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Thiol-Disulfide Isomerization in Thrombospondin: Effects of Conformation
and Protein Disulfide | somer ase

By Evelyn M. Huang, Thomas C. Detwiler, Youli Milev, and David W. Essex

Thiol-disulfide isomerization in thrombospondin may affect
the function of this adhesive protein. Two assays were de-
veloped to analyze the determinants of thiol-disulfide ex-
change and to correlate this exchange with thrombospondin
conformation. (1) A competitive immunoassay for the EDTA-
conformation of thrombospondin was developed with
monoclonal antibody D4.6. (2) The free thiol(s) in thrombo-
spondin was labeled with [*H]N-ethylmaleimide (NEM) un-
der various conditions (the presence or absence of calcium,
temperature, and pH), and thrombin digests of the labeled
protein were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Consistent with pre-
vious reports, thrombin digest fragments of 150, 120, 20, and
14 kD were observed, each with radioactivity under some
condition, plus a 25-kD peptide that was not labeled. Se-
quence data for these fragments and comparisons of SDS-
PAGE analyses under reducing and nonreducing conditions

HROMBOSPONDIN (TSP) is a large multifunctional
protein released by activated platelets and by various
cellsin culture. It functions as an extracellular matrix protein
that has been implicated in rolesin cell growth and prolifera-
tion, in inflammation and in hemostasis and fibrinolysis. TSP
binds other extracellular matrix proteins and proteins in-
volved in hemostasis and fibrinolysis, such as fibrinogen,
fibronectin, plasminogen,* collagen,*® cathepsin G,* and plate-
let-derived growth factor.® For some proteins, binding is mark-
edly dependent on conformational changes in TSP related to
disulfide pairings® or cacium (Ca?*) concentration.®* Since
Zn** competes for C&?* binding sites on TSP but induces a
different conformation than Ca?*, TSP may be present in one
set of conformers in a-granules, where Zn?* levels are high,
and in a different set of conformers after release into the
plasma, where Zn?* levels are much lower.®

TSP also forms covalent complexes with itself and with
other proteins, such as thrombin, through thiol-disulfide ex-
change™ in reactions that are accelerated by chelation of
Ca?*, raising questions about the effect of Ca®* on TSP
thiols. TSP contains 69 cysteine residues in each of its three
identical polypeptide chains. Speziale and Detwiler'® estab-
lished that TSP has three free thiols (one equivalent/chain),
but, surprisingly, the single equivalent/chain was distributed
among at least 12 cysteine residues. They proposed isomer-
ization of disulfide bonds. In contrast Sun et a,** using differ-
ent experimental conditions, concluded that Cys”™ was the
only cysteine with a free thiol in TSP.

We re-examined the localization of TSP thiols and their
isomerization. Similar to our previous report’® we observed
isomerization of disulfide bonds of TSP in the supernatant
solution of activated platelets at pH 7.4 and room tempera-
ture when Ca?* was chelated. After purification of TSP, there
was no isomerization under those conditions, but isomeriza-
tion of purified TSP occurred when protein disulfide iso-
merase was added, when the temperature was increased to
37°C or when the pH was increased to 8.4. |somerization of
thiols was correlated with conversion to the EDTA-confor-
mation by a monoclonal antibody (MoAb) specific for the
EDTA-conformation.
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indicated that Cys?* was the free thiol. The appearance of
thiol label in the 120-kD fragment was previously shown to
be a consequence of thiol-disulfide exchange (J Biol Chem
265:17859,1990) and label was recovered in this peptide only
under conditions (absence of calcium, 37°C and pH 8.4)
that led to the appearance of the EDTA-conformation of
thrombospondin. Additional evidence for the correlation of
EDTA-conformation and thiol-disulfide exchange was the
enhanced conversion of thrombospondin to its EDTA-con-
formation in the presence of protein disulfide isomerase and
the inability of thrombospondin pretreated with NEM to at-
tain the EDTA-conformation. Flow cytometry with antibody
D4.6 revealed platelet-associated thrombospondin in the
EDTA-conformation in the presence of calcium, suggesting
that the EDTA-conformation is a physiological conformation
that does not necessarily require EDTA.

© 1997 by The American Society of Hematology.

The effect of protein disulfide isomerase (PDI) on TSP is
of specia interest. PDI, an endoplasmic reticulum protein
that facilitates protein folding, was only recently shown to
be on the external surface of the platelet plasma membrane
where it has catalytic activity against soluble substrates.*?
PDI can be released from the platelet by vesiculation of the
plasma membrane® and the potential for release of a soluble
PDI also exists.? Platelets were initially hypothesized to
release PDI on the basis of known intermolecular and intra-
molecular thiol-disulfide exchange reactions occurring in
TSP in the supernatant solution of activated platelets.”
Therefore, we examined the effect of PDI on purified TSP.

MATERIALS AND METHODS

Materials. N-[ethyl-2-°*H] maleimide (40 to 60 Ci/mmol) and
En®*Hance were from NEN Research Products, Dupont (Boston,
MA). A23187 was from CaBiochem Corp (San Diego, CA). Throm-
bin was a generous gift of Dr J. W. Fenton II, New York State
Department of Health (Albany, NY). Collagen was from Chrono-
log Corp (Havertown, PA). Heparin-agarose was from Pierce (Rock-
ford, IL). Leupeptin, PGE;, phenylmethylsulfonyl fluoride (PMSF),
CM Sephadex, DEAE Sephacel, molecular weight markers, adeno-
sine diphosphate (ADP) and MoAb MOPC 21 (in mouse ascites)
were from Sigma (St Louis, MO). MoAbs D4.6, and A6.1 (in mouse
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25 kDa 150 kDa Fig 1. Structure of thrombospondin. The frag-
: d 120 kDa 20 kDa ments are arranged about the main cleavage points
r 14 kDa at T*® and G*' and the additional cleavage site ap-
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ascites), which are specific for EDTA-treated TSP, were from
GIBCO-BRL (Gaithersburg, MD). MoAb C6.7, which recognizes
TSP equally in either Ca?* or EDTA containing solutions was a
generous gift of Dr W. Frazier (St Louis, MO). Polyacrylamide
gel electrophoresis (PAGE) reagents, goat antimouse 1gG akaline
phosphatase conjugate and alkaline phosphatase substrate kit were
from BioRad Laboratories (Richmond, CA). Fluorescein-conjugated
goat 1gG to mouse 1gG was from Organon Teknika Corp (Durham,
NC). Ten percent to 20% gradient precast Tricine gels and a second
set of molecular weight markers were from Novex (San Diego, CA).
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Fig 2. Partial thrombin digests of [PHINEM-derivatized, Ca-TSP.
One hundred twenty micrograms/milliliter Ca-TSP was derivatized
in 6 mmol/L EDTA at 24°C. The label was removed by dialysis over-
night as described in Materials and Methods. The labeled Ca-TSP
was incubated in TBS containing 6 mmol/L EDTA with 120 nmol/L
thrombin at pH 8.0 for 1 and 3 hours. The fragments were analyzed
with a reducing, 5% to 20% gradient gel (A) or with a nonreducing,
5% to 15% gel (B). The gels were stained, destained, and prepared
for fluorography. Fluorographs are shown.

proximately 60 residues (6 kD) from the C-terminus.
The multiple cysteines (Cys) with potential thiols are
within the calcium binding region (type 3 repeats) of
thrombospondin.™

Preparation of platelets. Whole blood was collected from
healthy volunteersinto 0.1 volume of 3.8% sodium citrate. Platelets
were prepared by differential centrifugation at room temperature.
One micromolar PGE; was added to the blood before centrifugation
at 300g for 20 minutes. The platelet-rich plasma (PRP) obtained was
further centrifuged at 1,000g for 20 minutes to pellet the platelets.
Platel ets were washed twice with HEPES buffer (150 mmol/L NaCl/
10 mmol/L HEPES/0.5 mmol/L EDTA, pH 7.4) containing 300
nmol/L PGE; and resuspended in Tris buffer (150 mmol/L NaCl/
20 mmol/L Tris, pH 7.4) (TBS) with 2 mmoal/L CaCl,. Platelets
were also prepared from newly outdated platelet concentrates ob-
tained from the hospital blood bank by the same procedure without
PGE;.

Preparation of supernatant from activated platelets. Platelets
were activated by 2 umol/L A23187 in the presence of 25 pg/mL
leupeptin at room temperature. One millimolar PMSF was added
before centrifugation at 1,000g for 20 minutes at 4°C to obtain the
supernatant. The supernatant was further centrifuged at 10,0009 at
4°C for 20 minutes to remove particulate materials.

TSP. TSP was prepared from activated platelet supernatant as
described by Speziale and Detwiler.™® Supernatant was loaded onto
a heparin-agarose affinity column equilibrated with TBS with 2
mmol/L CaC1l, followed by step wise elution with 150, 325, and
550 mmol/L NaC1l containing 2 mmol/L CaCl,. TSP was eluted at
550 mmol/L NaC1l and stored at —70°C. Thus, the TSP obtained
(prepared with Ca?* throughout) will be referred to in the text simply
as Ca-TSP. It was shown not to react with an antibody specific for
the EDTA-conformation (see Fig 5)."°

[®*H]NEM derivatization of TSP. The procedure was performed
as previously described.’® [*H]NEM stock solution was prepared by
mixing the labeled NEM in pentane to a volume of 100 mmol/L
bis-Tris-propane. Pentane was removed by a gentle stream of nitro-
gen. The concentration was adjusted to 500 to 700 ymol/L by adding
cold NEM. Six millimolar EDTA was added to supernatant TSP or
Ca-TSP before addition of 50 to 70 umol/L stock [*H]NEM. Incuba-
tion was performed at room temperature for 45 minutes under nitro-
gen. The reaction was terminated by incubation with 40-fold excess
of cold NEM for 20 minutes under the same conditions. Twelve
millimolar CaCl, was then added to the samples containing EDTA.
When purified TSP was labeled, the noncovalently bound label was
removed by overnight dialysis against TBS containing 2 mmol/L
Ca?*. When TSP in the supernatant was labeled, the labeled TSP
was subsequently purified by heparin-affinity chromatography as
described above.

Limited thrombin digestion and sodium dodecyl sulfate-PAGE
(SDSPAGE) analysis. The pH of diayzed TSP or TSP from the
heparin column was adjusted to pH 8.0 with 0.1 mol/L Tris base.
Thrombin was added to afinal concentration of 120 nmol/L. Diges-
tion was carried out using TBS in the presence of 6 mmol/L EDTA
or 2 mmol/L CaCl, at 37°C and was terminated by the addition of
SDS-containing sample buffer. TSP and proteolytic fragments were
analyzed with either 11%, 5% to 15%, or 5% to 20% Tris-glycine
gels under reducing or nonreducing conditions. The stained gels
were destained and treated with En*Hance for fluorography.

Peptide sequencing.  After separation of the thrombin digest pep-
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Fig 3. Effect of temperature and pH on derivatiza-
tion of TSP with [*'HINEM. One hundred fifty micro-
grams/milliliter Ca-TSP was incubated at 37°C for 30
minutes or adjusted to pH 8.4 with 0.1 mol/L Tris
base before derivatization with [PHINEM. Limited
thrombin digestion, SDS-PAGE on 5% to 20% gradi-
ent gels, and fluorography were as described in Ma-
terials and Methods. Shown here are fluorographs
of undigested TSP (0 hours) and 3-hour thrombin
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digestion in 6 mmol/L EDTA.

tide by SDS-PAGE, the N-terminal sequences were determined by
automated Edman degradation and phenylthiohydantoin (PTH)-
amino acid analyses. The sequencing was performed by the Protein
Sequencing Center at SUNY Health Science Center, using Applied
Biosystems (Foster City, CA) model 470A Gas-phase protein se-
quencer/Model 900A Controller/Data Processor (Standard sequenc-
ing cycle, Run 470-1) connected on line to a microbore HPLC PTH-
amino acid analyzer (Model 120A).

Purification of PDI. PDI was purified from newly outdated hu-
man platelets according to the procedure described by Hillson'® and
modified by Chen et al.™® Briefly, 10 to 20 U of washed platelets
were sonicated in the presence of 1% Triton X-100 (Sigma). After
centrifugation at 18,000g for 40 minutes, the supernatant was heated
at 55°C for 30 minutes. A 55% to 85% saturated ammonium sulfate
pellet was prepared and dissolved in 25 mmol/L citrate buffer (pH
5.0), dialyzed against the same buffer overnight before loading onto
a CM-Sephadex column, and eluted with the same buffer. PDI in
the void volume of the eluate was precipitated by 100% saturated
ammonium sulfate. The pellet was dissolved in 100 mmol/L phos-
phate buffer (pH 6.3) and dialyzed against the same buffer overnight
followed by DEAE-Sephacel chromatography. Elution was with a
gradient of 100 to 700 mmol/L NaC1l. Absorbance at 280 nm and
PDI activity (by the scrambled ribonuclease assay) were determined
in the collected fractions and purity was assessed by SDS-(7.5%)
PAGE.

Competitive immunoassays. Competitive immunoassays were

TIME(H) —QO——3—
PDI PDI
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designed to test the ability of different conformations of soluble TSP
to compete with antibody for binding to TSP on the plate. The plate
was coated with TSP containing 3 mmol/L EDTA overnight at 4°C.
The plate was washed with TBS before blocking with 0.5% bovine
serum abumin for 2 hours at room temperature. Three hundred
twenty micrograms/milliliter Ca-TSP was incubated in the presence
of 2 mmol/L Ca®* or 6 mmol/L EDTA under specified conditions
for 1 hour. In some experiments supernatant containing a similar
amount of TSP was incubated in the presence or absence of 6 mmol/
L EDTA. Sixty microliters of TSP was then added to 180 L solution
of MoAb D4.6 (1:20,000) or C6.7 (1:4,000) containing either 3
mmol/L EDTA or 2 mmol/L CaCl,. TSP was serialy diluted with
the same antibody solution. After 1-hour incubation at room temper-
ature, 80 pL of the TSP-antibody mixture was added in duplicate
to the wells and was incubated for another hour at room temperature.
The nonreacted antibody was removed by washing 4 times with
TBS containing 0.05% Tween 20. The plate was incubated with
goat antimouse 1gG akaline phosphatase conjugate for 1 hour. The
amount of antibody bound was determined by absorbance at 405
nm due to hydrolysis of p-nitrophenylphosphate.

Flow cytometry analysis.  Blood was collected from normal aspi-
rin-free adult volunteer donors through a 19-gauge needle into so-
dium heparin anticoagul ated tubes (Becton Dickinson, San Jose, CA)
giving 14.3 USP U of heparin/mL of blood. PGE; was added to a
final concentration of 1 umol/L to some of the samples. PRP free
of erythrocytes and leukocytes was prepared by centrifuging the

— {50 KDa
=L 120k0a

Fig 4. Effect of PDI on derivatization of TSP with
[*HINEM. One hundred microliters of purified platelet
PDI (43 pg/mL) was incubated with 200 umol/L GSH
for 20 minutes before the addition of 0.9 mL 150 ng/
mL Ca-TSP. After 30 minutes, TSP was derivatized,
digested, and analyzed as described for Fig 3. Shown
here are the fluorographs of the reduced gels of undi-
gested TSP (0 hours) and a 3-hour thrombin diges-
tion in 6 mmol/L EDTA.
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Fig 5. Characterization of Ca-TSP and EDTA-TSP by competitive immunoassay with MoAb D4.6. EDTA-TSP was prepared similarly to Ca-
TSP (see Materials and Methods), except that 5 mmol/L EDTA was added to the activated platelet suspension after aggregation occurred,
before the separation of the supernatant from platelets. EDTA-TSP was then purified from EDTA-containing supernatant by the same procedure
as described for Ca-TSP using Ca®* -containing buffers. The microtiter plate was coated with 10 ug/mL TSP containing 3 mmol/L EDTA at 4°C
for overnight. After incubation of Ca-TSP or EDTA-TSP in either 2 mmol/L Ca** or 6 mmol/L EDTA for 1 hour at 37°C the TSP was diluted into
solutions containing MoAb D4.6 with 2 mmol/L Ca®* or 3 mmol/L EDTA. After 1 hour, the mixtures were added to the wells coated with TSP
to determine the amount of antibody free to bind to the coated TSP. After washing four times, antibody bound was detected by the color
reaction of p-nitrophenylphosphate with alkaline phosphatase coupled to a secondary antibody as described in Materials and Methods. The
absorbance in the absence of competing TSP was taken as 100%. Competition by TSP is the reciprocal of antibody bound to plate, expressed
as percent of maximum. Shown here are the competition curves using TSP (means * SE of four separate experiments) that had been incubated
for 1 hour in either 2 mmol/L Ca®* (0J) or 6 mmol/L EDTA (O). It shows that Ca-TSP can be converted to the EDTA-conformation, but that the
reverse does not occur.

whole blood at 300g for 20 minutes. The plateletsin the heparinized peptides are placed in a linear sequence of TSP in Fig 1.
PRP, which did not contain PGE; were activated with A23187 (2 The positions are consistent with the assignments of similar
pmol/L), ADP (20 umol/L), or collagen (10 pg/mL) for 5 minutes peptides by Lawler et aY based in part on identification
after which a predetermined amount of the MoAb C6.7 (1:4,000), with MoAbs. (Our peptides of 150, 120, 25, 20, and 14 kD

D4.6 (1:20,000), or A6.1 (1:160) to provide saturating concentrations -
was added for 20 minutes at room temperature. The platelets were presumably are equivalent to those of 160, 130, 30, 25, and

pelleted a 1,000g for 20 minutes, resuspended in 50 uL of PBS ~ 18 kD reported by Lawleretd.) _

filtered through a 0.2-um filter and containing 0.1% sodium azide, Because of apparent contradictions in the literature, we
and incubated with fluorescein isothiocyanate (FITC)-labeled goat ~ examined experimental conditions that might affect localiza-
antimouse 1gG for 20 minutes at room temperature in the dark. An tion of thiols of TSP. As described here, the location of
isotype specific MoAb MOPC 21 (raised against mineral cil) was  thiols depends on the conditions of |abeling. When Ca-TSP
used as a negative control for the primary antibodies with both (ie, purified in Ca?*-containing buffers) was labeled with
nonactivated and activated platelets. The platelets were again pel-  NEM i the presence of 6 mmol/L EDTA at room tempera-

leted, resuspended in 1 mL of filtered phosphate-buffered saline . . . . .
(PBS), and analyzed by flow cytometry using a Becton Dickinson ture, pH 7'A." anq t.hen partially dlg&:tgd with thrombin (Fig
2), the radioactivity was recovered in fragments of 14-,

FACstar plus flow cytometer as previously described.”**® Results >
were expressed on histograms of log-platelet fluorescence on the ~ 20-, ad 150-kD, but not in the 120-kD fragment. By refer-

abscissa and platelet number on the ordinate. ence to Fig 1, it can be deduced that the label must have
beenin the 14-kD piece beginning with Gly®™". That is, Cys’™™
RESULTS must have been the predominant, if not the only, free thial,

[*H]NEM labeling of free thiols in TSP. Digestion of consistent with the conclusion of Sun et al.** Nonreduced
TSP in EDTA with thrombin gave fragments of 150, 120,  €lectrophoresis (Fig 2B) showed that there was alabeled 14-
25, 20, and 14 kD on SDS-PAGE. When free thiolsof TSP~ kD fragment but not a labeled 20-kD fragment, indicating
were labeled with [*H]NEM in the supernatant solution, con-  that Cys™*® was disulfide bonded to the remainder of the
taining 6 mmol/L EDTA, all but the 25-kD peptide were ~ molecule.
labeled. This is essentialy the same as previously described When Ca-TSP was labeled in the presence of 6 mmol/L
with [*C] iodoactamide-labeled TSP. It is consistent with ~ EDTA at a higher temperature (37°C) or higher pH (8.4),
multiple sites of free thiol. The N-terminal sequence of the  radioactivity was also recovered in a 120-kD fragment after
120-kD peptide, T*NYIGHKTKD, was identical to that of digestion with thrombin (Fig 3). This is consistent with the
the 150-kD peptide, whereas the N-terminal sequence of the conclusion of Speziale and Detwiler’® that the position of
14-kD peptide, G*™* TSONDPNWYV, was identical to that of  the thiol was randomized before or during labeling. The
the 20-kD peptide. These data indicate that the 120-kD pep- difference between the results reported here and those of
tide was a fragment of the 150-kD peptide and that the 14- Speziale and Detwiler™ is that they found label in the 120-
kD peptide was a fragment of the 20-kD peptide. These kD peptide at room temperature, while we found it only at
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Fig 6. A competitive immunoassay showing the effect of PDI on
conversion of Ca-TSP to the EDTA-conformation. Forty-three micro-
grams/milliliter PDI was incubated with 200 umol/L GSH for 20 min-
utes before addition of Ca-TSP in 6 mmol/L EDTA. After 45-minutes
incubation at room temperature, TSP was diluted into a solution
containing antibody D4.6 and the competitive immunoassay was per-
formed as described in Fig 5. The results are means + SE of six
separate experiments. (O), control TSP; (¢ ), TSP with GSH; (O), TSP
with PDI + GSH.

37°C. The difference in experimental conditions is that they
labeled in the supernatant solution, while we purified TSP
before labeling. A possible explanation is the reported pres-
ence of protein disulfide isomerase in the supernatant solu-
tion of activated platelets.**** PDI-catalyzed isomerization

3209

of disulfide bonds in the supernatant solution would explain
the discrepancy.

Incubation of Ca-TSP in the presence of 6 mmol/L EDTA
with PDI at room temperature before derivatization led to
recovery of label in the 120-kD fragment (Fig 4). This appar-
ently was caused by the catalytic activity of PDI and not
simply caused by a protein-protein interaction, because we
were unable to reproduce this result using fibronectin, a pro-
tein known to bind to TSP, instead of PDI. Since the appear-
ance of thiol in a new location was not associated with
incorporation of additional radioactivity, it apparently was
due to isomerization of disulfide bonds rather than to reduc-
tion of disulfide bonds. We conclude that the single equiva
lent of thiol is at Cys™ in freshly secreted TSP (representing
the Ca?*-conformation of TSP), but that under certain condi-
tions it can quickly become isomerized to positions in the
putative Ca?*-binding domain with its many cysteines.

Competitive immunoassay to detect conformational
changes in soluble TSP. The enhancement of the isomer-
ization of disulfide bonds by elevated pH, physiological tem-
perature, and incubation with PDI did not occur in media
containing 2 mmol/L CaCl, (data not shown). Thus, the
changes could be due either to direct effects on disulfide
bond isomerization or to indirect effects on the attainment
of the EDTA-conformation,*® a poorly defined conformation
of TSP that exists in TSP when C&* is chelated, and, as
shown in this report, in other conditions as well.

To assess the different conformations of TSP, we devel-
oped a competitive immunoassay using the MoAbs D4.6,"°
which has been shown to react only with EDTA-treated TSP,
and C6.7,% which has been shown to react equally with TSP
in either Ca®* or the EDTA containing buffers. As expected
CaTSP and EDTA-TSP competed equally well for the con-
trol antibody (C6.7) when the incubation was with either 2
mmol/L CaCl, or 6 mmol/L EDTA (data not shown). In
contrast, Ca-TSP competed for antibody D4.6 only when the
incubation was in the presence of excess EDTA, whereas
EDTA-TSP competed when the incubation was in Ca2* or
in excess EDTA (Fig 5). These results are consistent with
the idea that the Ca?*-conformation readily converts to the
EDTA-conformation on remova of Ca?*, but the EDTA-
conformation does not readily convert to the Ca?*-conforma-
tion when Ca" is restored.?® Thus, to study the conversion
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Fig 7. A competitive immunoassay showing the +Z
effect of prelabeling TSP with NEM on conversion to g § 601 1 i 1
the EDTA-conformation. Supernatant TSP was deriv- =5 =
atized with [*HINEM in the presence of 2 mmol/L 8o\o
Ca?*. The labeled TSP was purified by heparin-affin- N 40 ] [ ]
ity chromatography as described in Materials and 0O %
Methods. Three hundred fifty micrograms/milliliter 85 20| 1 - 1
Ca-TSP or NEM-TSP was incubated at 37°C for 30 = TSP NEM-TSP
minutes before addition of MoAb D4.6 as described <zt ! - - - s : . .
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experiments. ((J), 2 mmol/L Ca?*; (O), 6 mmol/L
EDTA.
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of one conformation to the other, EDTA was added to Ca-
TSP.

In a similar experiment, Ca-TSP at pH 7.4 was adjusted
to pH 6.4 or 8.4 and then incubated at room temperature or
at 37°C for 45 minutes in 6 mmol/L EDTA. The competitive
immunoassay with MoAb D4.6 was used (as described for
Fig 5) to analyze TSP conformations. More Ca-TSP formed
the EDTA-conformationin an EDTA buffer at room temper-
ature when the pH was 8.4 than when it was 7.4 or 6.4, but
at 37° the EDTA-conformation was formed independently
of pH. In a Ca?*-containing buffer, there was no EDTA-
conformation at any of those pHs. TSP in the supernatant
solution (ie, before purification) formed the EDTA-confor-
mation at room temperature when EDTA was added without
the necessity of increasing the pH.

When purified Ca-TSP wasincubated at room temperature
in an EDTA-containing buffer at pH 7.4 (a condition that
results in little EDTA-conformation), the addition of PDI
caused an increased conversion to the EDTA-conformation
(Fig 6). Our interpretation of this experiment is that PDI
accelerates the conversion of TSP to the EDTA-conforma-
tion by catalyzing thiol-disulfide isomerization of interna
disulfide bonds as suggested by Sun et al.™* To test this, we
first blocked the presumed single thiol of supernatant TSP
(from Fig 1, we consider this to be Cys™) by reaction with
NEM. CaTSP and NEM-TSP competed equally for anti-
body C6.7 in either Ca2* or EDTA-buffer (not shown), but
NEM-TSP was not converted to aform that could react with
D4.6 in an EDTA-buffer (Fig 7). Since previous studies
provided evidence of different reactivities for TSP thiols™
the present results suggest that the most reactive thiol is an
accessible Cys™ and that thiol-disulfide exchange involving
this thiol is required for the EDTA-conformation.

Binding of MoAbs C6.7 and D4.6 to platelets by flow
cytometry. We initialy found that gel-filtered platelets on
activation with A23187 in the presence of Ca?* showed sub-
stantially enhanced binding of D4.6 (which is specific for
the EDTA-conformation of TSP) when compared with plate-
lets not activated with A23187. To further study whether the
EDTA-conformation of TSP could be detected on platelets
in the presence of Ca?*, we incubated activated platelets in
heparinized PRP with the antibody D4.6. Flow cytometry
analysis of the platelets was performed as described in Mate-
rials and Methods. Figure 8 shows that there was binding of
DA4.6 to activated platel ets with little binding to nonactivated
platelets and that this binding was similar to that of antibody
C6.7 (which recognizes TSP in either the Ca2* or EDTA-
conformation). An isotype specific control antibody bound
to neither non-activated nor activated (Fig 8C) platelets. Ex-
periments performed with another antibody specific for
EDTA-treated TSP (A6.1) and with other platelet agonists
(ADP and collagen) revealed similar results. Additional con-
trol experiments showed that D4.6 recognizes Ca-TSP much
less well than CaTSP incubated in EDTA when TSP is
bound to plastic surfaces (Fig 9). Therelatively poor binding
of D4.6 to Ca-TSP on a plastic surface, in contrast with the
binding to TSP on the platelet surface in the presence of
Ca?*, suggests that specific interactions on the platelet sur-
face facilitate the conversion of TSP to a conformation rec-
ognized by D4.6.
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Fig 8. Flow cytometry analysis of platelet TSP using the antibod-
ies C6.7 and D4.6. Fifty microliters of PRP from heparinized blood
was incubated at room temperature for 20 minutes with MoAb C6.7
(A) or D4.6 (B), with or without prior activation by A23187. (C) Shows
the isotype specific control antibody, MOPC 21, which had been in-
cubated with activated platelet. After a second incubation with
FITC-labeled goat antimouse IgG the platelets were analyzed by flow
cytometry as described in Materials and Methods. The log of fluores-
cence is indicated on the abscissa and cell count on the ordinate.

DISCUSSION

In this study we have shown a correlation between the
EDTA-conformation of TSP and the randomization of the
single thiol/polypeptide chain among the 10 or so cysteines
in the putative Ca?* binding domain. We have also demon-
strated for soluble TSP that while the Ca2* conformation can
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Fig 9. Binding of antibodies D4.6 and C6.7 to solid phase TSP. Ten
micrograms/milliliter Ca-TSP or NEM-TSP (prepared as in Fig 7) in 2
mmol/L Ca** (N) or 3 mmol/L EDTA (H) was coated on the microtiter
plate overnight at 4°C. MoAbs D4.6 or C6.7 in either Ca®*- or EDTA-
containing buffers were added and the immunoassay was performed
as described in Materials and Methods using a 1-hour incubation at
room temperature. The maximum binding for TSP in the presence of
EDTA was taken as 100%. The results (means + SE of three separate
experiments) are expressed as the percent of maximum.

be converted to the EDTA-conformation, the reverse reac-
tion occurs dowly if at al. Thisis consistent with the finding
of others for solid phase TSP,"*% but differs from the find-
ings of Dixit et a for TSP in solution. There remains the
question whether disulfide bond isomerization is necessary
for formation of the EDTA-conformation or whether the
isomerization only stabilizes a conformation that otherwise
would represent only a small fraction of the TSP molecules.
The difference between these two mechanisms is, however,
largely technical; without disulfide bond isomerization, there
is little of the EDTA-conformation.

This shifts the question to the significance of the EDTA-
conformation. The reactions of TSP with thrombin, collagen,
and cathepsin G, as well as the isomerization of disulfide
bonds, all require the absence of Ca2*, and it is possible that
this is because they require the EDTA-conformation. Many
proteins are known to undergo conformational changes upon
binding to another protein or onto some surfaces. Fibronectin
was shown to reveal afree thiol when bound to polystyrene
beads.?* Upon binding to fibrinogen at the low affinity site,
glycoprotein lIb/llla expressed a new high affinity site for
fibrinogen.?® For TSP, binding to its putative receptor, CD36
(glycoprotein 1V), also involved a two-step process. The
low affinity binding to CD36 sequence 139-155 induced a
conformational change in TSP, which exposed a high affinity
site, for the CD36 sequence 93-110.2 This conformational
change may or may not represent the conversion of TSP
into its EDTA-conformation, but it raises the possibility that
binding of TSP to a protein or a surface may allow TSP to
achieve its EDTA-conformation in the presence of calcium.
In flow cytometry studies we observed most TSP bound to
the surface of activated platelets was recognized by antibod-
ies specific for the EDTA-conformation suggesting that the
EDTA-conformation is native for platelet-bound TSP. Since
EDTA treatment of purified TSP has been shown to enhance
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TSP s binding to certain proteins®>*? this finding is of possi-
bleimportanceto the physiologic rel evance of this conforma-
tion of TSP. This is aso consistent with the notion that
interactions of certain proteins with TSP may mimic the
effect of EDTA on TSP, alowing PDI to facilitate the con-
formational change in TSP in the presence of Ca®*.

It is possible that isomerization of disulfide bonds may
modify some TSP functions. Preliminary studies have noted
that the binding of platel et-derived growth factor to TSP was
markedly dependent on the specific disulfide conformation
of TSP.®> TSP’ sinhibition of the proteases neutrophil elastase
and cathepsin G al so appears to be dependent on the disulfide
conformation of TSP.?® Furthermore, reduction of TSP with
DTT exposes the RGD sequence, substantially enhancing
the cell adhesive activity of TSP.** DTT concentrations re-
quired to enhance the adhesive activity of TSP were 10-fold
lower when Ca?* was chelated with EDTA. Since isomeriza-
tion of disulfide bondsin TSP occurs primarily in the region
of TSP surrounding the RGD sequence® it seems likely that
this process would also modulate TSP’ s adhesive function.
While little is known about the effect of PDI on native
proteins the evidence presented here suggests TSP may be
a substrate and raises the possibility that other platelet or
plasma proteins are regulated by this enzyme.
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