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ABSTRACT. The conformation of Lp(a) was probed with a setwwiminocarboxylic acids and other analogs

of 6-aminohexanoic acid (6-AHA). Using the viscosity-corrected sedimentation coefficient, six additional
ligands were shown to induce a major conformational change in Lp(a), from a compact form to an extended
form. These weré&rans-4-(aminomethyl)cyclohexanecarboxylic acid (t-AMCHA), proline, 4-aminobutyric
acid, 8-aminooctanoic acitii*-acetyllysine, and glycine. Lysindlé-acetyllysine, glutamic acid, and adipic

acid were determined not to cause a conformational change. Urea and guanidine hydrochloride were
ineffective at inducing this conformational change at concentrations at which the above ligands did unfold

Lp(a). The conformational change was inhibited

by 100 mM NaCl and to a lesser extent by 20 mM

sodium glutamate. Despite the fact that these two salts have nearly the same ionic strengths, the greater
inhibition of the unfolding by NaCl is consistent with a proposed stabilization of interkringle interactions

by chloride ions. In 100 mM NaCl, which most closely resembles physiological conditions, only proline,
4-aminobutyric acid, 6-AHA, and t-AMCHA were effective ligands. By analyzing the dimensions of the
conformation altering ligands, we propose that a critical variable in determining the effectiveness of a

ligand in disrupting Lp(a) is the distance between

the carboxyl and amine functions of the ligand. The

optimal distance is approximately 6 A, which agrees with the observeeb@6A separation of the cationic
and anionic centers of known plasminogen and apo(a) lysine binding sites. These studies have implications

for the mechanism of Lp(a) particle assembly.

Lipoprotein(a) [Lp(a)} is a large cholesteryl ester-rich,
LDL-like lipoprotein particle of which the protein moiety
consists of two large glycoprotein molecules, apoB and
apo(a), linked by a disulfide bond (Fless et al., 1984, 1985,
1986). Apo(a) is a multidomain protein which is composed
of a protease domain and a variable number of structural
units, called kringles (K), that have extensive homology to
similar domains occurring in plasminogen (McLean et al.,
1987). It is polymorphic in nature and may contain from
12 to 51 K-IV domains in addition to a single K-V and a

protease domain (McLean et al., 1987; Lackner et al., 1993).

There are 10 types of K-1V (Morrisett et al., 1990), of which
K-IV 1o contains a strong lysine binding site (LBS) (Scanu
etal., 1993, 1994; Lograsso et al., 1994; 1994; Hoover-Plow
et al., 1996), and K-I\¥_g contain weaker LBS (Edelstein et
al., 1995; Ernst et al., 1995; Frank et al., 1995; Gabel et al.,
1996; Klezovitch et al., 1996). Polymorphism is due to
variation in K-V, domains whereas the other kringle
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1 Abbreviations: Lp(a), lipoprotein(a); apo(a), apolipoprotein(a);
apoB, apolipoprotein B; LDL, low-density lipoprotein; t-PA, tissue
plasminogen activator; K, kringle; K-IV-210, apo(a) kringle domain
of subtypes $10, all with homology to kringle 4 of plasminogen; LBS,
lysine binding site; 4-ABA, 4-aminobutyric acid; 6-AHA, 6-amino-
hexanoic acid; 8-AOA, 8-aminooctanoic acid; t-AMCH#rans-4-
(aminomethyl)cyclohexanecarboxylic acid; dNAcLys, N*-acetyl+-
Lysine; N<-AcLys, Né-acetyli-lysine; Glu, glutamic acid; N&EDTA,
sodium salt of ethylenediaminetetraacetic acid; SDS, sodium dodecyl
sulfate; PAGE, polyacrylamide gel electrophoresis; HEPES, sodium
salt of N-(2-hydroxyethyl)piperazin®&¥-2-ethanesulfonic acid; HBS,
HEPES-buffered saline (10 mM HEPES, 150 mM NacCl, 0.01%-Na
EDTA, and 0.01% Nap| pH 7.4).

domains are constant (Koschinsky et al., 1990; Vanderhoek
et al., 1993).

Relatively little is known regarding the disposition of
apo(a) on the lipoprotein surface. Results of a compositional
analysis indicated that in comparison to other lipoproteins,
the amount of protein needed to stabilize the lipoprotein
surface was exceeded by Lp(a). This implied that apoB was
imbedded in the surface lipid monolayer, and that apo(a)
either made contact with apoB or extended into the medium
(Fless et al., 1984). Small-angle X-ray scattering studies of
Lp(a) supported a similar conclusion by placing the location
of apo(a) above the surface, wrapped around the particle
without major globular domains projecting into the aqueous
medium (Prassl et al., 1995). This strongly suggested that
besides the disulfide linkage, other noncovalent interactions
between apo(a) and apoB were required to maintain apo(a)
close to apoB or the lipoprotein surface. Such a structure
was found to be consistent with the relatively low frictional
coefficient (1.24) and radius (141 A) obtained by a hydro-
dynamic analysis of Lp(a) (Fless et al., 1996). Since both
parameters did not increase in magnitude with either apo(a)
mass or kringle number, this again suggested a compact
particle in which apo(a) is closely apposed to the lipoprotein
surface.

Because apo(a) has structural similarities to plasminogen,
Lp(a) can inhibit the action of plasminogen on fibrin and
cellular surfaces that are mediated by the lysine binding
function of its kringles (Edelberg et al., 1989; Hajjar et al.,
1989; Kluft et al., 1989; Miles et al., 1989; Loscalzo et al.,
1990). Besides the aforementioned similarities between
apo(a) or Lp(a) and plasminogen, the two particles share an
additional property. Like Glu-plasminogen (Alkjaersig,
1964; Abiko et al., 1969; Violand et al., 1978; Mangel et
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al., 1990; Christensen & Molgaard, 1992; Ponting et al., (Fless et al., 1994), Lp(a) protein was determined by the
1992a; Marshall et al., 1994; Markus, 1996), Lp(a) can method of Lowry et al. (1951), as modified by Markwell et
undergo a conformational change from a compact form to al. (1978), using bovine serum albumin as standard. A
an extended or open structure on binding the lysine analogweighted factor of 1.07 was used to correct the Lowry value
6-AHA (Fless et al.,, 1996). The compact form of Glu- to the true protein concentration based on the chromogenicity
plasminogen appears to be maintained by interactionsof apoB (0.926) and apo(a) (1.40).

involving its weak LBS, in particular a link between alysine  Apalytical Centrifugation. Sedimentation and flotation
residue in the N-terminal peptide and a LBS in K-V, and a equilibrium experiments were performed with a Beckman
second kringle-kringle interaction involving K-lll and a LBS Optima XLA ultracentrifuge interfaced to a Dell Optiplex
in K-1V [reviewed by Markus (1996)]. The conformational -~ x\MT 590 personal computer, an AN-60 Ti four-place rotor,
change observed with either Glu-plasminogen or Lp(a) is and analytical cells equipped with six-channel charcoal-filled
reversible and can be detected by a change in their centerpieces. The molecular weight and partial specific
sedimentation rates. With Lp(a), the magnitude of the yolume of Lp(a) in five different solutions, containing from
decrease in sedimentation velocity caused by the binding of 19 100% DO, were determined by equilibrium centrifuga-

6-AHA is directly proportional to apo(a) mass (Fless et al., tjon carried out as described previously (Fless et al., 1994;
1996). Analysis of ligand binding indicated that, depending Fless & Santiago, 1997).

on the phenotype, from 1.4 to 4 molecules of 6-AHA may
be bound to Lp(a). Comparative studies with several human
Lp(a)s and one rhesus Lp(a) led to the conclusion that weak
LBS on K-IVs_g may be involved in maintaining the structure
of Lp(a). Binding 6-AHA disrupts these interactions and
promotes a change in configuration in which the variable

K-1V> apo(a) domain extends away from the surface, while velocity runs. The cells were scanned at 8 min intervals;

the invariable K-1\4_¢ domains remain close to the lipo- ;
protein surface (Fless et al., 1996). The expanded structureusually 16 data sets were collected after eitad or a 16

of Lp(a) has a hydrodynamic radius that varies from 168 to min delay. Data from sedimentation velocity experimgnts
247 A, and has greatly increased frictional resistance to v ¢ analyzed using the XLA-veloc program of the Optima

sedimentation represented by frictional coefficients that ran eXI"A data analysis software (Beckman, Palo Alto, CA) in
P y . 9 conjunction with Origin software (Microcal Software, North-

from 1.46 to 2.14 for apo(a)s having from 15 to 32 K-IV hampton, MA)

domains. The conformational change is entirely due to the pton, '

apo(a) moiety, since 6-AHA has no effect on the hydro-  Solvent density was measured with a Precision Density
dynamic properties of LDL. Meter DMA-02-C (Mettler/Paar). The instrument was

calibrated with distilled water and dry air at known baro-
metric pressure. The temperature of the vibrating density
meter cell was controlled to 2@ 0.01°C with an external
water bath. Solvent viscosity was measured with Cannon-
Manning semi-micro calibrated viscometers (Cannon Instru-
ment Co., State College, PA) using a Cannon Instrument
Co. constant temperature water bath controlled ta-2ZD01

°C.

Sedimentation velocities of Lp(a) were measured using
the An-60 Ti rotor and double-sector cells with aluminum-
filled epon centerpieces and quartz windows (Fless et al.,
1996). The rotor speed was 40 000 rpm, and the temperature
was controlled at 20°C. Both rotor and cells were
preequilibrated to 20C before starting the sedimentation

The purpose of the present investigation was to character-
ize the effect of various lysine analogs, and other amino acids
including proline and glutamate, on the conformation of
Lp(a). We will show that severab-amino acids are able to
induce a conformational change of Lp(a), that there is a
definable relationship between the geometry of the ligand
and its ability to induce a conformational change, and that
this effect can be modulated by the presence of different

salts. Lp(a) was dialyzed extensively against 10 mM HEPES,
0.01% NaEDTA, and 0.01% Nah| pH 7.4, and was then
EXPERIMENTAL PROCEDURES adjusted by dilution to a protein concentration of ap-

proximately 0.2-0.3 mg/mL and the desired concentrations

Materials. L-Lysine,L-proline,L-glutamic acid, glycine,  of ligand, which were also prepared with the above buffer.
N®-acetyli-lysine, Ne-acetylt-lysine, t-AMCHA, 6-AHA, For plots of the viscosity-corrected sedimentation coefficient
HEPES, and BD (99.9% atom D) were obtained from Sigma  (ys) vs density or ligand concentration, the ligand concentra-
(St. Louis, MO). Sodium acetate, adipic acid, 4-ABA, and tjon ranged from 50 mM to 1 M, or to the limit of solubility
8-AOA were purchased from Fluka (Ronkonkoma, NY). for the particular ligand. For experiments designed to
Sodium phosphate (monobasic) and sodium chloride weredetermine the binding constant of various ligands to Lp(a),
obtained from Fisher Scientific (PlttSbUrgh, PA) Guanidine the range of ||gand concentration was extended down to 1
hydrOChloride was obtained from Heico/Whittaker (Delawa.re mM or less. To prevent the unfo|ding of Lp(a) at low ionic
Water Gap, PA) and urea from BRL (Gaithersburg, MD). strength, 100 mM NaCl or 20 mM Glu was added to all
All reagents were the highest quality available. solutions of a particular set of ligand. For solution sets

Preparation of Lipoprotein(a).One subject, whose plasma containing no ionic strength supplemeng was corrected
contained 2 apo(a) polymorphs having either 15 or 27 K-1V for its downward excursion at low ionic strength by using a
domains, at a respective relative abundance of 10 to 1, servedstandard curve, constructed from a plotysfas a function
as donor for the preparation of Lp(a). He gave informed of ionic strength due to variation in the concentration of
consent prior to plasmapheresis. Lp(a) (15 K-IV) was glutamic acid. The experimental points were adjusted by
isolated from plasma by a combination of lysir@epharose  adding the difference ins (at a given ionic strength below
chromatography and density gradient centrifugation using 0.05) between the experimental value and the corresponding
previously described methods (Fless et al., 1986; Snyder etvalue determined from a line fitted to the data obtained at
al., 1992; Fless & Snyder, 1994). As previously described concentrations of Glu greater than 50 mM.
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Data Analysis. For each ligand examined, plots g vs
density were extrapolated to unity. These values were
corrected to water at 28C using the relation

5 7]5(1 - va)
bsnw(l - 1_/ps)

where s and 7, are, respectively, the viscosities of the
solvent and water at 2TC; p,, and ps are, respectively, the
densities of pure water and solution at 2D, andv is the
anhydrous lipoprotein partial specific volume determined in
D,0. The effective hydrodynamic radius of Lp(&,, was
calculated from the relation:

SZO,W =

__t
Rh_67n7

wheref is the translational friction coefficient angis the
solution viscosity. The frictional coefficient, was deter-
mined from the molecular weight and partial specific volume
obtained by sedimentation equilibrium in,®, and the
Svedberg equation:

_ M(1 — vp)

f Ns

where M is the molecular weighty the partial specific
volume, ands the sedimentation coefficient of the lipopro-
tein; p is the solvent density and is Avogadro’s number.
The preferential hydration, in terms of grams of excess
water per gram of lipoprotein was calculated from the
relation:

_pv—1
1- PhVw
wherepn is the hydrated density of Lp(a) obtained from the
horizontal intercept ofisvs density plots and, is the partial
specific volume of water (Cox & Schumaker, 1961a).
In the determination of binding constants, the hydro-
dynamic partial specific volumey;,, was used instead of
it is the reciprocal of the Lp(a) particle hydrated density,

e.g.,7n = 1/pn. This gave a differently corrected sedimenta-
tion coefficient,s,,,, Which is defined as follows:

s, 773(1 - thw)
bs77w(1 - vhps)

The binding of ligands to Lp(a) in terms of changes in the
sedimentation coefficient was analyzed using the previously
derived expression:

oo &SI
Kg+[L]"

%O,W =

wheres is the sedimentation coefficient, e.gpw, S ands.

are the corresponding values of the compact and extende
forms of Lp(a), [L] is the ligand concentration, aKd is an
apparent dissociation constant (Fless et al., 1996). The latte
is defined by the expression:

_ [Lp(@)dIL]”
" Lp@eL

Fless et al.

where [Lp(a)-L.] represents a complex between the extended
form of Lp(a) andn molecules of ligand.

Molecular Modeling of Ligands.Conformation-altering
ligands of Lp(a) were modeled using the Insight Il software
package on a Silicon Graphics Interface. The Discover
module of this package was used, first, to do an energy
minimization of each compound, followed by simulated
dynamics. The resulting distance between the amino nitro-
gen and the carboxyl carbon was measured using the same
software module. The distances were plotted against the
percent unfolding of the Lp(a) particle as determined in the
analysis of the sedimentation data. The resulting curves were
then analyzed as a second-order polynomial function, using
the curve-fitting routine of the program Kaleidagraph.

Viscometry. Viscosity measurements of Lp(a) were made
as described above. The relative viscosity of Lp(a) was
obtained from the relation:

o = plptlp
rel A

wherepy, is the density of the Lp(a) solutiops is the density
of the buffer solution, ant}, andt; are the respective flowout
times. The specific viscosityssp, is equivalent togre — 1.
By plotting the quantitynsfc as a function of Lp(a)
concentration @), the intrinsic viscosity, /f], was obtained
at the limit of zero concentration. The density of Lp(a)-
containing solutions was calculated from the relation:

Ccv

_ c
Pp = ps(l ~ 100"

1OQO)

wherev is the partial specific volume of Lp(a) arudis the
Lp(a) concentration in grams per deciliter (McKie & Brandts,
1972).

RESULTS

The binding of the lysine analog 6-AHA to Lp(a) promotes
a profound conformational change of the lipoprotein particle
that can be analyzed by measuring and plotting the sedi-
mentation coefficient, corrected for solution viscosity and
density, as a function of 6-AHA concentration. In an effort
to determine the specificity of this configurational alteration,
we exposed Lp(a) to several-aminocarboxylic acids, in
addition to various amino acids, salts, and other compounds
not expected to elicit a change in the molecule.

Molecular Weight and Partial Specific Volume of Lp(a).
Lipoproteins, including lipoprotein(a), do not have fixed
molecular weights or partial specific volumes, because they
are populations of particles with narrow size distributions.
For any given individual, these parameters are therefore
subject to small variation from one preparation to the next,
due to slight differences in the lipid content (and therefore

Odensity distribution), reflecting the nutritional status of the

donor, and slight methodological differences in Lp(a) isola-

lIion. For different preparations of the 15 K-1V Lp(a), the

sedimentation coefficient of the compact form was found to
vary +£0.5 S. Because this variation made the comparative
effects of different ligands on the conformation of Lp(a)
difficult to analyze, all results of this study were obtained
with one preparation of Lp(a).
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Ficure 2: Effect of proline and t-AMCHA on the sedimentation
coefficient of Lp(a). (A) Plot of the sedimentation coefficient of
Lp(a) corrected to standard conditions of water and°@0as a
function of amino acid concentration. The anhydrous partial specific
volume of Lp(a) obtained by sedimentation equilibrium igCDwvas
used in the density correction. (B) Plot of the viscosity-corrected
S . . . . sedimentation coefficient as a function of ligand concentration using
Frolm' equ!llbrlum centrifugation conducted in solutions the same experimental data as in (A). The fact that for both ligands
containing different amounts of D, the anhydrous molec-  piots of #s vs ligand concentration are linear above 100 mM
ular weight and partial specific volume of the 15 K-IV indicates that the decreasesi seen at the same concentrations
Lp(a) were calculated to be 3.28 10f and 0.9425 mL/g, in plot A is not caused by conformational change. LDL which does

; ; ; not undergo a global conformational change when exposed to the
respectively. O was used instead of NaBr to increase the w-aminocarboxylic acid, 6-AHA, is also not affected by proline as

solution density in order to prevent preferential hydration ghown by the lineans vs ligand concentration plot. For Lp(a):
of Lp(a) (Fless & Santiago, 1997). open circles, proline; and open triangles, t-AMCHA, for LDL:
Effect of Low lonic Strength and Preferential Hydration. closed circles, proline.
As observed previoush  values of Lp(a) were greatest
around 0.1+0.2 M NaCl and are indicative of the compact there was a sigmoidal decrease in the sedimentation coef-
form of Lp(a)(Figure 1A)(Fless et al., 1996). With lower ficient that appeared to level off between 30 and 200 mM
concentrations of NaCl, there was a concomitant decreasefor t-AMCHA and between 70 and 200 mM for proline.
in the sedimentation coefficient as Lp(a) assumed a moreHowever, with further increases in their concentraticas
extended conformation that is probably caused by chargevalues decreased again and had no clear end point. This
repulsion due to low ionic strength. A similar effect was phenomenon can be explained when preferential hydration
seen with phosphate, although the curve was shifted towardof Lp(a) caused by the presence of higher concentrations of
lower concentrations, because sodium phosphate has a highegalt or amino acids is taken into account. Because prefer-
ionic strength at equivalent concentrations of either NaCl or ential hydration decreases the magnitude of the apparent
sodium acetate. In the complete absence of salt, e.g., inpartial specific volume of Lp(a), its neglect leads to a smaller
water, thesyo,, of Lp(a) was found to be 10.58. However, density correction and lower than expectggl, values.
at higher concentrations of either of the three salts, the Viscosity-Corrected Sedimentation Coefficieimt.an effort
sedimentation coefficient of Lp(a) decreased again. When to circumvent this problem, the viscosity-corrected sedimen-
the results observed with sodium acetate, chloride, andtation coefficient was plotted as a function of solution density
phosphate were plotted as a function of ionic strength, all and/or ligand concentration. Treating the data in this manner
three curves superimposed. avoided the use of the complicating partial specific volume
All other compounds examined also lowered the sedimen- of Lp(a) and the density correction. Plots#s vs density
tation rate of Lp(a) when tested at higher concentrations. or ligand concentration are usually linear; curvature is
This is illustrated in Figure 1B, where high concentrations introduced only if there is variation in shape, molecular
of either glutamic acid or lysine, both in 100 mM NaCl, weight, or partial specific volume, or preferential hydration
decreasedyo , values in a manner similar to that observed of the macromolecule (Cox & Schumaker, 1961a). For
with NaCl or sodium acetate. Although not shown in the example, theys vs concentration plot of LDL exposed to
figure, the sedimentation coefficient at low concentrations various concentrations of proline is linear, which indicates
of Glu (without NaCl) decreased in the same manner as athat LDL does not change conformation when it is treated
function of ionic strength as the above salts. Inspection of with this ligand (see Figure 2B). This is in agreement with
the curves revealed that they are not sigmoidal, and it wasan earlier finding in which we showed that 6-AHA does not
difficult to detect an end point because of progressively elicit a conformational change in LDL (Fless et al., 1996).
falling sedimentation rates. In contrast, plots obtained with  Sedimentation velocity data of Lp(a) in t-AMCHA and
t-AMCHA, proline, and mostv-aminocarboxylic acids had  proline shown as; VS concentration plots in Figure 2A
a more complex shape that is illustrated in Figure 2A. In are compared tgs vs concentration plots of Figure 2B. It
the presence of increasing concentrations of amino acids,is immediately clear upon an examination of the plots,

Ficure 1: Effect of various salts and amino acids on the
sedimentation coefficient of Lp(a). (A) Sodium phosphate, filled
circles; sodium acetate, open circles; and NaCl, open triangles. (B)
Filled triangles, glutamic acid/100 mM NacCl; open circles, lysine/
100 mM NaCl. All solutions contained 10 mM HEPES, 0.01%Na
EDTA, and 0.01% NaBland had a pH of 7.4.
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' " A from the y-intercept of the % vs density plots of the
ineffective compounds had a mean value of 12t56.12 S
and are indicative of the compact conformation of Lp(a).
The buoyant densities derived from the horizontal axis varied
from 1.048 g/mL for lysine to 1.057 g/mL for NaCl, because
] of differential preferential hydration. There was essentially
1 s s wd no preferentia_ll hydration in solution_s c_ontaining from O to
[Phosphate], mM 100% DO (with 100 mM NaBr as ionic strength supple-
T ment), because the hydrodynamic partial specific volume (the
B reciprocal of the buoyant density) was identical to the
& GuHCI anhydrous partial specific volume of Lp(a). The latter was
—&—Urea determined by sedimentation equilibrium of Lp(a) taken from
the same set of D solutions used in the sedimentation
velocity experiments. The concentrations required to pro-
o duce zero sedimentation are also listed and show that for
o 1 2 3 4 5 some compounds concentrations as low as—0.8 M
Concentration, M L. . . . .
elicited extensive preferential hydration. Overall, preferential

Ficure 3: Effect of low ionic strength and denaturation on the ; ; o i O i
viscosity-corrected sedimentation coefficient of Lp(a). (A) Data hydrf_;ltlon of Lp_(a_l) varle_d from 6.9% in NaCl to 20% in
t.solutions containing lysine.

obtained between 50 and 400 mM phosphate were fitted to a leas > oo
squares line. The graph clearly shows the downward deviation from  Perhaps most surprising from this list of compounds was
a straight line at the lower concentrations of phosphate which is the fact that lysine at concentrations ranging ol t™M was

due to unfolding at low ionic strength. A logarithmic scale was totally ineffective in inducing a conformational change in

used for clearer presentation of the low phosphate data. (B) P, ; ; ;
Unfolding of Lp(a) at high concentrations of urea and guanidine Lp(a). Similarly, acetylation of the-amino group of lysine

hydrochloride. Dashed lines represent least-squares fits of the lineardid Not make it an effective conformation-altering ligand.
portion of data points. Solid lines represent polynomial fits through Since lysine as the free base is alkaline, it was used as the
all data points and allow a clear visual portrayal of the denaturation hydrochloride at neutral pH. Therefore, solutions of lysine
of Lp(a). Open circles, guanidine hydrochloride; open triangles, had salt concentrations in amounts that may have been
urea. sufficient to inhibit a change in the conformation of Lp(a).
Although it was impossible to study lysine in the absence
of anions, the fact that 6-AHA, 4-ABA, t-AMCHA, and
proline were able to overcome the NaCl induced inhibition
of the conformational change indicated that lysine was not
an effective ligand. Finally, as already stated above, the
denaturants urea and guanidine hydrochloride were also
ineffective in altering the configuration of Lp(a) at concen-
trations less than 2 and 1.5 M, respectively.

Conformation-Altering Ligands.Six additional ligands
besides 6-AHA were found to bind to Lp(a) and thereby
affect the conformation of this lipoprotein. Of these, five
s : were analogs of 6-AHA and included glycine, 4-ABA,
éé‘r’na'\t"urz’gog“;”l'_‘i;g {‘FﬁgLﬁghé"Br)'de' and are due to the g oA 't AMCHA, and N-a-AcLys. The only ligand not

) ' ) . fitting this category was proline. It was interesting thattN-

An obvious advantage of the usesxfvs density plotsis  AcLys was able to induce a conformational change in
sedimentation coefficient marking the complete unfolding chargec-amino group prevents lysine from interacting with
of Lp(a) in the presence of a particular ligand from the | pa). Initially, ligands were tested in the presence of 40
intercept of thQI-aXIS Addltlonally, the horizontal intercepts mM g|ycine to prevent unfo'ding of Lp(a) at |0W ionic
of svs density or ligand concentration plots give the particle strength. However, this compound was found to be unsuit-
buoyant density and concentration of ligand at which there gple, when it was discovered that glycine was able to change
is zero sedimentation. Knowledge of the buoyant density the conformation of Lp(a). Two other ionic strength
of Lp(a) and its partial specific volume allows the determi- sypplements, e.g., 100 mM NaCl and 20 mM Glu, also
nation of the preferential hydration, which is actually the affected the configuration of Lp(a). Since it proved difficult
difference between the amount of bound water and the tg find an agent that did not induce or inhibit a conforma-
amount of bound salt (Cox & Schumaker, 1961b). tional change of Lp(a), a third set of experiments was

Ineffectvte Compounds. The data obtained with all  performed without an ionic strength supplement.
compounds are grouped into two sets: those that proved The results shown in Table 2 indicate that the ligands
ineffective in eliciting a conformational change are presented varied greatly in their ability to induce a conformational
in Table 1, whereas the results acquired with the conforma- change in Lp(a), and that relatively small concentrations of
tion-altering ligands are shown in Table 2. With the NaCl or glutamic acid profoundly inhibited the ligand-
exception of sodium chloride, acetate, and phosphate, andnduced unfolding of Lp(a). The mean sedimentation
guanidine hydrochloride, all other compounds were tested coefficient of the compact form of Lp(a) obtained from the
in the presence of 100 mM NaCl which was added to preventthree sets of experiments was 12.640.22 S 6 = 14).
unfolding at low ionic strength. Thegy values calculated  6-AHA induced the greatest unfolding of Lp(a) by decreasing

12

especially in the case of t-AMCHA, that the decreassin

at higher ligand concentrations is not caused by a change in
conformation but is due to preferential hydration, because
the plot for t-AMCHA is linear from 70 to 900 mM. It
curves upward only at lower concentrations of t-AMCHA
in response to the change in conformation of Lp(a) caused
by the binding of ligand. Downward curvature g§ vs
density or concentration plots was observed at low salt
concentrations due to unfolding of Lp(a) at low ionic strength
(see Figure 3A). The only other deviation from a straight
line occurred at concentrations greatemti2aM for urea, or
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Table 1: Ineffective Compounds

compounds S0 (S) hydrated density(g/mL) concentratiot (M) hydratiorf [g of H,O/g of Lp(a)]
D,Od 12.52+0.13 1.061+ 0.000 — 0
chloride 12.65+0.12 1.057+ 0.001 1.41+0.02 0.074
acetate 12.640.12 1.056+ 0.001 1.36+ 0.03 0.087
phosphate 12.4% 0.23 1.049+ 0.001 0.414-0.01 0.228
lysine 12.46+ 0.06 1.048+ 0.000 0.85+0.01 0.250
N-e-AcLys 12.514+0.15 1.048+ 0.001 0.93+0.03 0.244
glutamic 12.414- 0.05 1.051+ 0.000 0.60+ 0.00 0.187
adipic 12.6740.09 1.055+ 0.000 0.52+-0.01 0.099
urea 12.74+ 0.12 1.050+ 0.000 2.94+0.03 0.201
GuHCI 12.42+ 0.08 1.0544+ 0.000 1.84+ 0.02 0.122

aValues represent the meanstandard error of the meahConcentration of salt, amino acid, or denaturant at which there is zero sedimentation
of Lp(a). ¢ Preferential hydration was calculated from the hydrated density and partial specific volume of Lp(a) as defined under Experimental
Procedures? The sedimentation coefficient of Lp(a) was determined in solutions containing various concentratio@witid100 mM NaBr as
ionic strength supplement.

Table 2: Conformation-Altering Ligands

S0P unfolding® density© R concentratioh® hydratior
ligand salt S) (%) (g/mL) A (M) [g of H,O/g of Lp(a)]
glycine - 11.23+0.09 46.7 1.05@: 0.001 152 1.62£ 0.03 0.205
glycine 20 mM Glu 11.95t 0.03 22.8 1.055- 0.001 143 1.59 0.01 0.104
glycine 100 mM NacCl 12.5% 0.11 1.7 1.052+ 0.001 135 1.53 0.02 0.163
4-ABA - 9.63+0.13 99.7 1.054 0.002 177 1.96t 0.07 0.068
4-ABA 20 mM Glu 10.39+ 0.15 74.5 1.059 0.002 164 1.8# 0.06 0.035
4-ABA 100 mM NaCl 11.05+ 0.19 52.6 1.058: 0.002 154 1.82 0.04 0.051
6-AHA - 9.624+ 0.27 100.0 1.04& 0.002 177 1.76t 0.09 0.252
6-AHA 20 mM Glu 10.414+ 0.02 73.8 1.049 0.000 164 1.76t 0.00 0.228
6-AHA 100 mM NaCl 10.55+ 0.24 69.2 1.048: 0.001 162 1.64 0.04 0.252
8-A0A - 10.41+ 0.06 73.8 1.044 0.003 164 1.72£0.11 0.435
8-A0A 20 mM Glu 11.24+ 0.08 46.4 1.05@: 0.001 152 2.08t 0.06 0.206
8-AOA 100 mM NaCl 12.5A4 0.18 2.3 1.044£ 0.002 135 1.740.18 0.352
t-AMCHA - 9.78+ 0.02 94.7 1.05@: 0.000 174 1.33£ 0.00 0.205
t-AMCHA 20 mM Glu 10.06+ 0.05 85.4 1.055- 0.001 169 1.25t 0.02 0.104
t-AMCHA 100 mM NaCl 10.49+ 0.18 71.2 1.04& 0.001 163 1.14+ 0.02 0.276
proline - 10.41+ 0.05 73.8 1.045- 0.001 164 1.35 0.03 0.328
proline 20 mM Glu 10.75t 0.19 62.6 1.053 0.003 159 1.54 0.08 0.142
proline 100 mM NacCl 11.4% 0.08 38.7 1.048 0.001 149 1.33: 0.03 0.254
N-o-AcLys - 10.61+ 0.23 67.2 1.04& 0.002 161 0.99 0.04 0.282
N-a-AcLys 20 mM Glu 10.91+ 0.10 57.3 1.044- 0.001 156 0.86- 0.01 0.352
N-o-AcLys 100 mM NacCl 12.60Gt 0.06 1.3 1.049t 0.000 135 0.96: 0.01 0.228

aValues represent the meanstandard error of the meahPercent unfolding= (§s. —S) x 100, wheres, ands. are the sedimentation coefficients
of Lp(a) in 100 mM NaCl and saturating amounts of 6-AHA, respectivelyydrated density was obtained from the horizontal interceptsofs
density plotsf R, is the effective hydrodynamic radius of Lp(a) and was calculated as defined under Experimental Proé€&hmesntration of
ligand at which there is zero sedimentation of Lp{&referential hydration was calculated from the hydrated density and partial specific volume
of Lp(a) as defined under Experimental Procedures.

the sedimentation rate from 12.64 to 9.62 S. The confor- ligand, hydrated densities ranged from 1.041 g/mL (8-AOA)
mational changes induced by the other ligands were calcu-to 1.059 g/mL (4-ABA/20mM Glu), and the corresponding
lated relative to this change of 3.02 S and are presented inpreferential hydration varied from 30.3 to 3.4%, respectively.
Table 2 as percent unfolding. In the absence of an ionic To test the hypothesis that the proline binding site was
strength supplement, Lp(a) unfolded to the maximal extent distinct from the LBS, the concentration of proline was varied
in the presence of 4-ABA, 6-AHA, and t-AMCHA. Some- from 200 to 750 mM in the presence of saturating amounts
what less effective were 8-AOA, proline, anddNAcLys of ttAMCHA (200 mM) and 100 mM NacCl, in order to
which unfolded Lp(a) 67#74%. Glycine, which produced determine if there was additional unfolding of Lp(a) above
only half of the effect observed with 6-AHA, was least and beyond that achieved with 200 mM t-AMCHA alone.
effective. Adding 20 mM glutamic acid to the ligands ThesywVvalue of 10.57 S measured in the presence of both
partially inhibited their ability to unfold Lp(a). Again, ligands is almost equal to the one determined in 200 mM
4-ABA, 6-AHA, and t-AMCHA were most effective; t-AMCHA alone (10.49 S), indicating that no additional
however, they unfolded Lp(a) only 74.5, 73.8, and 85.4%, unfolding took place. This finding provides some evidence
respectively. These were followed by proline (62.6%)yN-  suggesting that the two binding sites may be the same, but
AcLys (57.3%), 8-AOA (46.4%), and glycine (22.8%), which does not constitute proof, and further experimentation is
again was the least effective ligand. In the presence of 100necessary to clarify this issue.

mM NacCl, three ligands, e.g., glycine, 8-AOA, andad\N- The effective hydrodynamic radius of Lp(a) was calculated
AcLys, were totally ineffective in eliciting a conformational in order to quantify the physical expansion of the molecule
change. With 6-AHA and t-AMCHA, only 70% of the in the presence of the conformation-altering ligands. The
maximal conformational change was achieved, followed by compact Lp(a) particle had a radius of 135 A in 100 mM
4-ABA (52.6%) and proline (38.7%). Depending on the NaCl, which increased to 162 A in the presence of 6-AHA
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Table 3: Binding Parameters of Lpfa)

20 MM Glu 100 mM NaCl inhibition of Lp(a) reassembly
Kg x 10° (M) n Kso (mM) Kg x 10° (M) n Kso (mM) ICP5 (mM) 1C%; (mM)

glycine 1.06+ 3.18 1.7£0.7 16.8+ 2.9 - - — - -
4-ABA 15.9+ 15.9 1.6+ 04 97.8+ 7.6 18.5+41.3 1.8+1.0 106+24 2.1 -
6-AHA 11.94+20.4 1.9+ 0.6 102+ 11 22.0+ 17.9 1.7£0.3 108+ 3 4.8 11
8-AOA 434+ 8.29 1.5+ 0.5 24.4+ 3.4 - - - - -
t-AMCHA 6.01+5.75 1.3+ 0.2 23.2+ 2.2 6.60+ 8.63 1.7£0.4 51.7+ 5.6 0.65 -
proline 2.87+ 4.92 1.7£05 29.44+ 3.1 4,73+ 5.89 1.4+ 0.3 23.3+ 3.2 21 20
N-o-AcLys 61.94+ 131 1.0+ 0.6 64.0+ 9.9 - — — 9.7 9.5
lysine - - - - - - 38 11
N-e-AcLys - — — - — - 52 66

@ The dissociation constarity, was calculated from the binding curves as described under Experimental Proc&dyxesues are equivalent
to the ligand concentration at which the value of the sedimentation constant is half-way between that of the compact and extended forms of Lp(a),
and were obtained by a logit transformation of the binding curves (Fless et al., 1989). All values represent thestasalard error of the mean.
bValues taken from Frank et al. (1995)Values taken from Gabel et al. (1996).

or t-AMCHA. However, when 20 mM Glu was substituted

for NaCl, the same ligands increased the radius only a few
additional angstroms. The other compounds were much
more effective in 20 mM Glu than in 200 mM NacCl, which 12
is indicative of the strong inhibitory effect of NaCl on the

20,w

conformational change of Lp(a). In the absence of either 21

NaCl or Glu, Lp(a) expanded to 177 A when exposed to ~©7100 mM NaCl

6-AHA or t-AMCHA, a 42 A increase. Glycine achieved 1o b £ 20mM Gl

the smallest expansion (152 A), which is less than half the e .Add'twe s

magnitude attained with 4-ABA, 6-AHA, and t-AMCHA. 0.0001 0.0 0.01 0.1 !

Binding Constants.The titration curves obtained for each E 4: Unfolding of L (a)[4'?hB$1]c,reh;s'n concentrations of
H i i H IGURE 4 | witn | | |
“gan.d were ConStruqted by. pIottlng_ Fhe VISCOSIty_.and 4-ABA as measuredgby thgdecrease in the segdimentation coefficient
Qen3|ty—c0rrected 'sedlmentatlon coefﬁmept as a functlor).of of Lp(a): Effect of 100 mM NaCl and 20 mM glutamic acid (in
ligand concentration. The hydrodynamic partial specific comparison to no additive) on the conformation of Lp(a). The
volume, v, was used instead of the anhydrous partial specific background buffer contained 10 mM HEPES, 0.01%BTA,
volume,#, in calculating the density correction. This allowed @and 0.01% Na pH 7.4. The solid lines represent the best fit

: : : ; theoretical curves calculated as described under Experimental
the generation of sigmoidal curves which proved to be Proceduress,, , values were calculated using the hydrodynamic

impossible with many ligands whenwas used, because of  partial specific volume of Lp(a) as defined in the text. Solid squares,
preferential hydration at higher concentrations of ligand.  no additive; open squares, 20 mM glutamic acid; open circles, 100

In the presence of 20 mM glutamic acid, six additional ™M NaCl.

ligands besides 6-AHA were found to change the conforma- consistent with those obtained previously (Fless et al., 1996).
tion of Lp(a), compared to three in 100 mM NaCl. Allhad |n that study, we examined 5 Lp(a) particles that had between
dissociation constants that were in the millimolar range, and 15 and 32 K-IV domains and determined that the number of
appeared to bind to two sites. TH& values were not  pound 6-AHA molecules ranged from 1.4 to 4, and was
Statistica"y different from each otherKsy values were independent of apo(a) sizeKso values were lowest for
similar for glycine, 8-AOA, t-AMCHA, and proline, about  proline, 2-fold higher for t-AMCHA, and about 4-fold higher
2—3-fold higher for Ne-AcLys, and roughly 4-fold higher  for 4-ABA and 6-AHA. As observed with ligands in 20
for 4-ABA and 6-AHA. There was no correlation between mm Glu, the affinity of ligands for Lp(a) did not go hand-
a ligand'’s dissociation constant and its ability to unfold Lp- jn-hand with greater conformational changes. The tightest
(a) as measured by a decrease in the sedimentation ratepinding ligand, e.g., proline, induced the smallest confor-
Although the dissociation constants for the ligands 4-ABA, mational change, whereas 6-AHA, which bound weakest,
6-AHA, t-AMCHA, and proline were all lower in 20 MM produced a change that was almost 2-fold larger.
Glu than in 100 mM NaCl, the difference was not Statistica"y |_|gand aff|n|ty for Lp(a) was h|ghest when no additional
significant (see Table 3). However, it supports the concept sa|t was added to the ligand-containing solution. However,
that ligand affinities are stronger in 20 mM Glu, because at low ligand concentrations and therefore low ionic strength,
three additional ligands were able to bind to Lp(a) that were ynshielded charge repulsion also contributed to unfolding
totally unable to do so in 100 mM NaCl. of the Lp(a) protein moiety. Therefore it was impossible to
Binding in the presence of 100 mM NaCl probably obtain accurate binding constants. We attempted to construct
represents conditions that are more physiological in nature,binding curves by correcting for unfolding at ionic strengths
since the concentrations of both Nand CI ions are above  below 0.05 through the use of a standard curve constructed
100 mM in plasma. Proline and t-AMCHA had the highest from plots ofysvs ionic strength at different concentrations
affinity for Lp(a) followed by 4-ABA and 6-AHA. Again, of glutamic acid. Such a binding curve is illustrated in Figure
binding appeared to involve more than one site, with proline 4 for the ligand 4-ABA. Weaker binding of 4-ABA in the
showing binding to either one or two sites. The results for presence of both 20 mM Glu and 100 mM NacCl is clearly
6-AHA in 100 mM NaCl with respect to multivalent binding  shown by the displacement of their binding curves to higher
(n = 1.7 + 0.3) and millimolar binding constant were concentrations. The high affinity for 4-ABA in the absence
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Ficure 5: Effect of 6-AHA on the intrinsic viscosity of Lp(a).
The intrinsic viscosity of Lp(a) was obtained by extrapolatiggc

to infinite dilution, whereys, is the specific viscosity. Open squares,
1 M 6-AHA,; filled squares 1 M NacCl; open circles, HBS.

of salt, or conversely the strong inhibitory effect of NaCl
on the conformational change, is readily apparent by the
observation that at 50 mM 4-ABA and 100 mM NaCl there
is almost no reduction in the sedimentation coefficient,
indicating that Lp(a) is compact. In contrast, about 40% of
the conformational change has taken place in 20 mM Glu,
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Ficure 6: Relationship between the percent unfolding of Lp(a)
and the distance between the amine nitrogen and carboxyl carbon
(N—C distance) of conformation-altering ligands. (A) Relationship
between N-C distance and percent unfolding for seven compounds,

compared to 100% unfolding when no salt was added to the €ach under three different solvent conditions, is shown in the legend.

ligand. This analysis allowed the ordering of the ligands
according to theirKsy values or decreasing affinity as
follows: t-AMCHA (4.9 mM), proline (5.7 mM), glycine
(6.7 mM), 8-AOA (9.2 mM), 4-ABA (10 mM), Net-AcLys

(12 mM), and 6-AHA (16 mM). These are approximate

values since the analysis required the untested assumptior‘n“'vI NaCl, Y

that the binding of ligand by Lp(a) was not affected by the
unfolding of Lp(a) at low ionic strength.

Viscosity of Lp(a).In order to verify the conformational
change detected in Lp(a) by a decrease in its sedimentatio
coefficient, a different physical method was chosen. Mea-
surement of the viscosity of Lp(a) in the presence and
absence bl M 6-AHA gave independent confirmation that

The second-order polynomia¥,= —7.48+ 28.86X — 2.53X? (R

= 0.57), was fitted using all 21 data points. (B) Effect of solvent
composition on this same relationship. The equations of the
polynomials are the following: for the low-salt solvent (e.g., no
added salt)Y= —35.13+ 33.5K — 3.14X? (R = 0.70); for 20
mM Glu, Y= —6.77 + 28.86X — 2.48X? (R = 0.87); and for 100

= 19.47+ 2414 — 197X (R= 0.79).

conformation of plasminogen (Violand et al., 1978), could
not induce a conformational change in Lp(a). eMcLys,
unlike N-a-AcLys, was also ineffective in eliciting a change,

"hus indicating the importance of tkeamino group and the

likelihood that the positively charged-amino group of
lysine interferes with efficient binding by the LBS.
The observation that several related compounds were able

this ligand does indeed induce a conformational change Nty alter Lp(a) conformation allowed us to formulate a

Lp(a) (see Figure 5). The intrinsic viscosity of Lp(a) in HBS
was 4.43+ 0.30 mL/g, compared to 164 0.4 mL/g in 1

M 6-AHA. To rule out that the unfolding was caused by
the high ionic strengthfdl M 6-AHA, the intrinsic viscosity
of Lp(a) was also determined iL M NaCl and found to be
4.50+ 0.18 mL/g, a value not significantly different from
the one determined in HBS.

DISCUSSION

hypothesis as to the cause of the conformational change.
Figure 6 shows the relationship between the distance
separating the amino and carboxyl groups of conformation-
altering ligands and percent unfolding. The data shown in
the figure suggest that there is an optimal distance for
inducing this conformational change, which is close to 6 A.
Both shorter (e.g., glycine) and longer (e.g., 8-AOA) ligands
were less effective than compounds of the optimal length.
The figure further suggests that the effective 6-AHA analogs

Previous studies have shown that lipoprotein(a) undergoeswere able to change the conformation of Lp(a) by competing

a dramatic reversible ligand-induced conformational change,

with stabilizing interactions between lysine binding sites of

which can be modeled as a two-state process in which theapo(a) and lysine side chains within apoB and/or apo(a). In

binding of 6-AHA elicits a transition from a compact to an
extended form of the Lp(a) particle (Fless et al., 1996). The

this connection, it is noteworthy that the linear dimensions
of the apo(a) K-1\¢; LBS are defined by a 6.6 A separation

present study extended these observations to a series obf the cationic and anionic centers (Mikol et al., 1996). It is

w-aminocarboxylic acids of different chain length, and other,
more distant analogs of 6-AHA, such as proline andN-

possible that compounds like 6-AHA bind to such a center,
and thereby disrupt stabilizing interactions between kringles

AcLys. As detailed under Results, some but not all of these and amino acid side chains of apoB or apo(a), and/or between
compounds induce a conformational change in Lp(a) as kringles of apo(a).

measured by a decrease in the sedimentation rate. Com- Figure 6 demonstrates also that analogous changes were
pounds containing two carboxyl groups but no amino groups observed under three solvent conditions: 100 mM NacCl, 20

(e.g., adipic acid) were ineffective in changing the conforma-
tion. Lysine, which has a relatively weak effect on the

mM glutamate, and no added salt. The three curves appear
to have similar shapes, and are only displaced along the
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y-axis. Thus, a giverw-amino acid or analog had an change detected by the decrease in the sedimentation
ordained efficacy in altering the conformation of apo(a), but coefficient was real, viscometry was chosen as a means to
in all cases was most effective in the absence of added saltindependently confirm the change in Lp(a) structure. This
followed by 20 mM glutamate, followed by 100 mM NaCl. was in part because theof Lp(a) is a much smaller factor
This concentration of sodium chloride was more effective in determining the intrinsic viscosity than the sedimentation
at stabilizing the compact form than was 20 mM Glu, despite coefficient of Lp(a). As the results presented in Figure 5
the fact that these two media were of nearly identical ionic show, the large increase in the intrinsic viscosity of Lp(a),
strength. It has been shown that the kringles of plasminogenfrom 4.43 mL/g in HBS to 16.4 mL/g in the presence of 1
contain an anion binding site (Wu et al., 1994), which, when M 6-AHA, confirms the fact that the great expansion of the
occupied by chloride or other anions, sterically hinders accessLp(a) particle is caused by the binding of this ligand. This
of 6-AHA to the lysine binding site, and induces the compact is a ligand-specific expansion, that cannot be duplicated by
conformation (Chibber & Castellino, 1986; Urano et al., a similar concentration of NaCl.
1987, 1988). The effect of halogen ions can be so In considering the possible physiological significance of
pronounced that1can completely prevent the expansion of these data, one is struck by the similarity in the physical
Glu-plasminogen in the presence of 6-AHA (Markus, 1996). forces controlling the conformation of Lp(a), and those
Our current and previous data (Fless & Santiago, 1997) areinvolved in the assembly of Lp(a) from apo(a) and LDL.
also consistent with a stabilizing role forGbns and perhaps  Lp(a) assembly is believed to occur by a two-stage mech-
glutamate to a lesser extent. The fact that other proteinsanism in which apo(a) binds initially through noncovalent
(plasminogen and tissue plasminogen activator) with LBS interactions to apoB of LDL, followed by the creation of a
have Ct binding sites makes it likely that apo(a) also has disulfide bond between Cys 4326 of apoB and Cys 4057 of
binding site(s) for Ct (De Vos et al., 1992; Wu et al., 1994). apo(a)-K-I\Ve (McLean et al., 1987; Brunner et al., 1993;
The CI found close to the cationic center of the LBS may Koschinsky et al., 1993; Callow & Rubin, 1995; McCormick
compete with the binding ofv-aminocarboxylic acids by  etal., 1995). The noncovalent interactions between LBS of
the LBS, as suggested by Menhart et al. (1995). In our apo(a) and lysines of apoB are probably mediated by K4V
experiments, however, we used saturating concentrations of(Frank et al., 1994, 1995; Edelstein et al., 1995; Ernst et al.,
ligands, suggesting that that the effect of-Ghay be 1995; Trieu & McConathy, 1995; Gabel et al., 1996;
2-fold: (1) steric hindrance of ligand binding to the LBS; Klezovitch et al., 1996). Our studies, showing ligand-
and (2) stabilization of the compact form of Lp(a) even in induced disruption of the compact form of Lp(a), and the
the presence of ligand binding to the LBS. In support of stabilization of the compact structure by Ckuggest that
the latter of these two effects, Cions located in crystals of  Lp(a) assembly occurs through at least the following three
tPA-K-1I have been shown to contribute to the interaction topologicat stages: (1) the binding of LBS to select lysine
of neighboring kringles (De Vos et al., 1992). Padmanahban residues in apoB; (2) the stabilization of these interactions
et al. (1994) hypothesized that such kringlkgingle interac- by CI~ at physiological concentrations in the blood; and (3)
tions in apo(a) might stabilize multikringle structures con- the further stabilization of these interactions through the
taining screw-axis symmetry. Because such arrangementdormation of a covalent (disulfide) bond.
are satisfied only by long interkringle peptides which are  In general, the Ig values for reassembly were much lower
prevalent in apo(a), the existence of such long-range structure(10—80-fold) than theKs, values we observed for the
appears even more likely in Lp(a) than in plasminogen.  conformational changes (see Table 3). This is expected,
Measurement of the conformational change was difficult, since the assembled particle is stabilized by additional
because Lp(a) is prone to preferential hydration in the forces—a disulfide bond, and perhaps hydrophobic inter-
presence of moderate amounts of salts and ligands. If thisactions—which are not yet present when the components are
hydration is not taken into account, theqo, values in the process of reassembling. The native form of Glu-
calculated with the anhydrous partial specific volume will plasminogen is a compact structure with a right-handed
be too low, and the decrease that is due to hydration will be spiral, that is stabilized by an interaction between K-V and
added to the decrease caused by a change in conformationa site in the N-terminal peptide, and by a second interaction,
For example, with Lp(a) in 500 mM 6-AHA, 100 mM NaCl, which is 6-AHA sensitive, between K-IV and a region in
hydration decreased the sedimentation coefficient by 12.5%.K-IIl (possibly -CysssLeu-Lys-Gly-Thr-) (Ponting et al.,
Because th@ of Lp(a) is close to 1, the error is relatively 1992b; Marshall et al., 1994; Markus, 1996). In plasmino-
large. With plasminogen, the corresponding difference is gen, benzamidine induces a conformation which is interme-
quite diminished, since it has a much smait€.72 cni/g diate between the compact and extended forms (Marshall et
in the compact form and 0.75 éfg in the expanded form)  al., 1994). It is likely that the two-state model described
(Mangel et al., 1990). Thus, with a similar hydration, the for Lp(a) is an oversimplification, and that in apo(a), as with
difference in the sedimentation coefficient is only-1380%, plasminogen, multiple conformational states will be found.
and therefore neglecting the effect of hydration onthaf Indeed, this is one possible interpretation of the data shown
plasminogen is much less serious. This problem was largelyin Figure 6, in which there appears to be a gradation in the
overcome with the viscosity-corrected sedimentation coef- percentage of unfolding induced by the various ligands.
ficient that allowed an unambiguous determination whether Although Lp(a) and plasminogen are obviously different in
or not a ligand had the capacity to induce a conformational many ways, it seems likely that additional stabilizing
change in Lp(a). Similarly, the use 6}, values calcu- interactions will be found for Lp(a) which have analogies
lated with the hydrodynamig,, instead of the anhydrous with those of plasminogen. The exact sites of the lysines
permitted the evaluation of binding constants without having
to consider the effect of hydration on the sedimentation  21he word “topological” is meant to denote, also, that these three
coefficient. To seek reassurance that the conformationalstages may be either synchronous or asynchronous.
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involved in these interactions remain to be determined.

Biochemistry, Vol. 36, No. 38, 19971313

Koschinsky, M. L., Cote, G. P., Gabel, B., & Vanderhoek, Y. Y.

Nevertheless, the studies presented in this paper point to the (1993)J. Biol. Chem. 26819819-19825.

importance of the 6-AHA-sensitive, weak LBS, together with
Cl, in stabilizing the native, compact form of Lp(a), and
suggest a role for these same forces in Lp(a) assembly.
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