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ABSTRACT. Lipoprotein(a) is composed of low-density lipoprotein linked both covalently and noncovalently
to apolipoprotein(a). The structure of lipoprotein(a) and the interactions between low-density lipoprotein
and apolipoprotein(a) were investigated by electron microscopy and correlated with analytical ultracen-
trifugation. Electron microscopy of rotary-shadowed and unidirectionally shadowed lipoprotein(a) prepared
without glycerol revealed that it is a nearly spherical particle with no large projections. After extraction
of both lipoprotein(a) and low-density lipoprotein with glycerol prior to rotary shadowing, the protein
components were observed to consist of a ring of density made up of nodules of different sizes, with
apolipoprotein(a) and apolipoprotein B-100 closely associated with each other. However, when lipoprotein-
(a) was treated with a lysine analogue, 6-aminohexanoic acid, much of the apolipoprotein(a) separated
from the apolipoprotein B-100. In 6-aminohexanoic acid-treated preparations without glycerol extraction,
lipoprotein(a) particles had an irregular mass of density around the core. In contrast, lipoprotein(a) particles
treated with 6-aminohexanoic acid in the presence of glycerol had a long tail, in which individual kringles
could be distinguished, extending from the ring of apolipoprotein B-100. The length of the tail was
dependent on the particular isoform of apolipoprotein(a). Dissociation of the noncovalent interactions
between apolipoprotein(a) and low-density lipoprotein as a result of shear forces or changes in the
microenvironment may contribute to selective retention of lipoprotein(a) in the vasculature.

Lipoprotein(a) [Lp(a)} is a plasma lipoprotein that has (4). Apo(a) is polymorphic in molecular mass, containing
been implicated as a risk factor for the development of from 12 to 51 kringle IV-like units as well as a kringle V-like
atherosclerotic vascular disease-@8). Lp(a) is similar in unit and an inactive protease domain homologous to those
structure to low-density lipoprotein (LDL), in that it is in plasminogen. Some of the kringle IV units appear to
composed of a core of apolar lipid enclosed in a predomi- contain either strong or weak lysine binding sites that
nantly phospholipid monolayer with associated glycoproteins. contribute to the structure of the Lp(a) partick &nd to its
LDL contains a single about 500 kDa glycoprotein, apoli- (sub)cellular distribution§—8) and metabolism9).
poprotein B-100 (apoB-100), while Lp(a) also contains  Some studies indicate that Lp(a) is retained more avidly
apolipoprotein(a) [apo(a)] linked to apoB-100 covalently via in the vasculature than is LDI1(), but the structural features
a disulfide bond as well as through noncovalent interactions that might contribute to this behavior have not been
described. Biophysical studies of Lp(a) have revealed aspects
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its structure and the applicability of this information to the EXPERIMENTAL PROCEDURES
structure of Lp(a). The diameter of LDL particles has been ) ) ) ) )
reported to be anywhere between 18 and 30 nm by different Lipoproteins. Lipoproteins were isolated from human
investigators 16—23). Although LDL is usually assumed Plasma by ultracentrifugation at= 1.21 g/mL. Lp(a) was
to be spherical, one recent cryoelectron microscopy study iSolated using lysineSepharose chromatography. The frac-
reported that it is disklike in shapel9). Another group tion that binds to Iysm_eSepharose was brought to 7.5%
carrying out cryoelectron microscopy and single particle CSCl (w/w) and centrifuged at 50 000 rpm for 27 h to
analysis found that LDL particles are heterogeneous andSepParate Lp(a) from triglyceride-rich material. LDL was
determined the structure of the largest class of them, particlesPurified from the fraction that did not bind to the lysine
with dimensions 25« 21 x 17.5 nm 3). Sepha_rose as descrlbe_ﬁllx. AII_I!poprotem prep_araﬂons _
Relatively little is known about the disposition of apo(a) Were filtered under sterile cond|t|(_)ns, aliquoted into plastlc
on the lipoprotein surface. There is one disulfide bond linking tUP€s, and stored undep &t 4°C without exposure to light
apo(a) to apoB-100 and a second interaction via at least ondn 0-01% NaEDTA, 0.1% NaN and 1 mM benzamidine
of apo(a)’s kringles. Hydrodynamic modeling of analytical until use. The purity of Lp(a) and the apparevi of the
ultracentrifugation experiments in which recombinant apo- aP0(&) were determined by SBEAGE (3-9% acrylamide
(a) was added to LDL suggested that the bulk of the apo(a)gradlent gel) s_talned W_|t_h Coomassie Blue_ under reducing
extends into solution with little contact with the core particle @nd nonreducing conditiond ). Most studies were per-
(24, 25). On the other hand, X-ray scattering results were formed using Lp(a) containing apo(a) with apparét
interpreted to indicate that apo(a) is located on the surface 200 000 on SDSPAGE (designated subject S or “control”,
with no major domains projecting into the solutid6y. In Figure 7A) M 212 000 b,a_SE‘E{ on amino acid sequences
addition, scanning probe microscopy of Lp(a) appeared to W|th_out carbohydrate or Ilplqls , lane c, Figure 7B). Select
show apo(a) as a belt extending around the core parg@e ( studies were performed with larger and smaller Lp(a)

Analysis of hydrodynamic measurements of Lp(a) also isoforms (subjects J and D, respectively) containing apo(a)
suggest a relatively compact structufe) with apparentVi; ~700 000 and~350 000 on the basis of

Lysine analogues bind to some kringles of Lp(a). Just as tN€ir migration on SDSPAGE (Figure 7A). In each case,

lysine analogues cause conformational changes in plasmi-ONly One species of apo(a) was apparent on SBAGE
nogen, Lp(a) also appears to undergo a dramatic change ifHnder reduced conditions. In some experiments, Lp(a) was
the presence of 6-aminohexanoic acid (6-AHA), as demon- ©Xidized in vitro using CusSQas described3). Briefly,
strated by a large decrease in its sedimentation velocity in EPTA was rer‘?oved by dialysis, 1M CuSQ, was added
analytical ultracentrifugation experiments3[. The confor-  of 16 h at 22°C, and the oxidation reaction was stopped
mational change is reversible and involves apo(a), since Py readdition of EDTA (final concentration 0.24 mM). The
6-AHA has no effect on LDL. Although these changes in ©Xidation state of the Lp(a) was documented by measuring
the behavior of Lp(a) been extensively characterized by thlobqrpltunc acid react!vg substanc88)( and the migration
biophysical methods, including analysis of the effects of Of 0xidized and nonoxidized Lp(a) was analyzed on 0.5%
several lysine analogues and different solvent conditibas ( Nafive agarose gels and detected by lipid staining (Paragon
15), the specific components involved in this large-scale Lipoprotein “Lipo electrophore5|s_k|t, Beckr_nan instruments,
conformational alteration have not been characterized directly!"C-» Fullerton, CA). All preparations studied were free of
by electron microscopy, which is often useful to interpret ©Xidized Lp(a), except those purposely oxidized. Recombi-
analytical ultracentrifugation results. Oxidative modification Nant apo(@) [r-apo(a)], 17KM; ~249 000) was expressed
of LDL and Lp(a) also cause diverse biochemiczs,(29) in 293 (human embryonic kidney) cells and prepared as
and functional changes that promote atherogenegs (  described §4).
These oxidative modifications have received extensive Electron Microscopy.Rotary-shadowed samples were
biochemical study but have not received detailed scrutiny prepared by spraying a dilute solution of protein (final
using structural approaches. concentration of about 28g/mL) in a volatile buffer (0.05

In this paper, we present electron microscope images of M ammonium formate at pH 7.4) and 70% glycerol onto
metal-shadowed Lp(a) and LDL particles using a modified freshly cleaved mica and rotary shadowing with tungsten or
technique that preserves their structure. We also examinedPlatinum followed by deposition of a carbon film in a
the effects of changes in salt concentration and oxidation vacuum evaporator (Denton Vacuum Co., Cherry Hill, NJ)
on the structure of Lp(a). The apo(a) and apoB-100 proteins (35—37). Unidirectional shadowing was carried out in the
were visualized following glycerol treatment of the Lp(a), Same way, but the stage was stationary. Tungsten was used
which appears to partia”y remove ||p|d components. The instead of platinum for most experiments because it has a
dramatic conformational changes that occur in the presenceslightly smaller grain size and hence provides better resolu-
of lysine analogues were characterized by electron micros-tion (37). All experiments were repeated several times, and
copy, giving a physical picture to aid in interpretation of many micrographs were taken of randomly selected areas
analytical ultracentrifugation results. Lp(a) particles contain- to ensure that the results were reproducible and representa-
ing different isoforms of apo(a) were visualized; under certain tive. All of the specimens were examined in a Philips 400
conditions, individual kringle units could be identified. The electron microscope (FEI Co., Hillsboro, OR), usually
number of kringle units counted from the electron microscope operating at 80 kV. All dimensions given have been corrected
images of each isoform was correlated with the apo(a) for the thin layer of metal coating the specimens.
isoform size and kringle IV repeats determined by high-  An alternative method of preparing samples for rotary
resolution sodium dodecyl sulfate (SDS)garose gel elec- shadowing was also carried out by using a modification of
trophoresis followed by immunoblotting. the mica sandwich technique described by Mabu8®g).(
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This approach avoids both the exposure of the sample to
glycerol before fixation, thus avoiding extraction of lipid and
other nonprotein components from lipoproteins, and the
mechanical forces associated with spraying. A 20@rop

of the sample was placed on a piece of Parafilm next to three
separated drops of sample buffer, three drops of 2% uranyl
acetate, and three drops of a rinse buffer containing 100 mM
ammonium acetate in 30% glycerol. A piece of X020

mm mica was freshly cleaved into two pieces, and one piece
was floated on the sample drop for about 60 s. The mica
was briefly floated in turn on each of the three drops of
sample buffer, two of the drops of uranyl acetate, and 40 s
on the third drop. This was followed by brief contact with
the three drops of rinse buffer. Then, the mica was placed
face down on the second piece of mica containingB®f
rinse buffer on the cleaved surface. The resultant mica
sandwich was briefly squeezed between two layers of filter
paper to remove excess fluid. The mica containing the
adsorbed sample was then placed in a vacuum evaporator
and shadowed as described above.

Determination of Apo(a) Isoform SiZEhe apo(a) isoforms
were determined by high-resolution SB&garose gel elec- _ i £
trophoresis followed by immunoblotting, as previously e e i
reported 89). We have evaluated the relationship between Ficure 1: Electron microscopy of rotary-shadowed Lp(a) at
the number of apo(a) kringle IV units, as determined by different ionic strengths prepared in the absence of glycerol,
pulsed-field gel electrophoresi4@), and the mobility of the unidirectionally shadowed Lp(a), and rotary-shadowed recombinant

: : apo(a). (A) Rotary-shadowed Lp(a) in 100 mM ammonium acetate
isoforms on SDS-agarose gel electrophoresis and found that buffer prepared on a surface with uranyl acetate fixation before

the |Ogarlthm0f the kr'ngle IV numbel’ was h|gh|y COfre|ated exposure to g|ycer0| (B) Rotary_shadowed Lp(a) prepared in the
with the mobility of the isoforms on agarose geld). The same way as in (A) but in 10 mM ammonium acetate buffer. (C)

relative mobility of the bands was used to determine the Unidirectionally shadowed Lp(a) prepared on a surface with uranyl
number of kringle IV units in the sample, and it was acetate fixation before exposure to glycerol. Note that the contrast

. . . in this image has been reversed so that it is opposite that in all
calculated in comparison to a standard with known apo(a) gher images to make the shadows dark. (D) Rotary-shadowed

sizes. The standard was prepared in-house by combining the-apo(a) sprayed in the presence of glycerol. Examples of elongated
plasma of three individuals chosen on the basis that theystrands consisting of small nodules with a larger nodule at one end.
covered a large range of apo(a) isoforms, 13, 19, 24, 32, 38(E) Rotary-shadowed r-apo(a) sprayed in the presence of glycerol.
kringle IV units, as assessed by pulsed-field gel electro- Examples of more compact structures. Samples in images A and
. B were shadowed with platinum, while those in imagestEwere
phoresis 4.0). A UMAX Powerlook IIl scanner (UMAX. shadowed with tungsten. Bar 50 nm.
Technologies, Inc.) was used to transform photographic films
into image files that were then analyzed with gel analysis microscopy. Typically, preparations of proteins for shadow-
software (Sigma Gel, SPSS Application Package). The apo-ing are vacuum-dried in the presence of glycerol to reduce
(a) isoforms in the samples were therefore designated by thesurface tension and avoid drying artifacts. However, glycerol
relative number of kringle IV units. is commonly used to solubilize membrane components for
Analytical Ultracentrifugation. Sedimentation velocity ~ the purpose of making cell membranes permealdi§.
experiments were performed on a Beckman Optima XL-I Therefore, since glycerol will extract lipid and other non-
ultracentrifuge using an An-60 Ti four-place rotor containing protein components from lipoproteins, we also carried out
double-sector cells equipped with 12 mm aluminum-filled experiments using a sandwich techniq@8)( modified to
Epon centerpieces and sapphire windows. A rotor speed ofeliminate glycerol exposure to the samples until after fixation,
30 000 rpm was used with the temperature controlled at 25as described in Experimental Procedures. Fixation was
°C. Sedimentation data were obtained using the Rayleighaccomplished by using uranyl acetate, which is a particularly
interference optical system, and weight average sedimentatiorgood fixative for lipoproteins45).
coefficients were computed using the time derivative method Lp(a) prepared using this sandwich technique (glycerol
(42). The sedimentation boundaries were analyzed usingadded post fixation) usually appeared in projection as a
version 5.01 of the Svedberg software program developedroughly circular or oval structure with greatest density at
by Philo @3). This involved the application of a modified the edges gradually decreasing toward the center (Figure 1A).
Fujita—MacCosham curve fitting function to the boundary In some images, the density in the center of the ring was

data to produce multiple-species fits. greater than in others, so that these structures appeared to
be filled rather than open circles. These structures had
RESULTS dimensions of 25.4- 1.8 nm by 22.H 1.7 nm. As indicated

by these measurements, the particles were generally some-
Electron Microscopy of Shadowed Lipoprotein(a). (A) The what oval shaped rather than circular; the ratio of long to
Shape of Lp(a) and LDLSeveral different methods were short dimensions was 1.15 0.05. However, there were no
used to prepare shadowed Lp(a) for examination by electronprojections from the surface of the particles, even though
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the technique of rotary shadowing is particularly suitable for
visualizing any portion of the polypeptide chain that could
be extending from the Lp(a) core. Therefore, the apo(a) must
be closely associated with the surface of the LDL particle.

Because ionic strength has an effect on the sedimentation
rate of Lp(a), we also examined Lp(a) under lower salt
conditions (10 mM ammonium acetate) to visualize this
change (Figure 1B). Under these conditions, the Lp(a)
particles appeared to have somewhat rougher, more irregular,
and more dense edges, and their average diameters were 28.2
+ 2.4 nm by 24.3t 2.3 nm, about 11% larger than the same
particles at higher salt concentration.

(B) Is Lp(a) a Sphere or a Disk?revious structural studies
of Lp(a) and LDL revealed roughly circular structures, but
since electron microscope images are typically projections
of structures, there has been a continued controversy as to
whether these lipoproteins are truly spherical or disk shaped
(12, 16, 19—23). On a practical basis, the difference between
these two possibilities is that spherical structures would have
the same height as their diameter, while the height of disklike
structures would be substantially less than their diameter.
Theref_ore, we used unldlrectlonal shadowing to determine _ "~ v oy Lp(a) in the presence of glycerol. (A) Lp(a) rotary-
the height of Lp(a) and LDL (Figure 1C). Measurement of shadowed with tungsten prepared by spraying in 0.05 mM am-
many particles revealed that the ratio of height to shortest monium formate buffer with glycerol. (B) Rotary-shadowed LDL
dimension of both Lp(a) and LDL was about 0.85. In Pprepared in the same way. (C) Lp(a) oxidized by treatment with
conclusion, Lp(a) is roughly spherical. \(,:Vgs%grg rsoéar:?/nshadowed for electron microscopy in the same

(C) Visualization of the Protein Components of Lp(a) and y- B '

LDL and Isolated Apo(a)Commonly used methods of

preparing biological samples for electron microscopy involve by monoclonal antibodies to apo(a), which bound to the rings
diluting the macromolecules or particles into a volatile buffer of Lp(a) but not to LDL rings (data not shown).

that contains a large percentage of glycerol. Lp(a) and LDL  For comparison, apo(a) by itself was also examined using
that were prepared in this way and then sprayed onto freshlythis approach. Recombinant apo(a) containing 17 kringle 1V
cleaved mica and rotary shadowed with tungsten were repeats, in addition to the protease domain and kringle V,
examined by electron microscopy. We found that glycerol was sprayed onto freshly cleaved mica in the presence of
treatment of lipoproteins removed nonprotein components glycerol and examined by electron microscopy (Figure 1D,E).
so that the protein alone was visible in electron micrographs. Some molecules appeared as linear chains of small nodules

LDL particles prepared by this method had the general with a larger nodule at one end (Figure 1D). The average
appearance of a circular ring with a mean diameter of 27.6 length of the chains was 82 16 nm. Counting the number
+ 3.2 nm and an outer diameter of 35t12.8 nm (Figure of nodules together with the measured lengths of the extended
2B). The rings were each composed of several different- apo(a) chains indicated that the nodules each had an average
sized nodules. The number and arrangement of nodulesspacing of 7.7+ 0.5 nm and that there were an average of
around each ring were somewhat variable, but there werel11.6 nodules/apo(a), including the single larger nodule at
commonly a large nodule, one or two medium nodules, and one end. These results suggest that there was variable or
several smaller ones. The diameter of this ring was greaterpartial unfolding of the apo(a), presumably attributable to
than the known diameter of LDL particles, indicating that noncovalent kringle-kringle interactions, since this apo(a)
the apoB-100 had retained its circular shape but had has a total of 19 units, 17 kringle IV repeats, one kringle V,
expanded following the extraction of nonprotein components. and a protease domain.

Glycerol treatment of Lp(a) also removed nonprotein  In other cases, the chains appeared to be more compact
components so that the protein was visible (Figure 2A). or tangled to form somewhat irregular globular structures
Examination of Lp(a) preparations revealed a circular ring (Figure 1E). Most of these more compact structures appeared
with a mean diameter of 29 3.3 nm and an outer diameter to be folded versions of the completely linear structures but
of 37.2+ 3.2 nm, made up of several different-sized nodules. were about half as long or less.

The number and arrangement of nodules around each ring (D) The Shape of Oxidized Lp(&tudies were performed
were again somewhat variable, but there were commonly to examine the effect of oxidation on the structure of Lp(a).
about three large nodules and numerous smaller ones. Thé-or this purpose, Lp(a) was oxidized in vitro using CySO
ring was the same size as that of LDL, although its thickness for 16 h at 22°C and prepared for electron microscopy by
and density were greater, indicating that the apo(a) of Lp(a) a variety of methods. In all cases, the oxidized Lp(a) particles
was closely associated with apoB-100. In some images,appeared to be circular disks with a diameter of 2%.2.4
strands were separated over part of the ring to give the x 24.9+ 2.0 nm (Figure 2C). Thus, these particles were
appearance of a double ring, but in most cases there was about the same size as Lp(a) in the absence of glycerol. In
single ring that was considerably more dense than that seercontrast to normal Lp(a), where lipid was extracted to reveal
in LDL. The presence of apo(a) in the ring was confirmed the protein (Figure 2A), the particles were more similar to
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different in appearance (Figures 4 and 5A). Most Lp(a)
particles treated with 100 mM 6-AHA and glycerol in
solution and sprayed appeared as a circular ring with a long
tail extending from the ring. About 85% of the particles under
these conditions had tails, while the remainder did not. The
circular portion of these structures was commonly composed
of a large nodule, one or two medium nodules, and several
j smaller ones and had an average diameter of 2848 nm

3 | and an outer diameter of 35482.8 nm. The tails were made

alian Mo up of small nodules and had an average length of-920

FIGURE 3: of nm. The nodules were spaced #70.2 nm apart and on
rotary shadowgd with platinum irj the presence of 6-AHA prepared average each chain contained 1£8.5 nodules.
on a surface with uranyl acetate fixation before exposure to glycerol. In many preparations, the tails were oriented in a single

Bar = 50 nm. . . . g
direction over a small area of electron microscope grid

Lp(a) fixed prior to exposure to glycerol. That is, there was (Figure 4). The reason for the presence of locally oriented
little difference in the appearance of oxidized Lp(a) whether tails was apparent in cases in which the edge of a dried
they had been treated with glycerol. The process of oxidation glycerol drop was visible, where the tails were seen to be
appears to stabilize the lipiebrotein structure so that there oriented perpendicular to the drop edge, or in a radial
was little change in the presence of glycerol. However, there direction with respect to the drop.

were some rough edges consisting of small projections from Note that the Lp(a) in Figure 4 was shadowed with

the core and some less dense regions in the core or apparerflatinum, whereas the particles visualized in Figure 5 were
holes where material had been extracted. shadowed with tungsten. The contrast is higher with plati-

Ligand-Induced Conformational Changes of Lipoprotein- num, so that the nodules in the tails were visualized more
(a) and Different Isoforms of Apo(aJhe lysine analogue, clearly (Figure 4). On the other hand, the resolution of
6-aminohexanoic acid (6-AHA), was added to Lp(a) to molecules shadowed with tungsten is slightly higher, so that
determine its effect on the interactions between apo(a) andthe smaller nodules in the apoB-100 ring were better
the remainder of the Lp(a) complex. Lp(a) particles treated Vvisualized (Figure 5).
with 100 mM 6-AHA and prepared on a surface in the Lp(a) particles were also treated in a similar way with
absence of glycerol were examined by electron microscopy other concentrations of 6-AHA. Lp(a) treated with 10 or 100
(Figure 3). These images show a striking change in structure,mM 6-AHA appeared superficially to be similar. In fact,
reflecting a large-scale conformational change induced by measurements of the lengths of the tails in 10 mM 6-AHA
this lysine analogue. Instead of the relatively uniform circular revealed that the average lengths weret880 nm, nearly
structures described previously, these particles were irregularidentical to those seen in the presence of 100 mM 6-AHA
in shape. In some cases, there was a large increase ir{Figure 6D). However, only about 55% of the particles had
diameter and an increase in apparent surface roughness. Inisible tails. On the other hand, 97% of the particles had
others, a variety of types of projections emanated from the tails in preparations carried out in the presence of 200 mM
central dense region. 6-AHA.

Lp(a) particles that were treated with 100 mM 6-AHA in Lp(a) particles with different isoforms of apo(a) were
solution and then prepared in the typical way for rotary sprayed onto mica in the presence of glycerol and 6-AHA
shadowing, by spraying a dilute solution of protein in the and visualized by electron microscopy. Lp(a) with two
presence of a high concentration of glycerol, were again isoforms of apo(a) different from the control shown in Figure

AHA and glyc eld of Lp(a) particles prepared by
spraying in 0.10 M ammonium acetate and 0.20 M 6-AHA in the presence of glycerol and rotary shadowing with platinum. These experiments
show the extension and orientation of the apo(a) tails.-B&0 nm.
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comparison to subject S (Figure 6B), and that of subject D
was 55+ 14 nm (an average of 74 1.8 nodules per chain),
with 92% of the tails in the range of 30 nm length (3.9
10.3 nodules) (Figure 6C). For comparison, the histogram
of the measured lengths of recombinant apo(a), with 17
kringle IV units, is also shown (mean length 81 + 16
nm) (Figure 6E).

The apo(a) component of Lp(a) from subject S comigrated
with LDL (M, ~500 000) under reducing conditions (Figure
7A), whereas apo(a) from subject J migrated at appdvient
~700 000 and that from subject D migrated~a300 000~
400 000. Thus, the number of nodules/chain correlated
closely with the molecular masses of the different isoforms
of apo(a), as determined on reduced SIPAGE. To
confirm the correlation between the size of apo(a) (kringle
number) and the number of nodules visualized by electron
microscopy, plasma from subjects S and J was phenotyped
for apo(a) size isoform. The apo(a) isoforms were determined
by a high-resolution SDSagarose gel electrophoresis fol-
lowed by immunoblotting. The relative mobility of the bands
was used to determine the number of kringle IV units in
each sample and was calculated in comparison with a
standard with known apo(a) sizes as described in Experi-
mental Procedures. The results show that apo(a) from subject
S contains 14 kringle IV repeats and that from subject J
contains 17 kringle 1V repeats. The molecular masses of apo-
(a) from subjects S and J, calculated on the basis of the
number of the kringle 1V repeats and the known amino acid
sequences (not including carbohydrate or lipids), were
212 000 and 249 000, respectively.

Ligand-Induced Conformational Changes Studied by Ana-
lytical Ultracentrifugation.The conformational changes in
Lp(a) induced by lysine analogues were also examined by
analytical ultracentrifugation. Although this approach has
been used previouslylB, 14), it was necessary to repeat
such analyses under the buffer conditions that we required
for electron microscopy. Representative sedimentation veloc-
ity boundaries plotted as interference fringe displacement
versus apparent sedimentation coefficiesif &re shown in
Figure 8. In the absence of 6-AHA, time derivative analysis
of the sedimentation data4d?) gave a weight-average
sedimentation coefficient of 12.5 S after correction to
standard conditionssfp ). The average sedimentation coef-

S5 ficient decreased to 11.2 S in the presence of 10 mM 6-AHA
3 IR : and to 9.9 S in 100 mM 6-AHA.
Ficure 5. Effect of 6-AHA mation of Lp(a) and The analytical ultracentrifugation results were also ana-

visualization of Lp(a) with different apo(a) isoforms. All of these ; P . il
samples were sprayed in 0.05 M ammonium formate, 0.10 M lyzed by applying a modified FujitaMacCosham multiple

6-AHA, and glycerol and rotary shadowed with tungsten. (A) Lp- SPecies fit to the dataig). The best multiple-species fit to
(a) (from the control subject S). (B) Lp(a) with antibodies to apo- the Lp(a) data in the absence of 6-AHA (circles in Figure
(a), indicated by arrowheads. (C) Lp(a) with a different isoform of 8) indicated that 88% of the particles were present in a single
apo(a) (from subject J). (D) Lp(a) with another isoform of apo(a) monomeric form with arsy, value of 12.2 S. There also
(from subject D). Bar= 50 nm. a dtob I ' t of ti der th
ppeared to be a small amount of aggregation under these
5A have tails with strikingly different lengths (Figure 5C,D). conditions with 9% dimers (17.6 S) and 3% trimers (24.1
The tail lengths were measured for the different isoforms, S). This concurs with our electron microscope observations
and histograms of the resulting measurements are shown irthat indicated that the majority of the particles in the absence
Figure 6. The apo(a) tails of the control Lp(a) (subject S) of 6-AHA were monomeric and fairly uniform in appearance
had a mean length of 9+ 20 nm (or about 11.8 2.5 (Figure 1A), whereas there was a small degree of aggregation
nodules per chain), with 89% of the tails in the range of of Lp(a) particles (not shown). For Lp(a) in 10 mM 6-AHA
60—120 nm length (6.515.6 nodules) (Figure 6A). The (diamonds in Figure 8), the multiple-species fitting procedure
mean length of apo(a) tails from subject J was 582 nm produced a best fit for about a 50:50 mixture of a 12.3 S
(or about 19.5+ 4.1 nodules per chain), with a less and a 10.3 S monomeric species with no evidence for
homogeneous distribution of the tail length (7810 nm) in significant aggregation. The Lp(a) sedimentation data in 100
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Ficure 6: Histograms of the lengths of tails of Lp(a) in the presence of 6-AHA. These histograms show the distributions of lengths of
apo(a). (A) Lengths of the tails of the control Lp(a) used for most of these experiments (subject S) in the presence of 100 mM 6-AHA. The
molecular mass of apo(a) from SB8garose gel electrophoresis was 212 000. (B) Lengths of the tails in the presence of 100 mM 6-AHA
of Lp(a) from subject J containing apo(a) with molecular mass of 249 000. (C) Lengths of the tails in the presence of 100 mM 6-AHA of
Lp(a) from subject D containing apo(a) with molecular mass of 150 000. (D) Lengths of the tails of the control Lp(a) in the presence of
10 mM 6-AHA. (E) Lengths of recombinant apo(a) chains with molecular mass of 249 000.

mM 6-AHA (squares in Figure 8) produced a best fit for a and less complex than that of Lp(a). Previous studies of LDL
20:80 mixture of a 12.3 and a 9.5 S monomeric species. by electron microscopy utilizing the technique of negative
Sedimentation velocity provides a measure of the averagecontrast or, more recently, cryomicroscopy, revealed a
conformation of each particle. Since a single particle can be roughly circular structure with a diameter of about-13

in a state of internal equilibrium with one or more of its nm (16, 19—21, 23, 46). It is not possible to distinguish
conformational isomers, the equilibrium constant gives a protein from lipid or other components with the method of
measure of the proportion of time it spends in each major negative contrast, although monoclonal antibodies have been
conformation. If a particle is considered to spend most of used to localize certain specific segments of the apoB-100
its time in one or the other of two conformational states (and protein on the surface of LDL1(, 18). On the other hand,
not much time in the intermediate forms), then the system analysis of LDL by cryoelectron microscopy, which does
can be approximated by a two-species system consisting ofenable protein to be distinguished from lipid, revealed that
a mixture of the two end-point monomers. Comparison with apoB-100 is indeed located on the surface of the particle
the electron microscope results described above indicates thaand appears to form two rings around the lipid cat§, (
there is very good agreement with these modeling results, 20).

where the system appears to consist of a mixture of a Eyamination of unstained, frozen, hydrated Lp(a) by

relatively compact form of Lp(a) and an extended form (with  ¢ryoelectron microscopy revealed several somewnhat different
a resultant lower sedimentation coefficient). The decreasegj;es and shapes of particlek?). Analysis of the density
from 10.3 t0 9.5 S for the extended species is consistent with yqfije of the circular structures indicated that there was a

a slightly more open conformation in 100 mM 6-AHA than  |ayer of protein on the surface, and a toroidal structure was
in 10 mM 6-AHA. observed in averages of one class of particles. In another
study, a recombinant apo(a) was examined by analytical
ultracentrifugation and electron microscopy and character-

The Structure of Lp(a)We first considered the structure ized; interactions between r-apo(a) and LDL were also
of LDL, which we assumed would be more homogeneous detected Z5).

DISCUSSION
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of a sphere. Metal would accumulate under the edge of the

= lower hemisphere sitting on the mica surface, as well as on
- " - the upper hemisphere. Because of the shape of a sphere, more

! n? ™~ metal will accumulate around the outer edge (equator) than

toward the middle (poles). Therefore, more electrons will

reduced + - + - + -+ - be scattered around the outer edge, giving rise to images of
B ABCD circular rings. With more accumulation of metal, the upper
pole will be covered more thoroughly, giving rise to the filled
P circles.
s @ At lower salt _concentration, the particles had some\_/vhat
10— @ rougher, more |r_regular, and denser edges and a sllght_ly
o. _ larger average diameter. These results are consistent with
those from analytical ultracentrifugation experiments, which
13= -® =14 gave a maximuns value for Lp(a) of 12.5 S at 166200

FiIGURE 7: Gel electrophoresis of Lp(a) with different isoforms of MM salt and a value of 10.5 S in the absence of skg).(
apo(a). (A) Coomassie Blue stained slab gel of LDL control and The highers value indicates a more compact form, whereas
Lp(a)s from three individuals with different Lp(a) isoforms (subjects the lower value is consistent with the somewhat larger

S, J, and D) which were analyzed using SEBAGE witha3-9%  diameter and a more irregular surface seen in our micro-
gradient of acrylamide under reduced and nonreduced Cond't'ons'graphs

The gel with LDL on the left shows the position of apoB-100; the .
same band is present in each of the Lp(a) under reduced conditions. [N addition, we found that use of the standard rotary-
(B) Apo(a) isoform size as determined by SB&jarose gel  shadowing preparation of spray drying in the presence of
electrophoresis followed by immunoblotting as described in Ex- glycerol without fixation prior to shadowing revealed new
f;g{}\‘/‘;”f&g[}%creg?fﬁhTlgeIf‘/p8ﬁfi‘t)s'S‘()L‘;”gtsaﬁ:jeagfsv'v@ilt?]ataedot(’g)th%tructuraI information about Lp(a). Glycerol extracts non-
isoforms determined by Sulsed-field gel electrophoresis; (B) gample protein components from Lp(a) in solution, enabling the
S (14 kringle IV units); (C) sample J (17 kringle IV units); (D) Protein to be examined in relative isolation. However, other
recombinant apo(a) (17 kringle IV units). methods of extracting nonprotein components from LDL,
for example, revealed an elongated apoB-100 structure that
had lost its circular appearancé&6( 46). In contrast, the
circular appearance was retained if the samples were fixed
prior to extraction. Apparently, the nonprotein components
help to maintain the association between apoB-100 and apo-
(a), but the basic shape of the apoB-100 is maintained when
the other components are extracted under mild conditions.
The rings of apoB-100 are made up of nodules of various
sizes. However, every apoB-100 molecule contains a single
large nodule, which probably corresponds to the globular
amino-terminal domain. The locations of specific sequences
j of apoB-100 on the surface of LDL have been mapped by
S P I S S immunoelectron microscopy, showing that apoB-100 forms
0 S s*(20?v?/) [Svegiergs]zo 25 a ribbon or belt around the circumference of the LOI7,(
18), consistent with our results.

Ficure 8: Effect of 6-AHA on the sedimentation of Lp(a). Data . .
from representative sedimentation velocity boundaries in 2100 mM Although the apoB-100 of the LDL and Lp(a) retained its

ammonium acetate buffer are denoted by circles (absence ofCircular shape following glycerol treatment, these circles have
6-AHA), triangles (10 mM 6-AHA), and squares (100 mM 6-AHA).  a larger diameter than the LDL and Lp(a) particles them-
Multiple-species fits to each boundary using the modified Ftjita  selves. However, the mapping of apoB-100 on LDL revealed
MacCosham function are indicated by solid lines. a kink in the ribbon 18). Thus, it could be that, with glycerol
Examination of the same particle systems by electron extraction of lipid, the apoB-100 becomes unkinked. Al-
microscopy using different preparation technigues has proventhough uncoiling of this kink probably cannot account for
useful because the strengths and weaknesses of differenthe entire difference in circumference, it is likely that the
approaches are often complementary. We employed theremainder may be the result of additional, smaller bends or
technique of rotary shadowing with a thin coating of metal kinks or a result of perturbation of the hydrophobic interac-
but also used a variant method of preparation to avoid tions involving the surface proteins that normally maintain
extraction of lipid by the glycerol that is normally present its structure.
to prevent drying artifacts. Lp(a) was prepared using a In the presence of glycerol, images of Lp(a) are similar
sandwich technique, which allowed the particles to be fixed to those of LDL, with a ring of protein of the same diameter
prior to addition of glycerol, which is still necessary during but with greater density and containing more large nodules.
drying to prevent artifacts. These results demonstrate that apo(a) is closely associated
Lp(a) prepared in this way revealed circular structures very with the surface of Lp(a) and closely associated with apoB-
similar to those seen by negative contrast or cryoelectron 100. Previous studies using recombinant apo(a) added back
microscopy. In most cases, the particles consisted of roughlyto LDL appeared to show the apo(a) extending out from the
circular rings with greater density at the outer edge. This is surface of the LDL, but these images may have arisen as a
just the sort of image that would be expected from shadowing result of incomplete binding of apo(a) to LDL. In contrast,

(L B L B L L B B B L B

Fringe Displacement
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our results are entirely consistent with results from analytical sy value decreased to 11.2 S and further decreased to 9.9
ultracentrifugation 13), X-ray scatteringZ6), and scanning S in 100 mM 6-AHA. The conformational change is thus
probe microscopyd7) experiments and results that define titratable and proportional to the concentration of 6-AHA.
the parts of apo(a) and apoB-100 that interact with each otherSince these results are very similar to those analytical
(47). ultracentrifugation results reported previousl¥3), our
The cellular and molecular mechanisms underlying the electron microscope results can be used to interpret both sets
atherogenic action of LDL and Lp(a) involve in part the of sedimentation results. Both electron microscope and
occurrence of an oxidative modification of both the lipid and analytical ultracentrifugation results can be modeled as a
the protein components of the lipoproteid®,(28, 48, 49). mixture of two species, with similar ratios of compact and
Oxidation of LDL and Lp(a) affects the catabolism of the extended forms. The appearance of Lp(a) by electron
lipoproteins, including changes in receptor recognition, microscopy suggests that the conformational change in any
catabolic rate, retention in the vessel wall, and propensity one patrticle is all or none, with a mixture of two different
to accelerate atherosclerosi€)(50—-53). Electron micros- forms at low concentrations of 6-AHA. As the concentration
copy of oxidized Lp(a) demonstrated that lipid was not of 6-AHA is increased, all particles undergo the conforma-
extracted by glycerol, leading to the conclusion that lipid tional change. The sedimentation coefficient provides a single
may be cross-linked to the protein or trapped by the protein value related to the average amount of time spent in the
cross-linking or more tightly bound because of chemical various conformations. To determine the conformational
changes during oxidation. These structural changes mayequilibrium constant by observing a single particle, this
accompany the loss of recognition of oxidized LDL and Lp- particle would have to be visualized over a period of time
(a) by LDL receptors and the acquisition of particle recogni- to observe the proportion of time spent in each state. The
tion and uptake by scavenger receptors leading to foam cellelectron microscope images give a moment frozen in time,
formation and lipid retention in the vessel wall){ 53, 54). reflecting the probability of an individual particle being in a
Characterization of Conformational Changes of Lp(a) particular conformation at any given time. However, this is
Induced by Lysine Analoguelsp(a) undergoes a dramatic  directly related to the sedimentation results, since the
conformational change on treatment with lysine analogues, proportion of time any one particle would spend in a given
such as 6-AHA. These changes have been characterized bgonformation, as measured by sedimentation, is directly
the method of analytical ultracentrifugatioh3-15). This related to the overall fraction of particles with that conforma-
conformational change, characterized by up to almost a 50%tion within the whole population at any time, as measured
decrease in sedimentation coefficient, is one of the largestby electron microscopy.
of any ligand-induced conformational change measured to Lp(a) particles treated with 6-AHA in the presence of
date. However, although analytical ultracentrifugation is an glycerol differ dramatically in appearance. Most of the apo-
accurate method to characterize changes in large, complexa) moieties are much more obvious because they extend
structures such as Lp(a), more than one interpretation candirectly out from the remainder of the circular core particle,
be placed on these results. There are many different shapesvhich is the apoB-100 chain. In many cases, the apo(a)
(for a given mass) that produce similar sedimentation chains were aligned in a certain direction in a limited region
coefficients. Conversely, a relatively small conformational of the electron microscope grid. In cases where the edge of
change in a critical location can produce a large change ina dried glycerol drop was visible, the tails were oriented
the sedimentation properties. It is therefore very important perpendicular to the edge or in a radial direction with respect
that interpretation of sedimentation properties be carried outto the drop. This observation suggests that forces present
in conjunction with direct morphological examination (e.g., during the drying of the droplets, such as the surface tension
by electron microscopy) to avoid misleading conclusions. of the retreating liquietvapor front, extend and align the
The electron microscope images presented here provide dails. It is also possible that the lipid components of Lp(a)
physical picture of the changes in the particle recorded by contribute to the interaction of apo(a) with the LDL surface,
the analytical ultracentrifugation approach. and the extended conformation of apo(a) in the presence of
The nature of the conformational change has been 6-AHA was observed in Lp(a) prepared with glycerol
demonstrated by electron microscopy of the Lp(a) in the because of the extraction of lipid from the LDL.
presence of 6-AHA. Apo(a) normally lies in the outer shell ~ There is a clear difference in the density of the circular
of the Lp(a) particle and is attached to apoB-100 via a core from Lp(a) examined in the presence of 6-AHA, which
disulfide bond between C$§%° of apoB-100 and Cy&%in is readily accounted for by the fact that the apo(a) is no
kringle 1V9 of apo(a) §5, 56) and interacts noncovalently  longer interacting with the apoB-100. Thus, apo(a) normally
with apoB-100 via one or more lysine binding sites of the interacts strongly with apoB-100, so that in the presence of
apo(a) kringles47, 57). Lp(a) particles treated with 6-AHA  glycerol, where extraction of lipid occurs, a single ring is
without glycerol extraction show a very complex and seen. Only in the presence of lysine analogues do the two
irregular array of nodules around their circumference. Thus, chains separate, as a consequence of disruption of the
this conformational change does not involve complete noncovalent interactions between kringles and apoB-100. The
extension of the apo(a) but neither is there a simple increasebiological settings in which the noncovalent interactions
in the diameter of the sphere. between apo(a) and apoB-100 may dissociate are unknown,
Since it was necessary to study the conformation of Lp- as are the implications for apo(a) retention or activity in the
(@) by electron microscopy using buffer conditions that vasculature. It is possible that binding of Lp(a) to cell
differed from those used by others for analytical ultracen- surfaces, fibrin, or the extracellular matrix via lysine binding
trifugation, we repeated this analysis. Lp(a) sedimented atsites 8, 58) induces comparable alterations in the conforma-
12.5 S under our buffer conditions. In 10 mM 6-AHA the tion of the apo(a) with respect to LDL. Exposure of the
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kringles may affect plasminogen activation, binding to fibrin, A <— apo(a)
and binding to cell surface receptors or cause other alterations

in biologically important processes. On the other hand, such
a conformational change may expose the LDL particle of
the Lp(a) and make it more available for recognition by

known LDL receptors such as LRP or LDL-r.

Initially, analytical ultracentrifugation studies suggested
that there were two apo(a) chains per Lp&9)( However,
careful analysis of amino acid data clearly indicated that there
is only one apo(a) molecule per particl@0f. Subsequent
ultracentrifugation studies, taking into account the binding Fgyre 9: Schematic diagram of Lp(a) and ligand-induced con-
of solvent components to Lp(a), then led to the same formational changes. (A) Lp(a) in the absence of lysine analogues.
conclusion 61). The electron micrographs of glycerol-treated The apo(a) is closely associated with the apoB-100 on the surface

rotary-shadowed Lp(a) presented here demonstrate unequivo®f thle r0U9h|Tthpheri(Cé)1| particle. (B) |-Ip(6:|) in ttthe presence OBf ?’(S)»i(?g t
- ! analogues. The apo(a) remains covalently attached to apoB- u
ca_llbr/] that there is .a smglg apo(a) attached to eiCh Lp(a)h. moves away from the particle surface. (C) Lp(a) in the presence of
e concentration of 6-AHA necessary to observe the |ysine analogues and other mechanical forces that yield a fully

conformational change by electron microscopy was consider-extended linear chain.
ably less than that necessary to cause similar changes in the
previous analytical ultracentrifugation experimerit8)( This there are multiple potential interactions within apo(a), some
difference has been accounted for by the effects of different of which are not susceptible to 6-AHA. The most fully
anions on the conformation of Lp(a)4). Whereas most of  extended conformation contains 14 nodules although the
the previous analytical ultracentrifugation experiments were molecules contain 19 individual units (protease domain,
performed in the presence of Cions, our electron micro-  kringle V, and 17 kringle IV repeats). The heterogeneity in
scope experiments were carried out in a volatile buffer the length of the tails of naturally occurring Lp(a) was
without CI~. Since Ct ions likely stabilize the association considerably greater and correlated directly with the size of
of the apo(a) with the Lp(a) backbone, in their presence a the isoform (subject & S > D). This finding may imply
higher concentration of 6-AHA is necessary for the confor- that LDL alters the strength of the interkringle interactions
mational changeld). in apo(a) or that more than one of the kringle IV repeats in
In the images of the apo(a) tails, there was often the larger isoforms may interact with apoB and thereby are
substructure visible. Most commonly, the tails consisted of obscured from view. Similar conclusions of more than one
strings of small nodules at regular intervals. Each of these class of noncovalent association between apo(a) kringle IV
nodules appears to correspond to a single kringle. They aretypes 6-8 and the LDL surface have been described by
similar in appearance to the nodules seen in plasminogentesting the binding of a battery of r-apo(a)s to human LDL
by electron microscopy6@). The same nodules are seen on (57). It is necessary to be cautious in evaluating these
the extended recombinant apo(a) chains (Figure 1D). Thesecalculations because the measured lengths of the apo(a)
images are similar to electron micrographs of negatively molecules are likely to be underestimates, since some of the
contrasted apo(a)24). However, the kringles are more “extended” chains may still be partially folded. Such partial
clearly and consistently visualized in our micrographs using unfolding likely accounts for the greater heterogeneity in the
shadowed metal for contrast. In contrast to calculations from length of the tails visualized by electron microscopy than
the negatively contrasted image®), the kringle spacing  can be accounted for by variation in isoforms on SDS
that we determined, about 7.7 nm/kringle, is larger. However, PAGE.
each repeat includes not only a kringle but also connecting The conformational change in Lp(a) in the presence of
polypeptide chains, as well as increased size arising fromlysine analogues can be interpreted by analysis of all of these
the coating of shadowed metal. Compact forms of apo(a) results together. Under normal circumstances, the apo(a) is
visualized in these experiments (Figure 1E) may display very closely associated with the apoB-100 on the surface of
intermolecular interactions similar to those of apo(a) in the Lp(a), bound by a disulfide bond and one or more kringle
6-AHA-treated Lp(a), which has a complex array of apo(a) interactions with the embedded apoB-100 (shown schemati-
surrounding the core. cally in Figure 9A). In the presence of carboxyl-terminal
Individual kringles and/or domains can be counted in the lysines or lysine analogues, the strength of the interactions
apo(a) chains of the 6-AHA-treated Lp(a), permitting the part between apo(a) and apoB-100 is weakened, allowing apo(a)
of polypeptide chain still associated with the apoB-100 to to move away from the surface of the Lp(a) (Figure 9B).
be estimated. We observed a close correlation between theThe apo(a) remains fairly close to the surface but still
lengths of the tails (i.e., the number of nodules) observed contributes to a large increase in hydrodynamic radius, as a
by electron microscopy for recombinant apo(a) and each of result of increased surface roughness, resulting in a higher
three natural Lp(a) isoforms we examined and their migration frictional drag in analytical ultracentrifugation experiments.
on SDS-PAGE. High-resolution SDSagarose gel electro-  Although the apo(a) remains relatively close to the surface
phoresis followed by immunoblotting was used to determine under most conditions, including analytical ultracentrifuga-
apo(a) isoform size and kringle IV repeats for Lp(a) from tion where the rate of particle movement is quite slow, apo-
the subjects tested and to confirm the correlation. (a) can become fully extended by mechanical forces (Figure
Although examination of the recombinant apo(a) shows 9C). For example, the shearing forces present in arterial blood
significant heterogeneity in the length of the tails, the fully flow may cause extension of the apo(a). The extended apo-
extended form was not observed. This finding suggests that(a) tails could then present the kringle binding sites and/or

apo B-100
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the LDL particle to matrix components, cellular receptors,
and associated atherosclerotic plague in a more exposed form.
Recent studies suggest that the lysine binding heterogeneity
of plasma Lp(a) is not primarily an intrinsic property of the
Lp(a) but rather results from the ability of apo(a) to
noncovalently associate with abundant plasma components
such as LDL and fibronectir6@). Such association of Lp-

(a) with proteins in blood flow might be a physiological
setting in which the large-scale conformational changes in
the Lp(a) particle could take place.

We conclude from these studies that the structure of Lp-
(a) is exquisitely sensitive to environmental conditions.
Changes in salt concentration cause visible changes in the
diameter of the particles and surface appearance, but the
differences are still relatively small. There is a large
conformational change in the presence of lysine analogues,
one of the largest protein conformational changes so far
discovered and characterized. With the added forces of drying
in these experiments and possibly in flowing blood, there is
a further and dramatic large-scale change to a fully extended
chain. The distribution and the extent of these conformational
changes correlate with the size of the apo(a) isoform and
6-AHA concentration. Analogous changes in the behavior
of apo(a) in vivo may contribute to the variation in the
strength of the association between the apo(a) size and the
risk of cardiovascular disease. Identification of the factors
that may modify apo(a) conformation in vivo may provide
a new approach to modifying the impact of this risk factor.
Similar conformational changes in von Willebrand face)(
induced by shear stress or in vitronectin upon interaction
with other macromolecules (reviewed in 65), for example,
are associated with increased cell/matrix binding and alter-
ations in their biologic activity. Additional studies are
required to examine the pathophysiological consequences of
the observed changes in Lp(a) structure.
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