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ABSTRACT: The kringle modules of apolipoprotein(a) [apo(a)] of lipoprotein(a) [Lp(a)] are highly
homologous with kringle 4 of plasminogen (7#94%) and like the latter are autonomous structural and
functional units. Apo(a) contains 87 kringle 4 (KIV) repeats distributed into 10 classes (D). Lp-

(a) binds lysine-Sepharose via a lysine binding site (LBS) located in KIV-10 (88% homology with
plasminogen K4). However, the W72R substitution that occurs in rhesus monkeys and occasionally in
humans leads to impaired lysine binding capacity of KIV-10 and Lp(a). The foregoing has been investigated
by determining the structures of KIV-10/M66 (M66 variant) in its unliganded and ligesaar{inocaproic

acid (EACA)] bound modes and the structure of recombinant KIV-10/M66R72 (the W72R mutant). In
addition, the EACA liganded structure of a sequence polymorph (M66T in abetB@% of the human
population) was reexamined (KIV-10/T66/EACA). The KIV-10/M66, KIV-10/M66/EACA, and KIV-10/
T66/EACA molecular structures are highly isostructural, indicating that the LBS of the kringles is preformed
anticipating ligand binding. A displacement of three water molecules from the EACA binding groove
and a movement of R35 bringing the guanidinium group close to the carboxylate of EACA to assist R71
in stabilizing the anionic group of the ligand are the only changes accompanying ligand binding. Both
EACA structures were in the embedded binding mode utilizing all three binding centers (anionic,
hydrophobic, cationic) like plasminogen kringles 1 and 4. The KIV-10/T66/EACA structure determined

in this work differs from one previously reported

[Mikol, V., Lo Grasso, P. V. and, Boettcher, B. R.

(1996) J. Mol. Biol. 256 751-761], which crystallized in a different crystal system and displayed an
unbound binding mode, where only the amino group of EACA interacted with the anionic center of the

LBS. The remainder of the ligand extended into solvent perpendicular to the kringle surface, leaving the
hydrophobic pocket and the cationic center of the LBS unoccupied. The structure of recombinant KIV-
10/M66R72 shows that R72 extends along the ligand binding groove parallel to the expected position of
EACA toward the anionic center (D55/D57) and makes a salt bridge with D57. Thus, the R72 side chain
mimics ligand binding, and loss of binding ability is the result of steric blockage of the LBS by R72
physically occupying part of the site. The rhesus monkey lysine binding impairment is compared with
that of chimpanzee where KIV-10 has been shown to have a D57N mutation instead.

In human subjects, high plasma levels of lipoprotein(a) primary sequence of apo(a) shares a remarkable degree of

[Lp(a)]* have been correlated with a high incidence of
atherosclerotic cardiovascular diseade-4). Lp(a) is a
special class of LDL having as a protein moiety apo(a)
covalently linked to apoB100 by a disulfide bo(i 6). The
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the kringle 1 to kringle 5 (residues®E-C%*) regions of human
plasminogen; KIV and KV, the kringle 4 and kringle 5 regions of apo-
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10/N57, D57N mutant of chimpanzee.

10.1021/bi9820558 CCC: $18.00

homology with that of plasminogef?, 8). Plasminogen, a
major protein of the fibrinolytic system, consists of an array
of five different kringle units (K+K5) followed by a
protease domain that contains the catalytic triad of serine
proteases(9). Apo(a) lacks the first three kringles of
plasminogen and contains from 14 to 37 kringle 4-like
repeats, referred to as KIV, distributed into 10 classes
designated 1 to 10, exhibiting 794% sequence homology
with plasminogen K4. KIV-9 contains an unpaired cysteine
(Cys4057) that links apo(a) to one of the unpaired cysteines
(Cys4326) in the C-terminal domain of apoB1(®, 11)
KIV-10 is followed by one copy of KV and a protease
domain, which have 91% and 94% sequence homology with
K5 and the catalytic domain of plasminogen, respectively
).

Plasminogen is known to bind lysiné&epharose via the
LBS located in the K1 and K4 modulé$2). Lp(a) also binds
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lysine—Sepharosé8) but via the LBS located in apo(a) KIV- An unexpected binding mode was observed in KIV-10/
10. This information has been derived from studies of T66 complexed with EACA(29) by the crystallography
defective lysine binding Lp(a) species from rhesus monkeys group at Sandoz Pharma AG, Basel, Switzerlatal.this
(13) and the human R72 muta(it4) as well as wild-type case, only the-amino group of the zwitterionic ligand was
(W72) and mutant (R72) KIV-10 individually expressed in reported to interact with the anionic binding center of the
Escherichia coli (15, 16)The critical role of W72 in lysine  kringle while the remainder of the ligand extended into the
binding, which has emerged from the above observations, solvent region, almost perpendicular to the surface of the
is consistent with the results of the structure of PTHT), kringle, leaving the cationic site and the hydrophobic pocket
which has an R in position 72. This residue extends unoccupied. This binding mode (hereinafter called un-
diagonally across the region equivalent to the LBS, occupy- bounded) and the corresponding structure might be expected
ing it and sterically precluding binding of lysine-like ligands. with plasminogen K5 where the R351 and R71L substitutions
The same notion also emerges from the modeling of the LBS in the LBS remove the cationic site of the kringle and could
of rhesus(13) and human mutar(tL8) KIV-10. thus force a ligand to solely occupy the anionic binding site
Recently, Chenivasse et &[19) reported that the C-  with a correspondingly largeKq (140 uM) (30). The
terminal region of apo(a) of chimpanzéean troglodytes) unbounded binding mode of KIV-10/T66/EACR9), how-
exhibits a high degree of homology with the corresponding ever, is not consistent with biochemical studies, which clearly
region of human apo(a). In turn, chimpanzee apo(a) differed suggest the embedded binding mode displayed by K1 and
from the rhesus counterpart by having (1) an intact catalytic K4 (23, 28) All three binding centers are present in KIV-
triad in the protease region, (2) one copy of the KV motif, 10/T66, and thé, value of EACA K4 = 20 uM) is similar
and (3) W in position 72 in the LBS of KIV-10. However, to those of plasminogen KK§ = 13uM) and K4 (Kq = 48
like the rhesus product, chimpanzee Lp(a) was deficient in 4M) (15). Furthermore, theKy values of ligands in the
lysine binding, a functional impairment attributed to the unbound mode should not differ significantly with the length
presence of N instead of D in position 57 in KIV-{19). A of the ligand because only the terminalamino group
sequence polymorphism, M66T, in apo(a) KIV-10 has also interacts with the anionic center. The measured dissociation
been reported in 4250% of the human populatia20, 21) constants of KIV-10/T66 with 5-ApaK(y = 66 uM), EACA
This mutation, however, is silent and causes no lysine binding (K4 = 20 M), and 7-Aha K4 = 230 uM) (15) suggest
deficiency in Lp(a). otherwise and the embedded binding mode.

The kringles of apo(a), like thqse of plasminoggn, ar€  These anomalies and inconsistencies led us to reinvestigate
autonomous structural and functional modular units that o binding mode of EACA in the LBS of human KIV-10/
consist of a char.actengtlc triple _Ioop structure .Of 4P~ 166 during the course of a more extensive study of the
pr_OX|ma_ter 80 amino acids cross-linked py three_dlsulﬂde structures of the KIV-10/M66 variant in its free and ligand-
bridges in thg pattern-i6, 2—4,.and 35, Kringle units are bound states, as well as determine the structure of the human
also present in the noncatalytic region of a variety of other apo(a) KIV-10/M66R72 mutant. We report here highly
distinct proteins involved in blood coagulation and fibrin- refined, high-resolution structures of these apo(a) kringles
olysis. A single copy of a kringle exists in UPA, vampire -y show (1) KIV-10/T66 can bind EACA in the embedded
bat plasminogen activator, and factor Xll, while kringles are way, (2) in KIV-10/M66R72, the arginine mutation occupies

found as pairs in prothrombin and t-PA and as quartets in TP ;
! . the LBS mimicking ligand, and (3) R35 shifts on EACA
hepatocyte growth factd@2). The LBS of kringles, impor- binding to assist R71 at the cationic center. The various KIV-

tantin molecu!ar recognition, t_)lnds Iy§|ne re_SIdues of se_veral 10 structures are also compared and their LBS correlated.
different proteins, such as fibrin2-antiplasmin, tetranectin,

and thrombospondin. These kringle-dependent interactions,le—I—ER|A|_S AND METHODS

can be competitively inhibited by lysine zwitterionic ana-

logues such as EACA, benzamidit&ns-(4-aminomethyl)- Expression of Apo KIV-10/M66W72 and R72 in E. coli
cyclohexane-1-carboxylic acid ape(aminomethyl)benzoic  The KIV-10/T66 expressed i&. coli (15)was provided by
acid. Three-dimensional structures of uncomplexed andpr, B. R. Boettcher of Novartis Pharmaceuticals Corp.,
liganded kringle domains of most of the foregoing kringles symmit, NJ. The kringle contained four nonkringle amino
have been determined by X-ray crystallography @8and  acid residues (GSHM) resulting from the expression construct
references therein) and by NMR methq@d, 25) in addition to three residues (VRQ) preceding & KIV-

The LBS of plasminogen K{23, 26)and K4(27, 28)is 10 and seven residues (SDTEGTV) downstream frath C
characterized by short arrays of residues HB35 (H33- of KIV-10.

K35 in K4), D55_D57’.W62_F6.4' and R71¥74, which KIV-10/M66 and mutant KIV-10/M66R72 were expressed
together are arranged in a relatively open elongated surface

depression approximate® A wide and 12 A long. Residues in E. coli as described previousliL6) except that the PCR

) primers C and F were replaced by primersCEGGG-
W62, Féd, Wr2, and Y74 form a hydrophobic pocket g ,roccGGCAGTGCTACCAT-3and 5-CCGGGAAT-
bounded by a negatively charged anionic subsite containing

D55 and D57 at the top and a positively charged cationic TCTTACACAGTCCCTTC-3, respectively, to minimize the

- number of nonkringle residues. The DNA fragments that
one containing R35 or K35 and R71 at the bottom. The .0tk \/.10/MB6 and KIV-10/ME6R72 were cloned into
anionic and cationic centers of the LBS stabilize the amino

. . . the BanHI- and EcoRlI-digested vector pGEX-KG, which
and car'boxyllc groups of ligand@3, 28) The hyd'ropho.blc was driven by theac promoter and contained the coding
pocket interacts with the methylene chaincefimino acids
so that all three binding centers of the LBS are simulta-
neously operative in an unrestricted way. 2 Sandoz Corp. is now Novartis Corp.
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Table 1: Conditions Used To Crystallize the Various Kringles

KIV-10/M66 KIV-10/M66/EACA KIV-10/T66/EACA KIV-10/M66R72
protein concn 20 mg/mL 20 mg/mL 24 mg/mL 20 mg/mL
10-fold molar excess of EACA 10-fold molar excess of EACA
precipitant 10% acetone, 20% 2-propanol, 20% 2-propanol, 20% PEG 8000,
15% PEG 8000, 0.1 M HEPES, 20% PEG 4000,0.1 M 20% PEG 4000, 0.1 M 0.1 M sodium cacodylate,
0.1 M Li;SO,, pH 7.0 sodium citrate, pH 5.6 sodium citrate, pH 5.6 0.1 W8y, pH 6.5
crystal dimensions 0.18 0.15x 0.02 mm 0.23x 0.13x 0.02 mm 0.50x 0.10x 0.02 mm 0.45x< 0.15x 0.04 mm
cryo condition 20% PEG 8000, 20% PEG 4000, 20% PEG 4000, 20% PEG 8000,
20% glycerol, 0.1 M 20% glycerol, 0.1 M 20% glycerol, 0.1 M 20% glycerol, 0.1 M
HEPES, pH 7.0 sodium citrate, pH 5.5 sodium citrate, pH 5.5 sodium cacodylate, pH 6.5

a2.0 uL hanging drop consists of 50% protein/50% precipitant solution suspended over 0.75 mL of the latter.

Table 2: Crystal Data and Intensity Data Collection Statistics of Different KIV-10 Crystals

KIV-10/M66 KIV-10/M66/EACA KIV-10/T66/EACA KIV-10/M66R72

space group P2:2:2 P212:2; P2,2:2; P2,212;
cell constant (A)

a 24.61 24.37 24.30 24.30

b 45.68 45.60 45.67 45.82

c 63.70 62.90 63.36 56.23
resolution (A) 2.07 1.78 1.80 2.20
independent reflections 3822 5717 5656 2241
redundancy 25 2.6 2.5 2.9
observations 9644 14679 12758 6494
R-merge (%) 6.2 5.7 6.0 8.9
R-merge (%), outermost range (A) 15.3 (2:2507) 9.3(2.06-1.78) 10.1 (2.06-1.80) 8.9 (2.56-2.20)
completeness (%) 81 79 81 63
outermost range (%) 64 53 53 45
I/o outermost range 3.0 5.7 4.7 2.0
al/a(l) > 1.5; all others}/o(1)>1.0.

sequence for glutathione S-transferase (G&M). DNA not successful with this condition. Previous experience with

sequences of wild-type and mutant kringles were confirmed kringles suggested that PEG 8000 as precipitant in a buffer
by using the femptomolar sequencing kit from Promega with pH around 7.0, with or without salt, might be suitable.
(Madison, WI) according to the manufacturer’s instructions. An in-house set of factorial solutions based on the foregoing
The kringles were expressed in tke coli strain DH5a as  was prepared and the hanging drop method applied again to
fusion GST proteins and separated from the GST fusion the KIV-10/M66 and KIV-10/M66R72 samples. The condi-
component as previously describ@d). N-Terminal protein tions were eventually refined to produce X-ray quality single
sequencing of the expressed products was also performedtrystals. The crystallization conditions of all the KIV-10
as described elsewhe(82). The expressed kringles con-  kringles are given in Table 1.

tained two nonkringle residues (GS) resulting from the
expression construct in addition to two residues (RQ)
preceding € of KIV-10 and seven residues (SDTEGTV)
downstream € of KIV-10. Each of the expressed kringles
gave a single band by SBAGE and reacted against an
anti-apo(a) KIV-10 polyclonal antibodfl6). The kringles
were extensively dialyzed against 1 mM MHCO;, lyoph-
ilized, and stored at-80 °C before use.

Crystallization. Relatively large crystals of the KIV
variant, with and without EACA, could be grown from
ammonium sulfate PEG 8000 solutions. Their X-ray dif-
fraction patterns, however, showed a complex splitting
pattern that could not be successfully interpreted and indexed
All indications suggested that the apparently single crystals
were actually several small, similarly oriented, fused crystals.
Consequently, hanging drops (2:0) of Hampton factorial
A o o S0 phous hes s of the KIV-JOMGGRT2 mutan,howeter,
could be readily grown from Hampton condition 40 (Table shrank by about 7. o
1). However, crystallization of the other two kringles was ~ Structure DeterminationThe crystal structure of KIV-

10/T66/EACA was determined by molecular replacement

3 Although the crystallization of unbounded KIV-10/T66/EACA was using the coordinates of K4 of human plasminogen (PDB

attempted following described procedu(@s), the crystals proved o~ €0de: 1PK4) as an initial model. All residues of K4 that
be generally small and of marginal X-ray diffraction quality. differed in sequence from KIV-10/T66 were replaced with

Intensity Data CollectionThe X-ray diffraction data of
the KIV-10 crystals were measured with an R-AXIS I
imaging plate detector using Molecular Structure Corporation
Yale focusing mirrors. The Cu & radiation was generated
with a Rigaku RU200 rotating anode operating at 5 kW
power with a fine focus filament (0.3 mnx 3.0 mm).
Intensity data were measured-at50°C with crystals flash
frozen in a cryosolvent consisting of 20% PEG 4000/8000,
20% glycerol, and 0.1 M buffer that was also used in the
crystallization (Table 1). The crystatietector distance was
10.0 cm, and the detecteswing angles were °Ofor KIV-
10/M66 and KIV-10/M66R72, 8:0for KIV-10/M66/EACA,
'and 10.0 for KIV-10/T66/EACA. Autoindexing and pro-
cessing of the diffraction data were carried out with the
Rigaku R-AXIS software packag@3), and the results are
summarized in Table 2. Three of the crystals are isomor-
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Table 3: Summary of Final Restrained Least-Squares Statistics

RMSA
crystal target KIV-10/M66 KIV-10/ M66/EACA KIV-10/T66/EACA KIV-10/M66R72

distances (A)

bond lengths 0.020 0.012 0.017 0.016 0.011

bond angles 0.040 0.032 0.039 0.039 0.032

planar +-4 0.050 0.043 0.047 0.047 0.041
planes (A)

peptides 0.030 0.024 0.029 0.027 0.026

aromatic groups 0.030 0.029 0.037 0.034 0.029
chiral volumes (&) 0.130 0.125 0.165 0.169 0.118
nonbonded contacts (A)

single torsion 0.60 0.18 0.18 0.20 0.22

multiple torsion 0.60 0.26 0.21 0.28 0.29

possible H-bond 0.60 0.32 0.24 0.32 0.28
thermal parameters g

main-chain bond 15 11 15 1.6 11

main-chain angle 2.0 1.8 1.8 2.2 1.7

side-chain bond 25 2.1 2.6 3.0 18

side-chain angle 3.0 3.0 3.3 35 25
range (A) 9.6-2.1 9.0-1.8 9.0-1.8 9.0-2.1
R-value (%) 17.8 17.6 18.2 16.6
no. of water moleculés 67 77 109 41
BA?) 21.8 15.6 15.9 21.5
Ca.rmsA (A)b / 0.30 0.30 0.43
PDB code 1KIV 2KIV 3KIV 4KIV

aQccupancy> 0.5.° Calculated versus KIV-10/M66.

alanine. Rotation/translation searches were conducted withpositional refinement improved thevalues to 25.1% and

the program AMoR€34) in the resolution range 10:8.5

A. The rotation search provided one distinct solution with a
correlation coefficient of 0.30. The position of the molecule
was fixed by a translation function that increased the
correlation coefficient to 0.39R = 48.5%). Rigid body
optimization further increased the correlation coefficient to
0.64 R = 37.6%). Additional positional refinement by
energy minimization in the 10:63.0 A range to relieve close
contacts of the model was carried out with the X-PLOR
program packag€35), decreasing th&-value to 27.6%.

The crystal structure of KIV-10/T66 complexed with
EACA was refined with the programs PROLSQ®6) and
PROFFT(37). First, three cycles of overall-factor refine-
ment starting witrB = 18.0 A2 converged to aR-value at
32.9% (7.6-2.8 A). Then three cycles of the individual
temperature factor refinement brought fRealue to 29.4%.
Further refinement applying alternate tighbose geometry
restraints decrease to 28.3%. At this stage, 2 — Fc
electron and~, — F. difference density maps indicated most
of the correct side chains of KIV-10/T66 that were alanine
residues in the initial model and revealed EACA, which was
not included in calculations. Further refinement was con-
ducted including most of the actual residues of the kringle,
as well as EACA. Solvent water molecules were added
periodically on the basis of examination of difference density
maps at 2.5 A and higher resolution.

Since the crystals of KIV-10/M66 and KIV-10/M66/
EACA are isomorphous with that of KIV-10/T66, the

28.1%, respectively. After three cycles of over@ifactor
refinement and three cycles of individu&tefinement using
the program PROFFTR converged to 24.6% for KIV-10/
M66 and 26.4% for KIV-10/M66/EACA. The B, — F.
electron andr, — F. difference density maps clearly showed
M66 in KIV/M66 and the EACA in addition, in the KIV-
10/M66/EACA structure.

The crystal structure of KIV-10/M66R72 had to be
determined de novo by the molecular replacement method
(because of the dramatic shrinkage of thaxis, Table 2)
using the coordinates of KIV-10 from the KIV-10/T66/
EACA complex. Residues T66 and R72 were replaced with
alanine, and EACA was omitted from the model. The
rotation/translation search in the resolution range 6.0
A provided one distinct solution with a correlation coefficient
of 0.71 and aR-value of 32.6%, while further rigid body
refinement decreased tRefactor to 30.5%. Final restrained
least-squares parameters &ithctor statistics for the KIV-

10 complexes are presented in Table 3.

RESULTS

The electron density is well defined for most of the
residues of the kringle variants except the interkringle
peptides that are disordered here and in other kringle
structures. The rms deviations of the position @f &oms
between the different KIV-10 units (about 7@@ositions)
indicate that the molecules exhibit very similar structural

structure determinations of these two were conducted usingfolding (Table 3). Ramachandran plots of the KIV-10 variants
isomorphous replacement methods. The refined coordinategeveal that all non-glycine and non-proline residues, except

of the KIV-10/T66 variant, with T66 replaced by alanine,
were used as an initial model. Rigid body optimization with
the X-PLOR program package in the 1680 A range
decreased thB-value from 38.6% to 33.2% for unliganded
KIV-10/M66 and from 43.7% to 34.5% for KIV-10/M66/
EACA (without the ligand in the calculations). Additional

M48, lie in the allowed regions. Similar to other kringle
structures, plasminogen K1, K4, and their EACA derivatives,
K5, and unbounded KIV-10/T66/EACA23, 26-30), the
residue at position 48 has well-defined main- and side-chain
electron density in all of them, corresponding to a hairpin
turn, but is in a generously allowed area of the Ramachandran



1994 Biochemistry, Vol. 38, No. 7, 1999 Mochalkin et al.

binding at the anionic center (Figure 1). Except for Arg35,
the binding of EACA to both the M66 and T66 variants
occurs with minimal structural reorganization so the LBS
appears to be essentially preformed anticipating ligand.

Because of the decrease of the lysine binding affinity of
KIV-10/M66R72 compared to that of the T66 and M66
variants(16), its LBS is of special interest. Substituting a
nonaromatic amino acid for W72, an obviously important
residue of the hydrophobic pocket along with W62 (Figure
3), would in itself be expected to lead to some impairment
of binding affinity. The structure of KIV-10/M66R72 ad-
ditionally shows that R72 extends across the LBS toward
the negatively charged D55/D57 pair making a hydrogen
bonded salt bridge with D57 (Table 5) and thusly obstructs
access to the LBS. Since the cationic center consisting of
R35 and R71 does not undergo any structural changes and
is positionally similar to that of the unliganded KIV-10
molecule (Figures 1 and 3), the arginyl of R72 occupying
the binding groove of the LBS appears to be the structural
deterrent responsible for the lack of binding affinity of the
KIV-10 mutant.

All four KIV-10 variants crystallized in the orthorhombic
space grou2,2,2;. Three of the crystals are isomorphous,
FIGURE 1: Superposition of EACA of different lysine binding ~ While thec-axis of the fourth, KIV-10/M66R72, is about 7.0
kringles: embedded KIV-10/T66/EACA, carbon atoms in green, A shorter (Table 2). This 10% shrinkage is the result of
nitrogens in blue, and oxygens in red (atom colors); unbounded different molecular packing of the KIV-10/M66R72 mol-
KIV-10/TE6/EACA, red; plasminogen K1/EACA, orange; plasmi-  gcyles along the-axis of the crystal. Superposition of the
nogen K4/EACA, purple; embedded KIV-10/T66/EACA side tant with f the th . h iants sh d
chains, atom colors. The conformation of R35 in KIV-10/M66 is mu an wi a_ny of the three Isomo_rp ous variants showe
in all blue. very little rotation of the molecules with respect of each other,
with only a translational difference along tkalirection. In

plot. No kringle residue was found in a disallowed region. all four crystal arrangements, kringle molecules form infinite

As in other kringle structures, the P30 residue is in a cis chain columns parallel to thedirection with a 15 A wide

conformation. channel between chains. In KIV-10/M66R72, two neighbor-
The LBS of KIV-10 is also defined by R32R35, D55 ing symmetry-related molecules are aligned approximately

D57, W62-F64, and R7+Y74 (Figure 1). Hydrogen bonds 35 A closer along the crystallographdgaxis, while the
in the LBS region can be divided into three principal groups packing along the two other axes remains about the same.

according to several factors, which can depend on the binding ' '€ €t result is to shrink the channel to abd A at the
of EACA or on intermolecular interactions of neighboring expense of solvent water molecules. The solvent fraction of

molecules in crystals. The first group includes hydrogen the three isomorphous KIV-10 structures is approximately

— 3
bonds that are common to all the structures (Table 4). These30-6% Vu = 1.76 AYDa). In the case of the W72R mutant,

interactions in the LBS mainly involve atoms of the backbone the shrinkage along theaxis decreases the solvent content

— 3
and are generally not completely exposed on the surface t0 22.0% Y = 1.56 A%/Da). The number of water molecules

The second group consists of the hydrogen bonds that resul’{ound in the four different kringle structures varies from 41

M . to 109 and is generally related to the resolution of the
from the binding of EACA (Table 5). The residues of the " . . .
anionic and cationic binding centers and several Watergﬁfractéon (_jata,.l but |r;] thelcasef of I_<IV-1fO/kI:/I66R72,| It
molecules in the LBS participate in the hydrogen-bonding epends primarily on the solvent fraction of the crystals.
interactions of this group. Residue R32, which is located on
the surface of the LBS, gives rise to the third group of DISCUSSION

hydrc_)gen l_)onds in the LBS region that depend on crystal The overall topology of human KIV-10 is an oblate
packing (Figure 2). ellipsoid of approximately 28 A in diameter and 18 A thick
In the liganded structures of the M66 and T66 variants of (Figure 1). The LBS of KIV-10 is similar to those of
KIV-10, the electron density of the EACA in the LBS is plasminogen K1 and K423, 26-28). All three key seg-
similar and well defined (Figure 2) and EACA interacts in ments, the anionic, cationic, and hydrophobic centers, are
the embeddedvay with all three binding centers in both  essentially positioned optimally for ligand binding in KIV-
kringles (Figures 1 3). The anionic (D55/D57) and cationic  10/M66 and, except for R35 (Figure 1), remain so on ligand
(R35/R71) centers stabilize the amino and carboxylic groups, binding in KIV-10/M66/EACA and KIV-10/T66/EACA. In
respectively, while the hydrophobic pocket (W62, F64, W72, KIV-10/M66, residue D55 is in the same orientatign &
Y74) interacts with the methylene chain of the ligand. Thus, 60°) as in plasminogen K1 and K4. In plasminogen K5,
the KIV-10/T66/EACA structure determined here differs very however, D55 extends into the solvent region in a different
significantly from the unbounded KIV-10/T66/EACA struc- orientation f; ~ 100°) apparently nonconducive to ligand
ture reported previously29), which only showed ligand  binding (30). It has been suggested that the D55 residue of
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Table 4: Probable Conserved Hydrogen Bonds (A) in LBS of KIV-10

KIV-10/M66 KIV-10/M66/EACA KIV-10/T66/EACA KIV-10/M66R72
Arg35-NH2 Pro54-0O 3.00 a a 3.20
Asn53-0OD1 Asp55-OD1 2.59 2.85 3.02 376
Asn53-OD1 Asp55-N 2.75 2.82 244 251
Asn53-ND2 Asp57-0 2.77 2.90 3.02 3.17
Asn53-ND2 Asn5-0O 2.50 2.75 2.63 2.54
Asn53-0OD1 Trp62-NE1 2.51 2.74 2.70 3.01
Asp57-OD1 Tyr74-OH 2.88 241 2.87 244
Asp57-OD1 Thr58-N 2.64 2.68 2.59 2.46
Asp57-0D2 Q242/212/255 3.60 3.06 2.96 c
Pro61-0 Cys75-N 3.00 2.85 2.94 3%43
Pro61-O Q228/264/258 272 2.74 3.23 c
Trp62-N Arg52-0 2.77 2.81 2.95 2.66
Trp62-0 Arg52-N 3.50 3.11 3.06 345
Cys63-N Glu73-O 3.04 2.98 3.01 349
Cys63-0 Glu73-N 3.03 2.99 3.15 317
Phe64-N Q201/202/208/219 2.73 2.88 274 2.58
Phe64-O GIn23-N 2.61 2.64 2.69 338
Arg71-0 Thré5-N 3.10 3.10 2.96 2.58
Arg71-NH1 Arg32-0 2.65 2.75 2.86 3.87
Trp72-0 Q.222/249/239 3.48 3.05 2.96 c
Tyr74-N 0,219/237/308 2.72 2.96 2.88 c
Tyr74-0 Vall7-N 2.88 3.00 3.06 3.68

aR35 undergoes a conformational changumbering of water molecules in respective structuté&ue to the shrinkage of the-axis of the

mutant, the solvent content is reduced to 22% (total of 41 water molecules, Table 3), resulting in the loss of hydration interactions and some

hydrogen bonds.

Table 5: Hydrogen Bonds (A) in LBS of KIV Dependent on
Ligand Binding and the W72R Mutation

KIV-10/ KIV-10/ KIV-10/

kringle ligand M66/EACA T66/EACA M66R72
Arg35-NE EACA-OZ 2.98 272
Arg35-NH1 Q,242/291 3.01 3.12
Arg35-NH2 EACA-OZ 3.05 2.87 Pro54-0 (3.20)
Arg35-NH2 Arg32-NH? 2.67 3.22
Arg35-NH2 Arg32-NH2 3.25
Pro54-O Q261/244 2.97 2.98 Arg35-NH2 (3.20)
Asp55-OD2 EACA-NZ 2.62 2.75  Arg32-NE (3.1%9)
Asp57-OD2 EACA-NZ 2.53 2.87 Arg72-NH2 (3.01)
Arg71-NE EACA-O 2.658 3.13
Arg71-NH1 EACA-O 3.00 2.75

Arg71-NH2 Thr29-0G1 (3.20)
2 Possibly a hydrogen bonlSymmetry-related molecule.

K5 reorients on ligand binding to form a doubly charged
anionic center along with D57, which then interacts with
the amino group of the ligand as in KIV-10, K1, and K4.
Thus, the LBS region of K5 possesses the anionic center,
but with 135 and L71, it lacks the cationic one. It would
therefore be expected that K5 can bind longer alkylamines

such as 5- and 6-aminopentane and -aminohexane, respec-

tively, which it does 80).

All three binding centers are operative in KIV-10/M66/
EACA and KIV-10/T66/EACA examined in the present
work, and EACA binds to the LBS in the embedded way
(Figures 1 and 2). This binding mode, also observed in
plasminogen K1 and K4 (Figure 1), is consistent with binding
constants of different ligands discussed earlier. Thus, the
binding of embedded KIV-10/T66/EACA is very different
from the unbounded mode previously reported for the KIV-
10/T66/EACA structurg29). It is noteworthy, however, that
lysine binding kringles can bind ligand in two different ways.

The source of the binding mode variance between our
work and that of Mikol et al(29) most likely resides in the
different conditions used for crystallization. The major
differences are as follows: unbounded KIV-10/T66/EACA,

protein concentration 5 mg/mL, pH 7.5, in the presence of
40 mM NaCl; present work KIV-10/T66/EACA, 12 mg/mL,
pH 5.6, no NaCl but with 10% 2-propanol and a 10-fold
molar excess of EACA [latter unreported by Mikol et al.
(29)). Although the different pH conditions might seem
important, liganded K1 and K4 crystals in the embedded
mode were grown at higher pH values of 6.5 and 6.0,
respectively. It is of some note that, in the LBS of
unliganded plasminogen K1 crystals, there are two chloride
ions in the vicinity of the cationic center, which appear to
interact with and neutralize R35 and R71 electrostatically
(26). In the case of unliganded plasminogen K4, the anion
is a sulfate and the interaction is more complicated by the
additional presence of a symmetry-related molec@l@).
Thus, it is conceivable that the unbound ligand binding mode
of KIV-10/T66/EACA (29) could result because of an anion-
compensated cationic center. However, examination of the
B-values of the water molecules in the LBS of the latter
reveals only evidence for water molecules of solvation (no
inordinately smalB-values evidencing anions).

The unique features of the LBS of the apo(a) KIV-10 of
rhesus and chimpanzee are the point mutations that lead to
an impairment in EACA binding and binding to lysine
Sepharos€13, 16, 19) The structure of the recombinant
mutant KIV-10/M66R72 shows that R72 extends along the
ligand binding groove parallel to the expected position of
EACA, toward the negatively charged D55/D57 anionic
center, and makes a hydrogen-bonded salt bridge with D57
(Figure 3, Table 5). Thus, the R72 side chain mimics ligand
binding, and loss of binding ability is the result of a steric
blockage of the LBS by R72 physically occupying part of

4 Mikol et al. crystallized unliganded KIV-10/T66 and KIV-10/T66/
EACA (EACA in the unbounded binding mode) isomorphously (space
groupP2;) (29). Using practically the same conditions, however, they
crystallized KIV-10/T66 liganded witlp-(aminomethyl)benzoic acid
in the embedded binding mode isomorphous (space gp@i2;) with
KIV-10/M66, KIV-10/M66/EACA, and KIV-10M66/EACA of the
present work.
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Ficure 2: Stereoview of the final B, — F. electron density of EACA of KIV-10/T66/EACA displaying the embedded binding mode
contoured in purple atd Two conformations of R32 are shown; R32 of the symmetry-related molecule (R132) is in all red.

Ficure 3: Stereoview of the superposition of KIV-10/M66R72 (atom colors) on KIV-10/M66/EACA (gray) showing R72 approximating
EACA binding. Note the different conformation of R35 in the two structures.

the site. The LBS structure of KIV-10/M66R72 is similar to  between the KIV-10 of rhesus and chimpanzee could not be
the LBS region of PTK1, which has an R72 equivalent but assessed further because the lysine binding conditions were
lacks the D57 to make a salt bridge. In this case, R72 appearsot provided for the chimpanzee prodyi®).

to form a salt bridge with D55. This structure was used  Superposition of the KIV-10/M66 and the ligand-bound
previously to model closely the LBS of rhesus KIV-10/ KIV-10/M66/EACA and KIV-10/T66/EACA structures shows
M66R72(13). In turn, the D57N point mutation in the LBS  that the binding of EACA in KIV-10 is accompanied by (1)
of KIV-10/N57 of chimpanzee simply lowers the negative a displacement of water molecules from the EACA binding
electrostatic charge of the anionic center that appears to begroove and (2) a movement of the arginyl residue of R35
so critical for the binding of the quaternary, positively (Figure 1). Three water molecules (€58, Q,259, Q,260)
chargede-amino group of lysine and other zwitterionic extending from the anionic to the cationic center in KIV-
ligands. This only leads to an electrostatic impairment of an 10/M66 are displaced by EACA with ligand binding. Two
otherwise capable LBS. Since the N57 side chain is geo- other hydrogen-bonding water sites, located in the LBS
metrically nearly isostructural with the D57 it replaces and region but not in the EACA binding groove, are conserved
can be a hydrogen bond donor or acceptor, it would seemin both structural types (Table 5). Similar to binding of
that the LBS function of KIV-10 of chimpanzee should be EACA, the W72R mutation causes the displacement of water
less impaired compared to that of the rhesus monkey, molecules from the binding groove. Additional examination
primarily because the steric impairment of the latter excludes of the residues within 5.0 A of the LBS indicates only a
ligand physically. This suggested difference in LBS function conformational change in residue R35 on binding EACA.
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In the ligand-free structures of KIV-10/M66 (Figure 1) and KIV-10. From the standpoint of the athero-thrombogenic
KIV-10/M66R72 (Figure 3), residue R35 adopts an extended potential of Lp(a), this type of mutation has been suggested
conformation, almost parallel to the LBS groove, and utilizes to be benign on the premise that it would be unable to
a hydrogen bond with P540 (Table 4). Upon ligand binding, interfere with the plasminogen to plasmin convers{@B,
R35 of the M66 and T66 variants swings around the-CA  14). This view has recently received support from studies
CB bond by about-120° toward the cationic center but with transgenic micg38). Because of the pathobiological
remains extended, bringing the guanidinium group close to significance of the LBS and its potential for mutability, it
the carboxylate of EACA to assist R71 in stabilizing the would be of further interest to study additional natural and/
anionic end of the ligand (Figures 1, 2, and 3, Table 5) as in or artificial mutations in order to define their impact on the
plasminogen K4. The movement is accompanied by an lysine binding activity of apo(a) KIV-10. In the current study
approximately 1.3 A shift of the tyrosyl ring of the side chain we have shown that the replacement of M by T in position
of Y41 into the vacancy created by the R35 conformational 66 had no significant structural consequences, in agreement
change. When R35 is in the ligand binding posture, two water with the finding that this common human mutation is
molecules (@261, Q,244; Table 5) also occupy the vacancy functionally silent. The example provided by chimpanzee
created by the shift. The KIV-10/T66/EACA also shows the Lp(a) of a substitution at D55 by N is of interest in that we
arginyl reorientation but the guanidinium amino groups predict that such a substitution would lead to only a relatively
correspond to weaker electron density so their orientation is modest degree of functional impairment of lysine binding
not as certain as that of the M66 variant. function compared to that of the rhesus. A functional
Superposition of the KIV-10 variants also revealed dif- hierarchy in the LBS might account for the variability in
ferent conformations for R32. This residue is located on the lysine binding activity among human subjects based on
surface of the kringle and is adjacent to the LBS of a measurements of whole plasnid4, 39) In this context,
symmetry-related molecule and appears to play a role in however, we cannot rule out the contribution to the binding
molecular packing. The conformation of R32 is similar in by a second LBS contained in the region between apo(a)
the KIV-10/M66 and KIV-10/M66/EACA structures. In  KIV-5 and KIV-8 (40). This region is usually open in free
addition to a favorable hydrogen-bonding interaction between apo(a) whereas it is essentially masked when apo(a) is a
its carbonyl oxygen atom and R71NHL1 in the free and ligand- constituent of the Lp(a) particl€40, 41) A structural
bound structures (Table 4), the terminal guanidino nitrogen understanding of the region may be of some consequence
atoms of R32 in KIV-10/M66/EACA participate in a in view of its suggested involvement in the lysine-mediated
complicated electrostatic cluster comprised of the carboxyl binding of apo(a) to fibrinogei42).
group of EACA of the symmetry-related molecule and R35/
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