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ABSTRACT: Neurotrypsin is a multidomain protein that serves as a brain-specific serine protease. Here we
report the NMR structure of its kringle domain, NT/K. The data analysis was performed with the BACUS
(Bayesian analysis of coupled unassigned spins) algorithm. This study presents the first application of
BACUS to the structure determination of a 13C unenriched protein for which no prior experimental 3D
structure was available. NT/K adopts the kringle fold, consisting of an antiparallel �-sheet bridged by an
overlapping pair of disulfides. The structure reveals the presence of a surface-exposed left-handed
polyproline II helix that is closely packed to the core �-structure. This feature distinguishes NT/K from
other members of the kringle fold and points toward a novel functional role for a kringle domain. Functional
divergence among kringle domains is discussed on the basis of their surface and electrostatic characteristics.

The kringle fold occurs in combination with other folds
in multidomain proteins, often as a part of tandem domains
(1). The most frequent number of homologous repeats is
2, and the maximum number of consecutive kringle
domains is 37 in apolipoprotein A (2). The kringle family
has a broad repertoire of domain partners. For example,
the hyaluronan-binding protein is the combination of a
kringle domain with three epidermal growth factor do-
mains and a serine protease. These proteins perform a
variety of functions and can act as proteases (plasminogen
and prothrombin) (3), protease activators (urokinase, tissue
plasminogen activator, and hepatocyte growth factor
activator) (3, 4), growth factors (hepatocyte growth factor
and macrophage-stimulating protein) (5), and lipid trans-
porters (apolipoprotein A) (2).

Human neurotrypsin is a multidomain protein of 875
amino acids, composed of a proline-rich basic segment at
the N-terminus, followed by a kringle domain, four scavenger
receptor cysteine-rich repeats, and a trypsin-like serine
protease domain at the C-terminus (6, 7). Neurotrypsin is
predominantly expressed in neurons of the cerebral cortex,
hippocampus, and amygdala (8, 9). Mutational analysis
established a relationship between neurotrypsin and autoso-

mal recessive mental retardation (9). Electron microscopic
mapping of the subcellular distribution of neurotrypsin in
the adult human brain demonstrated that this protein is
present in presynaptic terminals, close to the membrane lining
the synaptic cleft (9). Neurotrypsin is released into the
synaptic cleft by exocytosis in association with neuronal
activity (10). Externalized neurotrypsin remains at the
synapse for minutes possibly due to transient binding to
extracellular synaptic components (10). The underlying
protein-protein binding interactions may be mediated by the
kringle domain of neurotrypsin, NT/K. As a first step toward
an understanding of the molecular mechanism of the biologi-
cal function of neurotrypsin, we have determined the three-
dimensional solution structure of its kringle domain by NMR
spectroscopy. The assignment of the NOESY1 cross-peaks
was performed with the Bayesian analysis of coupled
unassigned spins (BACUS) algorithm (11) and is the first
application of this automated approach to the structure
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determination of a 13C unenriched protein for which no prior
experimental 3D structure was available.

MATERIALS AND METHODS

Sample Preparation. A 77 amino acid recombinant neu-
rotrypsin kringle domain from Rattus norVegicus was
expressed in Escherichia coli, purified as described previ-
ously (12), and characterized by sequence analysis and mass
spectrometry. N-terminal sequence analysis showed the
predicted sequence and truncated amino acid sequences
(<10%) due to trypsin cleavage. The mass spectrum of a
15N-labeled NT/K sample was recorded on a VG-Platform
mass spectrometer (Micromass) with a precision of (0.01%
((1 Da/10 kDa). ESIMS showed a major peak at 8634.50
( 0.68 Da attributed to 15N-labeled NT/K and an additional
peak at 8532.63 ( 0.85 (<20%) due to the natural 14N
isotopic abundance species. The NMR sample contained 1
mM protein (extinction coefficient ε280 30855 M-1 cm-1) in
90/10% H2O/D2O (pH 5.2) and 0.02% NaN3.

NMR Spectroscopy. NMR spectra were acquired at 300
K on a 600 MHz Bruker Avance DRX spectrometer.
Chemical shifts were referenced to 1,4-dioxane at 3.75 ppm
(13). Data were processed with FELIX (MSI, San Diego,
CA) and analyzed using the CcpNmr Analysis program (14).
Backbone and side chains were assigned on the basis of
homonuclear COSY, TOCSY (mixing times τmix ) 40 and
70 ms), (1H-1H)-NOESY (τmix ) 100 ms), and heteronuclear
experiments: (1H-15N)-HSQC, (1H-15N)-HMBC, natural
isotopic abundance (1H-13C)-HSQC, 3D HNHA, 3D HNHB,
3D TOCSY-(1H-15N)-HSQC (τmix ) 70 ms), and 3D
NOESY-(1H-15N)-HSQC (τmix ) 200 ms).

Coupling constants (3JHN-HR) were measured, using the
diagonal-peak to cross-peak intensity ratio in the HNHA
experiment (15). The 3JHN-HR values were used to derive 31
φ torsion angle restraints for non-Gly residues. In addition,
9 (φ, ψ)i and 44 (�1, �2)i angles were estimated on the basis
of the observed NOE data and rotamer libraries for backbone
and side chain conformations (16, 17).

Sequential Assignments of Spin Systems. Grouping of
spectral peaks into J-connected spin systems was achieved
through the analysis of homonuclear and 15N-edited hetero-
nuclear NMR spectra, both manually and with the help of
the program SPI (18). The residue types of the spin systems
were identified by the program TYPESYST (19) on the basis
of the correlations of 1H, 13C, and 15N chemical shifts with
the type of amino acid, deduced from Biological Magnetic
Resonance Bank (BMRB) statistics (20).

BACUS (11) is an iterative algorithm for determining the
probabilities of peak-to-resonance assignments for a set of
NOESY cross-peaks, by considering both the proximity of
the observed peaks to chemical shifts and the J-connectivity
of resonances gleaned from COSY and TOCSY experiments.
The covalent connectivity information has been described
in terms of the reporter peak concept. In essence, a reporter
peak is a cross-peak which would be expected to be present,
with a given probability, if a resonance assignment hypoth-
esis for another peak is correct. The idea stems from the
fact that proton resonances within a J-connected spin system
are necessarily close in space. Accordingly, when considering
two neighboring spins, if an NOE peak is assignable to a
pair of proton resonances, one from each spin system, then

the likelihood of other peaks, representing resonance pairs
from the same two spin systems, is increased.

Spin systems have been assigned to specific residues of
the primary amino acid sequence using the program LINK-
MAP (19) on the basis of the probabilities generated by
BACUS for the identities of the NOE peaks, using a
Metropolis-based algorithm (21).

NOESY Assignment and Structure Calculations. Once the
sequence-specific assignments were obtained, BACUS was
rerun to determine medium- and long-range distance re-
straints. The BACUS analysis was carried out independently
for 2D (1H-1H)-NOESY and 3D NOESY-(1H-15N)-HSQC
spectra, and each spectrum was calibrated separately (see
below). The chemical shift tolerances were set to 0.02, 0.04,
and 0.25 ppm for the direct, 1H indirect, and 15N dimensions,
respectively. The NOESY cross-peak assignments were
subsequently used to generate distance restraints for the
structure determination. The NOE distance restraints were
supplemented with the dihedral angle (see above) and
hydrogen bond (see below) restraints.

The structures were calculated with a simulated annealing
protocol, using the crystallography and NMR system program
(CNS 1.1) (22) adapted to incorporate a backbone-backbone
hydrogen-bonding potential (23). The cycles of distance
restraint verification and simulated annealing were performed
iteratively until the structures satisfy the experimental
restraints, with no distance violations larger than 0.5 Å and
no dihedral angle violations larger than 5°.

NOE-derived interproton distances involving nonstereospe-
cifically assigned methyl, methylene, and aromatic protons were
represented by the r-6 average (24). The target function to be
minimized included the following terms: soft square-well
potentials for distance restraints, flat-bottom harmonic potentials
for torsion angle restraints, a hydrogen-bonding potential of
mean force (23), harmonic terms for the covalent geometry
(bonds, angles, improper torsions), and a quartic repulsion-only
term for the nonbonded interactions. The force constants used
for the terms in the target function were as follows: 5 kcal mol-1

Å-2 for the experimental NOE distance restraints, 20 kcal mol-1

rad-2 for the torsion angles, 50 kcal mol-1 Å-2 for the hydrogen
bond restraints, 1000 kcal mol-1 Å-2 for bond lengths, 500 kcal
mol-1 rad-2 for angles and improper torsions, and 4 kcal mol-1

Å-4 for the quartic nonbonded repulsion term. The refinement
protocol consisted of Cartesian molecular dynamics simulated
annealing followed by slow cooling and a final energy
minimization stage. The temperature in the annealing procedure
was decreased from 2001 to 1 K in steps of 10 K. The molecular
dynamics calculation at each temperature consisted of 1000
steps with a step size of 0.002 ps.

The 18 hydrogen bonds between the backbone amide and
carbonyl atoms were progressively identified in the calculated
structures, based on the criteria (25) O · · ·HN < 3.0 Å and
N-H · · ·O > 90°. During later refinement stages, six
hydrogen bonds involving side-chain donors and acceptors
were recognized as well. Hydrogen bond restraints were
introduced as two unambiguous distance restraints: O · · ·HN

) 1.90 ( 0.20 Å and O · · ·N ) 2.90 ( 0.20 Å.
NOE Distance Calibration. Peak picking and integration

of NOESY spectra were carried out using the “box sum”
method of CcpNmr Analysis (14). The reciprocally trans-
posed (symmetry related) peaks picked from a WATER-
GATE (1H-1H)-NOESY spectrum (26) were detected via a
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symmetrization procedure, and those with the maximum
volume values were accepted within a tolerance of 0.012
ppm in both 1H dimensions.

The NOE cross-peak volumes (Vij) were corrected for the
WATERGATE excitation profile and converted into dis-
tances (rij) using rij ) kVij

-R. Methylene pairs and aromatic
ring protons served as references for the distances. Relative
errors in the evaluated distances were estimated from the
ratio of standard deviation of the calculated distances to the
mean distance. Calibration yields k ) 575 and 304, R )
0.258 and 0.234, and error estimates 0.25 and 0.40 for 2D
(1H-1H)-NOESY (τmix ) 100 ms) and 3D NOESY-(1H-15N)-
HSQC (τmix ) 200 ms) spectra, respectively. The lower
bound of the distances was set equal to the sum of the van
der Waals radii of two 1H atoms, 1.8 Å, and the upper bound
for the NOE calibration was taken at 7 Å. Distance restraints
involving methyl, backbone amides HN, side-chain Trp Hε1,
Arg Hε, and Asn/Gln NH2

δ,ε protons were corrected for
multiplicity and deuteration using the correction factor Z )
[ni × nj × (1 - nexc)i × (1 - nexc)j]R, where ni and nj are the
numbers of equivalent spins in the groups corresponding to
resonances i and j and (1 - nexc)i and (1 - nexc)j are the
fractional occupancies for the nondeuterated sites. The
correction scales the distance restraints up by ∼30% and
∼2% for methyl and exchangeable protons in 10% D2O,
respectively.

Final Refinement Protocol. Final structure refinement in
explicit water was performed with the ARIA 2.0 (ambiguous
restraints for iterative assignment) program (27), using fixed
unambiguous distance restraints and a 3D structure, both
obtained with BACUS/CNS (see above), and restraints on
dihedral angles and hydrogen bonds. The lower and upper
bounds for the NOE distance calibrations were set to 1.8
and 7.0 Å, respectively. The chemical shift tolerances for
the 2D (1H-1H)-NOESY spectrum were set to 0.02 ppm,
and those for the 3D NOESY-(15N-1H)-HSQC spectrum to
0.02, 0.04, and 0.25 ppm for the direct, 1H indirect, and 15N
dimensions, respectively. The ARIA protocol performed nine
iterative cycles, each consisting of NOESY assignments and
structure calculations. Each cycle generated 50 structures of
which the 25 lowest energy structures were passed to the
subsequent cycle as the initial ensemble. In the ninth and
final iteration, 150 structures were calculated and the 70
lowest energy structures were refined in explicit TIP3P water.
From the final ensemble of 70 calculated structures a subset
of the 30 best structures was selected based on PROCHECK-
NMR (28) scores.

ConserVation Scores for Residues in Multiple Sequence
Alignments. A conservation score was calculated for each
column of the multiple alignments using Scorecons (29). The
scores range from 0 to 1, in which columns with all identities
are assigned the highest value and the others get a score
according to the degree of conservancy as inferred from the
multiple alignments.

Electrostatic Potential Calculation. Electrostatic potential
calculations were carried out by numerically solving the
linearized Poisson-Boltzmann equation, using the DelPhi
program (30). A standard set of formal charges was assigned
to the titratable residues (e.g., Arg, +1e, Lys, +1e, Asp, -1e,
and Glu, -1e). Histidine residues were modeled as electri-
cally neutral entities. N-terminal amino and C-terminal
carboxyl groups were considered with a charge of (1. The

van der Waals radii and charges were taken from the PARSE
parameter set (parameters for solvation energy). The dielec-
tric boundary of the protein was defined by the solvent-
excluded surface, using the 1.4 Å probe radius for water.
The dielectric constant was equal to 4 in the protein interior
and 80 in the surrounding solvent. The ionic strength was
set to the physiological value (150 mM NaCl) and the ion
exclusion radius to 2 Å. The DelPhi potentials were
calculated, using a three-step focussing protocol. In the first
step the potential at the boundary was approximated by the
sum of the Debye-Hückel potentials of all charges, and the
size and spacing of the grid were taken as 1653 and 0.84 Å.
In the second and third runs the potential was refined, using
focussing boundary conditions with the same size and
spacings of 0.42 Å and 0.28 Å, respectively. The adopted
spacing values corresponded to grid “perfils” of 30%, 60%,
and 90%. The electrostatic potential was mapped onto the
molecular surface of the protein using GRASP (30).

Affinity Chromatography. HPLC was performed on a
Biocad perfusion chromatography workstation (PerSeptive
Biosystems, Flamingham, MA). Analytical scale separations
were carried out on a heparin affinity Poros 20 HE column
(100 × 4.6 mm2, 20 µm particle size). The Poros 20 HE
was packed with cross-linked poly(styrene-divinylbenzene)
flow-through particles coated with a polyhydroxylated poly-
mer conjugated with heparin. Binding runs were performed
with 20 mM Tris buffer at pH 7 and 8. Prior to each run the
column was equilibrated with buffer; the protein sample was
eluted with a linear gradient 0-1 M KCl in the same buffer
at a flow rate of 5 mL/min. Total run time was 12 min, and
the elution was monitored via UV absorbance at 280 nm.

Preparation of Unilamellar Vesicles (ULVs). Ten mil-
ligrams of POPC, 1-palmitoyl-2-oleoyl-sn-glycero-phos-
phatidylcholine, containing a double bond on the sn-2
hydrocarbon chain phospholipid (16:0,18:1PC), was mixed
with 1000 µL of buffer, and multilamellar vesicles were
prepared, using three repetitive cycles of heavy vortexing at
room temperature for 5 min and freezing at -20 °C for 10
min as described elsewhere (31). This suspension was passed
25 times through two polycarbonate filters of 500 Å above
the main phase transition temperature, using a mini extruder
(Avanti Inc.). According to literature report (31), this protocol
yields a population of ULVs with an average diameter of
600 Å. The vesicle solutions were stored at room temperature
for no longer than 1 week.

RESULTS AND DISCUSSION

Sequential Assignments of Spin Systems. The NMR study
presented here was performed on a 13C unenriched sample.
The spin systems of all residues were identified, with the
exception of Pro7 and Pro56 for which no resonances were
observed. Analysis of the natural isotopic abundance
(1H-13C)-HSQC spectrum of NT/K, on the basis of the
uniquely assigned 1H resonances, resulted in the identi-
fication of 28 CR, 24 C�, 15 Cγ, and 13 Cδ resonances.
Unique typing was established for 65 spin systems (87%)
and ambiguous typing (cysteine or aspartic acid) for the
10 remaining spin systems. However, the typing prob-
abilities PCys,i and PAsp,i (i ) 1,..., 10) gave the averages
1/10∑i)1

10 Max(PCys,i,PAsp,i) ≈ 0.8 and 1/10∑i)1
10 Min(PCys,i,PAsp,i)

≈ 0.2 and clearly favored one of the two residues.
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Cysteine had the maximum probability in 5 of the 10
ambiguous cases. This result implies that one cysteine was
misidentified as an aspartate because the primary NT/K
sequence has 6 cysteine residues. Indeed, given the
statistics, there is a 89% probability that in a population
of 10 ambiguous cases at least one of the ambiguously
identified residues (Cys18) occurs with the minimum
probability, Min(PCys,i,PAsp,i). It is reassuring that as many
as 74 out of the 75 maximum probability based TYPE-
SYST identifications were in agreement with the manual
assignments.

The spin systems were assigned to specific residues of the
amino acid sequence as described in Materials and Methods.
The validity of the automated sequence-specific assignment
was verified by manual analysis (32). Unique sequence-
specific assignments were obtained for 64 backbone spin
systems (85.3%) and ambiguous positions for 9 spin systems
(12%) with an ambiguity of 2 positions per residue and
average maximum probability 0.82. The only assignment
error was a switch between Pro32 and Pro33, owing to
degeneracy of the HR chemical shifts for these residues. Thus,
LINKMAP discounts false positive hits by producing low
assignment scores, which demonstrates that our method can
reliably assign spin systems even based on fairly ambiguous
2D NOESY data and chemical shifts that include 28 13CR,
24 13C�, 15 13Cγ, and 13 13Cδ unambiguous resonances from
the natural isotopic abundance (1H-13C)-HSQC spectrum.

NOESY Assignment and Structure Calculations. About
90% of the cross-peaks were assigned uniquely in both 2D
1H NOESY and in 3D NOESY-(1H-15N)-HSQC spectra.
The cysteine �-methylene protons were stereospecifically
assigned to staggered conformations with �1 of -60° for
Cys18, Cys47, and Cys72 and 60° for Cys58, on the basis
of NOE intensities of cross-peaks involving the HN, HR, and
H� protons. The conformations for the disulfide bridges were
obtained as a mixture of the right-handed and left-handed
forms, i.e., with positive and negative values for the central
torsion angle �3, without affecting the backbone structure.
In the final structure refinement, left-handed conformers (�3

) -90°) have been enforced in order to be consistent with
cystine conformations in known X-ray kringle fold struc-

tures (33–35). A full account of the dihedral angles and atom
distances in the disulfides will be presented in a separate
paper.

Solution Structure of NT/K. Figure 1A shows best fit
superpositions of the backbone atoms for 30 NT/K structures.
A stereo ribbon diagram of a representative conformer is
displayed in Figure 1B. The structural statistics of the
ensemble is given in Table 1. The RMS deviations of
covalent bonds from ideal peptide geometry are ∼0.005 Å.
The structures violate on the average as little as 0.3 out of
1342 interproton distance restraints (threshold 0.5 Å) and
0.2 out of 70 dihedral angle restraints (threshold 5°). The
active NOE restraints are satisfied with a precision of 0.04
Å in the refined structure. Excluding disordered N- and
C-terminal segments 1-7 and 73-77, the RMS deviations
of the 30 structures from the mean coordinate positions are
0.96 Å for the backbone atoms and 1.44 Å for all atoms.
The two inner disulfides (backbone RMSD 0.26 Å) are the
best defined structural elements of the protein.

The NT/K secondary structure elements are given in Table
2. The structure comprises an antiparallel �-sheet (36),
formed by hydrogen bonding between the �-strands Trp57-
Asn62 and Lys66-Tyr71 that are connected by �-hairpin
Asn62-Gly65 (orange loop in Figure 1B). In addition, there
is an antiparallel �-bridge (36), Arg48-Trp57, at “narrow-
pair” hydrogen-bonding positions which are linked via
�-hairpin Asn51-Gly54 (green loop in Figure 1B). NT/K has
three disulfide bridges. The outer disulfide bridge Cys2-
Cys74 (cystine a) tethers residues near the disordered N-
and C-termini of the protein and is poorly defined. The two
inner disulfide bridges, Cys18-Cys58 (cystine b) and Cys47-
Cys72 (cystine c), are essential for the kringle domain
topology. The residues of cystine b are incorporated in
adjacent �-strands, while the residues of cystine c are located
just beyond the ends of nonadjacent �-strands.

There are nine proline-containing segments in NT/K. Three
of them form left-handed polyproline II (PPII) helices: Pro17-
Cys18-Leu19-His20 (PPII 1), Val24-Pro25-Pro26 (PPII 2)
and Ser31-Pro32-Pro33 (PPII 3). The residues in these
segments adopt the typical φ and ψ angles (-75° and +

FIGURE 1: (A) Superposition of the backbone atoms (N, CR, C′) of residues 8-74 in the ensemble of 30 NT/K structures. (B) Stereoview
of ribbon diagram showing the secondary structure elements in NT/K. The disulfides (yellow) are labeled a, b, and c; the PPII-helices
(blue) are designated 1 (residues 17-20), 2 (residues 24-26), and 3 (residues 31-33); �-strands (residues 57-62, 66–71) and a single
bridge (residues 48-57) are shown in orange; green loop corresponds to residues 47-56; N- and C-termini are in red and light blue,
respectively.
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145°, respectively) of PPII-helices (37). PPII 1 overlaps with
the antiparallel “wide-pair” bridges Ala11-Pro17 and Cys18-
Tyr60.

Hydrogen bonds R30HN-D68Oδ1 (supported by NOE R30HN-
D68HR) and V67HN- E29Oε1 (supported by NOEs E29HN-

V67HN, E29HN-V67Hγ2*, E29Hγ*-V67HN) bring the outer edge
of the core �-sheet in close proximity with residues Glu29 and
Arg30. The NT/K structure also exhibits the H-bond W69Hε1-
S31O (supported by the NOEs S31HN-W69Hε1, S31HN-W69Hδ1,
S31HR-W69Hε1, S31H�*-W69H�2). These H-bonds accom-
modate the side chain of Pro33 between those of Trp57 and
Trp69 (Figure 2). The positioning of Pro33 inside the groove
lined by residues Trp57 and Trp69 is consistent with the
observed NOEs (P33H�*-W57Hε1, P33Hγ*-W57Hε1, P33Hγ*-
W57Hδ1, P33Hγ*-W57Hε3, P33Hγ*-W57H�2, P33Hδ*-W57H�2,
P33Hδ*-W57Hη2, P33Hγ*-W69Hε1, P33Hγ*-W69H�2, P33Hγ*-
W69Hη2, P33Hδ*-W69Hη2) and is validated by its 1H chemical
shifts. Ring currents in the surrounding aromatic residues cause
the large differences (∼2 ppm) between the observed chemical
shifts (-0.098 and -0.176 ppm for P33Hγ* and 0.284 ppm for
P33Hδ*) and the BMRB averages (1.93 ppm for ProHγ* and
3.64 ppm for ProHδ*) (20). The positioning of Pro33 in NT/K
is unique in the kringle family (see below).

Comparison of NT/K with Proteins of the Kringle Family.
Multiple sequence alignments show that members of the
kringle (K) family, including NT/K, share a sequence identity
of ∼30%, and the cysteines occur at identical positions in
all sequences and rank among the most conserved residues
in the K family (Figure 3). The loop lengths are fairly
constant across the K family (Table S1) while the N- and
C-termini of NT/K are five and three residues shorter,
respectively, than in other kringles (Figure 3). The following
structural features are conserved throughout the K family:
(i) a core consisting of the antiparallel �-sheet (residues
57-62 and 66-71) bridged by an overlapping pair of
disulfides (cystine b and cystine c) and (ii) an overlapping
pattern of a PPII-helix (residues 17-20, containing a
conserved half-cystine at position 18), with two antiparallel
wide-pair bridges (residues 11-17, 18-60, comprising
conserved residues at positions 18, 59, and 60).

The superpositions of NT/K with plasminogen kringle 4
(33) and the urokinase plasminogen activator kringle (35),
based on the alignment of cystines b and c, are presented in
Figure S3. Average RMSDs obtained from pairwise align-
ments of inner disulfides (Table S2) and of core residues
(Table S3) within the K family are 0.22 ( 0.09 Å (0.20 (
0.05 Å without NT/K) and 0.40 ( 0.14 Å (0.36 ( 0.14 Å
without NT/K), respectively. The RMSDs for comparisons
of NT/K (an NMR structure) are systematically larger than

Table 1: Structural Statistics for the Ensemble of 30 NT/K Structures
Using BACUS Distance Restraints

Data for Structural Calculations
total unambiguous NOEs 1342
intraresidue unambiguous NOEs [(i, j) i ) j] 613
sequential unambiguous NOEs [(i, j) |i - j| ) 1] 313
medium-range unambiguous NOEs [(i, j) 2 e |i - j| e 4] 119
long-range unambiguous NOEs [(i, j) |i - j| g 5] 295
pairs of hydrogen bond restraints 24
dihedral angle restraints 40 φ, 9 ψ,

48 �
Calculation Statistics
RMSDa from experimental restraints
distance (Å) 0.04 (1)b

dihedral (deg) 0.90 (15)
RMSD from idealized covalent geometry
bonds (Å) 0.0048 (3)
angles (deg) 0.59 (3)
impropers (deg) 1.86 (15)
Structural Parameters
RMSD (Å) from the mean for backbone atoms (N, CR, C′)
residues 8-72 0.96 (20)
residues 8-72, all heavy atoms 1.44 (23)
cystine b and cystine cc 0.26 (13)
cystine b and cystine c,c all heavy atoms 0.33 (16)
�-secondary structured 0.49 (12)
residues 10-19 (gray loop)e 0.68 (27)
residues 20-46 (gray loop) 0.56 (19)
residues 47-56 (green loop) 1.17 (69)
residues 57-70 (orange loop) 0.53 (22)
AVerage Number of Restraint Violations per Structure
distance (>0.5 Å) 0.3
dihedral (>5°) 0.2
hydrogen bonds 0
Ramachandran Analysis
residues in most favored regions (%) 76.2 (3)
residues in additional allowed regions (%) 21.1 (3)
residues in generously allowed regions (%) 1.4 (1)
residues in disallowed regions (%) 1.4 (1)

a Root-mean-square deviations. b The numbers in parentheses are the
standard deviations in the least significant digits. c Cystine b,
Cys18-Cys58, and cystine c, Cys47-Cys72. d Residues 10-12, 16-18,
19, 48, 57-62, 66-71. e Color code refers to Figure 1B.

Table 2: Secondary Structure Elements of the NT/K

secondary structure residues

�-ladders Thr12 N-Val16 O
Cys18 N-Asn10 O
Leu19 N-Phe59 O
Arg61 N-Pro17 O
Arg48 N-Trp57 O
Trp57 N-Arg48 O
Cys58 N-Gly70 O
Gly70 N-Cys58 O
Tyr60 N-Asp68 O
Asp68 N-Tyr60 O
Asn62 N-Lys66 O
Lys66 N-Asn62 O
Cys72 N-Pro56 O

helical segments
PPII Pro17-His20
PPII Val24-Pro26
PPII Ser31-Pro33
310 Ala37-Leu39

�-hairpins
type 1 Thr12-Gly15
type 1 Asp51-Gly54
type 1 Asn62-Gly65

FIGURE 2: Stereoview of fragment of NT/K containing the hydrogen
bonds 30f68, 67f29, and 69f31 which accommodate Pro33
between the side chains of Trp57 and Trp69.
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the RMSDs for the comparisons between the other structures
(all X-ray structures).

There is, however, a distinction in the terminal regions.
An uncertainty in comparing these areas is that they show
considerable conformational variability (disorder) as a result
of solvent exposure. Thus, with the caveat that the RMSDs
for the N- and C-termini are high (1.85 ( 0.48 Å for residues
1-7 and 1.14 ( 0.38 Å for residues 73-77) due to a paucity
of long-range NOE restraints, it appears that cystine a in
NT/K (RMSD of 0.92 ( 0.29 Å) is displaced with respect
to the outer disulfide in other kringle structures (see Figure
S3). Obviously, displacement is likely, considering that NT/K
has shorter N- and C-termini than other kringles (Figure 3).
Another consequence of the deletion appears to be that the
loop of residues 47-56 in NT/K (RMSD of 1.17 ( 0.69 Å)
(green in Figure 1B) adopts a different orientation than in
other kringle structures (Figure S3), in spite of a fair
conservation in loop length and sequence (Table S1 and
Figure 3). The difference may originate from loss of
hydrogen bonding or other van der Waals interactions
between the loop and the N-terminal segment, which are
farther apart in NT/K than in other kringle structures (see
Figure S3). For example, in plasminogen kringle 4 (33) the
homologous residues in the N-terminus form two hydrogen
bonds to the conserved residues Cys47 and Arg48, whereas
the NT/K structure has the backbone hydrogen bond C47HN-
G9O but lacks the side-chain hydrogen bond to Arg48.

The loops in kringle domains contain divergent patches
that confer the affinities and specificities of the interactions
with different substrates and binding partners. Thus, not-
withstanding their high structural similarity of the core,
kringle domains show significant diversity in sequence and
function. The molecular surface and electrostatic surface
potential of NT/K are illustrated in Figure 4 and compared
with those for the plasminogen kringle 4 (33) (PGN/K4),
the prothrombin kringle 2 (34) (PTN/K2), and the urokinase
plasminogen activator kringle (35) (uPA/K). The electrostatic
potentials were calculated using DelPhi (30) (see Materials
and Methods), mapped onto the molecular surfaces, and

depicted in the 180° orientation relative to the ribbon
representation of the folding of NT/K shown in Figure 1B.
The conserved residue Trp57 (Trp62 in the numbering based
on the plasminogen kringle 5 (38)) appears at the center of
all protein faces of Figure 4, left.

The tissue plasminogen activator kringle 2 and the
plasminogen kringles, including PGN/K4, have affinity for
zwitterions such as lysine, ω-aminocarboxylic acids, and
trans-(aminomethyl)cyclohexanecarboxylic acid (AMCHA),
which resides in residues 27–31, 51–53, 57–59, and 68–71
(31–35, 55–57, 62–64, and 71–74 in PGN/K5 numbering,
Figure S1) (33, 38, 39). Anionic (Asp55 and Asp57 in PGN/
K5 numbering) and cationic (Arg71 in PGN/K5 numbering)
centers form salt bridges with lysine analogues. The aromatic
residues Trp57 and Trp69 (Trp62 and Trp72 in PGN/K5
numbering) outline the hydrophobic pocket in PGN/K4 and
provide favorable van der Waals contacts for the hydrocarbon
moiety of the ligand. In addition, side chains of two histidine
residues (His31 and His33 in PGN/K5 numbering) are
hydrogen-bonded to the backbone carbonyls of other residues
within the site: 27f60, 27f62, 29f21, and 31f29
(31f65, 31f67, 33f25, and 35f33 in PGN/K5 number-
ing), further enhancing the structural stability of the lysine-
binding region. Some of the exposed residues have been
labeled in Figure 4, left.

The surfaces in Figure 4 do not exhibit any extended
patches that are conserved, even in pairwise comparisons of
proteins. The surface potentials reflect the intrinsic polarities
of the residues, which have been indicated in the corre-
sponding colors: blue for positive charge and red for negative
charge. The residues along the groove centered at residue
Trp57 (Trp62 in PGN/K5 numbering) have been mutated in
all four domains, leading to drastic changes in the electro-
static and hydrophobic properties and associated function-
alities. For example, the surfaces of uPA/K and PTN/K2 are
unable to bind lysine-type ligands (34, 40). Indeed, our
fluorescence titration experiments confirm the expected lack
of affinity of NT/K for AMCHA (data not shown). In passing
from NT/K to the lysine-binding kringle PGN/K4, the

FIGURE 3: Multiple sequence alignments of the kringle family: NT/K (this work), PGN/K1-K3 (code 1ki0), PGN/K4 (code 1pk4), PGN/K5
(code 5hpg), tPA/K2 (code 1tpk), uPA/K (code 2fd6), apoA/K4 (code 1i71), HGF/K1 (code 1bht), PTN/K1 (code 1nl1), and PTN/K2 (code
2hpp). The numbering in the top row refers to the sequential numbering of NT/K. The columns are shaded according to the conservation
scores given in the second row from the bottom (e.g., 6 corresponds to a rounded score of 0.6, 7 to a rounded score of 0.7, etc., and 0 to
the highest score of 1.0). Positions in which the conservation score is lower than 0.5 are indicated with a dot.
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attendant Ala53Asp and Asp68Arg mutations alter the
electrostatic profile in a way that eliminates the zwitterion-
binding capability of NT/K. In addition, the positioning of
the side chain of residue Pro33 between those of residues
Trp57 and Trp69 hinders ligand access into the groove. In
PGN/K4 residue Pro33 (not shown) is directed away from
residues Trp57 and Trp69 (Trp62 and Trp72 in PGN/K5
numbering) and is located at the opposite face of the protein.

Domains such as the urokinase plasminogen activator
kringle (uPA/K) and the hepatocyte growth factor kringle 1

(HGF/K1) utilize mutations of the lysine-binding region,
changing the electric charges of residues 53-55 in sign and
magnitude, for heparin recognition (40–42). Multiple se-
quence alignments of the K family reveal that none of these
residues are conserved throughout the K family. As a result
of sequence variations, different members of the K family
utilize different contacts for binding heparin. The binding
occurs at a surface with a high density of positively charged
residues; for example, in uPA/K heparin binds to the cluster,
consisting of four arginine residues Arg48 and Arg53-Arg55

FIGURE 4: Comparison of molecular surface features of NT/K (this work), PGN/K4 (code 1pk4) (33), uPA/K (code 2fd6) (35) and PTN/K2
(code 2hpp) (34). The structures were superimposed using cystines b and c and depicted in the 180° orientation relative to the ribbon
representation of the folding of NT/K shown in Figure 1B. The views on the left are space-filling atomic models. Residues discussed in the
text have been highlighted: positively charged residues (Arg and Lys) are in dark blue, negatively charged residues (Asp and Glu) are in
red, neutral residues are in gray, and the conserved residue W57 is in green. The views in the center are representations of the accessible
molecular surfaces. The surfaces are color coded according to curvature with convex areas in aquamarine, the planar regions in light gray,
and concave areas in dark gray. The views on the right are depictions of the electrostatic surface potentials. The potentials were calculated
at 150 mM NaCl using DelPhi (30), interpolated onto the molecular surfaces, and visualized with GRASP (30), using a scale from -5
kBT/e (dark red) to +5 kBT/e (dark blue), where kB is the Boltzmann constant, T is ambient temperature, and e is the unit charge.
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(Arg53, Arg57-Arg59 in PGN/K5 numbering) (40, 41); in
HGF/K1 the putative heparin-binding region involves resi-
dues Arg48 and Arg51 (42). In contrast, PTN/K2 uses an
enlarged anionic cluster, spanning residues Asp51, Asp53–
Glu55 (Asp55, Asp57–Glu59 in PGN/K5 numbering), for
binding to the highly electropositive surface of thrombin at
a site that has been proposed to be the heparin binding region
(34). Although there are several basic residues in the solvent
exposed surface of NT/K, this protein does not exhibit
heparin affinity as demonstrated by affinity chromatography
(see Materials and Methods).

Given the vicinity of neurotrypsin to the presynaptic
membrane, it was of interest to investigate the interaction
of NT/K with neutral phospholipid vesicles, using tryptophan
fluorescence spectroscopy. The emission of NT/K, using
excitation wavelength of 280 nm, had a maximum at 338
nm. The shape and position of the fluorescence emission peak
did not change with the addition of POPC ULVs (see
Materials and Methods); the only change observed was a
linear decrease in the total peak intensity with increasing
POPC concentration, due to Rayleigh scattering. Indeed,
superposition of spectra obtained at different POPC concen-
trations gave after normalization identical graphs (Figure S2),
indicating that NT/K did not bind to the lipid vesicles.

A distinct feature of the NT/K structure is the presence of
the PPII-helix Ser31-Pro32-Pro33 (PPII 3), which is absent
in other kringles. Proline-rich regions are often involved in
protein-protein interactions (43). Polyproline sequences
preferably form a PPII-helix (37), which provides a readily
accessible flat hydrophobic interface complete with potential
hydrogen-binding sites at the exposed backbone oxygens
(44). The solvent-exposed position of PPII 3 in the NT/K
structure raises the possibility that this site be suitable for
interactions with proteins present in the extracellular matrix.
While evidence for this hypothesis is currently lacking, the
NT/K structure presented here provides a firm foundation
for future functional assays.

Agrin, a multidomain heparan sulfate proteoglycan, is the
key organizer of synapse formation at the neuromuscular
junction (45). The integration of agrin into basement
membranes is mediated through binding of the coiled-coil
domain of laminin to the N-terminal domain of agrin (NtA)
(45). Engel and co-workers (46) reported that NtA has a high
structural similarity with the homologous N-terminal protease
inhibition domain of the tissue inhibitor of metalloproteases-1
(TIMP-1), leading the authors (46) to propose that NtA also
acts as a protease inhibitor. Independently, Sonderegger and
co-workers (47) demonstrated that agrin is a highly specific
substrate for neurotrypsin at the synapse. The cleavage of
agrin implies that the NtA domain is clearly not an inhibitor
of proteolysis by neurotrypsin. Alternatively, whether laminin
binding to agrin inhibits cleavage by neurotrypsin is unknown.

Concluding Remarks. The NT/K structure provides insights
into the lack of affinity of NT/K for heparin and lysine
analogues. The presence of the surface-exposed PPII-helix
and its close packing to the core �-structure are features that
distinguish NT/K from other members of the kringle fold
and point toward a novel functional role for a kringle domain.
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SUPPORTING INFORMATION AVAILABLE

Table S1 listing the numbers of residues in the loops of
proteins from the kringle family, Tables S2 and S3 listing
RMSDs obtained from pairwise alignments of inner disul-
fides and of core residues of proteins in the K family, Figure
S1 giving the sequence alignment of Figure 3, but now using
the plasminogen kringle 5 domain residue numbering as a
reference, Figure S2 showing the overlay of fluorescence
spectra obtained at different POPC concentrations after
normalization, and Figure S3 showing the superposition of
NT/K with PGN/K4 and uPA/K. This material is available
free of charge via the Internet at http://pubs.acs.org. The
BACUS program has been integrated in CcpNmr Analysis
that is available from the following Web site: http://
www.ccpn.ac.uk/ccpn/software.
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