23,
Thivester reformution in $4 was determined at 37*C ulter 500-fold
ditution inta complement assuy buffer (1 1% gekutin, § M sodium
Bacbitad, 145 mdd NaCl, 10paM HgCl, |, pH 7.4). Thioester-dependent
hemolytic setivity wis ansessed by measuring lysis of antibody-conted
stoep erythroeyet ineubted in Cdedepleted tumin serum {16},

3. RESULTS

Thioesler-containing proteins were trented with am-
monia to veform the eriginal Cys and Gln residuss pres-
ent immediately after translation. The reaction with am-
monia at low temperature (Fig. 1) allowed the accumu-
lation of u conformitional intermediate which in the
case of C3 can be isolated by cation exchange HPLC at
a pH near the pl of C3 (peak 2, Fig. 2), This intermedi-
ate has been shown to lack an intact thicester [11]. The
ability of this intermediate to refold during incubation
at higher temperatures {25°C) to the native structure
and reform the thioester bond is illustrated in Fig. 3.
Fig. 3 also shows the spontansous recovery of thioester-
dependent functions by &M and C4. In sach case the
native protein containing the thicester was purified
from human plasma, incubated with ammonium chlc-
ride at pH 8.4 between 0°C and 5°C and the amimonia
was then rapidly removed or diluted. During incubation
in the absence of ammonia C3 regnined more than 70%
ol its activity over 2 h. &M which had been 90% inac-
livated regained 279 of its ability to covalently attach
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Fip. 1. Rutes of inaativation af thicesier-dependent functions of C3
and 2;M incubited with 100 mM N, Cl at $°C ut pH 8.4 (70 mM
bicine. 70 inM NaCl)

te trypsin, & M inactivated only 50% by brief exposure
{11 at 5°C) to u higher concentration of ammoniu (200
mM) was uble to regain 809% of the inuctivated thioester
function (not shown). C4 exhibited the poorest recavery
increasing from 5% active to only 79 active alter 2 h ut
A7°C. The relative inefliciency of reformation by €4
may be due to the fuct that this protein is o three chain
molecule [16] huving undergone two proteolylic post-
translutional meditications. The presence of the SH
blacking agent mereury chioride (104M) prevented the
recovery of functional agtivity of all three proteins. but
did not affect preexisting activity.

Higher temperatures were required to reform signifi-
cant levels of functional C4 and M than to reform C3.
As Fig. 4 iltustrates little or no @M funclion wus recov-
ered ut 25°C, while this was the optimal temperature for
Ca.
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Fig. 2. lsolation by cation exchange HPLC ol s conformationa! inter-

medinte (CHNH N trupped during inastivation of €3 with ummoniy

at 5%C (30 miin as in Fig. 1). Chromutography was performed on a4
Mona 8 column at pH 6 as previcusly deseribed [11],
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Fig. 3. Refarmation of thiessier-dependent functions of @y M, Cland
C4 after weatmens with and removal of amimonia. 2,M (E.4 mg/ml)
wis incubaied for 18 h a1 0°C with 0.1 M NHM, Cl in 70 mM bicine.
70 mM NaCl at pH 84, Ammonia was removed and the protein
transferred 10 20 mM sedium phosphate, 140 mM NaCl pH 7.4 by
centrilugal desuiting through Sephidex G-25 at 4°C. Thioesier refars
nLition wag initigted by plucing the sumple at 37°C at 2ero time (min).
Sumples were remaved, and assuyed for thioestersdependent atuchs
meat to [*)irypsin, C3 at 3 mg/ml was tredied with 50 mM NH, Cl
in 50 mM bicise, 60 in™M NaCl pH 3.4 for 40 min a1 25°C. Ammonia
wis removed by centrifugul desalting in 80 mM bigine, 60 mM NaCl
pH &4 a1t 4*°C. Thioester reformation was inilinted by plaging the
snmple at 35°C ul zero time, Sumples were removed and the amount
of native C} refarmed wus delermined by HPLC as previously de-
seribved [11]. €4 (0.55 mg/ml) was treated for 24 hat 0°C withQ.2 M
NH, € in 50 mM bicine, 70 mM NaCl oM 8.4, Thioester relormition
wits (ollowed at 37°C by medsuring thioester-dependent hemolytic
uclivity. No thioester-dependent activity wis reformed by uny af the
thiree prateing if 10 uM HgCly was added at zero time.

4, DISCUSSION

Speculation on the mechanism of thioester formation
has focused on similarities with the thioester of
transglutaminases [11.17,18]. These bonds arise be-
tween Cys and Gln residues on separate proteins and
the reaction proceeds without high energy metaboliles
[19]. Several reports, however, have suggested that
cofactors are required for intramolecular thioester for-
mation [20] and in one case that a C3-specific cofactor
might be necessary [21].

As illustrated in Fig. 3, all three human plasma pro-
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Fig. 4. Temperature dependence of thiosster reformation illustrated
by poor recovery of @M at the optimal temperature of C3 reformation
(25°C).

teins are capable of spontaneously regaining their thios-
ster-dependent functions after inactivation by ammeos
nia. In each case reformation requires an unblotked
-SH group suggesting that the process involves the sin-
gle thioester-derived Cys and is similar to reformation
in C3 [11]. C3 has been shown to undergo a siepwise
conformatienal change following scission of the thioes-
ter by nucleophiles [11,22-24]. One of these intermedi-
ates, designated C3(NH,)* when ammonia was the nu-
cleophile, was trapped at low temperature and sepa-
ruted by HPLC from native C3 and other conforma-
tional forms. No comparable separation method has
been found for the putative intermediates of &.M or C4.
isalated C3(NH,)" was shown to be capable of efficient
thioester reformation and structural refolding to the
native form [!'1]. Conformers arising subsequent to
C3(NH,)" in the unfolding pathway were not
able to reform the thioester. The data suggests that @.i
also passes through a relatively stable intermediate form
before unfolding to a stable form. Rapid conversien to
the intermediate with minimal time for unfolding to the
final conformation allowed the demonstration of a
thioester reformation efficiency of §09% for @M, similar
to that for C3, Thermodynamic measurements on C3
indicated that the Gibbs frec energy of thioester forma-
tion and protein refolding was +5.2 keal/mol and that
refolding to the native form was kinetically favored over
further unfolding to a stable confermation lacking a
thioester bond [11]. Present dala suggest similar kinetics
and thermodynamics characterize ¢, M, but that refor-
mation is hitidered in C4.
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These findings suggest that the thioester bond forms
during folding of the proteins and requires only the
energy derived from packing of the polypeptide chain,
This post-translationul self modification is stuble untii
proteolysis initiates a large conformational change and
activates the thioester site permitting nonspecific cova-
lent attachmens of the proteins to their targsts vin amide
or ester bonds,
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