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ABSTRACT. The structure of apo(a) KIVT6 was investigated by two- and three-dimensional homo- and
heteronuclear NMR spectroscopy. The solution structure of apo(a) KIVT6 contains only a small amount
of regular secondary structure elements, comprising a short piece of antipzusiiiebt formed by residues
Trp62—Tyr64 and Trp72-Tyr74, a short piece of parall@-sheet formed by the residues Cysllyr2

and Thr78-GIn79, and a small;3-helix within residues Thr38Tyr40. The backbone as well as the side
chains are arranged in a way similar to those of apo(a) KIVT7, apo(a) KIVT10, and plasminogen K4. We
determined additionally thKq value of 0.31+ 0.04 mM for the binding o&-aminocaproic acid (EACA)

to apo(a) KIVT6 and mapped the binding region on apo(a) KIVT6 by means of chemical shift perturbation.
This lysine binding activity, which was reported to occur within apo(a) KI¥85is functionally different

from the lysine binding activity found for apo(a) KIVT10.

Lipoprotein (a) [Lp(a)} is a LDL-like particle in human copies and is responsible for the considerable size polymor-
plasma, which was first described by Berg in 1963. (  phism of apo(a).

Although this happened nearly 40 years ago, the physiologi-  kringles are autonomous folding units and consist of a
cal function of Lp(a) is still unknowng). Chemically, Lp-  single polypeptide chain with a length of approximately 80
(a) consists of the large glycoprotein apo(a), which is amino acids. They exhibit a characteristic disulfide linkage
covalently linked to the apoB-100 moiety of LDL through a pattern of six cysteine residues, which are joined in-®1
single disulfide bridge. Apo(a) contains a multiple kringle 24 and 3-5 manner %, 6). Different numbers of kringle
domain and a catalytically inactive serine protease domain §omains have been found in several other plasma proteins,
(3). The apo(a) gene has evolved from the plasminogen 9€n&ncluding prothrombin §), factor Xl (7), tissue-type and

by gene duplicationd). The multiple kringle domain of apo-  yrokinase-type plasminogen activatr 9), and hepatocyte

(a) lacks the plasminogen kringles- and comprises 14 growth factor (0). In all cases the two inner cystine bridges
37 plasminogen K4-like repeats, which are cIassmgad in 10 (2—4 and 3-5) maintain the stability of the kringle fold.).
;rgynﬁﬁigiing;ﬂk? d?)?l?a(l?rz. ﬁ'ere::F g:)\g{;)okla\?gl% ?Qagrlg _ In vitro assembling studies of LDL with different recom-
75—94% sequence homology with plasminogen By Apo- ?;r)]aglltva}{_)?o (r?;\fgrftérgéisarlei\rlsa;? tct]:tl_angaggg/;ggf apo-
_(a) KIVT1 and apo(a) KIVT3 10 are pr ese_ntin single copies 14). This region on apo(a) geems to Fl)Je also important in
In apo(a), whereas apo(a) KIVT2 exists in up to 40 or more other proteir-protein binding interactions, such as the

" This research was supported by the Fonds zimémng der ~ ecognition of Lp(a) and apo(a) by the macrophage Lp(a)/
wissenschaftlichen Forschung, project numbers 12881CHE and SFBapo(a) receptor 15) or the binding of free apo(a) to
F702. plasminogen-treated fibrinogeh@). These interactions are,
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kfunigraz.ac.at. . o well-conserved lysine binding site (LBS). Two functionally
ﬁg}iﬁ:iﬁ;&;sgﬂgﬁ Karl Franzens University Graz. distinct lysine binding site types have been identified in apo-
U Institute of Medical Bioéhemistry and Medical Molecular Biology, @) (17) The first typ_e represents a high-affinity binding site

Karl Franzens University Graz. and is only present in apo(a) KIVT1Q§). The second type

! Abbreviations: apo(a), apolipoprotein (a); apoB, apolipoprotein B; of LBS in apo(a) is existent in apo(a) KIVTE9) and in
AMCHA, trans(aminomethyl)cyclohexanecarboxylic acid; EACA, apo(a) KIVT7 @O); it represents a binding site with moderate
e-aminocaproic acid; apo(a) KIVFL10, apo(a) kringle types-110; N !

LBS, lysine binding site; LDL, low-density lipoprotein; Lp(a), lipo- activity.
protein (a); MALDI-TOF, matrix-assisted laser desorption time-of-flight In this study we provide a detailed solution structure model

mass spectrometer; RP-HPLC, reversed-phase high-pressure liqui . . o
chromatography; HSQC, heteronuclear single-quantum coherencec;jfor apo(a) KIVT6, showing a high degree of similarity to

HNHA, J correlation between the NH and,Hproton; TOCSY, total the X-ray structures of apo(a) KIVT20), apo(a) KIVT10
correlation spectroscopy; NOE, nuclear Overhauser effect; NOESY, (21), and plasminogen K£2¢—24) but also some important

nuclear Overhauser spectroscopy; TPPI, time-proportional phase in- 4; ; i i
crementation: SDSPAGE. sodium dodecyl sulfatepolyacrylamide differences. We will demonstrate further that binding of

gel electrophoresis. Standard abbreviations are used for the commorEACA to apo(a) KIVT6 is based on the same residues which
amino acids. are responsible for the binding of EACA to apo(a) KIVT10
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and plasminogen K4. The structure model presented mayThe >N and*3C chemical shifts were determined indirectly
serve as a starting point for the design of a selective ligand according to the gyromagnetic ratidd7f. Sequential back-
for apo(a) KIVT6. Such a selective ligand would be a bone assignments were derived from HNC@8+30),
versatile tool to further elucidate protetkringle interactions HNCA (28, 30), HNCOCA 28, 30), and CBCACONH 28,
mediated by apo(a) KIVT6 and might serve as a lead 31) triple resonance spectra. Side chain assignments were
structure for the development of anti-hyperlipoprotein(a) achieved from 3D'H—*N TOCSY-HSQC, aromati¢3C
drugs, facilitating the clinical control of Lp(a) plasma levels. HCCH-TOCSY, and*C HCCH-TOCSY 82) experiments.
NOE cross-peaks were extracted from 3D-13C NOESY-
MATERIALS AND METHODS HSQC and 3D aromatitH—13C NOESY-HSQC as well as
Preparation of Apo(a) KIVT&Recombinant apo(a) KIVT6 ~ from 3D *H—1N NOESY-HSQC 83—35) spectra, all with
was expressed, purified, and refolded as described previouslya mixing time of 150 ms3Junha coupling constants were
(19), except for the following changes. TEescherichia coli derived from a 3D HNHA experimen86). *H—2D exchange
cultures for the preparation of the isotopically labeled apo- kinetics of backbone amide protons were monitored by
(a) KIVT6 sample were grown in a mixture consisting of recording a series 6H—'*N HSQC spectra at various times
50% M9 minimal medium and 50% Celtone medium (Martek after the sample was dissolved in@ containing 15 mM
Stable Isotopes) with the appropriate isotope labeling. After sodium phosphate and 50 mM NaCl, pH 6.5. The first
binding of refolded apo(a) KIVT6 to lysineSepharose, only  measurement averages over half an hour; visible signals are
a brief washing with 0.1 M NaCl and 30 mM Tris-HCI, pH marked with medium (m); the second measurement [slow
8.0, was performed. Bound apo(a) KIVT6 was eluted with (s)] shows the unexchanged backbone proton after 2.5 h. The
0.2 M NaCl and 30 mM Tris-HCI, pH 8.0. Fractions final measurement was done after 14 h; the unexchanged
containing nearly pure protein were further purified by using signals are marked with (ss). Spectral processing of the
TALON metal affinity resin according to the protocol acquired FID’s was performed on a Silicon Graphics 02
supplied by the manufacturer. The eluated fractions from the R5000 workstation by employing the NMRPipe Software
metal affinity column, obtained with a 50 mM histidine, 100 (37). Indirect dimensions were generally zero filled, and
mM NacCl, 10 mM Tris-HCI, pH 8.0, buffer were additionally linear prediction algorithms were applied when further
purified by RP-HPLC. The RP-HPLC chromatography was improvement of the digital resolution was necessary. Spectra
carried out on a Shimadzu LC-10 VP liquid chromatograph were assigned and integrated by using the ANSIG software
equipped with a 125« 4 mm Vydac 218 TPB RP-18 (38, 39). The titration experiments were carried out by
column. Elution from the RP-HPLC was maintained at recording a series of 2EH—"*N HSQC experiments in the
constant temperature with a linear gradient of acetonitrile in presence of increasing amounts of unlabeled EACA. The
water, varying from 10% to 90% acetonitrile in 30 min. Both EACA was added in small volume increments from a 50
solvents were supplemented with 0.1% TFA. Efflux absor- mM stock solution, prepared in the same buffer as the protein
bance was monitored at 215 and 280 nm. The final protein sample, to ensure constant buffer conditions during the
concentration in the NMR samples was 0.7 mM in 15 mM titration.
sodium phosphate and 50 mM NacCl, pH 6.5, supplemented Distance Restraints and Structure Calculatidie inter-
with 10% D,O. Protein concentrations were determined with proton distance restraints were derived by categorization of
a Bradford microassay procedure (Bio-Rad). The purity of NOE cross-peaks into three classes (weak, medium, and
the apo(a) KIVT6 samples was assayed by SP3GE strong) according to their integrated volume&0)( The
electrophoresis with Coomassie blue R-250 staining accord-integrated volumes for NOE cross-peaks involving methyl
ing to standard procedures. In the final product no impurity groups were reduced to one-third. The upper bounds for the
was detectable. NMR experiments were performed with distance restraints were set to 2.7 A for the strong class NOE
300 uL of the above solutionn a 5 mmsealed microcell cross-peaks, 3.6 A for the medium class, and 5.0 A for the
(Shigemi Co.). weak class41). The lower bounds were set to 1.8 A in all
Physical Characterization and NMR Spectroscdplyysi- three classes. Pseudoatom corrections for nonstereospecifi-
cal characterization of apo(a) KIVT6 was accomplished by cally assigned diastereotopic protons were applié®). (
mass spectroscopy. Purified apo(a) KIVT6 protein was Dihedral angle restraints fa¥ angles were calculated from
analyzed on a Kratos Kompact 2 MALDI-TOF mass 3Junne coupling constants4@), revealed by a 3D HNHA
spectrometer. Circular dichroism spectroscopy was carriedexperiment. Values folJynn, <5.0 Hz were correlated with
out on a Jobin Ivon spectropolarimeter with an unlabeled ¢ angles of—60 + 30°, values of 5-8 Hz with —105 +
apo(a) KIVT6 sample. The protein concentration was 1 mg/ 55°, values of 8-9 Hz with —120+ 40°, and values-9 Hz
mL in 100 mM NaCl and 20 mM sodium phosphate at pH with —120 + 30°. Additional dihedral restraints fap and
7.4. Analysis of the CD spectra was best described with any angles were established with the program TALOS on the
unconstrained least-squares fit according to the Bolotina basis of the'H, N, *Ca, 13CfS, and*3CO chemical shifts
model @5). Multidimensional spectra were collected on a (44). Only those restraints which were classified by the
Bruker Avance 600 MHz spectrometer ugia 5 mmtriple program as good were added to the structure calculation.
resonance probe. Experiments were carried out with a sampleStructure calculations were performed with the program
temperature of 303 K. In the case &H spectra the  X-PLOR Version 3.045) on a Silicon Graphics O2 R5000
WATERGATE technique was used for water suppression. workstation. The CHARMM 46) field with a standard
Phase sensitivity in the indirect dimensions was achieved parametrization, including NOE pseudoenergy, was em-
by the StatesTPPI method 26). 'H chemical shift referenc-  ployed. The initial template structure was a randomized
ing was performed by using the HDO resonance line, with extended strand conformation, containing no disulfide bridges.
appropriate corrections for the pH and temperature shifts. On the basis of the high degree of homology of already



662 Biochemistry, Vol. 41, No. 2, 2002 Maderegger et al.

1 10 20 30 40
Il EGRAPTEQSPGVQRQDCYHGDGQRSYRGSFSTTVTGRTCQS WSSMTPHWHQRTTEYY

d,n —— = = e —ll el B el el —

A [ -—— - ——.  — ———————— . — —— — - —

dyay — — —_— . [ S Rp— —
dn(ii+2) —— — — —
dygn(Li+2) — — — -
dpfii+d)

d, N0+ 3) e S—— -
d i+ 4)

Juntia OO0 00 000A O AQ00O O A CAO@®@O0AO OO0 0OA 000 O 00 AQO

amide exchange m m s m

50 60 70 80
PNGGLTRNYCRNPDAEI SPWCYTMDPNVRWEYCNLTQCPVTESSVLATSTAVSERQ

dn - [ ey w - - -
dgn — —e — —— - -

dan a— - — —— e = —_— -

Aanfli+2) s, — — —_— —_—— -

dan(hi+2) —— T — ——

d gy fii+3)

don(hi+3) —

dnlii+a)

Juna o} [o3e] 00 © 00 OAO0OQAO 00AO A 0000 00O O O0OOOAOOOO ©

amide exchange m mm s s s m m s s s m

Ficure 1: Summary of the sequential NOE connectivities &l coupling constants observed for apo(a) KIVT6. The heights of the
bars reflect the intensity class of the NOE cross-peaks (strong, medium, and #gak).values<5 Hz are indicated by triangles, values

of 5—8 Hz are indicated by circles, values of8 Hz are indicated by half-filled circles, and value8 Hz are indicated by filled circles.
Amide exchange after dissolving in;O is classified as being of medium (m), slow (s), and very slow (ss) exchange rates, respectively.

known kringle structures and the striking conservation of unlabeled apo(a) KIVT6 solution in 150 mM phosphate-
the disulfide bridge linkage pattern in all those structures, buffered saline exhibit an unusual molar ellipticity graph,
disulfide bridges in our calculations were introduced in which is commonly observed in kringle domains with a
accordance with these kringle folds. In the first step of negative ellipticity peak at 200 nm and a positive ellipticity
structure calculation a distance geometry algorithm was peak at 230 nm. Unconstrained analysis of the CD spectrum
applied to the backbone atoms of the protein. After these was done by a least-squares fit with various models [e.g.,
substructures were embedded, a distance geometry/simulate@®reenfield et al.48), Chen et al.49), Yang et al. $0), and
annealing hybrid protocol{) was followed by a simulated  Bolotina et al. 25)]. Thereby, it turned out that the model

annealing refinement protocol in vacuo. of Bolotina reflects best the positive ellipticity peak at 230
nm. We obtained a relative content of 3&shelix, 18%
RESULTS B-sheet, 54% turn, and 25% coil conformation.
MS, CD, and NMR Spectroscopds apo(a) KIVT6 was The backbone amide resonances of residu€e8, Torre-

expressed with its full-length interkringle linker sequences sponding to the first thre&N-terminal amino acids from
and an additional His tag on the N-terminal end, the residue the polylinker and six histidine residues from the His tag,
numbering differs from other studies. Residues Cy8¥s80  as well as Ser8, Arg10, Arg35, and Thr37, could not be
in the original kringle numbering convention correspond to located unambiguously in tHél—'*N HSQC spectra. From
Cys25-Cys102 in our expressed full-length protein. Residues the remaining 105 residues sequence-specific assignments
Alal—Asp24 and Pro103GIn119 correspond to the N- from 97% of the backbone resonances and over 90% of the
terminal and C-terminal interkringle linker sequence. To Side chain resonances were obtained. g and'*Co side
make the comparison with other kringle studies easier, chain resonances of residues Glu[t@In[23] and Pro-
according to the suggestion of a referee, the mentioned N-[103]-GIn[119] could not be resolved due to severe chemical
and C-terminal peptide links will be omitted for the discus- shift overlap. However, thei*C chemical shifts are most
sion and the numbering of the residues will follow the Probably close to the random coil shift value as suggested
standard kringle numbering convention. Amino acid numbers by the intense signal observed near the random coil shift
in brackets §] refer to our expressed full-length protein. The ~position and by the fact that none of the resolidathemical
N-terminal methionine was not taken into account becauseshifts of these residues show a large deviation from the
it was removed in the majority of apo(a) KIVT6 molecules random coil chemical shift value. THel resonances of the

as predicted by the N-end rule. Experimental evidence hydroxyl group of Thrl5 and Thr65 were identified by an
supporting this prediction is given by MALDI-TOF mass unambiguous NOE pattern. The large downfield shift of these
spectrometry, which revealed masses of 13719 Da for theprotons is indicating an involvement in a strong hydrogen-
15N-labeled and 14312 kDa for tH&C/*N-double-labeled bonding interaction. Similar downfield shifts for thid
apo(a) KIVT6 sample. Taking into account the resolution resonances of the hydroxyl group have been reported for the
of the mass spectrometer, both of these masses are ircorresponding threonine residues in hum24) @nd equine
conformity with the calculated molecular masses of 13748 (22) plasminogen K4.

and 14323 Da, when the removal of the N-terminal me- A total number of 938 nontrivial interproton distance
thionine is considered. CD spectra recordedrra 1 mM restraints were derived from the mentioned NOE spectra
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Ficure 2: Ramachandran plot indicating the distribution of the backbone dihedral amgledy of the final 15 lowest energy structures
calculated by X-PLOR. The Gly residues are represented by triangles. The figure was created with PROCBECK (

encompassing 292 intraresidue, 273 sequential, 140 shorprogram. The exchange experiment shows that in the
range (i — j| = 2—4), and 233 long range. A summary of neighborhood of the disulfide bridges as well as in the area
the observed sequential NOE connectivities for apo(a) KIVT6 of the 3-sheets the exchange rate is reduced. The majority
is shown in Figure 1. The motional behavior of apo(a) KIVT6 of the slow-exchange hydrogen bonds is located in the
is reflected by the number of extractable interproton distance C-terminal half, between residues Argd48sn76. The struc-
restraints from the NOESY spectra. Thereby, two major ture calculations reflect this by a significant smaller rmsd
regions of apo(a) KIVT6 can be distinguished. In the forthe backbone heavy atoms of the C-terminal half (0.692
interkringle region, which forms the N-terminal and C- versus 0.887 A for the N-terminal half).

terminal ends of apo(a) KIVT6 and comprises residues Ala-  Solution Structure of Apo(a) KIVT&rom a final family
[2]—Asp[24] and Pro[103}GIn[119], only 48 intraresidue  of 150 refined structures, a subset of 15 structures, exhibiting
and 38 sequential distance restraints could be establishedthe lowest total energies (including NOE pseudoenergy and
This corresponds to no more than 2.1 restraints/residue, insimulated annealing in vacuo), was extracted for the final
sharp contrast to the central part, i.e., the kringle domain structural analysis and presentation. None of these structures
itself, ranging from Cys1 to Cys80, for which an average of had a NOE distance violation greater than 0.5 A or a dihedral
10.9 restraints/residue could be established. Interprotonangle violation of more than®5 A total of 53.3% of the
distance restraints were supplemented by 70 torsion angleresidues were in the most favored region of the Ramachan-

restraints forp and 12 torsion angle restraints fprangles, dran plot (see Figure 2), 41.9% were in the additionally
established by the measurementdf. coupling constants  allowed region, 4.4% were in the generously allowed region,
and empirically derived on the basis of tHe, >N, 13Ca, and 0.4% were in the disallowed region. The interkringle

13CB, and3CO chemical shifts by the use of the TALOS regions were found to be conformationally unstructured as
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Ficure 3: Stereoview of the backbone superimposition of the 15 final structures of apo(a) KIVT6 with lowest energy. Residues Cysl
Cys80 are depicted. The N and C termini are labeled. Tdat@ms were used for superposition. This figure and all other molecular graphs
were created with MOLMOL 13).

X-PLOR energy

Table 1: Structural Statistics for 15 Selected Apo(a) KIVT6 310-Helix
Structures
total no. of constraints 938
intraresidue 292 C
sequentiali(—j = 1) 273
medium range (Ki—j <4) 140
long rangei(—j > 4) 233
dihedral constraints 92
mean values of restraint violations R-sheet 2
NOE violations>0.3 (A) 1.3
dihedral angle violations 3 (deg) 1.0
Ramachandran plot distribution
residues in most favored region (%) 53.3 R-sheet 1
residues in allowed region (%) 41.9 . ]
residues in generously allowed region (%) 4.4 Ficure 4: Ribbon diagram of the closest to the mean structure of
residues in disallowed region (%) 0.4 apo(a) KIVT6. Residues CysiCys80 are depicted. Secondary
rmsd from idealized geometry elements and N and C termini are labeled.
bonds (&) 0.0025t 0.00001
angles (A) 0.547 0.010
improper (A) 0.391+ 0.007

total (kcal/mol) 267.3: 22.1
bond (kcal/mol) 11.9-0.8
angle (kcal/mol) 149.x 5.2
improper (kcal/mol) 24,1 0.8
vdw (kcal/mol) 20.5+ 3.8
NOE (kcal/mol) 48.9+-7.5
dihedral (kcal/mol) 12.#17.8
rmsd from mean structure
backbone [residues 28102 (A)] 0.841
heavy atoms [residues 2302 (A)] 1.312

o -
g;( ge(c:)tg; E)I/thllg I(_)rvr\]/er:zgt): rtﬁfels\leo ris i?)?lzevrvveig Icr)lnt]rltltzg ?rr]t FIGURE 5: Structural comparison of the backbone folding of apo-
P - ; 9 (a) KIVT6 (light gray), apo(a) KIVT7 (medium gray), apo(a)

the graphical.representatiop of the structure ensgmble INKIVT10 (dark gray), and plasminogen K4 (black). The.@toms
Figure 3 and in the calculation of rmsd values. In Figure 3 were used for superposition.

a superposition of the backbone polypeptide chains of these

15 lowest total energy structures, fitted to the arithmetic mean of several loops and turns separated by sequence parts, which
structure, is depicted. The structural statistics of the solution exhibit a coil conformation. A small piece of an antiparallel
structure of apo(a) KIVT6 are summarized in Table 1. As S-sheet comprising residues Trp62yr64 and Trp72-Tyr74
indicated by a rsmd of 0.841 A for the backbone heavy atoms has been identified. A further smadtsheet, with parallel

and of 1.312 A for all heavy atoms, the backbone and also strands, is formed by residues Cyslyr2 and Thr78-

most of the side chains of apo(a) KIVT6 are found to be GIn79. In a small region spanning residues Thr3§r40 a
well-defined. A ribbon drawing of the closest to mean 3;¢-helix is present in apo(a) KIVT6. This result is similar
structure of apo(a) KIVT6 is shown in Figure 4. The to the urokinase-type plasminogen activatet)( the plas-
secondary structure of apo(a) KIVT6 is mainly composed minogen K:--AMCHA complex 62), plasminogen K253),
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Ficure 6: Structural comparison of the lysine binding sites of apo(a) KIVT6 (light gray), apo(a) KIVT7 (medium gray), apo(a) KIVT10
(dark gray), and plasminogen K4 (black). The backbone heavy atoms of the indicated residues were used for superposition.

and the tissue-type plasminogen activator B2 (vhich also
contain small helices, whereas in apo(a) KIVTRL)(and
plasminogen K4Z2—24) helices are completely absent. This
major turn and coil structure, with a low content@&heet
and a very low helical content, is in line with the secondary

EACA and apo(a) KIVT6 by chemical shift perturbation
mapping on a series &H—1°N HSQC spectra acquired with
increasing amounts of EACA in the sample; a hyperbolic
fit was applied to the data points using the program xcrvfit
(56) in order to the determinatéy value. A graph of one

structure elements identified in the CD spectrum of apo(a) hyperbolic fit is shown in the insets of Figure 7 and revealed

KIVT6.
Comparison to X-ray Structuregpo(a) KIVT7, apo(a)

a Ky value of 310+ 40 uM for the binding of EACA to
apo(a) KIVT6. Comparison of this result with previously

KIVT10, and plasminogen K4 represent the closest homolo- determinedKq values for the binding of EACA to various

gous protein domains to apo(a) KIVT6 for which a three-

kringle domains indicates an intermediate affinity of EACA

dimensional structure has been determined. Figure 5 showgo KIVT6. For exampleKq values are found to be 2aM
the overlay of the closest to average structure of apo(a)for apo(a) KIVT10, 12-15 uM for plasminogen K1 §7—

KIVT6 and the crystal structures of apo(a) KIVTZ0], apo-
(a) KIVT10 (21), and plasminogen K£Q). The rmsd values
for superposition of the &€ traces of apo(a) KIVT6 with
apo(a) KIVT7, apo(a) KIVT10, and plasminogen K4 were

59), 410-430uM for plasminogen K2%7, 60), 26—50 uM
for plasminogen K4§1—63), 100-140uM for plasminogen
K5 (61, 64, 65), and 46-52 uM for tissue-type plasminogen
activator K2 66, 67). The overlaidtH—°N HSQC spectra

found to be 1.65, 1.50, and 1.64 A, respectively, which are depicted in Figure 7. Chemical shift perturbations were
corresponds to a very similar backbone folding. Analysis of observed for 22 residues; thereby Asp55, Glu57, and I1e58
the side chain orientations revealed that the majority of the exhibited the largest differences. Analysis of the chemical
side chains possesses similar positions as in apo(a) KIVT7,shift perturbation pattern obtained from the HSQC spectra

apo(a) KIVT10, and plasminogen K4. This statement holds

of apo(a) KIVT6 revealed for the LBS a more or less

for conserved as well as for not conserved residues with very pronounced homology for apo(a) KIVT165), plasminogen

few exceptions. Within the LBS region of apo(a) KIVT6
the side chain of Arg71l was found to have the largest
deviation from the corresponding position in apo(a) KIVT7,
apo(a) KIVT10, and plasminogen K4 (see Figure 6). Also,
the side chain of Thr65 is rotated by jx angle of
approximately 182 Thereby, the methyl group and the
hydroxyl group of Thr65 are placed in their opposite
positions compared to apo(a) KIVT10 and plasminogen K4.
However, this different side chain orientation should only
have minor functional consequences as a FhrMet
mutation of the corresponding residue in apo(a) KIVT10 had
no structural impact on the lysine binding functid&b). A
further notable result is the orientation of the hydrophobic

K1 (52, 68), K2 (53), K4 (22, 24, 69), and K5 64, 65), as
well as tissue-type plasminogen activator Ks2,(67, 70).

All residues, for which a chemical shift difference was
observed, have positions within or adjacent to the LBS.
Thereby the anionic center of the LBS in apo(a) KIVT6
consisting of Asp55 and Glu57 is separated from a cationic
center consisting of Arg71 by a hydrophobic channel. This
hydrophobic channel is formed by the residues Trp62, Tyr64,
Trp72, and Tyr74. Therefore, these data clearly indicate that
binding of EACA to apo(a) KIVT6 occurs in a manner
similar to that reported for apo(a) KIVT10 and plasminogen
K1, K2, K4, and K5, as well as tissue-type plasminogen
activator K2.

Trp32. From our measurements we can conclude that Trp32

is orientated outside toward the solvent and thereby has no

influence on the backbone folding of apo(a) KIVT6.

Binding of EACA to Apo(a) KIVTE0n the basis of the
high degree of homology with apo(a) KIVT10 and plasmi-

DISCUSSION

In this report we present the first solution structure of an
apo(a) kringle domain comprising a type 2 LBS and provide
evidence that binding of the lysine analogous compound

nogen K4, both of which have been demonstrated to interactEACA to apo(a) KIVT6 is mediated via this LBS. The
with EACA and other lysine analogous substances, the structure of apo(a) KIVT6 consists largely of an arrangement

existence of an LBS within apo(a) KIVT6 has been predicted
(18). This lysine binding function was recently proven by
binding studies19). We investigated the interaction between

of loops and turns with small pieces of an antiparallel and
parallel3-sheet and a small piece ofgdhelix. Comparison
of the backbone of the apo(a) KIVT6 structure with the
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closest homologous crystal structures, apo(a) KIVT7, apo- (71). The character of this residue, which lies nearby but
(@) KIVT10, and plasminogen K4, revealed a similar outside the LBS, might also be of particular importance in
backbone folding and the existence of a similarly shaped the protein-protein recognition properties of the kringle
lysine binding pocket. domains of apo(a). This can be inferred from the side chain
A unique network of hydrogen bonds, involving the orientation of Trp32 in apo(a) KIVT6, which closely
residues corresponding to Arg35, Tyr41, Asp55, and Tyr64, resembles the orientation of the Arg32 side chain in apo(a)
has been reported to occur in the crystal structure of KIVT7 KIVT10 and plasminogen K4. Despite the hydrophobic
(20). From our solution structure model of KIVT6 the character of this amino acid it is orientated toward the solvent
existence of hydrogen bonds between Tyr41, Asp55, andand possesses a considerable flexibility. A similar result was
Tyr64 in KIVT6 can be excluded. The absence of signals concluded from NMR spectroscopic investigations of equine
from the amide protons of Arg35 and Thr37 in thé—15N plasminogen K4 Z2), which comprises also a tryptophan
HSQC spectra indicates a high flexibility, which implies that residue at position 32. The Arg- Trp substitution at this
these residues can hardly be engaged in strong hydrogenposition occurs in a uniform manner in apo(a) KIS,
bonding interactions. which are referred to contain the binding interface for the
Until now it has been argued that subtle structural initial noncovalent interaction with apoB1004—14). This
differences within the LBS mediate the ligand fine specificity conservative exchange of amino acids might reflect similar
and the specificity in proteinkringle recognition 20, 53). functional properties of apo(a) KIVTES.
It is likely, however, that for proteirkringle recognition The presented solution structure of apo(a) KIVT6 pro-
additionally an extended surface area on the kringle domainvides new detailed insights in the fine structure of the LBS
may be also important as hypothesized first by Cox et al. in apo(a) KIVT6 and may serve as an additional starting
(22). For example the Arg32 in the plasminogen K4 sequence point for homology modeling studies. Furthermore, it should
has been shown to be necessary for the binding to tetranectirallow a better understanding of the ligand fine specificity
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observed in apo(a) kringle domains. This might also lead to

specific ligands for apo(a) KIVT6, which are potentially

suitable as anti-hyperlipoprotein(a) drugs. The hydroxyl

group of Tyr64 might be a good starting point, since it

provides a hydrogen-bonding donor/acceptor activity within
the LBS. This additional hydrogen-bonding donor/acceptor

activity is probably also present in apo(a) KIVF8, because

these kringle domains contain a tyrosine residue in the

corresponding position but not in apo(a) KIVT10 or plas-

minogen K4 since the corresponding position is occupied
by a phenylalanine residue. It is notably that equine plas-

minogen K4 22) has also a sequence identity with apo(a)
KIVT6 at position 64. The tyrosine side chain seems,
compared with reR2, to possess a similar position in the
kringle domain.
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