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ABSTRACT. The N-terminal cysteine-rich somatomedin B (SMB) domain (residue$4) of the human
glycoprotein vitronectin contains the high-affinity binding sites for plasminogen activator inhibitor-1 (PAI-

1) and the urokinase receptor (UPAR). We previously showed that the eight cysteine residues of recombinant
SMB (rSMB) are organized into four disulfide bonds in a linear uncrossed patterf<(Cys’, Cysi®—

Cygl, Cyg5—-Cys*, and Cy8—Cys¥). In the present study, we use an alternative method to show that
this disulfide bond arrangement remains a major preferred one in solution, and we determine the solution
structure of the domain using NMR analysis. The solution structure shows that the four disulfide bonds
are tightly packed in the center of the domain, replacing the traditional hydrophobic core expected for a
globular protein. The few noncysteine hydrophobic side chains form a cluster on the outside of the domain,
providing a distinctive binding surface for the physiological partners PAI-1 and uPAR. The hydrophobic
surface consists mainly of side chains from the loop formed by thé>€gys*! disulfide bond, and is
surrounded by conserved acidic and basic side chains, which are likely to contribute to the specificity of
the intermolecular interactions of this domain. Interestingly, the overall fold of the molecule is compatible
with several arrangements of the disulfide bonds. A number of different disulfide bond arrangements
were able to satisfy the NMR restraints, and an extensive series of conformational energy calculations
performed in explicit solvent confirmed that several disulfide bond arrangements have comparable
stabilization energies. An experimental demonstration of the presence of alternative disulfide conformations
in active rSMB is provided by the behavior of a mutant in which ®sa replaced by Met. This mutant

has the same PAI-1 binding activity as rVN&1, but its fragmentation pattern following cyanogen bromide
treatment is incompatible with the linear uncrossed disulfide arrangement. These results suggest that active
forms of the SMB domain may have a number of allowed disulfide bond arrangements as long as the
Cys>—Cys®! disulfide bond is preserved.

Vitronectin (VN) is a 75-kDa adhesive glycoprotein that to the extracellular matrix via collagen or proteoglycan
is present in blood and in the extracellular matrix of many binding. It promotes cell attachment, spreading, and migra-
tissues. It plays a significant role in a number of physiological tion through the interaction of its single Argsly—Asp
processes such as cell adhesion, cell migration, modulation(RGD) sequence with cellular receptor integrins suctugk
of the immune system, and regulation of the plasminogen (3, 4) and a5 (5). Unlike other matrix proteins, VN also
activation system I 2). These functions are mediated promotes cell adhesion by binding to urokinase-type plas-
through the interaction of VN with a wide variety of minogen activator receptor (UPAR) on the cell surfage (
structurally dissimilar ligands. For example, VN is anchored 9). In addition to its adhesive properties, VN also acts as an
inhibitor of the cytolytic reactions that occur in the terminal
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A. Domain structure of vitronectin
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B. Construct for expression of VN1-97
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Ficure 1: (A) Schematic diagram showing the domain structure of vitronectin. (B) Construct used to express the SMB domain. The
fragment produced by cyanogen bromide cleavage of V8l contains the RGD adhesion sequence and a homoserine lactone instead of
the final methionine residue at position 51. Residues 3l of this construct are disordered in solution, according to the NMR spectrum.

1 5 9 19 21 25 3132 39 44
by VN (17). These results suggest that VN may be a cofactor 509  DQESCKGRCTEGFNVDKKCQCDELCSYYQSCCTDYTAECKPQVT
[ — | Iy —

for PAI-1. -
The interaction between VN and PAI-1 may be clinically 509’
important since the plasminogen activation system plays a—
role in physiological processes such as clot dissolution
. . . . . . . 1 5 9 19 21 25 3132 39 44
(flbran'ySlS) and cell migration, and in pathologlcal proc- 521 DQESCKGRCTEGFNVDKKCQCDELCSYYQSCCTDYTAECKPQVT
esses such as tumor growth and metastasisi@). In fact, t : } !
elevated levels of active PAI-1 are not only associated with
| thrombotic di h dial infarction232
several thrombotic diseases such as myocardial infarction
and deep vein thrombosis, but also indicate a poor prognosis
for survival in several metastatic human cance@®.(These 539
observations may be related to recent studies demonstrating

that PAl':.I' alters the adhes!ve pf°pe”'es of ceIIs.. For FiGure 2: Five possible disulfide bond arrangements of the SMB
example, it can directly block integrin and uPAR-mediated gomain of vitronectin. The designations 509, 521, 532, and 539
cell attachment to VN§, 21), it regulates the migration of  are for identification purposes, and refer to the disulfide connectivity
cells on VN @2, 23), and it is a potent deadhesive molecule, of residue 5. The 509 arrangement is the one suggested by chemical

detaching cells from VN and a variety of other extracellular Studies 84); the 521 and 539 arrangements were suggested by NMR
matrix proteins 24) structure calculations without added disulfide bond restraints (see

] ) _text). The 532 arrangement is another alternative that preserves both
The mature human VN molecule contains 459 amino acid the Cyd4°—Cy<! and Cy&5-—Cys®! disulfide bonds. The 509

residues and is organized into four domains that provide the arrangement has the Cy<Cy<’ disulfide as in the 509 arrangement,
necessarily broad repertoire of binding epitopes needed fort(’:Ut Sg‘gaig‘: gggléwgr?lseﬁgﬁtsigqﬁggggl too%gfﬁisl%ﬁgfv_vhere
target I_igands (I_:igure _1A)1( 2, _25). The domain_at the th)é C'ygs_cysgl disul?ide bond is not in);act.
N-terminus (amino acids -144) is the cysteine-rich so-
matomedin B (SMB) domain. Interestingly, this domain has binding activity is observed. This rearrangement can be
also been isolated from human plasr@é)(and hemofiltrate  achieved in vitro by the addition of a small amount of urea
(27) as a separate soluble protein. The single RGD sequenceo the protein solution32).
in VN (residues 4547) is located immediately C-terminal The SMB domain of VN contains eight Cys residues,
to the SMB domain and is followed by the so-called arranged into four disulfide bonds; correct disulfide linkages
connecting region (residues 5430), which contains a in this domain are required for PAI-1 bindin®4—36).
putative collagen binding site2g). Finally, the two most  Neither the disulfide bond arrangement nor the structure of
C-terminal domains in VN have three and four tandem repeatthe SMB domain within native VN has been determined,
sequences, respectively, with weak homology to sequencegrobably due to the technical difficulty of preparing the
in hemopexin. The second hemopexin-like domain (residuesnative SMB domain. We recently isolated the recombinant
269-459) contains a positively charged heparin-binding form of active SMB (rSMB) from transformeBscherichia
region (residues 348361) 29). coli and presented data to suggest that the four disulfide
The high-affinity binding sites for PAI-1 and uPAR in VN  bonds were arranged consecutively in a linear uncrossed
have been localized to the SMB domaB0{33). Because  pattern (Cys—Cy<s, Cys®—Cys?, Cys>—Cys, and Cy&*—
the affinity of PAI-1 for the SMB domain is much higher Cys*) (34). We have designated this as the disulfide bond
than that of UPAR Kq; 0.27 vs 495 nM,32], PAI-1 can arrangement 509 (Figure 2; the nomenclature used to
competitively inhibit both the binding of uPAR to VN and designate the disulfide bond arrangement indicates the pairing
uPAR-dependent cell adhesion to V8).(Binding of PAI-1 of Cy?). More recently, Zhou et al3{) reported the X-ray
to SMB also inhibits integrin-mediated cell adhesion and crystal structure of the SMB domain in complex with the
migration @2, 23), presumably by sterically blocking the physiological partner PAI-1. The SMB domain structure in
adjacent RGD site3Q). Interestingly, mature VN is not active  this complex showed a crossed disulfide pattern, the same
in PAI-1 binding, but requires some rearrangement before as one that we term 521 (Figure 2) (CyE€ys?!, CyS—
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SMB Domain of Vitronectin

Cys®, Cys®—Cys®?, and Cy3$—Cys¥). Surprisingly, no
mention was made in this repor8%) of the previously
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in transformecE. colias a fusion protein containing the MH
terminal 97 amino acid residues (VN®97) linked to the

published evidence for a different disulfide bond arrangement COOH-terminus of thioredoxin and a Hisag region as

(39).
In this article, we report three new experimental findings
related to this question. First, the solution structure of the

described previously3d) (see Figure 1B). In brief, for
construction of the expression vector, DNA encoding ¥N1
97 was amplified from human VN cDNA4Q) by PCR using

SMB domain has been determined by NMR analysis, using the 3-oligonucleotide primer, STAGAACGTCCATGGAC-

both unlabeled antN-labeled recombinant SMB (rSMB).
A number of different disulfide arrangements were able to
satisfy the NMR restraints, with comparable stabilization

CAAGAGTCATGCAAG-3, and the 3oligonucleotide
primer, 3-AGTACTCGAGTCACAGAACAGGTGTCT-
GCTCA-3, and was then cloned into the pET-32&)(

energies according to an extensive series of conformational€xpression vector (Novagen, Madison, WI) using Ncol and
energy calculations. Regardless of the variations in the Xhol sites. To prepare cells expressing recombinant ¥N1

internal disulfide pattern, the critical residues in the PAI-1
binding site, previously mapped by mutageneS§s, 398),

97 (rVN1-97), E. coli strain BL21rxB (DE3) (Novagen)
was transformed with the above plasmid DNA, and grown

form a cluster on the surface along the loop formed by the at 37°C in 2 x YT medium containing ampicillin (10@g/

Cys®—Cys* disulfide bond, and appear to be poised for
interaction with physiological partners. Second, further

mL) and kanamycin (15«g/mL) to a density of ap-
proximately 2x 10° cells/mL. To induce the expression of

evidence is presented for the presence of the linear disulfider'VN1—97, the cells were then transferred to room temper-

arrangement 509, obtained using a different method. Finally,

ature, and isopropy#-b-thiogalactopyranoside was added

evidence is presented that an alternative disulfide arrange-0 the medium to a final concentration of 0.5 mM. After

ment, not including the Cys-Cys disulfide, is compatible
with nativelike biological activity. These results suggest that
the active SMB domain may be permitted considerable
disulfide bond heterogeneity or variability, provided that the
Cys>—Cys* disulfide bond is preserved.

MATERIALS AND METHODS

induction for 2.5 h, the cells were collected by centrifugation
and suspended in 20 mM Tris-HCI (pH 8.0) containing 0.1
M NacCl. The cell suspension was stored-af0 °C. For
5N-labeling of VN1-97, 10 mL of the cells, which had been
previously cultured in LB medium, were transferred to 4 L
of M9 minimal medium that was supplementedtwit g of
NH,4CI, 4 g of (°NH4),SOy, and 40 g of glucose. The cells
were further cultured in the presence of carbenicillin (100

MatenaISA” Chemlca|S were the hlgheSt analyt'cal gl’ade ‘ug/mL) at 37 QC’ and then the expreSS|on &ﬁ\l_labeled

commercially available. Materials were obtained as fol-
lows: cyanogen bromide (CNBr), ampicillin, kanamycin, and
carbenicillin were from Sigma (St. Louis, MO); trifluoro-
acetic acid was from Pierce (Rockford, IL); HPLC-grade
acetonitrile was from EM Science (Gibbstown, NJ); isoto-
pically labeled compound$¥NH,Cl and ¢°NH,),SO, were
from Isotec (Miamisburg, OH). Urea-activated VN was
purified as described by Yatohgo et aB9[. Anti-VN
monoclonal antibody (mAb) 153 was generated in mice
immunized with urea-activated human VN as report&l).(
The recombinant stable active form of human PAI-1 was
purified from transformedk. coli BL21 cells (clone 14-1b;
a kind gift from Dr. Daniel A. Lawrence) according to the
method described previousiy}@).

A synthetic SMB peptide, ASEGIUzLel?*CysSers-
Tyr?Tyr?8GIn?°SefCys* (VN22—-31), which contains the
Cys5—Cys* disulfide bond, was synthesized on an Applied

VN1-97 was induced as described above.

A mutant (rVN1-97Asn* — Met), in which Asri* was
replaced by Met, was constructed in the VVN\A7 back-
ground by oligonucleotide-directed site-specific muta-
genesis using a QuickChange Site-Directed Mutagenesis kit
(Stratagene, La Jolla) and the forward prim&iCEGCT-
GCACTGAGGGCTTCATGGTGGACAAGAAGTGCC-3
and the reverse primer-5GCACTTCTTGTCCACCAT-
GAAGCCCTCAGTGCAGCGG-3 For expression of this
protein, the construct was ligated into the pET-32g (
expression vector, and the plasmid was transformedBnto
coli strain AD494 (DE3) pLysS (Novagen). Recombinant
protein was expressed using standard procedures.

Preparation of rVN+51 Containing the SMB Domain.
To prepare a smaller VN peptide containing the SMB domain
for NMR analysis, we cleaved rVNi197 with CNBr, and
subsequently performed immunoaffinity chromatography as

Biosystems 433a peptide synthesizer using in situ neutraliza-described previously3d) to purify the NH-terminal 51

tion/HBTU activation protocols for Boc chemistrl). The
peptide was purified by RP-HPLC on a Waters Deltaprep

amino acids (VN+51). Following induction and expression
of rVN1-97, the cell suspension was lysed by using a

4000 using a Vydac C18 column and acetonitrile/water/0.1% pressure Cell Press (Spectronic Instruments, Rochester, NY),
TFA gradients. Boc-amino acids and HBTU were purchased and the resulting supernatant containing rAlZ was then

from Peptides International (Louisville, KY)p-Methyl-

applied to an affinity column containing His-bind resin

benzhydramine (MBHA) resin was purchased from Peninsula (Clontech, Palo Alto, CA). For preparation of active recom-

(San Carlos, CA). The C-terminal carboxyl group was
amidated. The fidelity of the peptide was ascertained by
matrix-assisted laser desorption/ionization time-of-flight mass

binant VN1-51 (rVN1-51), 60 mg of rVN}97 was
reacted with 80 mg of CNBr in 70% (v/v) aqueous tri-
fluoroacetic acid for 24 h at room temperature. The reaction

spectrometry (Mass Spectrometry Core facility, the Scripps product was dried, dissolved in water, and dialyzed against

Research Institute). The properly folded peptide in the
mixture was purified as previously describe3#l), using a
conformation-specific monoclonal antibody.

Expression of the rSMB Domain of Human VN.the

50 mM Tris-HCI (pH 7.4) containing 0.1 M NaCl at4C.
After dialysis, to isolate the active rVNi51, the cleaved
rVN1—97 was applied to an anti-VN mAb 153-conjugated
Cellufine column (1.0x 6 cm) and, after washing with 50

present study, the SMB domain of human VN was expressedmM Tris-HCI (pH 7.4) containig 1 M NacCl, bound rVN*
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Ficure 3: (A) Reversed phase chromatograph (BetaBasic CN
column in 0.1% (v/v) aqueous trifluoroacetic acid, eluted with a
gradient of acetonitrile) showing purification of active rvN&1.
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active form of rVN1-51 with a C-terminal homoserine
(Figure 3B).

rVN1-51Asrn* — Met and**N-labeled rVN1-51 were
prepared in the same way following CNBr cleavage of
rVN1—-97Asr* — Met and'>N-labeled rVN1-97, respec-
tively. The average masses of all VN variants were deter-
mined by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (Mass Spectrometry Core Facility,
The Scripps Research Institute, La Jolla, CA), and their
concentrations were determined by amino acid composition
analysis (Protein and Nucleic Acids Core Facility, The
Scripps Research Institute).

Determination of PAI-1 Binding Acfity. The PAI-1
binding activities of r'VN+51, rVN1-51Asrt* — Met, and
5N-labeled rVN151 were determined by competitive
surface plasmon resonance (SPR) analysis using a BlAcore
3000 hiosensor system and reagents (amine-coupling kit and
CMb5-sensor chips) from BlAcore AB (Uppsala, Sweden).
To prepare urea-activated VN-immobilized sensor chips, 20
g/mL of VN in 10 mM acetate buffer (pH 4.0) was injected
onto the sensor chips (CM5) and immobilized by using an
amine coupling kit as described by the supplier. A control
channel was activated and blocked in the absence of protein.
Binding to coated channels was corrected for binding to the

The solid line shows the absorbance of the eluate at 215 nm. Activeuncoated channel. SPR analysis was assessed in BlAcore
rVN1-51 containing either a C-terminal homoserine (molecular -ertified HBS-EP buffer (10 mM HEPES, pH 7.4, 0.15 M

mass of 5781 Da) or a C-terminal homoserine lactone (molecular 0 _
mass of 5763 Da) was detected in main peaks 1 and 2, respectively.NaCI’ 3 mM EDTA, and 0.005% surfactant P20). The PAI-1

(B) Analytical reversed phase chromatography (Vydac C18 column S@mple (25 nM), which had been preincubated with various

with a linear gradient (from 15 to 30%) of 80% acetonitrile in 0.1%
(v/v) aqueous trifluoroacetic acid) of purified rVNB1 containing

a C-terminal homoserine lactone. The chromatogram shows that
the purified rVN1-51 had high ¢90%) purity, although part of
the rVN1-51 was converted to the other active form of rViNa1

with a C-terminal homoserine.

51 was eluted with 0.1% (v/v) aqueous trifluoroacetic acid.
The column was regenerated by equilibrating it with 50 mM
Tris-HCI (pH 7.4) containing 0.1 M NaCl. We performed
the affinity chromatography at4C. For further purification

of the active rVN1-51, the eluted rVN+51 was subjected

concentrations of rVYN451, rVN1—-51Asn* — Met, or15N-
labeled rVN1-51 at room temperature for 10 min, was
passed over the sensor chip with a flow rate ofu2@min.

The amount of bound PAI-1 on the sensor chip was
determined by measuring the resulting signal expressed as
resonance units. All experiments were performed at@5
and the sensor chip was regenerated by washing with 0.1 M
HCI. The PAI-1 binding activity of the various rVNi51
molecules was also determined by competitive binding assay
using a VN-coated microtiter plate as described previously
(34). The PAI-1 binding activities were the same before and

to reversed phase chromatography using a BetaBasic CNafter NMR spectroscopy.

column (21.2x 150 mm, Western Analytical Products,
Murrieta, CA) with a linear gradient (from 0 to 55%) of 80%
acetonitrile in 0.1% (v/v) aqueous trifluoroacetic acid at a
flow rate of 6 mL/min. The reversed phase chromatography
was also performed at 4C. In the reversed phase chro-
matogram, active rVN151 containing either a C-terminal

Binding Affinity of SMB Peptide VN2231 for anti-VN
mADb.The binding affinity of rVN1-51, rVN1-51Asn+* —
Met, and the synthetic SMB peptide VN231 was deter-
mined by competitive BlAcore experiments using urea-
activated VN-immobilized sensor chips as described in the
previous section. Varying concentrations of the SMB pep-

homoserine (molecular mass of 5781 Da) or a C-terminal tides were incubated with 25 nM mAb 153 at room
homoserine lactone (molecular mass of 5763 Da) was temperature for 60 min, and then injected onto the chip. A
detected in main peaks 1 and 2, respectively (Figure 3A). control experiment demonstrated that mAb 153 bound to

Finally, after lyophilization of the purified rVN%51 con-
taining a C-terminal homoserine lactone, the resulting powder
was dissolved in 20 mM sodium phosphate buffer (pH 7.5)
and the solution was kept at80 °C before the NMR analysis
and disulfide bond study. To check the purity of the r\*N1

urea-activated VN on the sensor chip witKavalue of 3.0
nM (data not shown).

Disulfide Bond Arrangement of rVN&b1. The disulfide
arrangement of rVN451 was previously determined by
partial reduction and alkylation using TCEP to minimize

51 preparation, we performed an analytical reversed phasedisulfide exchange3d). In the present study, the disulfide
chromatography using a Vydac C18 column (%.@50 mm, bond arrangement of this domain was determined by peptide
Western Analytical Products) with a linear gradient (from mapping analysis of cleavage products that resulted from
15 to 30%) of 80% acetonitrile in 0.1% (v/v) aqueous partial acid hydrolysis of rVN451 according to the method
trifluoroacetic acid at a flow rate of 0.5 mL/min. The described by Derua et ak). The analysis was performed
chromatogram showed that purified rVN5S1 with a C- utilizing a combination of liquid chromatography/electrospray
terminal homoserine lactone had high90%) purity, ionization mass spectrometry (LC/ESI-MS) and peptide
although part of the rVNt51 was converted to the other recognition software (F-MASS and F-LINK programs: http://
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criproteomics.usouthal.edu/peptide/). rVNA1 was partly
acid-hydrolyzed by incubating rVNi51 powder (1.8 nmol)
with 300 4L of 0.5 M HCI at 110°C for 3 h. After

Table 1: Experimental Restraints and Structural Statistics
NMR Restraints

o N . total unambiguous distance restraints 1010
lyophilization of the hydrolysis mixture, the powder was intraresidue 406
dissolved in 0.1% (v/v) aqueous trifluoroacetic acid, and this sequential 188
solution was applied to LC/ESI-MS using an Agilent 1100 I”gﬁg'?amégnge 1273;

LC system coupled to q_Mlcromass. LCT instrument (Mass ambiguous distance restraints 314
Spectrometry Core Facility, The Scripps Research Institute). total dihedral angle restraints 69

In the LC system, cleavage products were separated by ® 45
reverse-phase chromatography using a Vydac C8 column (4.6 Y 24

x 250 mm). To characterize the resultant peptides, the Ensemble Statistics (20 structures each)
observed masses of each fragment determined by ESI-MS disulfide arrangement: 509 521 539

were first analyzed using the F-MASS program to identify —— ,

all nondisulfide-linked fragments. These fragments were V'Orlgggi%iﬁlé'iss'tsance violaton () 028 032 023
eliminated from the analysis, and the remaining fragments  maximum dihedral 26 20 26
containing disulfide bonds were subsequently analyzed using angle violation {)

the F-LINK program. This analysis revealed the total number energies i

of times that each theoretical disulfide arrangement was Mean restraintenergy (kcalmé) 5.8 41 48

. - ] mean AMBER energy (kcal mol) —2052 —2099 —2088
inconsistent with the presence of an observed cleavage ryms deviation from the

product. average structure (S4-K40)
NMR SpectroscopNMR spectra of unlabeled arféN- backbone atoms (N:CC) (A) 057 068 0.71
labeled rVN1-51 were recorded on Bruker DRX600, all heavy atoms (A) 100 117 119
eviation from idealized geometry
Av_ance750, or Avance900 spectrometers at 293 K processed” ,ond lengths (A) 0.01 0.01 0.01
using NMRPipe 44), and analyzed using NMRViewb). bond angles?) 2.0 2.0 2.0
Backbone resonances were assigned from three—dimensionaRam<’:\Cthf<‘:mdragllﬂlot ions (%) 633 07 04
15 A 5§ a most tavoranle regions (7o . . .
N TOCSY-HSQC and*N NOESY HSQC spectra at 600 additionally allowed regions (%) 36.2 28.3 28.8
and 750 MHz and from two-dimensional 2QF COSY and generously allowed regions (%) 0.4 1.0 08
NOESY spectra at 900 MHz. disallowed regions (%) 0.0 0.0 0.0

Restraint Generationlnterproton upper bound distance
restraints were derived from cross-peak intensities in the 3D combined distance and angle violations were sorted by
N NOESY—HSQC and 2D NOESY spectra. Distance AMBER energy and selected for analysis. Backbone analysis
restraints were assigned upper bounds of 2.5, 3.0, 4.0, 5.0was performed using PROCHECKY) and PROMOTIF
and 6.5 A, and lower limits were set to the van der Waals (58). Graphics images were prepared using MOLMGE)(
contact distance (1.8 A). Backbogeandy torsion angle and GRASP §0).
restraints were obtained using chemical shift data and the Coordinates.The assigned chemical shift list has been
pattern of medium-range NOE connectivitidé{49). Table deposited in the BioMagResBank with accession number
1 shows the numbers of restraints used in the structure6160 and the coordinates in the Protein Data Bank with
calculations. The published disulfide arrangeméd) (vas accession number 1SSU.
used in initial structure calculations. Subsequent parallel Conformational Energy Calculationdn extensive search
calculations used the published arrangement (509) and twowas carried out in the conformational space of the SMB
candidate “crossed” disulfide patterns (521 and 539, Figure protein to determine the global fold and to help in the initial
2) inferred from the initial structures. Disulfide bond NMR structure calculations, as well as to provide an
distances were restrained to 26010 A (0). All ambigu- independent assessment of the experimentally determined
ous restraints in each dataset were assigned upper bounddisulfide bond arrangement or possible different disulfide
of 6.5 A, but were omitted in the initial DYANA and  bond arrangements consistent with the NMR data. A shorter
AMBER calculations. form of the VN1-51 sequence (residues-41, termed

Structure Calculation and Analysién initial set of 200 VN1-41) was used, since the NMR data indicated that the
SMB structures was calculated using unambiguous NOE and10-residue C-terminal tail was unstructured. A united-residue
torsion angle restraints in the program DYANAOQ]. The (UNRES) force field 1), with implicit inclusion of solvent
100 structures with the lowest target functions were imported through side chairside chain interactions, and a confor-
into AMBER 7 (51) using a parm99 force fieldbg), 20 kcal/ mational-space annealing (CSA) search procediffe yere
mol-A2 force constant on interproton distance restraints, and used in the initial calculations. The UNRES/CSA procedure
150 kcal/mol for torsion angle restraints. uses only information about the amino acid sequence of the

Restraints were ramped from 4 to 20 kcal/mol in the first chain. No restraints were imposed in any of the UNRES runs
12-ps (ps, 1 time ste 1 fs) cycle of simulated annealing to force formation of disulfide bonds, and no NMR informa-
(1000 K) and were ramped from 4 to 20 kcal/mol during a tion was used at this stage to calculate the structures. The
second 20-ps annealing step (500 K). In an 8-ps third round conformational ensemble was clustered with a minimal tree
of annealing at 0 K, restraints were maintained at 20 kcal/ algorithm 3), and the conformations were then filtered
mol. Sixty low energy structures were transferred into a full- using the minimal amount of initially available NMR data
charge force field (ff99) and subjected to one 20-ps round to select those that satisfied the NOE restraints. The initial
of simulated annealing at 1000 K using a generalized Born NMR data used for filtering consisted of 112 unambiguous
solvent model §3—56). Twenty structures with the lowest NOEs, viz., 45 sequential (#i1), 46 medium-range (#i2
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to i,i+4), and 21 long-range (greater thanti). The best 108 010
conformation of VN1-41, based on the UNRES energy and ol 20 4o
the ability to accommodate the available NMR restraints was %00 19 .
converted to an all-atom representatiéd)( Five disulfide nzr ¥ & "=
bond arrangements (509, 30921, 532, and 539; Figure 2) nar 2, F 2
were found to be possible in the resulting preliminary 45 s} 33, o 50 %9 —_
structure. N L S R

To determine the most likely of these five plausible ppmm_ e 2% v pod 3 7
arrangements in the solution structure, molecular dynamics 39 % ::3 ‘:‘;‘;
calculations in explicit water were carried out for each of z2r L e e
these five models, using the X-ray coordinates (chain B of 1241 o b 027
the 10CO PDB structure3{), residues 3-39) as the starting 126} 14
geometry. All molecular dynamics calculations, as well as sl e 5
energy minimizations, were carried out with the AMBER 7 70 105 100 5. 60 85 80 75 70 65
program b1) and the parm99 all-atom force fiel@2), with H ppm
TIP3P water §5) and the Ewald summation for electrostatic Fgyre 4: *H—15N HSQC spectrum of fully activéSN-labeled
interactions, at 300 K. rVN1-51 at 283 K. The protein concentration was approximately

To close the disulfide bonds in each of the five arrange- Sggﬁk‘;\” é%ﬁgsrggﬁnﬁ?féug pﬁ';’csﬁ’gfﬁibﬂ?é’e ZHaZiHIQ:)ngeCc;O\?vsit_h he
m.er_ltsl, the_ energies of the alljatom models were _|n|t|ally residue number. Asparagine and glutamine side chain amides are
minimized in a vacuum with a_dlstance—dependent.dlelectnc connected by a horizontal line.
constant (4;, wherer; is the distance between atomand o o
j), and then in a box of TIP3P water molecules. Disulfide SPectrum indicates that the protein is folded, and the number
bonds were formed with a loop-closing potential. In all five Of cross-peaks is consistent with a single dominant confor-
energy-minimized models, the lengths of the disulfide bonds Mation. The resonance line widths are consistent with a
adopted physically reasonable values, ah®W& between ~ Monomeric protein of the correct molecular weight. Ad-
sulfur atoms, without significant changes of the initial (X- ditional data were qbtamed vylth a more concentrated sample
ray) structure (the RMSD of tha-carbon atoms between Of unlabeled protein, for which standatd 2D NMR data
the X-ray and the energy-minimized structures was less thanWere obtained. The NMR spectra indicated that the COOH-
2 A). terminal 10 residues of the cyanogen bromide fragmeitil

Two types of molecular dynamics calculations were carried were disordered in solution. Relatively sharp resonances were

out, viz., with NOE distance restraints and unrestrained. One_obs_grved4g)g1these _red§|dugs, e;ng thg Chem'ial sh|ft§, for
nanosecond restrained molecular dynamics calculations werd ©S'9U€S were indicative of the absence of secondary

carried out to check which of the five models could satisfy structure. In addition, only iptrare;idue and sequen_tia+1.|)i
the experimental NMR data. The restraints were introduced NOEs were opse_rved for this region of the po_Iypeptlde. These
into the potential as a penalty in the form of a-Gpe observations indicate that the COOH-terminus is unfolded

function ©6), i.e., a well with a flat bottom, parallel linear in solution and does not interact with the folded cysteine-

sides in ranges depending on the deviations defined by g50ich SMB domain. It has therefore been omitted from the

: : : : tructure diagrams.
experimental distance restraints obtained from the NOEs, and® : . .
a force constant of 20 kcal/mdl2, were used. Additionally, Solution Structure of r'VN251. The SMB domain, despite

unrestrained 1-ns molecular dynamics calculations were its small size, presented significant problems for solution

carried out to analyze the disulfide arrangements, independen tructure determination in the absence of good isotopically

of the NMR data, to obtain results unaffected by possible abeled samples. Such a small domasiQ residugs in th?
errors in the experimental data. folded portion) would generally be unstructured in solution

. . . . ith h f ional i li he disul-
The molecular dynamics trajectories for all five models without the conformational restraint supplied by the disu

in restrained and unrestrained calculations were stable. an ides. The presence of multiple disulfide bonds in a small
n res Idf f L:h s II ; caicu tI S;N | tS ' omain obviates the need for the well-packed hydrophobic
were used for furthér analysis, viz., 1o calculale average .. .oq thay provide the majority of the stability of most

(conformational plus hydration) energies, using the general-

) . . proteins. However, protein NMR structure calculations rely
:azaer? lg?rtr;le(Gr?y) d?gt?c:gagtliggjir?g) tfr?er tzgl\?eli?tg):égggible heavily on the high density of long-range distance restraints

. provided by the hydrophobic interactions in the core of the
The encraies, average torsional angles fo he dislfide bondsPOEM. Small cysteine-rich domains frequently have a
C—S-S-C. and the average deviations from the NMR relatively low density of NOEs in the center of the molecule,

distance restraints wer mpared for all model which can pose problems for high-resolution solution
stance restraints were compared for all mocels. structure determination. In the case of the SMB domain, this

is exacerbated by the almost total absence of hydrophobic
RESULTS residues other than the disulfide-bonded cysteines. In addi-
tion, a number of the resonances of the Cys residues were
NMR Spectra of rVN451. NMR data were initially overlapped. Therefore, we utilized an iterative method to
obtained with an extremely small, low concentration protein calculate and refine the structures. In initial calculations, only
sample labeled with°N (0.35 mL of a 200uM solution). NOEs that could be unambiguously assigned were utilized,
The N—H HSQC spectrum obtained with this material is together with our previously published disulfide arrangement
shown in Figure 4. The dispersion of the cross-peaks in the (34), to establish an overall fold. The next step in the iterative
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process utilized a set of backbone dihedral angle restraints, Determination of the Disulfide Bond Arrangement of
derived from inspection of chemical shift index, patterns of rVN1-51 by Acid Hydrolysis.Although we previously
sequential and intraresidue NOEs, and a limited data set ofshowed 84) that the disulfide bonds in active rSMB were
coupling constants available from tAel spectra. In this  arranged in a linear uncrossed pattern (509, Figure 2), Zhou
intermediate calculation, the force field of the backbone et al. 37) showed a crossed disulfide pattern (equivalent to
dihedral angle restraints was set at a higher value than521, Figure 2) for rSMB in a complex with PAI-1. These
normal. This method has been used previously to define thedifferences could reflect differences in the samples analyzed
global fold of a small domain, and to identify possible (e.g., SMB in solution vs SMB in PAI-1/SMB crystals), or
conflicting or erroneous NOE restrain®8g). In subsequent  shuffling of the disulfide bonds during the chemical cleavage
calculations, the force field for dihedral angle restraints was process or during crystallization, or selection of a particular
returned to normal values. NOEs identified as possibly disulfide bond arrangement from a heterogeneous mixture
erroneous or conflicting were removed from the restraint list, during crystallization of the SMBPAI-1 complex. To
and a further round of structure calculations was made. Theexplore the possibility that the disulfides might have been
structures obtained from this round of calculations were usedrearranged during the previous chemical analysis by partial
as a means to identify further NOE restraints from the reduction and alkylation34), we undertook to repeat the
spectra, utilizing a protocol in the program NMRvieds| analysis using a different method. Derua et48) fpreviously
similar to the SANE calculations). Successive rounds of ~ reported that acid hydrolysis under controlled conditions
NOE assignment and structure calculation gave a final setprovides fragmentation of cysteine-rich peptides without
of structures with acceptable RMSD, violations, and energies. disulfide-bond scrambling. Therefore, we reexamined the
The final round of structure calculations utilized a restrained disulfide-bond arrangement of the SMB domain employing
molecular dynamics calculation with additional refinement this approach. We performed a peptide mapping analysis of

with a generalized Born (GB) continuum solvent moda- the cleavage products that result from partial acid hydrolysis
56). of rVN1-51, utlizing a combination of reverse phase

chromatography and electrospray ionization mass spectrom-
etry (LC/ESI-MS). After LC/ESI-MS, we employed peptide

square deviation (RMSD) between members of the famil recognition software to determine the disulfide bond ar-
q ; Yy rangement. We first used the F-MASS program to eliminate
for the backbone of the structured region. Overall energies

were acceptable, and the backbone RMSD for the structure daII nondisulfide-bonded peptide fragments in the acid-cleaved

portion of the protein was small. The structures showed that VN1 -51. We subsequently identified all of the possible
the disulfide bonds were clus.tered in the center of the peptide fragments containing disulfide bonds in the cleavage

molecule, in extremely close proximity. All of the sulfur products by using the F-LINK program. In the present study,

atoms of the Cys residues were within approximately 5 A ;?ae;ng]etge(?;b?:g; guishable disulfide-containing peptide
of each other, raising the possibility that other disulfide There are 105 6ssible ermutations of four disulfide
arrangements could also be consistent with the NMR b b

restraints. The disulfide bonds provide the only stabilization bonds possible in the SMB domain. However, as indicated
for the folded structure of the SMB domain. However, the below, the active rVNE51 peptide is expected to contain

disulfide bonds in the linear arrangement provide only local the Cys®~Cys* disulfide bond, which reduced the number
o rrang P vy of combinatorially possible configurations to 15. Evidence
restraints: they do not provide long-range restraints that

. -~ . for the presence of the C3s-Cys* disulfide bond in active
might reasonably be expected to stabilize the domain. VN1-51 is provided by the apparent requirement for this

Solution Structures with Alterna Disulfide Arrange-  pond to be intact for binding to mAb 153 during purification
ments.To investigate the possibility of alternative disulfide (34). Anti-VN mAb 153 recognizes a conformation-depend-
arrangements, we performed a structure calculation withoutent immunoepitope within the SMB domaiB§), and the
disulfide restraints. This calculation indicated that two other, recognition site appears to be in close proximity to the PAI-1
nonsequential, disulfide arrangements were compatible with binding site, presumably in the central region (i.e., between
the NMR spectra, one termed 521 (€y€ys™, CyS—Cys?, residues 16:34) of the domain32). This epitope was further
Cys¥—Cys¥®, and Cy$—Cys™) and the other termed 539  mapped by determining whether a synthetic peptide contain-
(Cys—Cys®, Cyd—Cys, Cys®—Cys® and Cy$*—Cys*) ing this region was also recognized by mAb 153 (Figure
(Figure 2). Interestingly, all of these disulfide arrangements 7A). The peptide (VN2231, Asp?GluZLel?Cys5Sers-
contain the Cy®—Cys* disulfide bond. The three possible  Tyr2’Tyr28GIn2°SepCys?)) could be purified by affinity
sets of structures (i.e., 509, 521, 539) were refined in parallel, chromatography on a mAb 153 affinity column, demonstrat-
with structure calculations utilizing the same complete set ing that it contains the epitope. The peptide purified in this
of NOEs and a limited set of backbone dihedral angle way represents less than 3% of the total peptide applied to
restraints, mainly in the two regions where a single helical the column, indicating the specificity of the purification and
turn was observed. Families of 20 structures for these threesuggesting that the majority of the peptide in the preparation
disulfide arrangements are shown in Figure 5 and structurewas incorrectly synthesized or misfolded. The material that
statistics for the three final refined structure families are eluted from the column had a molecular mass of 1207 Da,
shown in Table 1. Single structures for each of the three consistent with the calculated mass of a monomeric peptide
arrangements are shown in Figure 6; the backbones supereontaining a single disulfide bond (i.e., C§sCys). The
impose with an RMSD of 0.83. It is clear that the overall molecular mass increased to 1209 Da upon reduction,
fold is identical in all three cases. The energies are quite consistent with this conclusion. Figure 7A shows that the
similar for all three arrangements (Table 1). oxidized peptide competes with mAb 153 for binding to

These calculations yielded a well-determined structure
family, with low restraint violations and low root-mean-
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Ficure 5: Calculated solution structures of rVN51. Only the ordered residues;-89, are shown, and the families are superimposed on
the backbone of residues-89. (A) Stereoview of a superposition of 20 structures calculated with the 509 disulfide bond arrangement. The
structures were superimposed on the backbone of residud9.8Backbone is shown in pink, the side chains of ‘Cysd Cy$ are in

yellow, Cys$® and Cyé&! are in red, Cy® and Cys! are in cyan, and Cy3and Cys° are in green. (B) Stereoview of a superposition of 20
structures calculated with the 521 disulfide bond arrangement. Backbone is shown in gray, the side chaihsiod Cys! in yellow,

Cyst? and Cy#?in green, Cy® and Cy8!in cyan and Cysand Cy$°in red. (C) Stereoview of a superposition of 20 structures calculated
with the 539 disulfide bond arrangement. Backbone is shown in cyan, the side chains®°afndySy$° in yellow, Cys® and Cy#? in

green, Cy® and Cys! in cyan and Cysand Cy$° in red.

immobilized VN, but that the reduced peptide does not. The that the particular disulfide bond arrangement is compatible
oxidized peptide also competes with PAI-1 for binding to with the observation of a particular fragment. A™indicates
immobilized VN (data not shown). Taken together, these that the program was unable to assign a disulfide-bonded
results indicate that mAb 153 recognizes and binds to the fragment to a particular arrangement that would be consistent
conformation-dependent epitope created by residues822  with the observed mass, and thus represents a “mismatch”.
of the SMB domain when it is stabilized by the formation The total number of mismatches for each disulfide bond
of the Cyg5—Cys* disulfide bond, but does not recognize arrangement appears as the last row of the table. The lowest
this epitope when the C3§&-Cys’! bond is reduced. number of mismatches are observed for the disulfide bond
On the basis of the above discussion, we considered onlypattern 509, indicating that this arrangement is the most
the 15 combinatorially possible disulfide linkage patterns that probable. The results for the disulfide bond arrangement 509
include the Cy®—Cys* bond in our acid fragmentation are presented in column 1 of Table 2, and show only two
studies. The observed fragments were matched to one omismatches, compared to 8 (column 2) and 11 (column 3)
more of the 15 possible disulfide patterns. A mismatch, where mismatches, respectively, for the disulfide bond arrangements
the mass of an observed fragment does not match any of521 and 539.
the possible fragments from a given disulfide arrangement, The F-LINK program was able to unambiguously define
provides evidence that other disulfide bond arrangements arethe disulfide bonds contained in three of the acid-cleavage
more probable. The results from the F-LINK program, products (606.8, 687.8, and 859.7 Da), taking into account
matching possible fragments from all 15 possible disulfide the binding epitope in the SMB domain for anti-VN mAb
bond arrangements with the masses of the observed frag153, which requires the C¥s-Cys* disulfide bond. The
ments, are presented in Table 2. &™in the table indicates  results for these fragments are highlighted in Table 2.
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539

FiIGURE 6: Stereopairs of the backbone of a representative member of the structure family obtained with the 509 (pink), the 521 (gray), and
539 (blue) disulfide arrangements, shown separately as indicated and also superimposed (bottom) on the backbone between residues 4 and
40.

Interestingly, the presence of these three fragments wastogether, these data provide strong evidence that the majority
incompatible with most of the suggested disulfide arrange- of the rVN1-51 in this sample has the uncrossed linear
ments. Only disulfide bond arrangement 509 can accountdisulfide bond pattern.

for all of these fragments. Suggested structures for these Experimental Demonstration of Alternagi Disulfide Ar-
fragments, together with their disulfide connectivities, are rangementsTo determine experimentally whether the di-
shown in Table 3. The analysis showed no fragments amongsulfide bond arrangement of the SMB domain may vary
the 22 that were unique for the 521 or 539 structures. Takenwithout affecting the PAI-1 binding activity, we prepared



6528 Biochemistry, Vol. 43, No. 21, 2004 Kamikubo et al.

Table 2: Assignment of Cleavage Products from Partial Acid Hydrolysis of r/Bllto 15 Possible Disulfide Bond Arrangeménts

Cleavage 1is09) | 2(s521) | 353 | 4 5 6 7 8 9 10 11 12 13 14 15

Product 59 | 521 | 539 | 59 59 | 5-19 | 5-19 | 5-19 | 5-21 | 5-21 | 5-32 | 5-32 | 5-32 | 5-39 | 5-39

Observed 19-21 | 9-39 | 9-21 §19-32 | 19-39 | 9-21 | 9-32 | 9-39 | 9-19 | 9-32 | 9-19 | 9-21 | 9-39 | 9-19 | 9-32

Mass (Da) |32-39 | 19-32 | 19-32 | 21-39 | 21-32 | 32-39 | 21-39 | 21-32 | 32-39 | 19-39 | 21-39 | 19-39 | 19-21 | 21-32 | 19-21]
4533 + + + + + + + + + + - + + + +
470.9 + + + + + + + + + + + + + + +
512.0 + + + + + + + + + + + + + + +
513.0 + -+ + -+ + + + + + + + + + + +
527.8 + + + + + + + + + + e + + + +
541.0 + + - + + - - - + + - - - - -
549.8 + + + + + + + + + + + + + + +
581.9 + -+ + -+ + -+ + -+ + + + + + + +
598.4 + + + + + + — + + — + + + + -
606.8 + - - - - - = — - - _ — + _ +
625.8 ; [ : [ : | : ' i ' i | i i [
685.8 + - - + + - + - — + + + + - +
687.8 1= - - - - + - - - = = ~ - - .
727.9 - + - - - - + + - + + + + - +
742.9 i - - . - } - _ + f } _
743.9 + - - + + - + — — + — - - - +
783.7 - + + - - - + - + + + - - + +
814.9 + + = + + - - - + + - - - - -
853.7 + + + + + + - + + + + + + + +
859.7 1 - - + + = = = = = = = _ _ _
871.9 + - - + + - - . - - n + + _ _
876.8 + + +

Number of 2 8 11 5 5 10 8 11 7 6 7 8 7 11 7

mismatches

arVN1-51 cleavage products (total of 22) containing disulfide bonds were analyzed using the F-LINK program. The total number of times that
each theoretical disulfide arrangement (a total of 15 possible arrangements containing the @ye2bdisulfide bond) was inconsistent with the
presence of an observed cleavage produet (h the table) is shown in the bottom line. A" in the table indicates that the theoretical mass of
a fragment matches the observed mass. The rows for the three fragments that show a preference for the disulfide arrangement 509 are shaded.
Disulfide bond arrangements 509 (column 1), 521 (column 2), and 539 (column 3) are outlined with a heavy box.

an SMB mutant (rVNt51Asrit* — Met), in which Asi* These are the masses expected after cleavage at residue 14.
was replaced by Met. If the linear uncrossed disulfide These results indicate that rVNB1Asn* — Met is held
arrangement was present exclusively in the recombinanttogether by disulfide bonds between the smallerld
1-97 fragment, then CNBr cleavage of the Asn> Met fragment and the larger ¥%1 fragment. Despite this,
mutant should result in two fragments, cleaved atWand rVN1-51Asr*— Met has the same PAI-1 binding activity

at Met4, with no disulfide connections between the N- and as rVN1-51 (Figure 7B) and binds to a column conjugated
C-terminal fragments. However, analysis of the CNBr-treated with an anti-VN mAb (mAb 153) (data not shown). The
sample (Table 4) revealed a single fragment with a molecular connection of residues-114 in rVN1-51Asn* — Met to
mass of 5749 Da (i.e., approximately the same as thatresidues 1551 by disulfide linkages is incompatible with
expected for the intact-151 fragment). Reduction of rVN1 the results obtained for the wild-type rVNB1, which
51Asn*— Met with DTT resulted in the generation of two indicate that residues 5 and 9 are disulfide bonded to each
fragments of molecular mass 4213 and 1542 Da (Table 4). other. Both wild-type and mutant proteins have an intaet 25
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Table 5: Relative Average Energies (kcal/mol) (Averaged over the
MD Trajectory), for Different Disulfide Arrangements, for
Restrained and Unrestrained MD Runs

disulfide bond arrangement

relative
average energy 509 509 539 521 532
restrained MD 36 109 20 0 0
unrestrained MD 43 rid 11 0 31

and — not determined.

calculations without added disulfide bond restraints. The 532
arrangement is another alternative that preserves both the
Cyst*—Cy<! and Cy&—Cys disulfides. The 509structure

was suggested by the adjacent positions off€gmd Cy$?

as a possible variant of the strictly linear 509 arrangement.
Of these arrangements, only the 5@&rangement does not

circles) synthetic peptide, were injected onto the chips. The amountcontain the Cy&—Cys* disulfide. All five disulfide bond

of residual mAb binding activity was then determined. (B) Binding
activity of rVN1-51Asr* — Met to PAI-1, determined by
competitive BIAcore assay. PAI-1 samples (25 nM), incubated with
increasing concentrations of rVNbB1Asr*— Met (closed circles)
and rVN1-51 (open circles), were injected onto a chip containing
immobilized urea-activated VN.

Table 3: Unique Cleavage Products of rvig12

rVN1-51 predicted rVN1-51
cleavage product cleavage product disulfide
(obsd mass, Da) (calculated mass, Da) connectivity
1
product 1 K7K8CeQroCt Cyst*—Cys?
(606.8) (606.8)
—
product 2 G5 CBIC32 C3K 40pL Cys5—Cyst
(687.8) (687.9) Cy&—Cys®
1
product 3 CKS6G7 CoTIOENGIF13 Cys—Cye
(859.7) (860.0)

aThree rVNLI-51 cleavage products, unique for the uncrossed
disulfide bond arrangement 509, were identified by the F-LINK software
program.

Table 4: Masses of Peptides after CNBr Hydrolysis

before after predicted

reduction  reduction peptide
obsd calc obsd calcd
mass mass  mass mass
(Da) (Da) (Da) residues (Da)
rVN1-51 5763 5762 577 1-51 5770
rVN1-51 Asr*— Met 5749 5750 4218 15-51 4215
1542 1-14 1543

@Reduced by 10 mM DTT in 10 mM tris buffer, pH 7.4 at*4fr
1 h.®Reduced by 100 mM DTT in 10 mM tris buffer, pH 7.4 at room
temperature for 1 h.

31 disulfide bond, since both bind to PAI-1 and to mAb 153.
The unimpaired PAI-1 binding activity of the mutant rVN1
51Asrt*— Met indicates that the disulfide bonding arrange-
ment apart from the 2531 bond may be less important for
PAI-1 binding activity, and that several arrangements can
be accommodated.

Results of Conformational Energy Calculatio@onfor-

arrangements were compatible with the UNRES/CSA con-
formational studies.

Following model-building of the different disulfide-bonded
structures from the backbone coordinates of the X-ray crystal
structure 87), the relative energy of each disulfide bond
arrangement was assessed following 1-ns molecular dynam-
ics calculations. Two sets of molecular dynamics calculations
were carried out, one using a set of 650 NMR restraints and
the other unrestrained. In the restrained calculations, the
average structures (averaged over the molecular dynamics
trajectories) for all models except 508ere very similar to
the X-ray structure (RMSD for the ®Catoms smaller than
2.3 A). The 509 structure drifted more from the X-ray
structure, with an RMSD of 3.6 A. The average RMSDs from
the NMR distance restraints were less than 0.02 A for all
models except 509for which the RMSD was 0.04 A. In
general, all structures satisfy the NMR restraints very well.
The relative average energies are given in Table 5. Given
the energy fluctuations of 16 kcal/mol during a molecular
dynamics run, it appears that all disulfide arrangements
except 509are feasible ones for the molecule in solution.
Analysis of the C-S—S—C dihedral angles also supports
the above conclusion. Table 6 contains values of each of
the four disulfide dihedral angles, which may be compared
to the favorable values of:90°. Model 509 exhibits
significantly larger deviations than those found for the other
models. On the basis of the above results, model 688
be eliminated from further consideration.

The results of the unrestrained molecular dynamics
calculations without using NMR restraints (and excluding
509) are also shown in Tables 5 and 6. They are consistent
with those from restrained molecular dynamics. All four
remaining models are, therefore, possible disulfide bond
arrangements, with model 509 being somewhat less likely
than the others by these criteria. The average disulfide bond
torsion angles (Table 6) are generally within a few degrees
of the preferred values of 9Gand —90°.

DISCUSSION

PAI-1 belongs to the serpin superfamily, of which the best

mational energy calculations were performed using a total characterized members are serine protease inhibitors impli-
of five different disulfide bond arrangements, shown in cated in various biological processes such as inflammation,
Figure 2. The 509 arrangement is the one suggested by théblood coagulation, and fibrinolysis. However, unlike other
chemical studies34 and the present work). The 521 and serpins, PAI-1 undergoes a rapid, dramatic conformational
539 arrangements were suggested by the NMR structurechange in solution, where the active (“stressed”) form is
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Table 6: Values of the €5—S—C Dihedral Angle [dih, deg] (Averaged over the MD Trajectory) for Each of Four Disulfide Bonds, for
Restrained and Unrestrained MD Runs

521 532 539
bond dih bond dih bond dih bond dih bond dih
restrained MD 5-9 137 5-9 —-169 5-21 -77 5-32 70 5-39 -92
19-21 106 19-21 8 9-39 —77 9-39 —-81 9-21 —83
25-31 92 25-32 -101 19-32 88 19-21 78 19-32 84
32-39 99 31-39 —154 25-31 87 25-31 87 25-31 87
unrestrained MD 5-9 94 id 5-21 —104 5-32 73 5-39 -89
19-21 73 nd 9-39 —80 9-39 -79 9-21 —99
25-31 95 nd 19-32 93 19-21 76 19-32 88
32-39 125 nd 25-31 100 25-31 91 25-31 94

and — not determined.

R

Ficure 8: (A) Surface representation of a single structure of the SMB domain containing the 521 disulfide bond arrangement, with an
electrostatic surface calculated using the program GRASP The hydrophobic surface comprising [2&ur'yr??, and Ty#?8 can be clearly

seen at the bottom of the picture, with the conserved acidic residués #&wmp Gli#3 forming a concentrated area of negative charge in the
center. (B, C) MOLMOL B9) representations of the same structure, in the same orientation as panel A, illustrating the position of the side
chains of the putative binding surface.

converted into the inactive (“relaxed” or latent) form by the other proteins that contain SMB-like domairs). None of
insertion of the reactive center loop as strand 4 betweenthese SMB homologues binds to PAI-35]; Lew??, Tyr%,
strands 3 and 5 of the centyddsheet of the molecule’Q— and Tye8, which have been shown by mutagenesis to be
72). Only the stressed form of PAI-1 binds to the SMB absolutely required for PAI-1 bindingd$, 38), and which
domain, an interaction that delays the latency transition of appear in our structure as a group on the surface of the
PAI-1 and stabilizes the inhibitor. Previous mutational studies domain (Figure 8), are not conserved in any of the nonfunc-
(35, 38) suggested that residues228 in the SMB domain  tional SMB-domain homologues (Figure 10). The three-
of VN interact with PAI-1. dimensional structure of the SMB domain thus implies that
The studies in this report demonstrate that the three-jts high-affinity interaction with PAI-1 results from the

dimensional structure_of _the SMB domain is _extremely capacity of the disulfide bonded domain to present a
compact and that the disulfide bonds are packed in the centeydrophobic binding surface to the inhibitor. The covalently
of the domain forming a covalently bonded core (Figures S ponded disulfide core would appear to be absolutely neces-
and 6). The amino acid composition of the folded part of a1y for the correct interaction to occur, as proteins that
the domain (residues-4B9) shows, in addition to the €ight = ¢ontain less stable noncovalent hydrophobic cores would
Cys residues that comprise the disulfides, a preponderancé,erhans be in danger of unfolding/misfolding and mixing
of hydrophilic residues: 8 acidic, 5 basic, and 10 neutral. up the hydrophobic groups. The hydrophobic side chains are

Only 6 of the 37 residues in the SMB domain (Fh¥/al™, clearly arranged in a highly specific way on the surface of
Lew?*, Tyr?”, Tyr?8, and Tye® can be considered to have the SKAB dor%ainl gty spectiic way a

hydrophobic side chains. All of these side chains are clustered ) ) ) o
in one region on the surface of the SMB domain, surrounded  Other highly conserved residues in the PAI-1-binding SMB
by surface hydrophilic residues, with a prominent acidic domains include As and GId®. These residues are also
patch at residues Aband GI#? (Figure 8). Figure 9 shows ~ Present on the surface of the SMB domain, forming a
some of the NMR evidence for close contacts between thesenegatively charged patch on one side of the hydrophobic
hydrophobic side chains: nuclear Overhauser effect (NOE) Patch. This arrangement most likely gives additional speci-
connectivities (shown boxed in Figure 9) are visible in the ficity to the interaction. The alanine scanning mutagenesis
spectrum between the side chains of #eand Val> and  study @5) demonstrated that ASpis critical for PAI-1
those of the aromatic rings of PReTyr?’, and Ty#s. binding and is required to stabilize PAI-1 activity. Although
With the exception of VaF, these amino acid residues Glu* does not seem to be required for PAI-1 binding, it
are conserved between human, rabbit, mouse, and pig VNplays an important role in uPAR bindin@)( Again, both
sequences, all of which bind tightly to PAI-1. Figure 10 Asp? and Gli#® are conserved in VN molecules that bind
shows the sequence alignment of the SMB domains of thesePAI-1 but not in the nonbinding SMB homologues (Figure
VN species, together with the relevant sequences of severall0).
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Ficure 9: Portion of the 900 MHz 2D NOESY spectrum of the SMB domain, showing NOEs between aliphatic protons and aromatic/
amide protons. The connectivities labeled are those between the side chains of the hydrophobic patch. Boxed labels indicate NOEs between
nonadjacent side chains.

Vitronectin SMB
Residue 5
Human 2
Rabbit 2
Mouse 2
Pig 2

Homologues

Residue

Msf exon2 3

Msf exon3 43

Tcl-30 128 PSSC-QGRCRE?
PP11 28 H;r(sc-@GRc ;
PC-1 53 SC-KGRC
PC-1 94 IWNTCNKERC
GP130 52 IGSC-RKKC
GP130 96 IWNTCNSERC
Autotaxin 100 GificTkBRrRC

Consensus ---C----C-f-------- Cc-C---C----- cc-j8---c-

Ficure 10: Sequence alignment of SMB domains present in vitronectin from different species, and in the indicated SMB-like domains
(homologues): Msf, megakaryocyte-stimulating factor; Tcl-30, T cell-specific protein; PP11, placental-specific protein 11; PC-1, plasma
cell membrane glycoprotein; GP-130, tumor cell surface anti§&nh Amino acid types are identified by colors: green, hydrophobic (A,

V, L, I, P, M); blue-green, aromatic (F, Y, W, H); yellow, cysteine; red, acidic (D, E); blue, basic (K,R); orange, carboxamide (N, Q); tan,
hydrophilic (S, T); white, glycine. Arrows indicate the positions of Bedyr?’, and Tyr8. All of the homologue domains were identified

on the basis of the positions of the eight Cys residues, shown as a consensus at the bottom of the figure. In addition, there are four other
positions with close homology between the SMB domains and the SMB-like domains: a basic amino acid (R, K) immediately before the
Cys at position 9 of SMB, an acidic residue (E, D) in the position corresponding to residue 11 of SMB, an Asp or Asn residue corresponding
to Asp** of SMB, and an aromatic residue (Y or F) corresponding t*Tyr

The hydrophobic patch is not excessively hydrophobic, solvent exposed to initiate bindingf the patch was uni-
and many of the component side chains could be thought offormly and deeply hydrophobic, it might cause the VN

as partly hydrophilic. For example, T3frand TyF® contain

the C-hydroxyl group on the aromatic ring. Nevertheless,
electrostatic calculations with the program GRASHD)(
illustrated in Figure 8, indicate a prominent hydrophobic
patch in the vicinity of the two adjacent tyrosines (and
Tyr?®), with a well-defined acidic patch to one side,
constituted by the adjacent A8@mnd Gl side chains. The
occurrence on the surface of the SMB domain of bulky,
largely hydrophobic side chains which also contain functional
groups capable of favorable interactions with water may
reflect the necessity for the hydrophobic patch to remain

molecules to aggregate in solution or to bind to other
molecules nonspecifically.

After completion of our NMR solution structure calcula-
tions, Zhou et al. 37) reported the X-ray crystal structure
of the complex between the SMB domain and PAI-1. The
binding interface between the SMB domain and PAI-1 is
consistent with the mutagenesis data for V3%,(38) and
PAI-1 (15, 73—75) and with our NMR-derived solution
structure showing the functional residues of the SMB domain
in a contiguous patch on the surface (Figure 8). The backbone
fold of the X-ray structure is quite consistent with the family
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Ficure 11: Stereoview of a superposition of single structures of the SMB domain with disulfide arrangements 509 (pink), 521 (gray), and
539 (cyan) with that obtained from the X-ray structure of the SM\I-1 complex (1OCO)37) (blue).

of NMR structures in solution, no matter what the disulfide of native VN with denaturants such as urea, suggesting that
arrangement (Figure 11). The all-atom RMSDs between thethe native SMB domain normally lacks the high-affinity
X-ray and the average NMR structures are 1.64, 1.64, andbinding site for PAI-1 82). Our highly purified rVN1+51
1.72 A, for models 509, 521, 539, respectively. Thus, the contained a high-affinity binding site for PAI-1, and its
nature of the PAI-1 binding site, the major issue as far as binding affinity was the same as that for the SMB domain
the structure of the SMB domain is concerned, is completely prepared from urea-activated VN (data not shown). However,
consistent between the bound SMB domain in the crystal we do not know whether there is actual variability and
and the free SMB domain in solution. plasticity of the disulfide bond arrangement in the native

The difference in the disulfide bond arrangement between SMB domain since neither the disulfide bond arrangement
the published chemical analys®4j and the X-ray structure  nor the structure of the SMB domain within native VN has
(37) was unexpected. The disulfide bond arrangement been determined. In addition, it is possible that our r¥N1
determined in the X-ray crystal structure is the same as that51 and rVN151Asn* — Met represent scrambled inter-
in the disulfide arrangement 521 (Figure 2). Since the NMR mediate isomers of the native SMB domain generated during
spectra do not report directly on disulfide bonds, there biosynthesis in bacteria and/or during the purification
remains some ambiguity in the solution structures of the free procedure, thereby resulting in an altered disulfide bond
SMB domain with regard to the disulfide arrangement. arrangementin the recombinant molecule, which nevertheless
Chemical studies described herein and in 8df impli- retains full biological activity. These issues cannot be
cate the linear uncrossed arrangement 509, while theresolved until the folding process, as well as the disulfide
comparable overall energies of the various calculated struc-bond arrangement and structure, have been determined for
tures appear to indicate that a number of different disulfide the native SMB domain. Until then, we propose that the
arrangements are possible. The conformational energy cal{potential for variability and/or plasticity of the disulfide bond
culations show that the only significant difference between arrangement of the SMB domain may have relevance in the
the structure families with the disulfide bond arrangements design of inhibitors for the physiological partners of vit-
shown in Figure 2 is an energy disadvantage for the crossedronectin.
form 509.

The presence of at least two alternative disulfide arrange-CONCLUSIO'\lS
ments that remain compatible with PAI-1 binding is shown  The structure of the recombinant SMB domain free in
by the results obtained for the rVNB1Asn*— Met mutant solution contains a core of four disulfide bonds which can
protein (Figure 7B; Table 4). The present work does not be arranged in several ways, including a previously published
delineate the disulfide bond arrangement in this SMB mutant, sequential arrangemer24), and still allow consistency of
but it is clear from Table 4 that the disulfide bond the structure with the NMR data and comparable conforma-
arrangement in this mutant differs from the linear uncrossed tional energies. The recent report of the X-ray structure of
pattern observed for the wild-type protein, and that thé€ys the SMB domain in a complex with PAI-137) is quite
Cy¢ disulfide is not present in the majority of the protein consistent with the backbone fold and PAI-1 binding surface
molecules under these conditions. The binding experimentsinferred from the solution NMR spectra of the free protein.
with anti-VN mAb 153 and PAI-1 indicate that the mutant Whether the difference in disulfide arrangement seen in the
protein contains the required GysCys* disulfide bond. PAI-1 complex compared to that determined for free SMB

The purpose of the present study was to clarify the inthe chemical mapping experimeng&i@nd present paper)
disulfide bond arrangement and 3-D structure of the active will prove to be significant for the function of VN is a subject
SMB domain that contains high-affinity binding sites for for further study. The X-ray structure of SMB in the complex
PAI-1 and the anti-VN monoclonal antibody 153. It should and the NMR structure of the free domain in solution are
be pointed out that the high-affinity binding site for PAI-1  very similar in the local structure of the principal PAI-1
is cryptic in native VN and is exposed only upon treatment binding loop and are consistent with previous mutagenesis
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studies 85, 38). This loop, delimited by the Cy3-Cys™
disulfide bond, appears to present a binding surface for PAI-1
and uPAR via exposed conserved hydrophobic side chains
of Lew?4, Tyr?’, and Ty?f® and the nearby acidic side chains
of Asp?? and Gl#3. The biochemical, structural, and com-
putational evidence summarized in this paper points to the
possibility of heterogeneity or variability in the disulfide
arrangement of the SMB domain. We conclude that a variety
of allowed disulfide bond arrangements in the SMB domain
may be compatible with biological activity, as long as the
Cys®—Cys*! disulfide bond is preserved.
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