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X-ray Crystallographic Structure of the Angiogenesis Inhibitor, Angiostatin, Bound
to a Peptide from the Group A Streptococcal Surface Protein PAM†,‡
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ABSTRACT: The crystal structure of the human Pg-derived angiogenesis inhibitor, angiostatin, complexed
to VEK-30, a peptide from the group A streptococcal surface protein, PAM, was determined and refined
to 2.3 Å resolution. This is the first structure of angiostatin bound to a ligand and provides a model of the
interaction between Pg and streptococcal-derived pathogenic proteins. VEK-30 contains a “through-space
isostere” for C-terminal lysine, wherein Arg and Glu side chains, separated by one helical turn, bind
within the bipolar angiostatin kringle 2 (K2) domain lysine-binding site. VEK-30 also makes several
contacts with K2 residues that exist outside of the canonical LBS and are not conserved among the other
Pg kringles, thus providing a molecular basis for the selectivity of VEK-30 for K2. The structure also
shows that Pg kringle domains undergo significant structural rearrangement relative to one another and
reveals dimerization between two molecules of angiostatin and VEK-30 related by crystallographic
symmetry. This dimerization, which exists only in the crystal structure, is consistent with the parallel
coiled-coil full-length PAM dimer expected from sequence similarities and homology modeling.

A critical reaction in the generation of the fibrinolytic
response is the production of Pm1 from the activation of the
zymogen, Pg (1). Pm catalyzes the proteolysis of the fibrin
network, resulting in the dissolution of blood clots (2, 3).
Conversion of Pg to Pm results from cleavage of the
Arg561-Val562 peptide bond by Pg activators. Cleavage
at this site in Pg results in the formation of two-chain Pm,
which is composed of a heavy chain and light chain linked
by two disulfide bonds. The heavy chain consists of the
N-terminal “finger domain” followed by five consecutive
homologous triple disulfide-bonded kringle domains. The
light chain possesses the C-terminal serine protease catalytic
unit (Figure 1A) (4).

Kringle modules have been shown to be protein recogni-
tion units in virtually all cases where a function has been

identified. Many of these kringles display an affinity for
C-terminal lysine residues on proteins and for small mol-
ecules such as EACA that mimic C-terminal lysines (5-7).
Their binding modes for lysine-like ligands have been
extensively studied structurally and by site-directed mu-
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FIGURE 1: VEK-30 binds to Pg-K2. (A) Pg consists of an N-ter-
minal finger domain followed by five consecutive homologous triple
disulfide-bonded kringle domains and a C-terminal serine protease
catalytic domain. The angiogenesis inhibitor angiostatin encom-
passes Pg-K1-3. VEK-30 is an internal 30-residue helical peptide
fragment of streptococcal surface protein PAM. The VEK-30 helical
peptide binds only to the Pg-K2 domain. (B) Peptide sequence of
VEK-30 using PAM numbering. Arrows above the sequence
indicate the two direct repeats. Note that the second direct repeat
is truncated and its terminal residue was changed from Arg to Tyr.
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tagenesis. The specific region responsible for ligand binding
is the LBS. The LBS is bipolar with a cationic and anionic
center that stabilizes the carboxyl and amino group of a
C-terminal lysine residue (8-11). Between the two charged
regions of the binding site is a hydrophobic region consisting
of two aromatic residues that act as forceps for the interven-
ing hydrophobic methylene chain of the C-terminal lysine.
Pg-K1, -K4, and -K5 all show a reasonably high affinity for
EACA, while Pg-K2 has a significantly lower affinity for
EACA. Pg-K3 displays no affinity for any of the C-terminal
lysine mimics (12). However, specific and high-affinity
interactions between Pg kringle domains and proteins lacking
C-terminal lysines have also been identified. These include
tetranectin (13-15), which binds to Pg-K4, and the strep-
tococcal surface protein PAM (16-19), which binds to Pg-
K2. A ligand for Pg-K3 has yet to be identified.

The interaction between the C-terminal lysines of degrad-
ing fibrin and the lysine binding kringles of Pm or Pg serves
to localize Pg to fibrin, thereby promoting continued pro-
teolytic dissolution of the fibrin by Pm (20). The five Pg
kringle domains have an additional regulatory function
involving mediation of a dramatic conformational change
(21, 22). The full-length Pg (glu-Pg) exists as a tightly
compact structure in the presence of Cl- and is relatively
inactive toward activation by Pg activators (19, 21, 23-25).
This compact conformation depends, at least in part, on
interactions between Pg-K5 and the NTD, since recombinant
Pg bearing LBS mutations in K5 or N-terminal lysine
substitutions exist only in the extended conformation (26).

The group A streptococcal surface protein PAM, a 43 kDa
member of the M protein family, binds Pg-K2 with high
affinity (27). M and M-like proteins account for several
interactions between group A streptococci and plasma
proteins and are known to act as virulence factors by
inhibiting phagocytosis (27, 28). In fact, PAM is required
for infection by several streptococcal strains (29, 30). It acts
by localizing Pm to the bacterial surface, inhibiting fibrin
encapsulation during infection. Pm then catalyzes both
extracellular matrix and fibrin degeneration, thwarting bacte-
rial encapsulation during infection. M and M-like proteins
are thought to be highly related structurally, consisting of a
continuousR-helix encompassing most of the structure, with
a membrane-binding domain on the N-terminus. The con-
tinuousR-helices then dimerize, forming extended parallel
coiled-coil structures that extend tens of angstroms from the
cell surface. These M protein protrusions are easily visualized
in EM projections (31). A region of PAM, spanning amino
acids 91-116, contains two direct repeat sequences and is
responsible for Pg binding by PAM. VEK-30, anR-helical
peptide derived from residues 85-113 of PAM containing
the first and most of the second direct repeat, possesses a
high-affinity binding site for Pg-K2 (Kd ) 460 nM) (17-
19, 27), even though it does not contain a C-terminal lysine
residue (Figure 1B). VEK-30 specifically binds Pg-K2,
having no measurable affinity for any of the other isolated
Pg kringle domains. The crystal structure of Pg-K2, mutated
to contain an upregulated lysine binding site, bound to VEK-
30, demonstrates a novel kringle LBS interaction, where the
C-terminal lysine is mimicked by argininyl and glutamyl side
chain residues displaced by almost one helical turn (19). This
arrangement of residues is named a “through-space isostere
for C-terminal lysine”.

Angiostatin is an internal fragment of Pg containing the
first three or four kringle modules (Figure 1A) (32, 33). It
was one of the first angiogenesis inhibitors to be identified.
Angiogenesis is critical for the growth of most solid tumors,
as a blood supply must be recruited to stimulate significant
growth (34, 35). For this reason, intense interest has been
focused on angiogenesis inhibitors for use as potential
anticancer agents. Although the function of angiostatin in
angiogenesis inhibition is uncertain, agents containing Pg-
K1-3, -K1-4, and -K1-5 show potent anti-angiogenic and/
or antitumor growth activity in animal models. These
fragments, as well as individual kringle modules, are also
inhibitory toward endothelial cell migration and/or prolifera-
tion in vitro. Later studies showed that angiostatin corre-
sponding to K1-3 engenders all the determinants responsible
for maximal inhibition of cell proliferation and motility (36).

To further understand kringle domain function and kringle
domain specificity, angiostatin bound to the VEK-30 peptide
was crystallized and its three-dimensional structure deter-
mined from two independent crystal forms, aP6122 form
and aP61 form. The angiostatin-VEK-30 structure is the
first example of an interaction between a multiple-kringle
protein and a biologically relevant ligand to be visualized at
atomic resolution. Furthermore, as the only existing structure
of an angiostatin-ligand complex, it provides a model at
atomic resolution for testing the genesis of anti-angiogenic
activity following angiostatin-ligand binding.

MATERIALS AND METHODS

Crystallization of theAngiostatin-VEK-30 Complex.
Human angiostatin containing K1-3 was expressed inPichia
pastorisand purified as described previously (37). The VEK-
30 peptide was synthesized and purified as previously
described (19). Crystals of the angiostatin-VEK-30 complex
were grown at room temperature by hanging-drop vapor
diffusion; 1 µL of a protein solution containing 15 mg/mL
angiostatin in 0.15 M NaCl, along with a 5-fold molar excess
of VEK-30, was admixed with 3µL of a reservoir solution
containing 20% PEG 8000, 0.1 M potassium phosphate
(dihydrate), and 5% dioxane and equilibrated over the
reservoir solution. Diamondlike crystals appeared in 1 day
and continued to increase in size for 2-3 weeks.

Collection of Intensity Data.The crystals were briefly
soaked in a solution of 22% PEG 8000, 0.1 M potassium
phosphate (dihydrate), 5% dioxane, and 30% glycerol at
room temperature and flash-frozen by immersion in liquid
N2. Data were collected at the Advanced Photon Source
(APS) IMCA-CAT 17-ID beamline at Argonne National
Laboratory to a resolution of 2.0 Å, and data were processed
and scaled using the HKL suite of programs (38). The
crystal-detector distance was 270 mm, and 200° of data
were collected with an oscillation of 0.5°. The crystal
parameters and data collection statistics of the angiostatin-
VEK-30 complex are listed in Table 1. The space group was
P6122 with one molecule in the asymmetric unit.

Structure Determination and Refinement.The structure
was determined by molecular replacement using AMoRe and
the structures of K1 and K2 from human angiostatin as search
models (PDB entry 1KIO) (39). A translation search with
K2 gave one solution, and a translation search with K1 after
fixing the K2 translation solution also yielded one solution.
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The crystal packing of K2 and K1 was consistent with the
location of K2 and K1 in the structure. This solution had a
correlation factor of 41.9 and anR value of 44.2%, after
rigid body refinement. Fixing the positions of angiostatin
K1 and K2 and calculating an electron density map revealed
density corresponding to the VEK-30 helix. The same
electron density map revealed density connecting K1 and
K2. Even after K1, K2, and VEK-30 had been fixed, rotation
and translation searches performed using human angiostatin
K3 as a search model (PDB entry 1KIO) were unsuccessful.
After refinement of K1, K2, and VEK-30, an electron density
map revealed density for two residues in the K2-K3 linker
peptide, residues T244 and T245, but no electron density
was ever seen downstream of residue T245. No electron
density was seen for C297 of K3 at the inter-kringle K2-
K3 disulfide bond. When C297 was built into the structure,
negative density was calculated for residue C297 and
increases inR andRfree were observed. This indicated that
residues 246-333 encompassing K3 are highly flexible in
this structure. The refinement parameters are listed in Table
1. The overall structure of the complex is shown in Figure
2A. An example of the 2Fo - Fc map contoured at 1σ is
shown in Figure 2B.

Heavy atom soaks were performed on angiostatin-VEK-
30 complex crystals using 5 mM Pt(C5H5N)2Cl2 [cis-
dichloro-bis(pyridine) platinum(II)]. After being soaked for
24 h, the crystal was back-soaked in its cryoprotectant
solution. The crystal was flash-frozen by immersion in liquid
N2. Data were collected at the DND-CAT 5-ID beamline at
the APS to a resolution of 2.8 Å. The crystal-detector
distance was 200 mm, and 70° of data were collected with
an oscillation of 0.5°. The data were processed and scaled
using the HKL suite (40) in space groupP61. Detailed data
statistics are listed in Table 1. Automated heavy atom
searches using SOLVE failed to locate heavy atom positions
(41). The cause for the change in space group was not
identified. Molecular replacement using CCP4 and theP61-
22 structure as a model yielded two translation solutions with
correlations of 46.6 and 73.6 andRvalues of 43.2 and 31.2%,

respectively (42). These two solutions represented the two
molecules of K1, K2, and VEK-30 in the asymmetric unit
of theP61 crystal form. Molecular replacement using K3 of
angiostatin (PDB entry 1KIO) as a model produced no
solution. An electron density map was calculated, and density
for residues T244 and T245 of the K2-K3 linker was seen
as in theP6122 structure. No density was seen after residue
T245. However, density was seen at the inter-kringle K2-
K3 disulfide bond (C169-C297) for C297 of K3 for only
one of the molecules in the asymmetric unit (Figure 2C).
Residues P296 and K298 were then built into corresponding
density in the K3 disulfide region. However, no density was
seen beyond K298 or before P296. Refinement statistics are
listed in Table 1. All model building was done using
TURBO-FRODO, and the refinement and map calculations
were carried out using CNS and CCP4 (42, 43). GroupB
factor refinement was used for both structures.

The X-ray intensity data used to determine and refine the
crystal structure are summarized in Table 1. The asymmetric
unit of the P6122 crystal form contains one angiostatin-
VEK-30 complex, while theP61 crystal form that resulted
from Pt(II) soaking contains a complete angiostatin-VEK-
30 dimer in the asymmetric unit. The Ramachandran plot of
the structure contained 138 non-glycine, non-proline residues
(78.3%) in the most favored regions and 17.4% in the
additionally allowed regions with E163 and E165 in the
disallowed region.

Analytical Ultracentrifugation.Sedimentation equilibrium
experiments were performed in a Beckman XL-I analytical
ultracentrifuge operated in absorbance mode (280 nm) at 20
°C. Angiostatin was dissolved in 100 mM sodium phosphate
(pH 7.4) to a final concentration of 13µM. For experiments
conducted in the presence of VEK-30, a concentrated stock
solution of VEK-30 was introduced to afford an angiostatin:
VEK-30 molar ratio of 1:5. Samples were rotated at speeds
of 14 000 and 18 000 rpm. The partial specific volume of
angiostatin (0.706 mL/g) was calculated from its amino acid
composition. The data were analyzed using the sedimentation
analysis software supplied by Beckman. The experimentally
derived molecular weights represent the average of the fits
from duplicate scans acquired at the two rotor speeds that
were employed.

RESULTS

OVerall Structure of theAngiostatin-VEK-30 Complex.
In comparison to the unbound form of angiostatin, no
electron density was detected for any of the residues of Pg-
K3 (residues C256-C333) in the angiostatin-VEK-30
complex [gel electrophoresis showed the full-length an-
giostatin to still be intact (data not shown)]. Additionally,
electron density is absent for most of the residues in the K2-
K3 inter-kringle peptide (residues P246-Q255). However,
the remaining residues of the Pg-K1 and Pg-K2 domains are
well-ordered and exist in a relatively extended orientation
with essentially no interactions between them. There are also
very few interactions between either Pg-K1 or Pg-K2 and
the linker peptide that connects the two domains (Figure 2A).
Electron density for the VEK-30 peptide is absent for
N-terminal residues Val85-Lys87 and C-terminal residues
K111-Y114 (Figure 1B). Of the remaining 23 residues, 20
correspond to approximately five turns of a well-defined
R-helix that is approximately 30 Å long (Figure 2A).

Table 1: Data Collection and Refinement Statistics for the
Angiostatin-VEK-30 Complex

data collection
space group P6122 P61

cell dimensions
a, b, c (Å) 58.4, 58.4, 391.0 58.8, 58.8, 389.2
R, â, γ (deg) 90.0, 90.0, 120.0 90.0, 90.0, 120.0

resolution (Å) 2.0 (2.07-2.3)a 3.0 (3.20-3.04)a

Rmerge 9.1 (30.8)a 8.4 (31.2)a

I/σ 45.12 (4.8)a 12.38 (3.02)a

completeness (%) 80.2 (78.7)a 78.5 (97.1)a

redundancy 4.8 5.7
refinement

resolution (Å) 15-2.3 20-3.0
no. of reflections 15842 12432
Rwork/Rfree 20.85/25.45 20.17/29.56
no. of atoms

protein 1525 3064
ligand/ion 12 0
water 321 0

meanB-factor (Å2) 25.591 35.457
rms deviation

bond lengths (Å) 0.014 0.023
bond angles (deg) 1.583 2.593

a Data for the highest-resolution shell are in parentheses.
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Interactions between VEK-30 andAngiostatin. Residues
Glu93-Glu104 react with angiostatin (Figure 2D,E). This

region encompasses most of the first direct repeat and the
first residue of the second. Most of these interactions occur

FIGURE 2: Structure of the angiostatin-VEK-30 complex. (A) Overall structure of the angiostatin-VEK-30 complex. Angiostatin is colored
red, and VEK-30 is colored blue. One molecule of dioxane is colored green. (B) Example of a 2Fo - Fc map of the angiostatin-VEK-30
P6122 structure contoured at 1σ. (C) Example of a 2Fo - Fc map of the angiostatin/VEK-30P61 structure contoured at 1σ and centered at
the inter-kringle K2-K3 disulfide bond (C169-C297). (D) Interaction between the angiostatin K2 LBS and VEK-30. R101 and E104 are
spaced by almost one helical turn and form the through-space isostere for C-terminal lysine. Angiostatin is colored green, and VEK-30 is
colored magenta. (E) Bidentateπ-cation interaction occurs between the guanidino group of VEK-30 R101 and angiostatin K2 LBS residues
W225 and W235. Angiostatin is colored green, and VEK-30 is colored magenta. All atoms are colored by atom type (nitrogen, blue;
oxygen, red). Angiostatin residues are labeled with plasminogen numbering. VEK-30 residues are labeled with PAM numbering.
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between a single face of the helix and the K2 motif. One
side of the helix consisting of residues K98-E104 makes
numerous contacts with the angiostatin K2 LBS. Hydrogen
bond and salt bridge electrostatic interactions occur between
angiostatin K2 and VEK-30, both within and outside of the
K2 LBS. There are no interactions between angiostatin K1
and VEK-30. The total number of contacts between an-
giostatin K2 and VEK-30 with a distance of<3.8 Å is∼61.
The LBS of the K2 domain contains consensus anionic
(Asp219 and Glu221) and cationic (Arg234) centers (Figure
2D,E). VEK-30 forms a through-space isostere for C-terminal
lysine by inserting residues Arg101 and Glu104 located on
one face of theR-helix into the LBS of angiostatin K2. The
principal interactions that occur between the anionic loci of
the K2 LBS and VEK-30 involve residues Asp219 and
Glu221 of K2 and Lys98, Arg101, and His102 of VEK-30.
Critical salt bridge interactions occur between angiostatin
K2 LBS residue Asp219 and VEK-30 residues Arg101 and
Lys98. In addition, Glu221 makes a tight (distance of 2.57
Å) salt bridge contact with VEK-30 residue Arg101 and also
makes contacts with His102 of VEK-30. Aπ-cation
interaction also occurs between the guanidino group of
Arg101 of VEK-30 and one of the two K2 Trp residues
(Trp235) that make up the hydrophobic portion of the LBS
(distances given in Table 2 and Figure 2E). At the cationic
site, a salt bridge exists between residues Arg234 of K2 and
Glu104 of VEK-30. An interaction between residues Arg220
of angiostatin and Asp91 of VEK-30 is also observed. VEK-
30 Arg101 has proved to be vital for angiostatin K2 binding,
since mutating this residue to Ala results in no measurable
affinity for K2 (19). Mutating VEK-30 residues Lys98 and
His102 to Ala and Glu104 to Gln results in a decreased
affinity for the angiostatin K2 domain. These results suggest
that the overall binding relies on interactions mediated by
VEK-30 residues Lys98, Arg101, and His102 and are
consistent with our crystallographic results.

There are also significant interactions between VEK-30
and K2 outside the LBS. A salt bridge interaction occurs
between angiostatin K2 residue Lys204 and VEK-30 residue

Glu93 (Figure 2D). It is unknown whether this exosite
interaction is critical for binding. The exosite salt bridge
interaction between angiostatin K2 residue Lys204 and VEK-
30 residue Glu93 is further stabilized by hydrogen bonds
and hydrophobic contacts of VEK-30 residues Leu94, Leu97,
and Lys98 and angiostatin K2 residues Tyr200, Phe205,
Asp219, and Arg220.

Most of the interactions discussed above are also seen in
the structure of a mutated Pg K2 domain [K2(C169G/E221D/
L237Y)] bound to VEK-30. However, two of the mutated
residues, D221 and Y237, made interactions with VEK-30
in the LBS, calling into question whether the wild-type LBS
would provide a similar interface. Our structure confirms
that in spite of these mutations, most of the interface is
similar in the two structures.

Kringle Domain Rotation.Comparison of the structures
of unbound angiostatin to the VEK-30-bound form reveals
that K1 has rotated significantly from its unbound conforma-
tion when the K2 regions are overlaid (Figure 3A). K1 of
the angiostatin-VEK-30 complex rotates 48.1° and translates
∼0.5 Å from its position in the unbound angiostatin crystal
structure [relative motion determined using DynDom (44)].
Residues encompassing the angiostatin K1-K2 linker pep-
tide are the bending residues primarily responsible for such
a large rotation. More specifically, the changes inψ andφ

dihedral angles of residues Glu163 and Glu165 contribute
significantly to most of the interdomain rotation and are
likely responsible for the large rotation of the angiostatin
K1 domain seen in the angiostatin-VEK-30 structure. VEK-
30 binding does not appear to be directly responsible for
the rotation of K1 since there are no interactions between
K1 and VEK-30. However, crystal packing dictates the K1
position in each structure indicating relative motion in
solution. Angiostatin K1 clashes into a symmetry-related
molecule of the angiostatin-VEK-30 complex when both
K2 regions are overlaid. The same phenomenon is seen when
K2 of the angiostatin-VEK-30 complex is overlaid onto
angiostatin K2. This motion demonstrates that the kringle
domains of angiostatin are not rigidly positioned as previ-
ously thought but are in fact mobile relative to each other.
The LBS of Pg-K1 and Pg-K4 are known to play important
roles in the maintenance of the closed conformation of Pg
(25), although the involvement of the NTD with these
binding sites is unclear. The fact that kringle domains of Pg
are capable of significant structural rearrangement relative
to one another indicates that transitions between the open
and closed Pg conformations may also involve significant
motion of K1-K3.

Kringle 3 Domain.A secondP61 crystal form of the
angiostatin-VEK-30 complex was produced by soaking
crystals grown in the first,P6122, form with Pt(II)-deriva-
tizing molecules. This second crystal form preserves most
of the crystal packing of theP6122 form, although it loses
the 2-fold axis perpendicular to the 6-fold axis. This results
in a crystal form with two molecules in the asymmetric unit,
instead of one. Though the structure of the complex is quite
similar, several important differences are seen between the
P61 and P6122 crystal forms of the angiostatin-VEK-30
complex. In one molecule of theP61 structure, the inter-
kringle disulfide bond is ordered. Residues Pro296, Cys297,
and Lys298 of K3 are seen in the electron density, though
no other residues of K3 were identified. This shows that the

Table 2: Interactions between Angiostatin and Vek-30 (P6122 form)

angiostatin VEK-30 distance (Å)

Y200 OH L97 O 3.36
Y200 OH K98 N 3.19
Y200 OH R101 NH1 3.20
K204 NZ E93 OE1 3.61
K204 NZ E93 OE2 3.48
D219 OD1 R101 NH1 3.69
D219 OD2 R101 NH1 2.58
D219 O K98 NZ 2.66
R220 NH1 D91 OD2 2.97
E221 OE1 R101 NH2 2.57
E221 OE1 H102 NE2 3.48
W225 NE1 R101 NH1 3.67
W225 CE2 R101 NH1 3.77
W225 CH2 R101 NE 3.80
W225 CH2 R101 CD 3.80
W225 CZ2 R101 NH1 3.75
W235 CD2 R101 NH2 3.43
W235 CE3 R101 NH2 3.41
W235 CZ3 R101 NH2 3.43
W235 CH2 R101 NH2 3.45
W235 CZ2 R101 NH2 3.48
R234 NH1 E104 OE1 3.15
W235 NE1 R101 O 3.15
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K2-K3 inter-kringle disulfide bond remains intact in these
structures, even though K3 appears to be disordered in the
structures. Overlaying K2 of angiostatin with K2 of the
angiostatin-VEK-30 complex in theP61 structure displays
a significant motion of∼3.3 Å at the inter-kringle disulfide
bond (Figure 3B). When residues Pro296-Lys298 of the
VEK-30-bound form are overlaid with the corresponding
residues in the crystal structure of free angiostatin, one can
see that angiostatin K3 encroaches upon a crystallographic
symmetry-related molecule of K2. This indicates that there
may be some structural differences within the angiostatin
K3 domain to prevent steric clashes with a crystallographi-

cally related molecule. It should be noted that the conforma-
tion of the tripeptide alone fits in either structure. The motion
of angiostatin K3 is limited due to the inter-kringle disulfide
bond between residues Cys169 of K2 and Cys297 of K3. It
has been suggested that the disruption of the K2-K3 inter-
kringle disulfide bond is required for maximum angiogenic
inhibition (45). However, the angiostatin double mutant
(C169S/C297S), which eliminates the inter-kringle disulfide
bond, has little effect on angiogenic activity but resulted in
the loss of binding of EACA by K2, leading to the
supposition that lysine binding by K2 was unimportant for
anti-angiogenic activity (46). However, this loss of EACA
binding is not in agreement with the binding of a series of
R,ω-amino acids and VEK-30 to the C169G mutant of K2
(47) and the observation that the C169D/C297R double
mutant retains the Cl- and EACA-induced hydrodynamic
properties of wild-type (WT) Pg (25). Similar conclusions
regarding the irrelevance of binding of lysine to angiostatin
were drawn from comparisons of lysine binding affinity and
anti-angiogenic potency (12).

Dimerization.Inspection of the crystal packing indicated
that dimerization between two angiostatin-VEK-30 complex
molecules occurs along a crystallographic 2-fold axis (Figure
4A). The same dimerization was seen in the K2-VEK-30
structure between the two K2-VEK-30 molecules in the
asymmetric unit (19). This indicates that dimerization is not
an artifact of crystal packing since there is obviously no
relationship between the crystal packing in the K2-VEK-
30 complex and the angiostatin-VEK-30 complex. The CR
positions of the dimeric structure of the K2-VEK-30
complex superimpose well with the two angiostatin-VEK-
30 complexes that are related by crystallographic 2-fold
symmetry (rmsd for all atoms of∼0.4 Å). Dimerization
results in two molecules ofR-helical VEK-30 packing
parallel and side by side in the center of the dimer and two
K2 domains located on either side of the parallel helices.
Interestingly, full-length PAM is predicted to homodimerize
as a coiled coil that extends on either side of the VEK-30
region (48). In fact, several homology modeling programs
predict the PAM structure based on the extended coiled-
coil structure of tropomyosin (48, 49). The only region of
PAM (between amino acids 60 and 310) that is not well-
fitted by the coiled-coil structural prediction is the Pg-binding
direct repeat region that encompasses the VEK-30 peptide
(W. Wedemeyer, unpublished results). This is consistent with
the structure of the angiostatin-VEK-30 dimer in that the
two helices do not form a classical coiled coil, though they
are parallel and stacked side to side. Numerous contacts
between the two molecules at the dimerization interface are
observed. As shown in Figure 4B, water-mediated interac-
tions occur at the dimerization interface between angiostatin
K2 residue Gln193 of the symmetry-related molecule and
VEK-30 residue Asn99. Another water-mediated interaction
occurs at angiostatin K204 and VEK-30 Glu94. Numerous
hydrogen bonds also play a role at the dimerization interface.
Hydrogen bonds occur between VEK-30 residue Glu103 and
angiostatin K2 symmetry-related molecule residues His196
and Ala197. Another hydrogen bond occurs between VEK-
30 residue E100 and angiostatin symmetry-related molecule
Arg234, the cationic site within the K2 LBS. The calculated
total buried surface area of a dimer of the angiostatin-VEK-
30 complex is 1627 Å2, suggesting a relatively strong

FIGURE 3: Pg kringles undergo significant structural rearrangement
relative to one another. (A) Overlay of the K2 domains of the
unliganded angiostatin and angiostatin-VEK-30 complex struc-
tures. The structure of angiostatin is colored blue, and the structure
of the angiostatin-VEK-30 complex is colored red (angiostatin)
and green (VEK-30). H114 of angiostatin is colored yellow in both
structures. K1 of the angiostatin-VEK-30 complex undergoes a
48.1° rotation relative to the angiostatin structure. (B) Overlay of
K2 of angiostatin with K2 of the angiostatin-VEK-30 complex
from theP61 crystal form where three residues of angiostatin K3
are ordered. TheP61 structure is colored red, and the structure of
angiostatin is colored blue. The residues are labeled with Pg
numbering. The inter-kringle disulfide bond in theP61 complex
structure has rotated 3.3 Å from its position in the angiostatin
structure.
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interaction. Furthermore, because a dimeric structure is
exhibited by both K2-VEK-30 and angiostatin-VEK-30
complexes, it is plausible that such higher-order structures
may exist in solution. To address this possibility, sedimenta-
tion equilibrium analysis was conducted on angiostatin in

the absence and presence of VEK-30. The apparent molecular
weight of angiostatin (at a concentration of 13µM) was
determined to be 27 700( 100 (calculated sequence-based
weight of 29 000). In the presence of a 5-fold molar excess
of VEK-30 [allowing for virtually all angiostatin to exist in
VEK-30-bound form assuming aKd of 460 nM for the
angiostatin-VEK-30 interaction (47)], an apparent molecular
weight of 28 400( 800 was obtained. These data fail to
support a model of VEK-30-mediated dimerization of
angiostatin at angiostatin concentrations that are physiologi-
cally feasible based on circulating plasma levels (ca., 2µM)
of the Pg parent (50). However, this does not rule out the
possibility of a PAM-induced angiostatin (or Pg) dimer on
the bacterial surface, where high effective concentrations of
both binding partners can be encountered and where full-
length PAM is strongly predicted to exist as a parallel coiled-
coil dimer, as are all proteins in the M protein family (48,
49).

Kringle 2 Domain Specificity.The Pg kringles have high
degrees of sequence and structural homology. However, the
Pg kringles are very different with respect to their affinity
for C-terminal lysine mimics and in their biological functions
in proliferation and migration assays. A closer examination
of the residues of K2 involved in VEK-30 interactions reveals
that many of these residues are not conserved in Pg kringle
domains. For instance, Gln193 is responsible for mediating
interactions at the angiostatin-VEK-30 dimerization inter-
face. In K1 and K4, this sequence position is occupied by
Thr and Met, respectively. Ala197 of K2 is not conserved
in Pg kringle domains and also plays a role at the dimer-
ization interface (K1, K4, and K5 all have Arg residues while
K3 has a Thr). K2 residue Lys204 is also not conserved and
is involved in mediating interactions at the dimerization
interface, as well as directly interacting with VEK-30 through
an exosite region. If we focus on residues within the LBS,
Y200 is not conserved whereas K1 and K5 have Phe and
K3 and K4 have Arg and Lys, respectively. Tyr200 of K2
forms numerous interactions with VEK-30. Specifically, the
hydroxyl group of Tyr200 makes a hydrogen bond with the
NH1 atom of Arg101. Finally, Arg220 makes contacts with
VEK-30, and this site is also not conserved in Pg kringle
domains. Specifically, Arg220 forms a salt bridge with
Asp219 in the angiostatin structure. Because of the interac-
tion with Arg220, Asp219 is flipped out of the LBS and is
incapable of interacting with the C-terminal group of EACA,
possibly explaining the poor EACA binding affinity of K2
(5-7, 12, 51). However, VEK-30 abrogates the salt bridge
interaction between Arg220 and Asp219 so that Asp219 flips
into the LBS. This rearrangement recapitulates the canonical
LBS architecture, permitting extensive LBS-VEK-30 in-
teractions (Figure 4C). Mouse Pg has a substantially lower
affinity for PAM than human Pg does, although the two
domains are 86% identical in sequence. Arg220 is the only
residue that both interacts, either directly or indirectly, with
VEK-30 and is not identically conserved in mouse Pg. This
strongly implicates Arg220 as a residue that is both important
for binding and critical to the species specificity of PAM.
In summary, many of the K2 residues that interact with VEK-
30 are not conserved among Pg-K1, -K3, -K4, and -K5, likely
explaining why only human Pg-K2 has affinity for VEK-
30. The sequence analysis results identify potential targets
for further mutagenesis studies.

FIGURE 4: Dimerization occurs in the angiostatin-VEK-30 com-
plex structure. (A) Dimerization of the angiostatin-VEK-30
complex. One molecule has angiostatin colored blue and VEK-30
colored red, while the other molecule has angiostatin colored
magenta and VEK-30 colored yellow. (B) Residues involved in
dimerization. VEK-30 residues are colored green, and angiostatin
K2 residues are colored yellow. The symmetry-related molecule
of angiostatin K2 is colored cyan with its VEK-30 residue colored
magenta. The atoms are colored by type. The water molecules are
designated as W1 and the symmetry-related waters as W2a and
W2b. All residues are labeled with Pg and PAM numbering. (C)
Overlay of angiostatin K2 onto angiostatin-VEK-30 complex K2.
Residues from angiostatin alone are colored magenta; residues from
the angiostatin-VEK-30 complex are colored green, and VEK-30
residues are colored yellow. The atoms are colored by type. All
residues are labeled with Pg and PAM numbering. D219 is flipped
out of the LBS, resulting in a tight salt bridge contact with R220.
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DISCUSSION

The angiostatin-VEK-30 structure is the only interaction
between a multiple-kringle protein and a ligand to be
characterized and is the sole model for complexation of
angiostatin with its cognate protein-binding partners. Inter-
estingly, other known angiostatin protein ligands,Rvâ3

integrin and F1-F0 ATP synthase, both contain a possible
through-space isostere for C-terminal lysine similar to that
of VEK-30 (12). However, data defining the interface
between angiostatin and these targets have not yet been
reported.

The complex between VEK-30 and angiostatin suggests
a possible mechanism for Pg activation during group A
streptococci infection. SK is secreted by group A streptococci
and activates human Pg (2, 3). It does so by binding to the
catalytic domain of Pg, causing a conformational change in
Pg within the complex that results in formation of an active
site in the bound Pg (SK-Pg′). This SK-Pg′ complex
activates other molecules of Pg or is converted to SK-Pm,
another potent Pg activator. Previous studies have shown that
both SK and PAM contribute to virulence during group A
streptococci impetigo (52). Specifically, “molecular coopera-
tion” between SK and PAM occurs, resulting in the bacterial
acquisition of the host Pm so that the pathogen is able to
invade host tissues (53). Previous experiments suggest that
streptokinase activates PAM-bound Pg and also preferentially
binds the open form of Pg (30). Our structure of the
angiostatin-VEK-30 complex suggests that the PAM region
might induce the open conformation of Pg on the cell surface
by altering the relative orientation of the Pg kringle domains
and by steric interference between its extended helical
structure and Pg. Although VEK-30-mediated dimerization
was not observed under physiologically relevant solution
conditions, this does not rule out dimerization of Pg by full-
length PAM on the bacterial cell surface. This dimerization
may also promote a Pg conformation that is more amenable
to SK binding and would also bring two molecules of Pg
together on the cell surface. Binding of SK to one Pg could
then result in proximity-accelerated activation of the second.
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