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ABSTRACT: Human plasminogen kringle 3 (hPgn K3) domain contains most elements of the canonical lysine-
binding site (LBS) found in other Pgn kringles. However, it does not exhibit affinity for either lysine or structurally
related zwitterionic ligands. It has been shown that lysine-binding activity can be engineered via a Lys57 f Asp
mutation [B€urgin, J., andSchaller, J. (2009)Cell.Mol. LifeSci. 55, 135].Using a recombinant construct expressed in
Escherichia coli, the three-dimensional solution structure of hPgn K3 was determined via NMR spectroscopy
[heavy atom averaged rmsd=0.35( 0.07 Å (backbone) and 0.75( 0.12 Å (all)]. The 1H/15N heteronuclear single-
quantum correlated (HSQC) spectra for both wild-type K3 and mutated [r(K57D)K3] structures are essentially
identical, implying that the two structures are effectively isomorphous. The affinity of r(K57D)K3 for the lysine
analogue trans-(aminomethyl)cyclohexanecarboxylic acid (AMCHA) was investigated from ligand-inducedNMR
chemical shift perturbations, which enabled for mapping the binding site on the mutated domain surface. The
equilibrium association constant, Ka, was determined to be ∼5.23 ( 0.03 mM-1. Homology modeling combined
with in silico docking of lysine-like zwitterionic ligands via AutoDock 4.0 supports functionality of the engineered
(K57D)K3 LBS, whose electrostatic focal centers are defined by the Arg36/Arg71 cationic and Asp55/Asp57
anionic pairs. Comparison of K3-type sequences from different vertebrates, including kringles from hedgehog
apolipoprotein(a) [Apo(a)] andApo(a)-related (Arp) sequences, reveals that Lys57 is confined to the hPgn variant.
Based on the likely phylogeny and ligand affinities of the homologous domains, it is suggested that the hPgn K3 is
unique in that all other K3-type domains, including hedgehog Apo(a) and all Arp domains, except K3(1), are
predicted to variously exhibit lysine-binding capability. In Arp K3(1) an Arg residue fills site 72, replacing the key
aromatic residue found in other kringles, thus interfering with a requisite kringle-ligand hydrophobic interaction.

Plasminogen (Pgn),1 the inactive precursor of the extracellular
proteinase plasmin (Plm), is a main component of the blood
fibrinolytic cascade (1). Besides its role in vascular hemostasis,
Pgn is crucial in processes leading to tissue remodeling, such as
cell migration and embryogenesis, as well as in tumor growth and
metastasis (2, 3). Human Pgn (hPgn) is structured as a mosaic
glycoprotein of 791 amino acid residues encompassing 7 globular
folding units (4): a relatively flexible N-terminal PAN domain of
77 amino acids (5, 6) that is cleaved off during the activation
process, an in-tandem array of five homologous kringle2 (K)
repeats of ∼80 amino acids each, and a C-terminal serine
protease zymogen domain of 231 amino acids.

Sequence alignment of hPgn kringles reveals 35% sequence
identity among the 5 repeats, reaching 50% sequence identity
within theK1,K2,K3, andK4 set (7) (Scheme 1A). Both solution
NMR and X-ray crystallographic structures of hPgn K1 (8-10),
K2 (11, 12), K4 (13, 14), and K5 (15, 16) are known. Moreover,
the structures of the kringles in tissue-type (17-19) and uroki-
nase (20, 21) Pgn activators (tPA and uPA, respectively) have

been solved; additionally, the X-ray structure of a recombinant
form of the in-tandem multidomain construct K1-K2-K3
(angiostatin) has also been determined at 1.75 Å� resolution (22).
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1Abbreviations: 6-AHA, 6-aminohexanoic acid; AcLys, NR-acetyl-L-
lysine; Apo, apolipoprotein; AMCHA, trans-(aminomethyl)cyclohex-
anecarboxylic acid; Arp, hedgehog apolipoprotein(a)-related protein-1;
BASA, p-benzylaminesulfonic acid; COSY, correlation spectroscopy;
DANRE, Danio rerio (Zebrafish); Δδ, chemical shift perturbations; ΔG*,
free energy of binding (kcal/mol) estimated via AutoDock 4.0; Δp,
weighted average fraction of ligand-bound kringle; ERIEU, Erinaceus
europaeus (Western European hedgehog); HNHA, 15N-edited
1HN/1HR homonuclear J-correlated experiment; HNHB, heteronuclear
J-correlated 15N-1Hβ experiment; hPgn, human Pgn; HSQC, hetero-
nuclear single-quantum correlated spectroscopy;K, kringle domain;Ka,
kringle-ligand equilibriumassociation constant;Ka*,Ka calculated from
ΔG*; K�

a, ligand-averaged Ka*; l, dipole length; LBS, lysine-binding site;
MACEU, Macropus eugenii (Tammar wallaby); MACMU, Macaca mulatta
(Rhesus macaque); NOE, nuclear Overhauser effect; NOESY, NOE
correlation spectroscopy; NOESY-HSQC, 3D 15N-edited NOESY;
ONCMY, Oncorhynchus mykiss (rainbow trout); ORYLA, Oryzias latipes
(Japanese ricefish); PAN, preactivation N-terminal domain of hPgn
(Glu1-Lys77); PETMA, Petromyzon marinus (sea lamprey); Pgn, plasmi-
nogen; pH*, glass electrode pH reading, uncorrected for 2H isotope
effects; Plm, plasmin; PONAB, Pongo abelii (Sumatran orangutan); rK3,
recombinant kringle construct TYQ[K3hPgn/C297S]DS; r(K57D)K3,
recombinant kringle construct TYQ[K3hPgn/C297S/K311D]DS; rmsd,
root-mean-square deviation; [S], free ligand concentration; TOCSY,
total correlated spectroscopy; TOCSY-HSQC, 3D 15N-edited TOCSY;
τmix, NOESYmixing time; TSP, 2,2,3,3-tetradeuterio-3-(trimethylsilyl)-
propionic acid; UPGMA, unweighted pair-group method with arith-
metic mean.

2Unless otherwise specified, henceforth K always refers to hPgn
kringles.
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Each kringle unit contains 3 strictly conserved cystines that
generate a characteristic 1-6, 2-4, 3-5 bridged pattern (23, 24).
Conformationally, these internal links constrain the kringle
to adopt a characteristic fold of dimension ∼30 Å � 37 Å �
25 Å (8-16, 22), consisting of three loops surrounding a central
Cys22-Cys63/Cys51-Cys75 “in cross” disulfide array3which, in
planar projection, leads the domains to outline a pretzel-like
contour (Scheme 1B). An additional, interkringle, cystine bridge
covalently links K2 to K3, thus clamping the two repeats to
generate a unique two-kringle “supermodule” (4).

Kringle domains mediate intermolecular protein-protein
interactions (25, 26). In Plm, kringles contribute substrate speci-
ficity to the proteinase (27). This is achieved via a lysine-binding site
(LBS) that enables the domains to preferentially interact with
C-terminal Lys residueswhich, in turn, are generated by the activity
of the trypsin-type protease domain. Furthermore, a variety ofLys-
like zwitterionic compounds are known to bind to kringles, with
some of these affording potent antifibrinolytic drugs (28) as they
interfere with Pgn binding to the fibrinmeshwork of blood clots. In
order of decreasing affinities, the specificity of hPgn kringles
toward ω-aminocarboxylic ligands ranks K1JK4JK5JK2 (29),
with K3 showing no detectable binding (30, 31). Hence, K3

is rather unique in that its modus operandi remains largely
unknown.

The basic scaffolding of the kringles’ LBS exposes a hydro-
phobic groove, axially delimited by electrostatic opposite polar
groups contributed by acidic residues at sites 55 and 57 and basic
residues at sites 34 (in K1, K4) and 71. Side chains of these
residues provide the anionic and cationic centers that comple-
ment the electrostatic dipolar configuration of the zwitterionic
ligands, thus stabilizing the binding (23). Interestingly, position
57 in hPgn K3 is occupied by a Lys residue (Scheme 1), which
would be expected to adversely affect the binding of Lys-like
zwitterions. Indeed, a measurable affinity of the hPgn K3 for
such ligands results from an engineered K57D mutation (32).
While this affords strong evidence for a potentially functional
binding site in hPgn K3, the interaction of the mutant kringle
[henceforth (K57D)K3] with zwitterionic ligands has not been
mapped onto the protein surface.

In this paper, we describe the NMR solution structure of a
recombinant hPgn K3 construct (Scheme 1B). We also report on
the specifics of the ligand-bindingproperties of (K57D)K3aswell as
on the predicted structural/functional implications of K3 variants
present in several phylogenetically related sequences (Scheme 2).

EXPERIMENTAL PROCEDURES

Sample Preparation. A recombinant expression vector for
hPGn K3 was generated based on the cDNA sequence of

Scheme 1: Primary Structures of Human Plasminogen Kringle Domainsa

aResidue numbering is based on the hPgnK5 sequence (50). Lys57 in K3 is denoted in white over black. (A) Sequence alignment of the
five domains. Strictly conserved residues are shaded gray; residues located at the canonical LBS are in bold type; free cysteines are
underlined. The consensus sequence (35% identity) is in italics; homologyg90% is in upper case; homologyg50% (but <90%) is in
lower case. Sites occupied by polar residues are denoted by #. (B) Outline of the investigated recombinant hPgn K3. Except for the N-
and C-terminal tails (tri- and di-peptide, respectively) and the C43S mutation (*) introduced to avoid dimerization, the construct
corresponds to the wild type. Cystine bridges are indicated. Deletions relative to hPgn K5 are shown blank (empty circles).

3We follow the standard kringle amino acid numbering conven-
tion (50). Throughout the text, individual residues and naturally
occurring substitutions are referred to by three-letter code while one-
letter code is used for engineered mutations.
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hPgn (33). The construct rK3, which encompasses the region
rTYQ[K3hPgn(C297S)]DS, contains a C297S mutation to avoid
interkringle disulfide bridge formation. An expression vector was
similarly generated for the mutated (K57D)K3 hPgn kringle,
resulting in the construct rTYQ[K3hPgn(C297S/K311D)]DS.
Both constructs were expressed in Escherichia coli strain M15
(F- StrR lacZdel) (34) and isolated, refolded, and purified follow-
ing previously published protocols (30, 32); 15N-labeled protein
was obtained by growing the E. coli cells in M9 minimal medium
containing [15N]ammonium chloride as described (35). The re-
combinant proteins were characterized via electrospray ionization
mass spectrometry, amino acid analysis, and N-terminal amino
acid sequencing by Edman degradation.

For the NMR experiments, uniformly 15N-labeled rK3 and
r(K57D)K3 were dissolved in 500 μL of H2O/D2O (9:1) at pH*
5.5 to final concentrations of∼1.0 mM. For studies in 2H2O, the
samples were exchanged thrice with 99.9% 2H2O and then dis-
solved in 500 μL of 99.96% 2H2O (Isotec, Inc.), and the pH* was
adjusted to 5.7.
NMR Spectroscopy. NMR spectra were recorded at 25 �C on

Bruker AdvanceDRX spectrometers. Homonuclear two-dimensional
(2D) COSY (36), TOCSY (37), and NOESY (38) experiments were
acquired at 500MHz using an isotopic natural abundance sample,

while 15N-edited 2DHSQC (39) and 3DTOCSY-HSQC,NOESY-
HSQC (40), HNHA (41), and HNHB (42) data were obtained at
600 MHz with the 15N-labeled material. Water suppression was
achievedviapresaturation (COSY) orWATERGATE(43).TOCSY
experiments using MLEV-17 (2D) (44) or DIPSI-2 (3D) (45)
sequences were recorded with mixing times (τmix) of 20 and
80 ms. 2D NOESY experiments were recorded at τmix=100, 200,
and 300 ms and 3D HSQC-NOESY with τmix=50 and 100 ms.

Data were processed using the FELIX 98 software package
(Molecular Simulations, Inc.). The 2D homonuclear and HSQC
matrices were 1024 � 1024 real points for the f1 and f2 dimen-
sions, respectively. The matrix size for 3D NOESY-HSQC and
TOCSY-HSQCwas 512� 128� 512 for f1, f2, and f3 dimensions
while theHNHAandHNHBmatrices were 128� 128� 256 real
points. 1H chemical shifts are by reference to internal p-dioxane
3.75 ppm downfield from 2,2,3,3-tetradeuterio-3-(trimethylsilyl)-
propionic acid (TSP) (46). The nitrogen dimensions are refer-
enced using the default values provided by the Bruker software.
Resonance Assignments and Angular Constraints. Se-

quential 1H and 15N NMR assignments of rK3 were determined
at pH* 5.7 following standard protocols (47) that include 15N-
edited double resonance experiments (47-49). The 1H/15N
HSQC of rK3 (Figure 1) exhibits good dispersion and allows

Scheme 2: Sequence Alignment of Kringle 3 Homologuesa

aResiduenumbering is basedon thehPgnK5sequence (50). Strictly conserved residues are shadedgray; residues located at the canonical
LBS are in bold type; free cysteines are underlined. For each group, sequences are ranked according to homology using ClustalW
score (89) by reference to the top sequence. (A) Pgn K3 orthologues from various species. Labels indicate the organism (103) and
Uniprot access number (104): HUMAN,Homo sapiens (P00747); PONAB, Pongo abelii (Sumatran orangutan, Q5R8X6); MACMU,Macaca
mulatta (Rhesus macaque, P12545); PIG, Sus scrofa (P06867); BOVIN, Bos taurus (P06868); MOUSE,Mus musculus (P20918); RAT, Rattus
norvegicus (Q01177); ERIEU,Erinaceus europaeus (Western European hedgehog, Q29485); MACEU,Macropus eugenii (Tammar wallaby,
O18783); DANRE, Danio rerio (Zebrafish, Q6PBA6); ONCMY, Oncorhynchus mykiss (Rainbow trout, Q5DVP8); ORYLA, Oryzias latipes
(Japanese ricefish, Q50LG6); PETMA,Petromyzonmarinus (Sea lamprey, P33574). Lys57 in the HUMAN sequence is denoted inwhite over
black. (B) ERIEU K3 domain variants from Pgn (5 kringles), Apo(a) (Apo, 31 kringles), and Arp (7 kringles). The sequential kringle
number is shown. The third Apo(a) K3 [Apo K3(3)] is identical to odd-numbered kringles 5, 7, 9, 11, 13, 15, 17, and 19; Apo K3(4) is
identical to even-numbered kringles 6, 10, 12, 16, 18, and 20. Arp kringles K3(2) andK3(1) are the most and least homologous to ERIEU

PgnK3, respectively. Highlighted residues are strictly conserved over all 43 represented kringle sequences. Consensus sequences for (A)
and (B) (34.62% identity in both cases) are in italics; homologyg90% is in upper case; homologyg50% (but<90%) is in lower case.
Sites occupied by polar, aromatic, and aliphatic residues are denoted by #, %, and !, respectively.
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for backbone 1H and 15N resonances to be assigned; the
Gly11 15N backbone resonance is missing because of the HN

upfield shift at 4.645 ppm. Side chain 1H signals were assigned by
combining 2D COSY and TOCSY and 3D HSQC-TOCSY
information. The chemical shifts of highly conserved kringle
structure reporter groups, including the upfield-shifted “finger-
print” Leu46 Hδ doublet at -0.966 and 0.214 ppm as well as the
downfield-shifted Trp25 Hε1 (11.556 ppm) and Trp62 Hε1

(10.490 ppm), are indicative of “native” folding for the recombi-
nant K3 domain (31, 50). Thus, 95.6% (461/482) of 1H reso-
nances and 75.6% (96/127) of 15N resonances of the rK3
construct were accounted for. CcpNmr Analysis 1.0 (51) was
used for assignment.X-Pro peptidic bonds were found to be trans
except for the Thr29-Pro30 pair that was cis (52), in agreement
with the reported crystallographic structure of K3 within angios-
tatin (22). 3JHNHR values were extracted from the HNHA
experiment (53) and used to delimit five j torsion angle
constraint categories via the Karplus equation (54) with coeffi-
cients of 7.09, -1.42, and 1.55 (55, 56). χ1 angles were estimated
on the basis of 3JNHβ and

3JHNHR values, respectively extracted
fromHNHB and COSY experiments (41), as well as HR-Hβ and
NH-HR NOEs extracted from the 2D NOESY (τmix = 100 ms)
spectrum (57). (The information outlined in the above is sum-
marized in Supporting Information, Figure S1.)

Sequence-specific 1H and 15NNMRassignments of r(K57D)K3
were determined via the same protocol as for rK3; 73.1% (348/476)
of 1H resonances and 72.2% (91/126) of 15N resonances of the
r(K57D)K3 construct were accounted for.

Structure Calculation. A preliminary structural model for
rK3, generated using the SWISS-MODEL server (58-60) in
automatedmodelingmode, was used to assist in an initial manual
assignment of NOESY cross-peaks. In this procedure, the crystal
structure of angiostatin was excluded from the list of templates.
Close to 40% of all NOEs from 2D NOESY (τmix=100 ms) and
3DHSQC-NOESY (τmix=100 ms) spectra were unambiguously
assigned, with the remainder converted to ambiguous constraints.

Iterative automated assignment of the NOE spectra was
carried out via ARIA 2.2 (61) integrated with CNS 1.2 (62)
following a standard protocol (63). Representative structures
from each run were reimported to CCPN Analysis and used to
generate synthetic NOESY cross-peak tables based on the
suggested interproton distances, thus interactively improving
the number and quality of NOE constraints between runs. While
keeping existing NOE assignments frozen, cross-peaks from the
2DNOESY (τmix=200ms) experiment were next picked, assigned
and disambiguated in the same interactive manner, and used to
augment the number of distance constraints fed to the structure
calculation protocol. A total of 48 hydrogen bonds were identified
via WHAT IF (64, 65) and verified by direct inspection; when
found consistent, they were added as structural constraints
(Supporting Information, Table S1).

Disulfide bond constraints were next incorporated in the rK3
structure calculation. Cystine residues are known to cluster into
two mirror-image conformations based on the sign of the
(central) dihedral angle χ3 (66), with variations in χ1 and χ2
values resulting in 10 distinct distribution modes (67). Modes

FIGURE 1: Superposed NMR 1H/15N HSQC spectra of the wild-type recombinant human plasminogen kringle 3 and the K57D mutant, cross-
peaks in black and red, respectively. Signals arising from Asn Hδ21/Hδ22 and Gln Hε21/Hε22 geminal proton pairs are connected by dashed lines.
Thebackbone amide 15Nresonance of themutated residue (red label) appears atδ=124.9ppm (Asp57) compared to the correspondingwild-type
signal at δ= 119.4 ppm (Lys57). Data were recorded at 600 MHz (1H) and pH* 7.0.
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observed in rK3 were weighted vis-�a-vis those previously deter-
mined in Pgn kringle structures (24) and the χ3 dihedral angles
within the core Cys22-Cys63/Cys51-Cys75 disulfide pair in-
cluded as additional constraints, decreasing both the total energy
by ∼5% and the backbone heavy atom average root-mean-
square deviation (rmsd) for the structural bundle. A final
iteration in explicit water, while marginally affecting the side
chain definition, led to considerable improvement in the back-
bone heavy atom rmsd from 0.65 to 0.35 Å.

A total of 2176 final interproton distance constraints were
estimated from the NOE buildup of unambiguously assigned
cross-peaks, of which 1248 were determined via AQUA (68-70)
to be conformationally restricting and used to compute the
structure of rK3. The latter include 350 intraresidue (i f i),
287 sequential (|i- j|=1), 182 medium-range (1< |i- j|<5),
and 429 long-range (|i- j|g 5) distance constraints (Supporting
Information, Table S1).

An ensemble of 20 conformers was selected on the basis of
total energy value, its quality verified by stereochemical analysis
with PROCHECK-NMR 3.5.4 (68) and MolProbity 3.15 (71)
and the pairwise rmsd of the conformers calculated using
MOLMOL 2K.2 (72) (Table 1). Each conformer in the bundle
was analyzed for secondary structure via XTLsstr 1.3.9 (73) and
STRIDE 1.0 (74), followed by visual inspection. Thus, as
expected, the least divergence between structures in the bundle
is observed for stretches 1-4, 13-30, 48-54, 60-66, and 71-77
of residues that are constrained by a large number of NOEs. In
particular, residues in the vicinity of the core cystine pair Cys22-
Cys63/Cys51-Cys75 are well localized and happen to essentially
coincide with those in the X-ray crystallographic structure. The

representative structure, defined as the one closest to the mean,
was further investigated using WHAT IF (64, 65): it forms the
basis for all subsequent discussions. An electrostatic surface map
of rK3 was generated using APBS (75). Molecular representa-
tions were prepared with PyMOL 1.1 (76).
Structural Modeling of K3 Homologues. Two sets of

homologous kringle folds proper, excluding N-terminal Thr-
Tyr-Gln and C-terminal Asp-Ser “tail” segments, were generated
via molecular modeling and referred to as “K3” constructs. The
first consists of mutated hPgn rK3 structures and exploits as
templates either theNMR rK3 structure or the one extracted from
the angiostatin crystallographic structure (22).Mutations include
K57D, corresponding to the r(K57D)K3 construct used in our
NMR experiments, K57E, K57A, K57Q, K57S, and H64Y, as
well as the doublemutationK57E/H64Y.Models were generated
via PyMOL (76), followed by 500 steps of steepest descent energy
minimization of the mutated residue(s) and their immediate
positional neighbors in vacuo, as specified by the GROMOS96
43B1 parameters set embedded in SWISS-PdbViewer (59). The
second set consisted of orthologous and paralogous wild-type
Pgn K3 folds of other species (Scheme 2). The latter models were
generated by threaded sequence homology to the NMR struc-
ture of rK3 using SWISS-MODEL in project mode (58-60, 77).
Ligand Titration Experiments. NMR ligand titration ex-

periments on r(K57D)K3 were carried out at 25 �C in 9:1 H2O:
D2O, pH* 7.0. Since the sequential assignments for rK3 had been
obtained at pH* 5.7, a series of 1H/15N HSQC spectra were
recorded on r(K57D)K3 within the pH 5.7-7.0 range in order to
verify identity of cross-peaks at pH* 7.0 (Figure 1). The experi-
ments did not uncover any significant NH shifts except for
intrinsically pH titratable side chain groups, indicating that the
overall structure of the kringle remains essentially unchangedwithin
the pH range (not shown). However, some resonances, notably the
Arg36 amide NH group, become undetectable at neutral pH.

Kringle-ligand equilibrium association constants (Ka) for
AMCHAwere assessed bymonitoring the chemical shift changes
following incremental additions of ligand. A 40 mM stock
solution of AMCHA was added in small aliquots (2-100 μL)
to 475 μL of a 0.28 mM solution of 15N-r(K57D)K3 followed
by the recording of 1H/15N HSQC spectra after each addition.
The progressive chemical shift change of amide cross-peaks
(Figure 5, inset a) was assessed separately in the 1H and 15N
dimensions throughout the titration series. The amplitudes of net
chemical shift perturbations (Δδ = |δbound - δfree|) of all
backbone amide cross-peaks were expressed as the normalized
quadratically weighed perturbations in both dimensions:

Δδ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔδ1H � 600:333� 106Þ2 þðΔδ15N � 60:838� 106Þ2

ð600:333� 106Þ2 þð60:838� 106Þ2

s

ð1Þ
and used to map the AMCHA binding site. Using these data, the
fraction of bound kringle (Δp) was determined after each ligand
addition (78) from selected resonances’ chemical shifts (δobs):

Δp ¼ δobs - δfree
δbound - δfree

ð2Þ

Unspecific interactions that resulted in linear baseline trends
were least-squares fitted and subtracted from the experimental
data. The affinity toward the ligand was thereafter deter-
mined from the titration profiles of individual residues by

Table 1: NMR Structure Statisticsa

energies (kcal/mol)

total -2837 ( 61

bond 25 ( 1

angle 111 ( 5

improper 229 ( 25

van der Waals 756 ( 27

electrostatic -2874 ( 55

Ramachandran plots

PROCHECK

core regions (%) 65.01 ( 2.47

allowed regions (%) 32.87 ( 2.66

generously allowed regions (%) 0.71 ( 0.86

disallowed regions (%) 1.40 ( 0.00

MolProbity

favored (98%) regions (%) 78.6

allowed (>99.8%) regions (%) 98.0

residue properties

bad contacts 0

bond lengths 1.8 ( 0.2

idealized geometry rmsd (Å)b

bonds (Å) 0.0044 ( 0.0001

angles (deg) 0.56 ( 0.01

improper (deg) 1.44 ( 0.08

averaged structure rmsd (Å)c

pairwise

backbone (N, CA, C0) 0.30 ( 0.06

all heavy atoms 0.70 ( 0.10

to the average structure

backbone (N, CA, C0) 0.35 ( 0.07

all heavy atoms 0.75 ( 0.12

aStatistics over the selected bundle of 20 NMR structures. bIdealized
covalent geometry based on the Aria 2.2 parallhdg5.0 force field (61).
crmsd values are for the C1-C80 segment (i.e., the kringle domain proper,
without tails).
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iterative fitting of Ka and the normalization parameter P to the
hyperbolic Langmuir adsorption isotherm (29) until convergence
(P=1) (16):

Δp ¼ PKa½S�
1þKa½S� ð3Þ

where [S] stands for the free ligand concentration determined after
each addition of ligand. Origin 6.1 (Originlabs, Northampton)
was used for the nonlinear least-squares fits. After each iteration
step, data outliers were identified and discarded by assuming a
normal distribution and applying the three-sigma exclusion
criterion. The reported Ka values and errors are weighted as the
square of the normalized inversed uncertainties associated with
each measurement (79).
LigandDocking.Models of bound zwitterionic ligands toK3

were simulated via AutoDock 4.0 (80-82). AutoDock has been
proven to afford a robust tool to visualize binding interactions
between K5 and AMCHA as well as fatty acids (16). The
approach predicts an ensemble of flexible ligand conforma-
tions posed at the corresponding binding sites on macromo-
lecular receptor targets; it involves a random Lamarckian
genetic algorithm search combined with energy minimization.
The bound state conformations are scored according to a
free energy cost function (ΔG*) that accounts for Lennard-
Jones and Coulomb electrostatic interactions, directional
hydrogen bonding, an entropic contribution based on the
loss of ligand conformational degrees of freedom, and a
desolvation term.

K3models were prepared for docking by regularizing the PDB
files with MolProbity (71) and WHAT IF (64) followed by
addition of atomic charges, calculated using the PARSE force
field (83) at pH 7.0 in water with the program PDB2PQR (84)
augmented by PROPKA (85). The ligand molecules were mod-
eled as zwitterions with ACD/ChemSketch 12.01 (Advanced
Chemistry Development, Toronto, Canada) and then prepared
for AutoDock using AutoDockTools 1.5.2 (86) by merging
nonpolar hydrogens and defining torsion trees. The aliphatic
ligands 6-aminohexanoic acid (6-AHA) and NR-acetyl-L-lysine
(AcLys), as well as p-benzylaminesulfonic acid (BASA), an
aromatic ligand, were generated in this fashion. In the case of
BASA, the resulting partial charges were distributed evenly over
all ligand atoms.

AutoDock 4.0 is unsuitable to manage directly the ring flexi-
bility associated with cyclic molecules (87). The aliphatic cyclic
ligandAMCHA inboth chair- and twist-boat conformationswas
tested on the crystallographic structure of hPgn K4, a kringle
with a high affinity for AMCHA (Ka ∼ 159 ( 2 mM-1) (29).
Improvement followed from using the energetically favored chair
conformation, in line with the solution structure of the hPgn K2-
AMCHAcomplex (11); hence, all AMCHAdocking experiments on
(K57D)K3were carried outwith the ligand in the chair conformation.

The docking space was defined as a grid of 126 � 126 � 126
points with a spacing of 0.375 Å: this yields a cube with an edge
length of 47.3 Å that encompasses the entire kringle domain. A
total of 1280 docking runs were performed for each ligand,
whereby genetic algorithm operations were applied to a popula-
tion of 300 individuals as delimited by a maximum of 27000
generations/2500000 energy evaluations. Additional long-term
dockings (maximum of 25000000 energy evaluations) were
carried out while keeping selected kringle side chains flexible
and restricting the docking space by using a spacing of 0.188 Å on
the same grid: this corresponds to a cube with an edge length of

23.7 Å centered at the binding site. Parameters identifying
mutation, crossover, and elitism weights were left at their de-
fault values of 0.02, 0.80, and 1, respectively. Docking results
were clustered using an rmsd of typically 2.0 Å and ranked
according to the change in free energy (ΔG*) estimated by
AutoDock.

The docked conformation associated with the lowest ΔG*
value at the locus of the binding sitewas selected; additionally, we
report ÆΔG*æ, the corresponding cluster ensemble average ΔG*.
This enabled for defining an effective association constant (Ka*)
for the interaction:

K�
a � e- ÆΔG�æ=RT ð4Þ

where R is the ideal gas constant and T, the thermodynamic
temperature, is set to 298.15K.Ligand-kringle pairs that did not
yield dockings at the putative LBS locus were assigned Ka*= 0.
For a group of ligands an average association constant (K�

a ) was
defined, weighted according to the normalized inverse uncertain-
ties squared.
Phylogenetic Analysis. A phylogenetic analysis of the K3

domain was carried out via MEGA4 (88) using the amino acid
sequences from Scheme 2, aligned with ClustalW (89), which
encompass 13 orthologous and 38 paralogous Pgn K3 domains.
A rooted tree was generated based on the proportion of amino
acid difference using the unweighted pair-group method with
arithmetic mean (UPGMA) (90) and its accuracy tested by
bootstrap analysis (91). The consensus tree, inferred from
100000 replicates, is taken to represent the evolutionary history
of the 51 taxa analyzed. Evolutionary distances were computed
using the Poisson correction method (92). Positions containing
missing data were eliminated only during pairwise sequence
comparisons, retaining 78 amino acid positions in the data set.

RESULTS AND DISCUSSION

Solution Structure of Kringle 3. A stereoview of the super-
posed NMR folds in the ensemble of 20 final K3 structures is
shown in Figure 2A. Residues within the domain proper (i.e.,
excluding tails) are well-defined, with a pairwise rmsd of 0.30
( 0.06 Å for superposed backbone atoms and 0.70 ( 0.10 Å
for all heavy atoms. The closest to average structure (taken as
the representative NMR structure) has dimensions of ∼31.9 Å �
38.0 Å � 23.0 Å: it differs from the one within the angiostatin
crystallographic structure (22) by a backbone heavy atom rmsd of
1.13 Å (Figure 2B). No distance violations >0.5 Å or torsion
angle violations >5� were observed.

Stereochemical analysis of the representative structure using
MolProbity (71) indicates that all residues fall in the energy-
allowed regions of aRamachandran plot, 76.5%appearing in the
favored zones, and yielded aMolProbity score, aweighted sumof
clashes, Ramachandran not-favored and rotamer outliers (71), of
3.33. This result is comparable to the solution structures of K2
(90.1% of residues in allowed regions/76.5% of residues in
favored regions/MolProbity score of 3.35) (11) and of K5
(100%/85.6%/3.58) (16).

The core region populations in the K3 Ramachandran steric
energy plot indicate occurrence of β-strands and β-turns as well
as right-handed (R and 310) and left-handed (31) helices (93).
Identified elements of secondary structure, when averaged over
the bundle of 20 structures, are ∼19.1 ( 1.8% β-turn, ∼8.4 (
2.0% 31-helix, ∼8.2 ( 1.8% β-strand, ∼3.3 ( 2.3% 310-helix,
and ∼2.8 ( 1.6% R-helix. Hydrogen bonds connect two short
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antiparallel β-sheets in quasi-orthogonal configuration (Figure 3A):
the first isdefinedby thepaired strandsTrp62-Thr65/Trp72-Tyr74,
stabilized by Cys63-HN

3 3 3OdC0-Glu73, Thr65-HN
3 3 3OdC0-

Arg71, Glu73-HN
3 3 3OdC0-Cys63, and Cys75-HN

3 3 3OdC0-Pro61
backbone-backbone hydrogen bonds; the second is composed by

pairs of short strands Ala14-Thr16/Thr21-Gln23, stabilized by

Thr16-HN
3 3 3OdC0-His20 and Cys22-HN

3 3 3OdC0-Ala14 backbo-
ne-backbone hydrogen bonds. Other conspicuous hydrogen bonds

include Val17-HN
3 3 3OdC0-Tyr74 and Gln23-HN

3 3 3OdC0-His64,

common to all hPgn kringles (8-16, 22), as well as Ser18-OHγ
3 3 3

OdCε-Glu73 originally observed in the K2 solution structure (11).

Furthermore, K3 includes two consecutive but distinct helical

elements (Figure 3A): an R-helical turn (Thr37-Asn40, character-

ized by a C0dO (i) 3 3 3NH (iþ4) hydrogen bond and j=-62.6�)
that resolves into a 310-helical turn (Phe41-Lys44, characterized by a

C0dO(i) 3 3 3NH(iþ3) hydrogenbondandj=-67�,ψ=-31�), of
common occurrence for short 310-helices (66). Five poly(Pro)II 31-

helices, which lack intrahelix hydrogen bonds, are also identified

(Figure 3B): the first is located at the N-terminus (Gln(-1)-Leu2);

the second extends from Thr21 to Cys24 and encompasses the

Cys22-Gln23 β-strand discussed above. Additional 31-helices are

formed by segments His31-His33 and Tyr50-Arg52; furthermore,

a longer 31-helix extends from Trp72-Pro78 near the C-terminus,

overlapping with the Trp72 -Tyr74 β-strand identified earlier.

The two core cystines (Cys22-Cys63/Cys51-Cys75), which
span disulfide bridges within∼4 Å and slanted∼30�, thus appear
ensconced by secondary structure elements. The 31-helical motifs
cluster around the cystine links, the main contribution to such
structure stemming from the stretches 21-24 and 72-78. Hence,
both length and location of 31-helical segments match earlier
observations (11), a structural signature of kringle domains not
mentioned in the crystallographic analyses (8, 10, 12, 14, 15, 22).

FIGURE 2: Kringle 3 three-dimensional structures: stereoviews of the Cys1-Cys80 polypeptide backbone. Selected residues are labeled; flexible
tail segments preceding Cys1 and following Cys80 are omitted. Parentheses denote loci where residues have been mutated from the wild type to
avoid dimerization [Ser43 (32)] or glycosylation [Glu34 (22)]. (A) Superposition of 20NMRstructures. The closest to the average (representative)
structure is shown in red trace: mean backbone rmsd = 0.35 ( 0.07 Å. (B) Closest to average NMR structure (red) superposed to the X-ray
(angiostatin) crystal structure (green) (22). The backbone heavy atom rmsd between the two structures is 1.13 Å. Disulfide bridges are colored
yellow in the NMR structure and blue in the crystal structure: the Cys22-Cys63 and Cys51-Cys75 bridges for the two structures essentially
coincide.

FIGURE 3: Kringle 3 NMR fold. Secondary structure elements are
displayed in ribbon representation: (A) R-helical turn (blue), 310-
helical turn (red), β-strands and β-bridge (green); (B) 31-helix (pink),
β-turn (cyan), β-turn without a hydrogen bond (brown), disulfide
bonds (yellow trace). N- and C-termini are indicated.
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A total of seven β-turns are suggested on the basis of d(i)-(iþ3)

backbone distance constraints, three of which are stabilized by a
C0dO(i) 3 3 3HN(iþ3) hydrogenbond:Lys3-Thr5,Trp25-Ala27,
and Asp47-Asn49, denoted by a cyan trace in Figure 3B.
The analysis illustrates the strong ordering effect of secondary
structure on protein structures, as all β-strands and most helical
structures exhibit rmsd minima. An exception is the highly
disordered Thr37-Lys44 loop exposed at the protein surface.
In contrast, the non-H-bonded β-turns shown in Figure 3B
(brown trace) are readily identified as being among the least
defined stretches (compare with Figure 2A).
The Ligand Binding Site. The NMR and X-ray structures

differ in the hydrogen-bonding pattern between the Asp55 side
chain and residues at the binding site. Thus, the Asp55 χ1 value
that corresponds to gauche (þ) in the crystal becomes trans in
solution. As a result, the hydrogen bondAsp55-COOδ1

3 3 3HNε1-
Trp62 (Figure 4A) is replaced by Asp55-COOδ1

3 3 3HNε-
Arg36 in solution (Figure 4B). This discrepancy may stem from

experimental conditions: while the NMR structure was obtained
for the protein in the absence of ligand, the X-ray model of
angiostatin (K1-K2-K3) shows a molecule of bicine buffer
parkedwithin theK3 binding site groove (22). It was noticed that,
as determined by MolProbity (71), rotamers for both the Asp55
and Lys57 side chains in the solution structure are energetically
preferred over the crystallographic counterparts, occurring in
17.2%/74.7% of cases in the Top 500 angle database4 for the
former versus 10.0%/41.3% for the latter.

Interestingly, the network of hydrogen bonds within theNMR
structure is similar to the pattern previously observed in K4-type
kringles of humanApo(a) (94) whereArg36 is a strictly conserved
residue (95). In the case of human Apo(a), a hydrogen bond
involvingArg36 andAsp55was suggested toweaken the kringle’s
lysine-binding affinity by restricting the mobility of the LBS

FIGURE 4: Kringle 3 structures: stick representation stereoviews of the canonical binding site. All panels are shown in the same orientation;
carbon, nitrogen, and oxygen atoms are indicated in green, blue, and red, respectively. (A) X-ray crystal structure (22): Glu34,mutated fromAsn
to prevent glycosylation, is labeled in parentheses. (B) Closest to the mean NMR structure. Segments His33-Arg36, Asp55-Asp57, Trp62-
His64, and Arg71-Tyr74 are displayed; suggested interresidue hydrogen bonds are dotted (cyan). For clarity, only polypeptide backbone atoms
are shown for residues Cys63 and Glu73. (C) Superposition of selected side chains from 20 NMR structures.

4Top 500 Database, http://kinemage.biochem.duke.edu/databases/
top500.php.
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cationic and anionic centers (94). Arg36 was identified as a key
residue in human Apo(a) K4 repeats and may thus be similarly
important in stabilizing the structure of hPgn K3. Overall, key
side chains at the canonical binding site are generally well-defined
in the solution structure (Figure 4C). An exception is the largely
solvent-exposed Arg71 side chain, which translates into local
structure disorder within the rK3NMRbundle computed for the
kringle in explicit water (Figure 4C). In contrast, the crystallo-
graphic angiostatin K3 structure shows this side chain in
a buried location that leads to the occurrence of two Thr32-
CO 3 3 3N

η1/Nη2-Arg71 backbone-side chain hydrogen bonds
(Figure 4A).

The canonical binding site of wild-type K3 manifests itself as
an exposed hydrophobic surface that conforms a shallow groove,
relatively widened circa the conserved Arg71 cationic center
(Figure 4B). Lys57 projects its side chain over the hydrophobic
groove, consistent with the known intimate interaction of
Lys-type ligandmethylene groups with lipophilic side chains that
line the LBS (78). A minor difference between the X-ray and
NMR structures (Figure 4A,B) arises from the Lys57 χ2 and χ5
dihedral angles [X-ray: trans/gauche (þ), NMR: gauche (-)/
trans], most likely a reflection of side chain rotameric flexibility.
However, in both structures, the net effect is to reduce exposure
of the lipophilic surface lined, among others, by the Trp62 and
Trp72 side chain indole rings (23). Indeed, NOEs between Lys57
Hβ, Hγ andTrp 62, 72 ring protons are observed, supporting such
intramolecular hydrophobic interactions.
Ligand Binding to K57D Kringle 3. Knowledge of the

solution structure of K3 (Figure 2A) is a prerequisite for the
analyses of both in vitro and in silico ligand-binding experiments.
Superposition of the 1H/15N HSQC spectra of uniformly 15N-
labeled rK3 and r(K57D)K3 (Figure 1) reveals that, except for
the expected residue 57 signals (denoted by red cross-peak labels),
the chemical shift pattern remains only slightly perturbed on
going from the wild-type to the mutated protein. Hence, the
K57D replacement would appear not to affect the fold of the K3
domain. On this basis, structures for the hPgn (K57D)K3mutant
were generated via homologymodeling starting from the solution
and crystallographic structures of the wild-type domain.

Upon addition ofAMCHAto a solution of 15N-r(K57D)K3, a
number of 1H/15N HSQC cross-peaks shift (Figure 5A). In line
with similar studies on kringle modules with canonical (i.e.,
active) LBS (8, 11, 14, 29), addition of the zwitterionic ligand
to r(K57D)K3 shifts themost polypeptide chain backbone amide
NH resonances arising from residues Asp55 (Δδ ∼ 0.449 ppm),
His64 (Δδ ∼ 0.420 ppm), and Trp72 (Δδ ∼ 0.462 ppm), i.e., all
key residues of the canonical LBS (Figure 5B). Interestingly, NH
resonances of both Asn34 and Arg71 respond to AMCHA
presence: Δδ ∼ 0.325 ppm and Δδ ∼ 0.105 ppm, respectively.
As to Arg36, the amide NH signal, apparent at pH* 5.7, was
undetectable at pH* 7.0 and throughout the ligand titration
experiment (Figure 5), as reported for the same residue in kringles
of humanApo(a) (94, 96, 97). Indeed, the perturbation of Asn34,
concomitant with that of Thr37 (Δδ ∼ 0.261 ppm) may echo the
response to ligand of the neighboring Arg36.5 Other significantly
perturbed resonances belong to residues that are either part
(Trp62), or immediate neighbors (Tyr74), of the canonical LBS.
Surprisingly, Asn45 and Tyr50 NH groups, in the fold relatively
remote from the LBS, also result perturbed. We speculate that,
while these residues may weakly interact with AMCHA, they are

also likely to echo perturbations elsewhere in the protein or be
sensitive to interkringle interaction(s) which break upon addition
of ligand.

Ka values were determined by nonlinearly fitting ligand
titration profiles (Figure 5, inset b) for individual residues to
eq 3. Three independent criteria were considered: the ampli-
tude of the chemical shift perturbation, the quality of the
nonlinear fit to Langmuir isotherms, and presence of the
residue in the putative binding site. On this basis, we derive
Ka∼ 5.232( 0.026mM-1 from the weighted average of 16 fits.
This value is close to that reported for the binding of AMCHA
to K2 [Ka ∼ 7.3 ( 0.6 mM-1 (29)]. Interestingly, if the Ka is
estimated by fitting signals stemming from the introduced
Asp57 residue solely, it yields Ka ∼ 12.56 ( 0.29 mM-1, a
value that is closer to 12.66 ( 0.46 mM-1 estimated for the
r(K57D)K3-AMCHA complex via fluorometric ligand titra-
tion (32) and Scatchard plot fit (98). From the data in
Figure 5B, AMCHA-induced 1H/15N HSQC perturbations
mapped on the (K57D)K3molecular surface (Figure 6A) show
a strong correlation with the locus of the canonical kringle
LBS (23).
Zwitterionic Ligand Docking to K57D Kringle 3. The

NMR AMCHA titration experiment confirms results by fluore-
scence quenching (32) that the K57D mutation introduces
affinity of K3 for AMCHA and other zwitterionic Lys mimics.
On the basis of the model (Figure 4) and assuming the mutant
exhibits no significant conformational change, this ought to
result in a gain in exposure of the putative binding site since,
relative to a Lys residue, the Asp side chain is sterically less
obtrusive.

AMCHA was docked to the (K57D)K3 structure via Auto-
Dock 4.0. It is gratifying to find that the predicted pose of the
ligand (Figure 6C) correlates well with the ligand-induced 1H/15N
HSQC perturbation map (Figure 6A). Furthermore, the LBS
dipolar electrostatic configuration optimally matches the bound
zwitterionic ligand dipole length l ∼ 6.6 Å (Figure 6D). Revea-
lingly, the model (Figure 6C,D) shows the docked ligand
“sandwiched” between the quasi-parallel planes defined by the
Arg36 guanidino and the Trp72 indole groups.

The above results prompted in silico exploration for binding of
three additional lysine mimics known to interact with kringle
domains (29) (Figure 7A): 6-AHA, a linear, aliphatic ω-amino-
carboxylic acid (l ∼ 7.5 Å); AcLys, a C-terminal Lys analogue
(l ∼ 7.2 Å); and BASA, a para-sulfonated aromatic amine (l ∼
6.6 Å). Among these, 6-AHA and BASA had been shown to
interactwith (K57D)K3by the fluorescence quenching studies (32).
Besides the structure homology-modeled from the rK3 NMR
structure discussed above, a second (K57D)K3 structure was
modeled starting from the K3 X-ray crystallographic structure:
its sequence differs from that of theNMR-basedmodel in that they
carry “inert” mutations N34E and C43S, respectively.

Reassuringly, AutoDock predicts all four ligands to dock at
the engineered LBS, and except for small qualitative differences
in the conformation of the docked ligands discussed below, the
ligand-kringle complex models derived from the NMR
(Figure 7B) and X-ray (Figure 7C) structures are closely similar.
Thus, the cationic amino groups are predicted to consistently
interact with the anionic fulcrum formed by the γ-carboxylate
groups of Asp55 and Asp57. Notably, the distance separating
the ligand Nε atom from Asp57 Cγ (3.0 ( 0.2 Å, average
among the lowest free energy docked conformations of all four
ligands) is marginally lower than the corresponding distance to5There is a deletion at site 35 (Scheme 1).
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Asp55 Cγ (3.2 ( 0.1 Å), a slight preference that is in line with
reports for other hPgn kringles (11, 99). Interestingly, as sug-
gested by the AutoDock simulations, none of the tested ligands
docks at the back side of the kringle domain (not shown),
supporting our contention that the observed NMR perturbation
of Asn45 and Tyr50 NH resonances in the presence of AMCHA
(Figure 6B) is unlikely to arise from an affinity of these residues
for the dipolar ligands.

As a negative control, AutoDock runs on the above ligands
were implemented on the solution and crystal structures of wild-
type human Pgn K3. Out of all the calculated conformations for

each of the ligands (1280 � 4), none docked to the crystal
structure wild-type binding site (Supporting Information, Figure
S2). Docking to the solution structure yielded slightly more
nuanced results: while the cyclic ligands AMCHA and BASA
show no affinity for the K3 binding site, marginal dockings of
6-AHA and AcLys were predicted (frequencies of 2.7% and
3.3%, respectively), albeit with low affinity. Moreover, the
ligands docked in unorthodox conformations (Supporting In-
formation, Figure S2).
Free Energies of Docking. On the basis of the AutoDock

binding free energy estimates, it is hinted that the aromatic

FIGURE 5: AMCHAbinding toK57Dkringle 3:NMRresponse. (A) 1H/15NHSQCspectra of (K57D)K3 in the absence (red) andpresence (blue)
ofAMCHA(ligand:protein 62:1).Most pronounced ligand-induced cross-peak shifts are indicated byarrows. Signals arising fromAsnHδ21/Hδ22

and Gln Hε21/Hε22 geminal proton pairs are connected by dashed lines. Inset a: Superposed spectra recorded after each addition of AMCHA,
illustrating the progressive response (blue arrows) of select resonances. Inset b: Ligand titration profile. Δp represents the weighted average
fraction of ligand-bound protein versus the free ligand concentration [S]. Langmuir adsorption isotherm curves were obtained by iterative
nonlinear fit of the data, eachdata point representing an average of 16 perturbed resonances; error bars reflect the range of values. The continuous
curve was generated by fitting the weighted average of all calculated Ka values. Data were recorded at 600 MHz (1H), 25 �C, and pH* 7.0. (B)
Average 1H, 15Nbackbone amide resonance shifts induced by ligandbinding (Δδ, see text) against sequencenumber are represented bybars.Gaps
denote Pro (P) and amide NH groups that do not yield detectable signals at pH* 7.0. Sites 36 and 59, following deletions relative to the K5
sequence, are indicated by ticks on the abscissa axis.
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effector BASA is the favored ligand for (K57D)K3 (ÆΔG*æ =
-6.62( 0.06 kcal/mol) followed by the cyclic aliphatic AMCHA
(ÆΔG*æ = -6.21 ( 0.11 kcal/mol). Furthermore, it is suggested
that AcLys and 6-AHA exhibit the lesser affinity among the four
investigated ligands (Table 2). The in silico results thus concur
with the trend of the experimentally determined Ka values,
supporting the hypothesis (32) that the extended surface of the
cyclic ligands results in enhanced interaction with hydrophobic
side chains of either Trp72 alone or Trp62þ Trp72 jointly in the
LBS groove.

Differences between docked structures based on the NMR
(solution) and X-ray (crystal) (K57D)K3 models are most
notable in the dockings of 6-AHA and AMCHA and may be
attributed to the orientation of the Arg71 side chain in the two
rigid structures: whereas in the NMR-derived model the extrud-
ing Arg71 side chain tends to push the ligand backbone toward
the Asp55, Arg36, Asn34 triad (Figure 7B), in the X-ray struc-
ture derived model Arg71 adopts a less extended conforma-
tion that enables it to interact with the ligand carboxylate
group (Figure 7C). Thus, for all the investigated ligands, the
γ-carboxylate group is positioned closest to the Arg36 Nη atoms
(3.5 ( 0.4 Å) in the NMR-derived and to the Arg71 Nη atoms
(3.3( 0.2 Å) in the crystal-derived models. In human Pgn, K4 is
the only other kringle domain containing similarly basic residues

at positions 34 and 36 (Scheme 1A). For the latter domain, the
X-ray crystallographic structure places the corresponding Lys36
residue in close proximity to the ligand carboxylate group (14)
while Arg71 affords the ligand-preferred cationic center in
solution (100).
Binding Site Flexibility Effects. In the bound state, the

AMCHA Nε atom positions itself essentially equidistant of the
Asp55 and Asp57 carboxylate groups, at ∼3.2 and ∼3.3 Å,
respectively. In the canonical lysine-binding kringles of hPgn,
i.e., K1, K2, K4, the zwitterionic ligand is stabilized by ionic
interactions between the ligand carboxylate group and the
guanidino group of Arg71 (10, 99). Our rigid kringle docking
model of the (K57D)K3 structure however shows AMCHA
preferentially interacting with Arg36 Nη1 (∼3.3 Å), with His64
Nε1 and Asn34 Nδ2 in close proximity (∼4.5 and ∼4.9 Å,
respectively).

Differences between the solution and crystal K3 binding site
models may be interpreted to represent snapshots of conforma-
tions that arise from the intrinsic flexibility of the exposed Arg71
side chain. Indeed, residues 34, 36, and 71 are relatively dis-
ordered in the NMR structural bundle (Figure 4C). In order to
determine the preferred ligand anionic group acceptor in the
(K57D)K3 domain LBS, a long-term AMCHA docking experi-
ment (see Experimental Procedures) was carried out during

FIGURE 6: AMCHA docking to the engineered lysine-binding site in K57D kringle 3. The Cys1-Cys80 contact surface is shown. (A) Front
view; (B) back view: color intensity (green) is proportional to the composite 1H, 15N backbone amide chemical shift changes induced by ligand
binding (see text). Unobserved shifts are denoted by averaging values of the two (preceding and following) sequential residues. (C) AMCHA
docked on the electrostatic surface of (K57D) (front view). Electrostatic potential was calculated on the basis of the PARSE force field (83)
at 298.15 K using the APBS 1.1 plug-in for PyMOL (75) and colored for the solvent-accessible surface from -3 kT/e (red) to þ3 kT/e (blue).
The ligand is shown in effective van der Waals radii, space-filling representation. The pose of the ligand was predicted via AutoDock 4.0.
(D) Expansion of the binding site with docked ligand (stick representation). Residue segments His33-Arg36, Asp55-Asp57, Trp62-His64,
and Arg71-Tyr74 of the engineered K57D binding site are displayed. Only backbone atoms are shown for Glu73. Ligand atoms are in s
tick representation and superposed with van der Waals surfaces (dotted); only polar hydrogen atoms are shown. The view matches the orienta-
tion of the wild-type binding site shown in Figure 4. In (C) and (D), the ligand atoms are denoted in magenta (carbon), blue (nitrogen), and
red (oxygen).
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which side chains of Asn34, Arg36, Asp55, Asp57, Arg71, and
Trp72 were allowed to rotate freely.

The distance betweenAMCHAcarboxylate andArg36þArg71
guanidino groups, andAMCHAamino andAsp55þAsp57 car-
boxylate groups, was used as a filtering criterion: docked con-
formations in which the ligand came to be positioned >3.5 Å 6

from both the cationic and anionic centers of the LBS were
excluded. It was found that∼30.8% of the dockings concur with
the results from the rigid protein docking, where the ligand
interacts preferentially with Arg36 with ÆΔG*æ = -6.62 (
1.04 kcal/mol (Figure 8, panel A1). In a further ∼6.7% of the
cases (ÆΔG*æ = -7.70 ( 0.84 kcal/mol), the ligand carbo-
xylate group is within hydrogen bond-forming distance to both
Arg36 andArg71 (Figure 8, panel A2). Inmost cases (∼62.5%of

dockings, ÆΔG*æ=-7.18 ( 1.05 kcal/mol), the AMCHA carbo-
xylate group interacts exclusively with the Arg71 guanidino
group, consistently “tracking” the latter’s mobile side chain.
(Figure 8, panel A3).

Measured distances between the ligand polar groups and the
flexible kringle ionic centers were averaged for each cluster
(Table 3). Interestingly, a preference to interact with Arg36 is
concomitant with a slightly stronger interaction with Asp55 over
Asp57 (Figure 8, panelA1). In contrast, interactionwithArg71dis-
places the ligand toward Trp72 and results in a preference for
Asp57, the “canonical” model (Figure 8, panels A2 and A3). The
large average distance, in all three observed clusters, between the
ligand carboxylate C group and Asn34 Nδ2 (Figure 8, Table 3)
precludes the possibility of hydrogen bond formation, therefore
decreasing the likelihood of the (unprecedented) interaction with
the latter side chain as suggested by the rigid kringle docking
(Figure 7B,C).

The docking results for the solution structure (K57D)K3-
AMCHA complex with flexible side chains are thus in line with
the view (23, 100) that Arg71 affords the main cationic center of
the LBS. Nonetheless, Arg36 emerges as a secondary binding
partner that could facilitate kringle-zwitterionic ligand interac-
tions. Indeed, by increasing the number of possible docked
microstates, Arg36 participation contributes additional entropic
stabilization while driving the anionic end of the ligand to bind;
alternatively, by raising the probability of interaction it may thus
increase the affinity for zwitterionic ligands. Furthermore, the
flexible docking underscores the critical role of the Trp72
aromatic side chain as a hydrophobic partner (Figure 8). It is
interesting to note that there is a degree of rotational χ1/χ2
flexibility associated with this side chain. For example, in

FIGURE 7: Zwitterionic ligands docked to theK57Dkringle 3 binding site. Docking was via AutoDock 4.0 on a rigid protein structure; the lowest
energy conformations of the docked ligands are shown. Ligand atoms are in stick representation, superposed with Van der Waals surfaces
(dotted); carbon, nitrogen, oxygen and sulfur atoms are denoted inmagenta, blue, red, and yellow, respectively; only polar group hydrogen atoms
are shown. (A)Chemical structures of the ligands. (B) and (C) Protein surface electrostatics (calculated and colored as inFigure 6C)weremodeled
for theNMR structure ofK3 and theX-ray structure of the angiostatinK3, respectively. Selected residues are labeled; residueGlu34, indicated in
parentheses, was mutated from Asn to prevent glycosylation (22).

Table 2: Zwitterionic Ligand Free Energies of Binding (ÆΔG*æ) a for K57D

Kringle 3

data origin 6-AHA AcLys AMCHA BASA

NMR model -5.64( 0.30 -5.54 ( 0.44 -6.21 ( 0.11 -6.62( 0.06

X-ray model -6.45( 0.22 -6.55 ( 0.49 -7.21( 0.12 -7.52( 0.17

experimentalb -4.94( 0.02 n/a -5.08( 0.01 -5.55 ( 0.02

aDockings were carried out on rigid receptors. ÆΔG*æ represents the
average of ΔG* estimates computed via Autodock for the cluster of ligand
dockings at the binding site. bExperimental ΔG were calculated from Ka

values in units of mM-1 estimated via fluorometric ligand titrations (32).
TheAMCHAΔGwas calculated using theweighted averageKa between the
fluorometric and NMR ligand titrations.

6That is to say, the upper limit for the distance between a hydrogen
bond donor (heavy) atom and the acceptor atom used by WHAT
IF (64, 65).
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hPgn K1, site 72 is conservatively substituted by a Tyr residue
(Scheme 1A). In addition, whenTrp72 in hPgnK4was selectively
reacted with [14C]dimethyl(2-hydroxy-5-nitrobenzyl)sulfonium
bromide, it eliminated the lysine-binding affinity (101). An
animation sequentially showing independent docking results with
flexible K3 side chains is included as Supporting Information,
Figure S3.
Phylogenetic Analysis. Comparison of Pgn K3 sequences

from a number of species7 (Scheme 2A) reveals that residues
Lys57 and His64 are unique to the human variant. Indeed, in all
other species Pgn K3 consistently fills site 57 with a Glu residue,
similar to hPgn K2 but in contrast to hPgn K1, K4, and K5 that
carry an Asp at site 57, and an aromatic residue at site 64 [a Tyr
in all species except in Erinaceus europaeus (ERIEU,8 European
hedgehog), where a Phe fills the site].

Curiously, the ERIEU apolipoprotein(a) [Apo(a)] (106) contains
a sequential array of 31 nearly identical copies of Pgn K39 in a
pearl necklace-like configuration. It is striking that residues
Glu57 and Tyr64 are strictly conserved in these paralogous K3
repeats (Scheme 2B). More recently, an ERIEU apolipoprotein-
related protein (Arp) was found (105) to contain seven K3-type
domains which fill site 57 with a Ser residue (Scheme 2B);
additionally, with the exception of the first and fifth kringle, all
replace the heretofore strictly conserved Asp55 with a Ser
residue (105). While less acidic than the Asp or Glu residues that
occupy this position in lysine-binding kringle domains such as
hPgnK1,K2,K4, andK5 (Scheme 1B), Ser is nonethelessweakly
polar and hydrophilic. In contrast, the Asp57/Glu57 f Lys
substitution in the hPgn K3 represents a negative-to-positive
charge replacement at the LBS that does not occur either in the
other hPgn kringles or in PgnK3 sequences from other species or
even in the ERIEU Apo(a) and Arp.

Another salient feature of the Pgn K3 domain is occurrence of
the Cys43 residue, involved in the K2(Cys4)-(Cys43)K3 inter-
kringle cystine link: it is strictly conserved in all species
(Scheme 2A) and is also found in the last K3-type repeat of
ERIEU Apo(a) (Scheme 2B). In the latter it has been sug-
gested (106) to be responsible for covalent linkage to Apo(b)

FIGURE 8: Lysine-binding siteofK57Dkringle 3: samplingofdockedAMCHAposes. Side chains fromAsp55andAsp57 (acidic, red),Arg36and
Arg71 (basic, blue), Asn34 (cyan), andTrp72 (magenta)were allowed rotational flexibility duringdocking; other residues (gray surface) were kept
rigid. Flexible atoms, including ligand backbone (green) and cationic (N atom, blue) and anionic (O atoms, red) polar groups, are in stick
representation. (A) Superposition of individual docked conformations. Only poses within 2 Å rmsd from the lowest energy structure are shown;
nonrigid hydrogen atoms are omitted. Ligand polar groups are indicated by spheres. Columns segregate the preferred K3 cationic center
interacting with the ligand (see text): (A1) only Arg36 (∼30.8% of dockings), (A2) Arg36 and Arg71 combined (∼6.7% of dockings), and (A3)
onlyArg71 (∼62.5%of dockings). (B) Lowest energy docked conformation corresponding to clustersA1, A2, andA3. van derWaals surfaces are
superposed to all flexible atoms and distinguish between side chains (labeled) and ligand (represented by spheres and dots, respectively); polar
hydrogen atoms on the ligand are shown (white).

Table 3: Binding Site Average Polar Distances (Å) between Docked

AMCHA and K57D Kringle 3

distance cluster 1 cluster 2 cluster 3

AMCHA-N 3 3 3C
γ-Asp55 4.1( 1.0 4.0( 1.0 4.8( 1.8

AMCHA-N 3 3 3C
γ-Asp57 4.8( 2.0 3.5 ( 0.8 4.0( 1.4

AMCHA-C(9) 3 3 3N
δ2-Asn34 7.4( 2.1 9.3 ( 1.6 11.7( 2.2

AMCHA-C(9) 3 3 3N
η1/Nη2-Arg36 a 3.5( 0.3 3.7( 0.3 8.4( 1.8

AMCHA-C(9) 3 3 3N
η1/Nη2-Arg71 10.6( 2.8 3.6( 0.3 3.4( 0.2

aFor ambiguous atom sets, the lower observed distance is listed.

7Confer Protein Information Resource (102) (http://pir.georgetown.
edu) entry PIRSF001150.

8We denote organisms by themnemonic used in theNEWT taxonomy
portal (103).

9In contrast, the human Apo(a) [Uniprot (104) access number
P08519 (95)] consists of multiple copies of K4-type units [individually
referred to as K4(i)] with one copy of K5 preceding the C-terminus, a
case of convergent evolution (94, 105, 106). By analogy, we refer to non-
Pgn K3-type domains as K3(i).
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by analogy to the unpaired Cys69 residue in the penultimate K4-
type kringle of humanApo(a) (95, 107). In theArpK3(1), a single
free Cys residue is found in yet another position, site 52
(Scheme 2B), thereby replacing Arg52 in what otherwise would
be a strictly conserved area. However, its buried location in the
core of the domain makes it unlikely that the Arg52 f Cys
substitution might have arisen to mediate covalent coupling to
another protein.

A phylogenetic tree constructed for 51 homologous K3-type
domains is shown in Figure 9. It is reassuring that the branching
pattern reflects the accepted taxonomic evolution of vertebrates,
most noteworthy in that it segregates mammalian Pgn K3
sequences from those of ray-finned fish species, Oncorhynchus
mykiss (ONCMY, rainbow trout), Danio rerio (DANRE, zebrafish),
andOryzias latipes (ORYLA, Japanese ricefish), themselves branched
out with good (75%) bootstrap support from Petromyzon marinus
(PETMA, sea lamprey (108)). The latter, evolutionary one of the
earliest true vertebrates, represents the most “primitive” animal
known to have a hemostatic system (109). The phylogenetic tree
(Figure 9) is in line (64% bootstrap support) with earlier specula-
tions: while the remodeling and duplication of Pgn K3 leading to
the ERIEU Apo(a) may have predated placental mammal radia-
tion (110), and perhaps even divergence of marsupial and placental
mammals (111) (60% bootstrap support), it nonetheless followed
the evolution of terrestrial vertebrates.

The tree suggests that Arp kringles diverged from the main K3
branch earlier than those in Apo(a) (Figure 9) and hence are less
closely related to Pgn K3 (compare Scheme 2A with the
consensus sequence in Scheme 2B). Interestingly, while Arp
K3(1) clusters separately from the other Arp kringle repeats
[Arp K3(2)-K3(7)], a test by which the free Cys52 in the former

domain was replaced by the consensus Arg52 caused the phylo-
genetic branching to collapse. The codon usage table for ERIEU (112)
implies that, notwithstanding two Arg codons differing only in one
nucleotide from the corresponding Cys pair, the usage bias is sub-
stantially different (∼7.7% vs∼20.5%). Both observations suggest
that the unlikely Arg52 f Cys substitution took place under
considerable evolutionary pressure; alternatively, onemay speculate
that Cys52 in ArpK3(1) might be a leftover from a “proto-kringle”
domain (113), before evolutionary appearance of the structurally
crucial central Cys22-Cys63/Cys51-Cys75 disulfide “cross”, a
signature of the kringle fold (23, 24).
Ligand Binding to K3 Variants. The evolutionary diversity

of the K3-type domains affords possibilities for additional
in silico docking tests in order to assess the potential role of
specific amino acid residues in the K3-ligand interactions. The
effective affinities (Ka* ) of the individual investigated kringle/
zwitterionic ligand combinations, estimated from eq 4, are
provided in Supporting Information, Table S2; Figure 10
highlights the ligand-averaged relative affinities (K�

a ) ob-
tained by averaging Ka* values over all four investigated
zwitterionic ligands.

(a) Synthetic hPgn K3Mutants. Codon pairs encoding for
Asp vs Glu and Glu vs Lys differ respectively in single base
mutations while maintaining (in humans) a similar codon usage
bias (112). An analogous progression is observed for the Phe,
Tyr, and His codons (112). Thus, it is tempting to speculate that
hPgnK3 (Scheme 1A) evolved from a kringle precursor in at least
two distinct steps: first with the Asp57 f Glu substitution
observed in the Pgn K3 from all other species (Scheme 2A) and
secondwith a unique and concerted double substitutionGlu57f
Lys/Tyr64fHis. Such an evolutionary path would corroborate

FIGURE 9: Kringle 3 phylogenetic tree for the set of plasminogen domains and paralogue repeats. Bootstrap consensus tree (91) of sequences in
Scheme 2 (51 taxa; see text), inferred from 100000 replicates of a dendrogram generated using the unweighted pair-groupmethodwith arithmetic
mean (UPGMA) (90). Bootstrap support g50% is indicated next to the branches. Collapsed manifolds corresponding to individual ERIEU Apo
and Arp kringles are shown as black triangles; all other taxa refer to Pgn. Phylogenetic analyses were via MEGA4 (88). Evolutionary distances,
corrected using the Poisson method (92), are drawn to scale based on the proportion of amino acid difference at 78 aligned residue positions.
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the hypothesis that amino acids essential for the domain fold
are generally more conserved than those related with its func-
tion (27, 114); the proposed path also receives a measure of
support from the genealogy of kringle-related structures
(27, 113).

Besides the Glu57 f Lys substitution, the genetic code
suggests other, potentially less disruptive replacements for this
amino acid; both the Glu57 f Ala and Glu57 f Gln substitu-
tions would only require a single base mutation (112). The four
ligands tested previously (6AHA, AcLys, AMCHA, and BASA)
were in silico docked to rigid models of several mutated K3
constructs in order to further investigate the impact of the locus
57 residue on the lysine-binding capability of the domain.
Inclusion of an Asp residue at site 57 results in the most potent
LBS overall, comparing favorably to the affinity conferred by
Glu57 (Figure 10A) usually found in nonhumanPgnK3domains
(Scheme 2A). This would be in line with experimental findings
for K2, where the double mutation R56G/E57D resulted in an
overall increased affinity for zwitterionic ligands (29). It was
previously suggested that the Asp side chain, which is one
methylene unit shorter than Glu, would place the ligand back-
bone in closer contact with the aromatic side chains that line the
LBS hydrophobic groove (29). Interestingly, our results suggest
that while a negatively charged residue such as Asp or Glu is
undoubtedly required for an optimally active LBS, replacement
of residue 57 forAla, Ser, orGlnmaintains a degree of affinity for
zwitterionic ligands. Notably, for all of these site 57 variants, the
preference of the preformed binding site in K3 for cyclic over
linear zwitterionic ligands is preserved. As indicated by the
solution structure of rK3, Lys57 both disrupts the binding site
charge distribution and partially obstructs access to the hydro-
phobic groove, thus sterically preventing zwitterionic ligand
binding. Indeed, Arp, which contains a Ser at position 57 in
each of its seven kringle domains, is retained by Lys-conjugated

chromatographic resins (105), whereas the wild-type hPgn K3 is
not (30).

While the Glu57 f Lys substitution is of significant
functional consequences, H64Y-mutated hPgn K3 shows
only a slight propensity to interact with AcLys and, margin-
ally, 6-AHA (Supporting Information, Table S2) with very
few dockings at the binding site proper (4.1% and 0.8%,
respectively). Furthermore, the double mutation K57E/
H64Y (Figure 11B), which replicates the configuration of
K3 in other species, results in only a slight variation of the
overall affinity for zwitterionic ligands compared to the
single K57E mutation (Figure 10A) with the calculated K�

a

values remaining unchanged within the margin of error
(Supporting Information, Table S2).

(b)K3Orthologues.The above results suggest that variability
among the orthologous PgnK3 sequences (Scheme 2A) is unlikely
to significantly alter the protein fold. Furthermore, the analysis
also hints at a degree of structural/functional adaptability of the
canonical K3 binding site toward residue substitutions. Indeed,
while the functional requirement of site 57 for negatively charged
residues has long been recognized (18, 27, 29, 99, 115), the
sequence of Arp kringles points to a heretofore unnoticed tole-
rance of this locus for Ser, a residue that carries an uncharged,
albeit hydrophilic, side chain. We therefore explored the potential
affinity of K3 species variants to a set of zwitterionic ligands. The
obtained homology-based models for Pongo abelii (PONAB, Suma-
tran orangutan), ORYLA, and ERIEU suggest in all cases a definite,
albeit weak, affinity for the tested zwitterionic ligands (Figure 10B
and Supporting Information, Table S2). This result, while not
unexpected as these domains all contain Glu57 (Scheme 2A),
highlights the structural exceptionality of the human Pgn K3
domain, whose binding site lacks the canonical anionic center
(Figure 4, Figure 11A) found in LBS’s of all other Lys-binding
kringles (Figure 11, panels B-D).

FIGURE 10: AutoDock estimated relative zwitterionic ligand affinities of kringle 3 domains. K�
a values (blue) and docking frequencies at the

canonical LBS (gray) are averages over all ligands (extracted fromSupporting Information,Table S2).Datadispersionare indicated by error bars.
(A) Impact of amino acid point mutations. (B) Orthologues and (C) ERIEU paralogues. Species and protein labels are as defined in Scheme 2.
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Interestingly, our results suggest that the ERIEU PgnK3may be
endowedwith a higher affinity for Lys-like zwitterions than either
the PONAB or the ORYLA orthologues (Figure 10B). Comparison of
the amino acid sequence (Scheme 2A) reveals two unusual sub-
stitutions in ERIEU, namely, Tyr64fPhe andAsn34fAsp: while
the former represents a conservative substitution, the latter is
significant as it contributes a negative electrostatic component
at the lower fringe of the binding site (Figure 11E). Thus, the
Asn34f Asp substitution would be expected to drive the ligand
anionic group to place itself closer to Arg71 at the canonical LBS
cationic center. Notably, docking tests on a model of human
(K57D)K3 derived from the X-ray structure, which includes a
similar N34E mutation, predict an increased affinity for zwitter-
ionic ligands (Table 2). Furthermore, in hPgn K3, Asn34 under-
goes a posttranslational N-linked glycosylation (116), the effects
of which may affect binding capability and circulatory half-

time (117). In contrast, the ERIEU Pgn K3 lacks a glycosylation
site (118). In this context, the postulated “recurring evolution” of
Apo(a) (106, 111, 119) is most telling: while the ERIEU Pgn K3
might have filled the role of a precursor for the ERIEU fibrin-
binding Apo(a) (106), in primates the K3 is unlikely to have
served such a purpose (106). Indeed, the corresponding Apo(a) in
both humans and Macaca mulatta (macmu, Rhesus macaque)
are thought to have evolved from the Pgn K4 and K5 modules
instead (113). We speculate that the ERIEU Pgn K3’s unique
position as a likely precursor for Apo(a) may be facilitated by the
singular presence of Asp34. In particular, it is suggested that
Asp34 has a dual effect in that it appears to enhance zwitterionic
ligand affinity (Figure 10B) while negating the potential for
N-linked glycan formation, in contrast to all other mammalian
Pgn K3 sequences (Scheme 2A).

(c) K3 Paralogues. The ERIEU Apo(a) K3(31) is the Apo(a)
kringle sequence most closely related to that of the ERIEU Pgn
K3 (106, 110); significantly, the two are suggested to display
similar affinities toward zwitterionic ligands, both in terms of
binding energies (Supporting Information, Table S2) and in LBS
ligandpose as predictedby thedockingofAMCHA(Figure 11E,F).
This is in line with the hypothesis, borne from phylogenetic
analyses, that ERIEU Apo(a) evolved independently of primate
Apo(a) by repeated duplication of the gene encoding for Pgn
K3 (110, 111, 119, 120).

Human Apo(a) has been proposed to interfere with activation
of plasminogen (95), thereby contributing to reduced fibrin clot
lysis. Independently, it has been shown that ERIEU Apo(a) binds
to Lys and to immobilized fibrin surfaces (121). Therefore, both
human and ERIEU Apo(a) are likely to regulate lysine-mediated
proteolysis in what appears to be, at least in case of ERIEU, a
seasonal physiological phenomenon (121).

The first 21 kringle domains in ERIEU Apo(a) can be clustered
into two sets based on their ordinal parity (even/odd numbering),
a pattern best explained by multiple duplication of a tandem
kringle unit in the course of evolution (110). Inspection of the
amino acid sequence (Scheme 2B) shows that residues in the
canonical LBS, in particular Arg36 and Asp55, are more con-
served in odd-numbered kringles than in their even-numbered
counterparts and suggests that the affinity for zwitterions may be
more pronounced in the former. Simultaneously, the even-
numbered kringles of Apo(a) bear similarities with the kringles
in Arp, including replacement of Arg36 by an aromatic residue
(Scheme 2B). Combined with the Glu57f Ser replacement discus-
sed above, the even-numbered kringles are expected to show
weakened binding capability. Our docking simulations with
homology models of Arp K3(1) and Arp K3(2) kringles support
this hypothesis (Figure 11G,H). Indeed, Arp K3(2) is suggested to
exhibit a weak in silico affinity for zwitterionic ligands (Figure 10C)
comparable to that predicted for hPgn (K57S)K3 mutant
(Figure 10A). On a similar basis, the Arp K3(1) would behave
in silico similarly to hPgn (H64Y)K3 in that it is predicted to
exhibit a weak affinity for AcLys not replicated by the other
ligands. Individual Arp kringles are hence unlikely to contribute
to Lys binding. Thus, our results concur with the suggestion that
the reported capability of the Arp protein to interact with Lys-
Sepharose (105) may result from cooperative binding that
involves several of these constructs.

Although Arp K3(1) retains in Asp55 a canonical LBS acidic
residue (Scheme 2B), it would seem to exhibit almost nil affinity
for zwitterionic ligands (Figure 10Cand Supporting Information,
Table S3). This is not surprising as in Arp K3(1), the aromatic

FIGURE 11: AMCHA docking to kringle 3 type domains. Structures
are generated by homology modeling based on the NMR structure
of hPgnK3. Kringle electrostatic surfaces are calculated and colored
as in Figure 6C; selected residues are labeled. Binding sites with
suggested affinity to zwitterionic ligands are shown with docked
AMCHA in effective van der Waals radii, space-filling representa-
tion. The pose of the ligand was predicted by in silico docking via
AutoDock 4.0 on the rigid kringle: (A) wild-type HUMAN PgnK3; (B)
K57E/H64Y HUMAN Pgn K3; (C) PONAB Pgn K3; (D) ORYLA Pgn K3;
(E) ERIEU Pgn K3; (F) ERIEU Apo K3(31); (G) ERIEU Arp K3(1); (H)
ERIEU Arp K3(2).
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residue at site 72 is replaced by Arg (Scheme 2B, Figure 11G).
Indeed, while conferring extra basicity to the binding site, Arg72
is suggested to sterically interfere with in silico docking of
prototype zwitterionic ligands by affecting a critical hydrophobic
interaction (101).

It has been noted that “gene duplication leading to func-
tional novelty is ordinarily preceded by bifunctionality of the
ancestral gene” (110). Hence K3, and with regard to primate
Apo(a), K4 and K5, may concur with the even-numbered
kringles of ERIEU Apo(a) and the “aberrant” kringles of Arp as
affording examples of binding sites that have evolved from a
bifunctional kringle protodomain toward optimization of a
function that differs from that of canonical Lys-mediated
fibrin binding. Indeed, recent studies in our laboratories have
shown that hPgn K3, K5, and, to a lesser extent, K4 exhi-
bit affinity for fatty acids (16, 122). This would be in line with
the repetitive role of these kringles as building blocks in
Apo(a)-type constructs, which in plasma wrap around lipid
aggregates (95). Interestingly, preliminary docking tests (un-
published) predict that oleic acid binds to ERIEU Apo K3(31), Arp
K3(2) and Arp K3(1).

CONCLUSIONS

The NMR analysis of hPgn K3 reported here provides both
the solution structure of the domain and, a fortiori, the assign-
ment of the spectroscopic connectivities that become specifically
mapped onto the fold. Indeed, structure and spectra assignment
are equivalent: knowledge of the one implies the other (123, 124).
Therefore, ligand-induced spectroscopic perturbation leads to
the localization, at atomic level resolution, of the ligand-binding
site. Such information proves to be fundamental for the func-
tional characterization of both the wild type and the (K57D)K3
mutant and justifies solving the NMR solution structure as a
mandatory prerequisite for the functional characterization even if
a crystallographic structure is available.

Via a combined NMR/docking simulation protocol, we were
able to exploit homology modeling as a basis to investigate
in silico Pgn K3 domains ranging from the Sumatran orangutan
to the Japanese ricefish and that exemplify the highest and the
lowest known homology, respectively, with the human K3
sequence. Thus, while coarse-grained, a picture of the structur-
al/functional evolutionary connectivities among selected Pgn K3
variants could be achieved. The European hedgehog, in parti-
cular, provides a rich source of K3 variants that enabled us to
tentatively test the role of specific binding site residues in the
potential complexation of zwitterionic ω-amino acid ligands,
thus shedding light on the hypothetical physiological chemistry
of the ERIEU Apo(a) in-tandem multikringle construct.

It is our hope that this study shall serve to foster the combined
use of NMR and blind, unrestricted docking experiments in the
characterization of potential protein-effector interactions,
whether in their biological milieu or in other pharmacological
contexts.
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SUPPORTING INFORMATION AVAILABLE

A table summarizing the implemented experimental NMR
constraints and the extent of agreement by the reported structural
bundle, a table listing individual effective association constants
and docking frequencies at the canonical binding site for the
interaction of zwitterionic ligands to K3 variants, and three
additional figures as described in the text: a graphic summary of
K3 NMR sequential connectivities and dihedral constraints;
results for docking zwitterionic ligands to wild-type K3; an
animation of individual snapshots for docking AMCHA to
(K57D)K3 with flexible Asn34, Arg36, Asp55, Asp57, Arg71,
andTrp72 side chains. Thismaterial is available free of charge via
the Internet at http://pubs.acs.org.
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