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ABSTRACT: The high-affinity binding site in human vitronectin (VN) for plasminogen activator inhibitor-1
(PAI-1) has been localized to the Miterminal cysteine-rich somatomedin B (SMB) domain (residues
1-44). A number of published structural and biochemical studies show conflicting results for the disulfide
bonding pattern and the overall fold of the SMB domain, possibly because this domain may undergo
disulfide shuffling and/or conformational changes during handling. Here we show that bacterially expressed
recombinant SMB (rSMB) can be refolded to a single form that shows maximal activity in binding to
PAI-1 and to a conformation-dependent monoclonal antibody (mAb 153). The oxidative refolding pathway
of rISMB can be followed in the presence of glutathione redox buffers. This approach allowed the isolation
and analysis of a number of intermediate folding species and of the final stably folded species at equilibrium.
Competitive surface plasmon resonance analysis demonstrated that the stably refolded rSMB regained
biological activity since it bound efficiently to PAI-1 and to mAb 153. In contrast, none of the folding
intermediates bound to PAI-1 or to mAb 153. We also show by NMR analysis that the stably refolded
rSMB is identical to the material used for the solution structure determination [Kamikubo et al. (2004)
Biochemistry 436519] and that it binds specifically to mAb 153 via an interface that includes the three
aromatic side chains previously implicated in binding to PAI-1.

Vitronectin (VN) is a 75 kDa adhesive glycoprotein found

cell adhesion and migration on VN%—18). The interaction

in the circulation and extracellular matrix of many tissues between PAI-1 and VN may also be clinically important

(1. It plays a significant role in a number of physiological

since elevated levels of active PAI-1 are not only associated

processes such as cell adhesion, cell migration, modulationwith several thrombotic diseases such as myocardial infarc-
of the immune system, and regulation of blood coagulation tion and deep vein thrombaosi&9) but also indicate a poor

and fibrinolysis {, 2). This range of functions seems to
reflect the ability of VN to interact with numerous partner
proteins 8). One important binding partner for VN is type
1 plasminogen activator inhibitor (PAI-1), the primary

inhibitor of both tissue- and urokinase-type plasminogen

prognosis for survival in several metastatic human cancers
(20). These observations suggest that the diverse physiologi-
cal functions of VN may be mediated, at least in part, through

these effects on PAI-14( 21).

The high-affinity binding site for PAI-1 has been localized

activators. Although PAI-1 is a member of the serine proteasey the somatomedin B (SMB) domain at the N-terminus
inhibitor (serpin) superfamily, it has several unique properties (amino acid residues-144) of VN (22—24). The SMB

that distinguish it from other serping)( For example, PAI-1

is conformationally unstables), and it rapidly decays into
an inactive “latent” form in solution by spontaneous insertion
of its reactive center loop (RCL) into the mathsheet of
the molecule §—8). Moreover, PAI-1 is a trace protein in
blood, and it circulates in complex with VN{12). PAI-1
binds to VN with high affinity, and this interaction stabilizes
the inhibitor in its active conformation by restricting move-
ment of the RCL of the inhibitor and preventing its insertion
(13, 14). The binding of PAI-1 to VN also alters the adhesive
properties of VN, and it is now clear that PAI-1 regulates

T This work was supported by NIH Grants HL31950 to D.J.L. and
CA27489 to H.J.D.

domain contains eight Cys residues arranged into four
disulfide bonds, and correct disulfide linkages in this domain
are required for PAI-1 binding26—27). Several recent
studies provide insights into the structure of this important
domain. For example, we recently isolated an active form
of recombinant SMB (rSMB) from transformétscherichia

coli and presented data to suggest that the four disulfide
bonds were arranged consecutively in a linear uncrossed
pattern (Cy3-Cys, Cys®—Cys?, Cys®—Cys™, and Cy&—
Cys®) (see Figure 1A)Z5). The solution structure of this
active form of rSMB was determined by NMR spectroscopy
(28) and suggested that the four disulfide bonds were tightly
packed in the center of the domain, replacing the traditional

* Correspondence should be addressed to this author: phone, 858hydrophobic core expected for a globular protein (Figure 1B).
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The few non-cysteine hydrophobic side chains (e.g.2t,.eu
Tyr?’, and Tyf®) form a cluster on the outside of the domain,
providing a distinctive binding surface for PAI-1 (Figure 1B).
This hydrophobic surface consists mainly of side chains from
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Ficure 1. Preparation and analysis of the SMB domain. (A) Construct used to express the SMB domain. As indicated, recombinant
VN1-51 containing the SMB domain was produced by cyanogen bromide (CNBr) cleavage of BNtk describedf). Recombinant
VN1-45 was then prepared by trypsin digestion of r\NBIL. (B) Solution structure of the active form of rSMB8) showing the side

chains of residues that have been identified in mutagenesis experir@@nts form the PAI-1 binding site. Side chains of Asp 22 (green),

Glu 23 (light green), Leu 24 (coral), Tyr 27 (orange), and Tyr 28 (yellow) are shown in space-filling representation, with oxygen atoms in
red. Structure prepared in MOLMOI49).

the loop formed by the Cy¥%-Cys* disulfide bond and is  form of SMB employed in our studies is correctly folded to
surrounded by conserved acidic side chains (e.g.?%esm the lowest energy state and that intermediate isomers are
Glu?3), which are likely to contribute to the specificity of inactive. Further, we show by comparison of the NMR
the intermolecular interactions of this domain (Figure 1B). spectra that rSMB (residues-#5) obtained by refolding of

In another study, Zhou et aR9) reported the X-ray crystal ~ the reduced, denatured protein and the folded portion of
structure of rSMB in complex with PAI-1. The inferred r'SMB (residues +51) obtained by affinity chromatography
binding interface between the SMB domain and PAI-1 was (25, 28) are identical in structure and capable of binding the
consistent with our NMR-derived solution structug8)and conformation-specific monoclonal antibody mAb 153 as a
with previous mutagenesis dat&7( 30—33) and again model for PAI-1 binding. Taken together, these results show
showed that the functional residues of the SMB domain were that the stable form of the recombinant protein corresponds
arranged in a contiguous patch on the surface (Figure 1B).to the lowest thermodynamic energy state and that this state
Although the backbone fold from the X-ray structure was s fully active in the PAI-1-binding assay.
quite consistent with our NMR structure, the disulfide bond
arrangements derived from the two studies differed. These EXPERIMENTAL PROCEDURES

differences raised the possibility that the overall fold of the  Materials. All chemicals were of the highest analytical
active SMB molecule may be compatible with additional grade commercially available. Materials were obtained as
arrangements of the disulfide bonds, and this hypothesis hagollows: cyanogen bromide (CNBr), ampicillin, kanamycin,
some theoretical and experimental supp@8)(However,  carbenicillin, reduced glutathione (GSH), oxidized glu-
all of these structures2g, 29) contain the disulfide bond  tathione (GSSG), 4-methylumbelliferplguanidinobenzoate
between Cy¥ and Cy$' that defines the PAI-1-binding  hydrochloride (MUGB), and dimethy sulfoxide (DMSO)
hydrophobic surface. were from Sigma (St. Louis, MO); trifluoroacetic acid (TFA)
The complexities of this issue have been compounded bywas from Pierce (Rockford, IL); high-performance liquid
recent NMR studies of the SMB domain isolated from chromatography (HPLC) grade acetonitrile was from EM
plasma VN 84, 35). Although the structure statistics indicate Science (Gibbstown, NJ); isotopically labeled compounds,
that the solution structure determinati@) is of extremely including*>NH,CI, (**NH,),SO,, and [*Cg]glucose were from
low quality, these authors nevertheless conclude that theCambridge Isotope Laboratories (Andover, MA); dithiothrei-
disulfide bond arrangement and overall fold of the plasma tol (DTT) was from Bio-Rad Laboratories (Hercules, CA);
VN-derived SMB domain differ significantly from that trypsin (sequencing grade) was from Roche Diagnostics
reported in the previous studie®g 29). Importantly, the (Indianapolis, IN). High molecular weight urokinase plas-
Cys>—Cys*! disulfide bond is not present, and the hydro- minogen activator (UPA) was purchased from EMD Bio-
phobic interaction face is no longer defined. An explanation sciences (La Jolla, CA), and urea-activated VN was prepared
for these differences was suggested by Mayasundari et alas described previously3€). Anti-VN mAb 153 was
(34): the bacterially expressed rSMB forms used by Ka- generated in mice immunized with urea-activated human VN
mikubo et al. 28) and Zhou et al. Z9) might represent  as reported 43). This mAb recognizes and binds to the
disulfide-scrambled intermediate isomers of the “native” conformation-dependent epitope created by residue822
SMB domain obtained from plasma. It is possible that the of the SMB domain 28, 30). A Fab fragment of mAb 153
two forms of the domain, recombinant and plasma derived, was prepared using the ImmunoPure Fab preparation kit
do in fact have different structures and that these forms of (Pierce). In brief, mAb 153 (7 mg) was incubated with 3.6
the protein differ in PAI-1 binding activity. However, inthe  mL of a 50% slurry of papain-immobilized gelrfé h at 37
absence of a definitive structure for the plasma-derived SMB °C, and then the digest was subjected to affinity chroma-
domain, or of any published report that it actually binds PAI- tography using a protein A column. Under these conditions,
1, we cannot make a comparison here. In the current report,the Fab fragment flows through the column. Further purifica-
we provide evidence that the biologically active recombinant tion was achieved by applying the flow-through containing
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the Fab fragment to a HiLoad Superdex 75 gel filtration terminal homoserine2@). Moreover, the original NMR
column (1.6x 60 cm; Amersham Biosciences, Piscataway, spectra of rVNt51 indicated that the COOH-terminal 10
NJ) equilibrated with phosphate-buffered saline (PBS, pH residues (residues 451) were disordered in solutio2§).
7.3). The recombinant stable active form of human PAI-1 This approach was further justified since active rvNIb
was purified from transformeH. coli BL21 cells (clone 14- had the same PAI-1 and mAb 153 binding activities as those
1b; the kind gift of Dr. Daniel A. Lawrence) by heparin  of rvN1—-51 (see Figure 3). The active form of rVN#5
affinity chromatography, followed by gel filtration using a was prepared by trypsin digestion of active rvN81 at a
HiLoad Superdex 75 column equilibrated with 5 mM ratio of 50:1 substrate to enzyme (w/w) (see Figure 1A).
phosphate buffer containing 0.345 M NaCl (pH 6.5). The Trypsin digestion was performed in 20 mM sodium phos-
specific inhibitory activity of PAI-1 was measured by titration phate buffer (pH 7.5) at 3?C for 17 h. After trypsin
against UPA in a single-step chromogenic assay using thedigestion, the active form of rVN45 was purified by RP-
UPA substrate S-2444 (Chromogenix; DiaPharma Inc., WestHp|_C using a preparative BetaBasic CN column as described
Chester, OH). The specific activity of uUPA was determined jn the preceding paragraph. To prepare the fully reduced and
by active site titration with the fluorogenic substrate MUGB  denatured SMB domain, active rVN45 (350ug/mL) was
as previously described7). The concentration of active  ncubated in 25 mM Tris-HCI buffer, pH 8.5, containing 1
PAI-1 was calcula_teo! from the uPA inhibition curves EDTA, 6 M guanidine hydrochloride, and 10 mM DTT.
assuming a 1:1 stoichiometry between PAI-1 and UPA.  The reaction was carried out at 46 for 1 h. The reduced
Preparation of the Actie Form of 'VN1-51. To prepare  ang denatured form of rVN45 was purified by RP-HPLC
the active form of the SMB domain (amino acid residues sing a preparative BetaBasic CN column and then lyoph-
1-51, VN1-51; see Figure 1A), a fusion protein containing jjized. To carry out control oxidative folding experiments
the NH-terminal 97 amino acid residues of VN (VND7) in the absence of redox agent, we added 52®f 50 mM
linked to the COOH terminus of thioredoxin was expressed Tis-HCI buffer (TB/EDTA, pH 8.5) containing 1 mM EDTA
in t.ransformedE. coli BL?ltpr(DES) as prev.iously de- o the reduced and denatured r\VAN45S powder (4Q.g), and
fscnbed' es, 28). Exprgssmn of r\(N197 was m_duced by the solution was incubated for up to 48 h at room temper-
mcubatmg_ the cells with 0.5 mM isopropio-thiogalac- ature. To monitor oxidative folding in the presence of redox
topyranoside (IPTG) at room temperature for 2.5 h. TO pqants we dissolved the powder containing the reduced and
prepare™N- and*C-labeled rVN197, the transformed cells denatured rVNE45 (40ug) into 520uL of TB/EDTA at
werel cuIture(é at ﬁ?oc 15@\'\1/:-? gl"néqf}/l mSeNd}j'umSthat wgs either pH 8.5 or pH 7.5. Oxidative folding was subsequently
supplemented with 0. 4Cl, 0.1% {*NH.),SQ;, an initiated by incubating the reduced and denatured r¥N1

1 i 130
oy od b otseant e aascss s 42 S9N Wi eier 1 it GSH. 0.2 mM GSSG, o
y 9 mixture of 1 mM GSH and 0.2 mM GSSG at room

as described above. In all cases, the isolated rvailwas temperature. Oxidative folding intermediates were trapped
cleaved with CNBr, and the resulting active form of VNH1 at sglected ti.mes by acid quenghing using 0.5% (v/v) aqggous
51) was purified by immunoaffinity chromatography using TFA. After acid quenching, the folding intermediates and

an anti-SMB mAb 153-conjugated Cellufine column (%0 .
; : : refolded rVN1-45 were analyzed and purified by RP-HPLC
6 cm) as previously describe@5, 28). Only the active form using a semipreparative BetaBasic CN column (4.850

of r'VN1—51 bound to the column, and it was eluted with “W Analvtical Prod ith a li di
0.1% (v/v) aqueous TFA. For further purification, the eluted MM: Western Analytical Products) with a linear gradient

'WVN1-51 was subjected to reversed-phase (RP) HPLC using(from 0% to 55%) of 80% acetonitrile in 0.1% (v/v) agueous
a preparative BetaBasic CN column (21:2 150 mm: TFA at a flow rate of 0.5 mL/min. To check the purity of

Western Analytical Products). The active form of rvN1  the refolded rVN1-45, we performed analytical RP-HPLC
51 was eluted with a linear gradient (from 0% to 55%) of USINg a Vydac C18 column (4.6 250 mm; Western
80% acetonitrile in 0.1% (v/v) aqueous TFA at a flow rate Analytical Products) or a Vydac C8 column (46250 mm;
of 6 mL/min. RP-HPLC was carried out on an AKTApurifier Western Analytical Products) with a linear gradient (from
system (Amersham Biosciences) &C! Finally, the purified 22% to 30%) of 80% acetc_)nltnle in 0.1% (v/v) aqueous TFA
peptides were lyophilized, and the resulting powders were at a flow rate of 0.5 mL/min. The refolded form 8N/**C-
dissolved in 20 mM sodium phosphate buffer (pH 7.5) and labeled rVN1-45 was also prepared by oxidative folding
stored at-80 °C until NMR analysis and/or oxidative folding ~ Of the reduced form with TB/EDTA (pH 8.5) containing 1
studies. Protein concentration was determined by amino acidMM GSH and 0.2 mM GSSG for 24 h. After lyophilization
composition analysis. The average mass of r'i81 was of stably refolded rVN%45 and its various folding inter-
determined by matrix-assisted laser desorption/ionization mediates, the resulting powders were reconstituted with water
time-of-flight (MALDI-TOF) mass spectrometry (Mass ©Or 20 mM sodium phosphate buffer (pH7.5) and then stored
Spectrometry Core Facility, The Scripps Research Institute,at —80 °C. The molecular masses of active rvi4s,
La Jolla, CA). reduced rVN1-45, stably refolded rVN%45, or the various
Oxidative Folding of the Reduced and Denatured SMB folding intermediates were determined by electrospray
Domain.In the present study, we performed in vitro oxidative ionization (ESI) mass spectrometry using a PE SCIEX API
folding experiments using reduced and denatured r¥N1 |l electrospray mass spectrometer (Perkin-Elmer, Applied
45 instead of rVN%+51. We took this approach because it Biosystems, Foster City, CA). The protein concentrations
was expected that the folding intermediates from r¥M5b of rVN1—45 and reduced rVNt45 were determined by
would be more easily resolved by RP-HPLC than those from measuring absorbance at 280 nm using an extinction coef-
rVN1—-51 since the latter peptide contains COOH-terminal ficient of 0.836 and 0.743 mL mg cm™?, respectively.
homoserine lactone that can be converted to a COOH- These extinction coefficient values were determined by using
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the software program ProtParam (http://au.expasy.org/tools/tion for various times were trapped at various times by
protparam.html). acidification with 0.5% (v/v) aqueous TFA and then analyzed
Preparation of Complexes between Stably Refolded fVN1 by reversed-phase (RP) HPLC. As shown in Figure 2A, the
45 and mAb 153To prepare refolded rVN245 in complex ~ fully reduced form of rVN}-45 containing eight free
with the Fab fragment of mAb 153, the refolded form of cysteines (mass of 5168 Da) disappeargd4bh after
15N/13C-labeled rVN145 (751M) was incubated with the  initiation of the folding reaction, and a number of intermedi-
Fab (140uM) in 300 uL of PBS (pH 7.3) fo 1 h atroom ate isomers appeared. A total of 14 fractions (peakd4)
temperature at a molar ratio of approximately 1:2. The consisting of partially oxidized and scrambled intermediates
mixture was subsequently subjected to analysis by NMR were identified by RP-HPLC, and each was then analyzed
spectroscopy. by ESI mass spectrometry (Table 1). For example, analysis
NMR SpectroscopyThe backbone assignmerigj was of the peak_s formed_afltd h (i.e., pea_ks 14) _de_monstrated
verified using a 3D HNCA recorded on a Bruker DRX600 _that these intermediates were partially oxidized rv*Mb
spectrometer equipped with a CryoProbe system (CP-1SOMers and that peaks 1, 2, and 3 represented AAS1
TX1600). The data set was collected using 2048} & 64* with two intact disulfide bon_ds and a mglecular mass of
(t2) x 40* (ts) data points with a spectral width of 9615.3g5 ©164. Peak 4 was rVNi45 with one disulfide bond and a
Hz (H), 3621.876 Hz¢C), and 1824.418 HZ{N) and the mass of 5166 Da. The folding intermediates formed after
carrier at 4.79. 57.76. and 120.2 ppm, respectively. e incubaiton for 16, 24, or 48 h continued to show a high
1H HSQC spéctrum, of free rVN~145' was acquired on a degree of heterogeneity. Ten fractions, representing the
Bruker Avance500 spectrometer with standard pulse se-Materialin peaks 514 from the 48 h sample (Figure 2A),
quences and was collected with a spectral width of 8012.82 contained fully oxidized, four-disulfide intermediate isomers
Hz and 2048* data points in tHéi dimension and 1666.67 with a mass of 5160 Da (Table 1). The refolding reaction
Hz and 64 data points in thEN dimension. TheN—1H did not reach completion even after 48 h incubation in Tris-
HSQC spectrum of the rVN245/Fab complex was acquired HCl buffer alone (i.e., without redox agent). ,
on a Bruker Avance900 spectrometer with a spectral width _ Effect of Glutathione Redox Buffers on OxidatF-olding.
of 14367.81 Hz and 2048 data points in & dimension It is well-known that redox agents such as glutathione,
and 2735.79 Hz and 64 data points in 88 dimension. mercaptoethanol, and cysteine significantly accelerate the rate
All spectra were acquired at 293 K. The NMR spectra were ©f oxidative folding of reduced peptides and proteia8~

processed using NMRPip&8) and analyzed using NMR- 44). To investigate the effect of redox agents on the oxidative
View (39). folding of the reduced and denatured rvVN45, we carried

out the folding reaction in Tris-HCI buffer (pH 8.5) contain-
ing 1 mM reduced glutathione (GSH) and 0.2 mM oxidized
glutathione (GSSG). Under these conditions, the completely
educed form of rVN%-45 and the partially oxidized forms

f rVN1—45 detected in peaks 1, 2, 3, and 4 disappeared
within 60 min, and this disappearance was associated with
the appearance of the fully oxidized four-disulfide intermedi-
ate isomers in peaks 5, 6, 7, 8, 9, and 14 (Figure 2B). After

the PAI-1 samples (25 nM) were preincubated with the : S .
. . 5 and 24 h, the intermediate isomers detected in peaks 5, 6,
various rSMB domains (25 nM) at room temperature for 10 7.8, and 9 had completely disappeared, and a new FYN1

min and then passed over sensor chips coated with urea-,’ " . . .
activated VN at a flow rate of 20L/min. SPR analysis was 45 isomer with a stable conformation had accumulated in
performed in BlAcore certified HBS-EP buffer (10 mM peak 14. Thus, peak 14 seems to be a stable refolded form
HEPES, pH 7.4, containing 0.15 M NaCl, 3 mM EDTA of fully oxidized VN1—45, while the isomers detected in
and 0.005% surfactant P20) The amount of bound PAl-1 P€aks 5, 6, 7, 8, and 9 are four-disulfide intermediates that
on the sensor chip was determined by measuring the resultin ppear to be scrambled (see also Table 1). Quantitative
signal expressed as resonance units. All experiments were nalysis showed that the amount of the stably refolded form
. ) . 0
performed at 25°C. The sensor chip was regenerated by increased linearly, reaching 80% of the totgl $ h and

; ; o L >95% after 24 h (Figure 2D). In contrast, the amount of
washing with 0.1 M HCI. The binding affinity of rSMB for ; . .
mAb 153 was also determined by competitive BlAcore this form remained at less than 5% of the total in the absence

i 0,
experiments using urea-activated VN-immobilized sensor of redox buffer even after 48 h. High recovery90%) of

chips. Briefly, 25 M rSMB was incubated with 25 nM mAb the refolded rVN+45 was also observed when oxidized

. folding was performed in the presence of either 1 mM GSH
153 Fab fragment at room temperature for 60 min, and then .
the mixture was injected onto the chip. A control experiment or 0.2 mM GSSG (data not shown). To check the purity of

demonstrated that the Fab fragment of mAb 153 bound to the refolded rVN1-45, we performed analytical RP-HPLC

i L using a C18 or C8 column. As shown in the inset of Figure
ﬁr,\(;a activated VN on the sensor chip witlKavalue of 19 2B, the stably refolded form of rVN45 had high ¢ 95%)

purity.
RESULTS The rate of oxidative folding is greater at alkaline pH
compared to neutral pH, primarily because of the pH
Oxidative Folding of rVN1-45 in the Absence of Redox dependence of disulfide exchange reactions involving cys-
Agents Oxidative refolding experiments were initially teine thiols with a K, value of approximately 946). To
performed in Tris-HCI buffer (pH 8.5) in the absence of examine the effect of pH on the rate of oxidative folding of
redox agents. The folding intermediates formed after incuba- reduced rVN1-45, we repeated the folding experiment but

Binding StudiesBinding of rSMB domains (i.e., active
rVN1-—51, active rVN1-45, refolded rVN1-45, or folding
intermediates) to PAI-1 or mAb 153 was determined by
competitive surface plasmon resonance (SPR) analysis usin
the BIAcore TM3000 biosensor system and reagents (amine-
coupling kit and CM5 sensor chips) from BlAcoreAB
(Uppsala, Sweden) as previously describ28).(In brief,
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Ficure 2: Analysis of the refolding of reduced and denatured r¥M5. Panels A-C: Reversed-phase HPLC analysis. The solid lines in
each panel show the absorbance of the eluate at 215 nm. (A) Folding performed in the presence of Tris-HCI buffer containing only 1 mM
EDTA (TB/EDTA) (pH 8.5). (B) Folding performed in TB/EDTA buffer (pH 8.5) containing 1 mM GSH and 0.2 mM GSSG. Inset:
Analytical RP-HPLC analysis of refolded rVNU45 using either Vydac C18 or C8 columns with a linear gradient (from 22% to 30%) of
80% acetonitrile in 0.1% (v/v) aqueous TFA at a flow rate of 0.5 mL/min. The chromatograms show that the stably refolded form of
rVN1-45 has high £95%) purity. (C) Folding performed in the TB/EDTA buffer (pH 7.5) containing 1 mM GSH and 0.2 mM GSSG.
(D) Determination of the relative amount of stably refolded rVNIb in the above preparations. In each case, the amount of stably refolded
rVN1-45 was determined by integration of peak 14 and was expressed as the percentage of the totdl5rUbHd in the refolding
experiment. Closed triangles, folding performed in TB/EDTA (pH 8.5) alone; closed circles, folding performed in TB/EDTA buffer (pH
8.5) containing 1 mM GSH and 0.2 mM GSSG,; closed squares, folding performed in TB/EDTA buffer (pH 7.5) containing 1 mM GSH and
0.2 mM GSSG.
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Table 1: Refolded rVN%45 and Folding Intermediates Produced
by Oxidative Folding

mass (Da)

peak obs#i  calcd rVN1-45 form
P1 5164 5160 2 disulfide rVN145
P2 5164 5160 2 disulfide rvN145
P3 5164 5160 2 disulfide rvN145
P4 5166 5160 1 disulfide rVN145
P5 5159 5160  fully oxidized rVNt45
P6 5159 5160 fully oxidized rVN%45
P7 5160 5160 fully oxidized rVN%45
P8 5160 5160 fully oxidized rVN%45
P9 5160 5160 fully oxidized rVN%45
P10 5159 5160 fully oxidized rVN145
P11 5159 5160 fully oxidized rVN145
P12 5159 5160 fully oxidized rVN145
P13 5160 5160 fully oxidized rVN145
P14 5160 5160 refolded VN345
active rVN1-45 5160 5160
reduced rVN1-45 5167 5168

a@Molecular mass of rVN+45 was determined by ESI mass
spectrometry.

at pH 7.5 instead of pH 8.5. As shown in Figure 2C,
oxidative folding of reduced rVN%45 again proceeded via
partially oxidized and scrambled four-disulfide intermediates,
and the stably refolded form of rVN45 again accumulated
in peak 14. Quantitative analysis (Figure 2D) showed that,
at pH 7.4, the amount of stably refolded rvVN45 increased

to approximately 80% of the total after 24 h and to
approximately 90% after 48 h. Thus, the refolding reaction
at pH 7.5 was slower than the reaction at pH 8.5. More
specifically, the time to accumulate 50% of the stably
refolded rVN1-45 at pH 7.5 was about 4 times longer than
that at pH 8.5 (14 vs 3 h).

Binding of Stably Refolded rVN#5 to PAI-1 and mAb
153. To evaluate the biological activity of the refolded
rVN1—45 peptides, we determined their ability to bind to
PAI-1 and to a conformation-dependent mAb using competi-
tive BIAcore analysis on VN-immobilized sensor chips. As
shown in Figure 3A, when the nonreduced active form (25
nM) of either rVN1-51 or rVN1-45 was incubated with
25 nM PAI-1, they both significantly inhibited the binding
of PAI-1 to the VN-coated sensor chips. Importantly, the
stably refolded form of r'VN%-45 (i.e., peak 14, Figure 2B)
also competitively inhibited PAI-1 binding, and it had the
same specific inhibitory activity as that of active rviNg1
used in our original experiment28§). In contrast, neither
the fully reduced and denatured form of rVN45 nor any
of the scrambled four-disulfide intermediates inhibited PAI-1
binding. Figure 3B shows that the stably refolded r\*N1
45 also binds to a Fab fragment of mAb 153 and that the
folding intermediates do not. This mAb recognizes the
conformation-dependent epitope created by residue822
in the SMB domain which is close to the binding site in the
SMB domain for PAI-1 28, 30). Thus, of the species
generated during the refolding reaction, only the stably
refolded rVN1-45 significantly inhibited the binding of the
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Ficure 3: Binding of refolded rVN1-45 and its folding intermedi-

ates to PAI-1 (A) and to mAb 153 (B) as determined by competitive
surface plasmon resonance analysis (BIAcore). In these experiments,
PAI-1 or mAb 153 samples (25 nM) were incubated with 25 nM
stably refolded rVN%45 (i.e., peak 14) or its various folding
intermediates (i.e., peaks-43) at room temperature for 10 min
(PAI-1) or 60 min (mAb 153), and then the mixtures were injected
onto urea-activated VN-immobilized sensor chips. The amount of
PAI-1 or mAb 153 bound to the sensor chip was determined by
measuring the resulting signal expressed as resonance units. The
results are compared to the binding of the original active forms of
r'VN1-51 and rVN%-45 (i.e., purified by binding to mAb153
columns and active without refolding) and completely reduced
rVN1-45. The results are expressed as the percentage of PAI-1
(A) or mAb153 (B) that bound to the chips in the absence of
competitors.

NMR Spectrum of the Stably Refolded rvMb. For

mADb to the VN-coated sensor chips. The disulfide-scrambled NMR analysis, we prepared the stably refolded forniohif

intermediates had no effect on this interaction. Importantly,

13C-labeled rVN1-45 by oxidative folding of the completely

the inhibitory activity of the stably refolded peptide was the reduced and denatured form by incubation for 24 h using
same as that of the active rSMB peptides originally isolated glutathione redox buffer (pH 8.5) containing 1 mM GSH

from the transformed bacteria and not subjected to the and 0.2 mM GSSG. The peptide was purified by RP-HPLC
refolding (i.e., ’'VNt45 and rVN1-51) (25, 28). and shown to bind to both PAI-1 and mAb 153 (data not
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Ficure 4: HSQC spectra of rSMB. Overlay of the—1N HSQC
spectrum of the stably refolded form BN/3C-labeled rVN1-45
(red) with that of the original activé®N-labeled rVN1-51 (28)
(black). WherelH—15N cross-peaks of the backbone amides in
rVN1-45 differ from those in r'VN+51, they are labeled in red.

Ficure 5: NMR analysis of complexes between stably refolded
rVN1—-45 and mAb 153. (A) Superposition of the—1N HSQC
spectrum (red) from the refolded form BN/3C-labeled rVN1-

. . . 45 in complex with anti-VN mAb 153 onto that of the free refolded
shown). NMR data were obtained by using approximately n/N1-45 (black). Cross-peaks that are unchanged in position
80 uM refolded peptide. ThetH—N HSQC spectrum  between the two spectra are labeled. The cross-peak of Cys 5 (see
obtained with this material is shown in Figure 4, overlaid Figure 4) has been omitted for clarity. (B) Positions of the residues

; ; ; with unchanged cross-peaks in part A mapped onto the structure
with the specirum of the active r'VN©1 employed in our of rISMB (28). Hydrophobic side chains in rSMB are shown in red.

previous studies28). Itis clear that the refolded rvNi45 Green: residues with unchanged cross-peaks. Gray: residues with
has the same structure as the active r¥¥1 that was shifted cross-peaks. Structure prepared in MOLM@B)(

employed in our original studies and was not subjected to
the reduction and unfolding process. - . L . .

NMR Spectrum of Stably Refolded r\NA5 in Complex PAI-1 b|r_1d|ng site W'th'n it. Biochemical (_axpe_nmemzaj
with mAb 153.To verify that the refolded rSMB has the strongly |mpI|cated a linear, gncrossed disulfide pattern for
3-D structure required for binding to the conformation- (e recombinant SMB domain. However, the X-ray crystal
specific antibody, and by inference to PAI-1, we performed Structure of the SMB domain in complex with PAI-29)

NMR analysis of refolded rSMB in complex with mAb 153. showed a different disulfide bonding pattern, which never-
PAI-1 itself cannot be used under these conditions, as it is theless retained the Cys Cys™ disulfide bond that defined

unstable and difficult to keep in solution at high concentra- the PAI-1 binding surface. Surprisingly, these authors did
tions (> 140uM) for long periods 5—8). The binding epitope Nt attempt to reconcile the difference in their structure with
in the SMB domain for the mAb is very close to that for the previously reported disulfide pattern. In fact, no reference
PAI-1 since the mAb specifically inhibits PAI-1 binding to Was made in this paper to the results of Kamikubo et al.
urea-activated VNZ3, 24). Moreover, this mAb recognizes  (25). The proteins were prepared in a very similar way, by
the same conformation-dependent epitope created by residuegxpression irk. coli of a protein fusion (GST for the X-ray
22-31 of the SMB domain, including Lé&fj Tyr?’, and Tyr® structure and thioredoxin for the biochemical experiments),
(28, 30). Complexes between the stably refolded form of followed by CNBr cleavage. Both were purified by HPLC,
I5N/13C-labeled rVN1-45 and mAb 153 were prepared by but in the case of the biochemical experimer2§)( the
incubating the refolded form with the mAb at a molar ratio protein was also purified on an affinity column containing
of approximately 1:2. Thé>N—!H HSQC spectrum of the  the conformation-specific antibody mAb 153, ensuring that
15N-labeled rSMB bound to the mAb is shown in Figure 5A, only the rSMB molecules with PAI-1 binding activity were
overlaid with the spectrum of the free rSMB. The antibody- present in the subsequent experiments. No such purification
bound rSMB shows cross-peaks that are greatly broadenedstep is described in the X-ray paper, which describes
consistent with binding to the-50 kDa Fab fragment of  characterization of the final protein by mass spectrometry:
MAD153. Some of the cross-peaks are significantly shifted the mass was consistent with the presence of four disulfide
in the complex, compared with their positions in free 'SMB, ponds, but in the absence of the description of a purification
while others appear to be largely unchanged. This behaviorprotocol involving affinity with biological partners, it is
is consistent with binding of the mAb to a specific site on  possible that there could be a mixture of species, each with
rSMB, which is mapped onto one of the published NMR 4 gisulfide bonds, but in different patterns. If this were
structures 28) in Figure 5B. the case, it is possible that the crystallization process may
DISCUSSION have selected one of the isomers preferentially, perhaps an
isomer that was not the same active form that was prepared
In the past four years, considerable information has beenand characterized in the biochemical experiments of Ka-
generated about the structure of the SMB domain and themikubo et al. 25).
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recombinant SMB is an incorrectly disulfide-bridged, non-

Table 2: Biochemical Properties of SMB Variants .
native form.

, PAIL disulfide bond To put these apparently confusing results into context, it
SMB domain_ bindingKo® arrangement ref is necessary to consider possible changes that may OCCL'JI’ in
. . y
rSmBE_T?élfius'o” 0.34x 1070 gg;cg’giléfégg ;252\2/‘0;;, the SMB domain in vivo. Vitronectin is a very labile protein
ISMB GST fusion 1x 10°  C5-C21, C9-C39 29 and can undergo dramatic conformational changes and even
in E. coli C25-C31, C19-C32 disulfide exchange upon incubation or during its purification
SMB from notreported C5C9, C19-C31 ~ 34,35 (46). Importantly, VN is known to undergo a conformational
plasma VN C2¥C32, C25C39 change that potentiates PAI-1 binding7). Thus, the
? Dissociation constant. biological activity of VN and SMB must be monitored as

the protein is purified and characterized. The only biological

In the meantime, we had undertaken an NMR solution assays currently available for correctly folded SMB are its
study of the recombinant SMB domain. Structures were ability to bind to PAI-1, to the urokinase receptor, and to
determined by employintN-labeled protein and assuming conformation-dependent mAbs. These assays specifically test
the disulfide bonding pattern established in the biochemical for the presence of an intact PAI-1 binding site, which may
experiments. The NMR data were perfectly consistent with be cryptic or even in an inactive conformation in the plasma
the linear, uncrossed disulfide bonding pattern of Kamikubo protein that circulates in the absence of PAI-1. Since no
et al. @5). After publication of the X-ray structure, we information on the biological activity of the plasma VN-
repeated the structure determination of the SMB domain derived SMB was provided in the report by Mayasundari et
employing both the disulfide pattern used in the X-ray study al. (34), we cannot evaluate whether the starting material
and another disulfide pattern unrelated to either of these. All that was used to derive this structure was folded to give
of the disulfide bonding patterns were completely consistent another active conformation for SMB. Thus, it is possible
with the NMR data, and there was very little energy that the two very different backbone folds merely represent
difference between these patterns in the final solution different forms of the SMB domain, one that is active in
structures. The structures incorporating all three disulfide PAI-1, urokinase receptor, and mAb binding and one that is
bonding patterns were completely superimposable with the inactive.
structure of the SMB domain in the X-ray structure of the  In the work reported in this paper, we specifically address
PAI-1 complex. We concluded that all of these disulfide the suggestion3d) that the recombinant SMB domain used
bonding patterns were potentially present in the SMB domain to obtain the NMR 28) and X-ray crystal structure29)
in solution and that alternative disulfide bond arrangements consisted of intermediate states with incorrect disulfide
could exist in the tightly packed core of the domain as long bonding patterns. Studies of the folding pathways of disul-
as the critical Cy&—Cys*! disulfide bond is preserve@$). fide-bonded proteins were among the earliest in the figB)l (

At the same time, a third group was performing an NMR and provided the main impetus for the ideas that the folding
solution structure determination on the SMB domain derived of proteins is encoded in the amino acid sequence and that
by proteolysis of plasma vitronectir34). Proteins derived  the final folded state of a protein represents the thermody-
from plasma cannot be labeled with stable isotopes for NMR, namically most stable state. As long as the proper conditions
so the structure determination was performed using protonare available (e.g., the presence of redox-active agents in
data only. This structure not only was different in disulfide the case of disulfides or chaperone molecules in the case of
pattern but showed a completely different global fold other forms of protein misfolding), kinetically trapped,
compared to the recombinant form as determined either by misfolded intermediate forms can be resolved and allowed
X-ray crystallography29) or by NMR (28). The quality of to progress to the normal thermodynamic minimum. The
the structure of the plasma-derived SMB domain is not good, refolding pathways of a number of cysteine-rich proteins
and we believe it may be incorrect. Importantly, the authors have been studied by the technique of oxidative fold#@
nowhere demonstrate or state that the molecule prepared fron#4). Trapping of intermediates by acid quenching allows for
plasma vitronectin is active in the PAI-1 assay. Since this is the structural characterization of both trapped intermediates
at present the only assay for biological activity of the SMB and stably refolded proteins. The same principles have been
domain, the biological relevance of plasma-derived SMB is used for the experiments described herein.
unclear. Instead of discussing this potential problem, these The reduced and denatured forms of the rSMB domain
authors imply that the recombinant material used in the NMR were prepared and then allowed to slowly refold in the
and X-ray experiments may be incorrectly folded. The presence or absence of redox reagents. The intermediates
differences between the published structures are summarize@nd stably refolded peptides were then purified by reversed-
in Table 2. phase HPLC and characterized biochemically. As shown in

The above circumstances form the background for the Figure 2, in the presence of glutathione redox buffers, the
present paper. We show first that the recombinant form of completely reduced and denatured rSMB domain rapidly
SMB that was used for our NMR structure determination refolded into a single stable structure which was biologically
(28) constitutes the thermodynamically lowest energy form. active since it bound to PAI-1 and mAb 153 (Figure 3). None
Further, it is active in PAI-1 binding. The intermediates that of the folding intermediates bound to PAI-1 or the mAb.
are formed during the refolding reaction, presumably with The refolded rSMB was highly homogeneous according to
incorrect disulfides, have been isolated and characterized.RP-HPLC analysis (Figure 2B, inset), and the NMR spectrum
They are inactive in the PAI-1 binding assay but are of the refolded rSMB demonstrated that the backbone fold
converted over time to the active form. These results was identical to that of the active rSMB used in our original
contradict the assertion by Mayasundari et 34) (that the experiments (i.e., purified directly from transformeEdcoli
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and not subjected to reduction and refolding) (Figure 4). vitronectin, and the means of their interconversion in vivo,
NMR experiments also showed that the refolded rSMB forms remain to be determined. Further work is needed to explicitly
a complex with mAb 153, an indication that the refolded define the structural differences between the plasma-derived
molecule regained the 3-D structure essential for PAI-1 SMB and the recombinant form. As well, the relationship
binding. These results confirm that the recombinant SMB between these forms and the native form(s) present in the
that was used to obtain the original NMR solution structure intact VN remains to be delineated.
(28) has the lowest energy conformation in solution and that
it is fully active in the PAI-1 and mAb assays. ACKNOWLEDGMENT
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