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ABSTRACT. We have previously demonstrated that, in the presence of the lysine analaguirocaproic

acid, apolipoprotein(a) [apo(a)] undergoes a conformational change from a closed to an open structure
that is characterized by a change in tryptophan fluorescence, an increase in the radius of gyration, an
alteration of domain stability, and an enhancement in the efficiency of covalent lipoprotein(a) [Lp(a)]
formation. In the present study, to identify sequences within apo(a) that maintain its closed conformation,
we usedt-aminocaproic acid to probe the conformational status of a variety of recombinant apo(a) isoforms
using analytical ultracentrifugation, differential scanning calorimetry, intrinsic fluorescence, and in vitro
covalent Lp(a) formation assays. We observed that the closed conformation of apo(a) is maintained by
intramolecular interaction(s) between sequences within the amino- and carboxyl-terminal halves of the
molecule. Using site-directed mutagenesis, we have identified the strong lysine-binding site present within
apo(a) kringle 1V type 10 as an important site within the C-terminal half of the molecule, which is involved

in maintaining the closed conformation of apo(a). Apo(a) exhibits marked isoform size heterogeneity
because of the presence of varying numbers of copies of the kringle IV type-2 domain located within the
amino-terminal half of the molecule. Using recombinant apo(a) species containing either 1, 3, or 8 copies
of kringle 1V type 2, we observed that, while apo(a) isoform size does not alter the affinity of apo(a) for
low-density lipoprotein, it affects the conformational status of the protein and therefore influences the
efficiency of covalent Lp(a) assembly. The inverse relationship between apo(a) isoform size and the
efficiency of covalent Lp(a) formation that we report in vitro may contribute to the inverse relationship
between apo(a) isoform size and plasma Lp(a) concentrations that has been observed in vivo.

Elevated plasma levels of lipoprotein(a) [Lp{eé)hve been (6, 7). Apo(a) isoforms ranging from 3 to greater than 40
identified as a risk factor for the development of vascular copies of KIV; have been identified in the human population
diseases (reviewed in refisand2). Lp(a) contains a low-  (8). A general inverse relationship between apo(a) isoform
density lipoprotein (LDL)-like moiety as well as a unique size and plasma Lp(a) concentrations has been rep@)ed (
glycoprotein component termed apolipoprotein(a) [apo(a)]. thereby establishing a genetic basis for the determination of
In the context of the Lp(a) particle, the apolipoproteinB- plasma Lp(a) levels. One reported explanation for this inverse
100 (apoB-100) component of the LDL-like moiety is linked correlation is the reduced secretion efficiency of larger apo-
to apo(a) by a single disulfide bridga, @). Apo(a) contains  (a) isoforms, leading to their increased intracellular degrada-
contiguous repeats of a sequence that resembles plasminogeiion (10).
kringle 1V, followed by sequences that are highly homolo-  Some of the apo(a) kringle IV domains are characterized
gous to the kringle V and protease domains of plasminogenpy the presence of lysine-binding pockets. Apo(a) KIV types
(5). The kringle IV domains of apo(a) are classified into 10 5-8 (KIVs_g) each contain a weak lysine-binding site
distinct subclasses; the kringle 1V type-2 domain (K)I& (WLBS) (11, 12), while apo(a) kringle 1V type 10 (KIVp)
present in variable copy number, which forms the molecular contains a stronger lysine-binding site (SLBS) that has been
basis for the observed isoform size heterogeneity of Lp(a) proposed to mediate the binding of apo(a)/Lp(a) to ligands

such as fibrin {3—15). Lp(a) assembly is a two-step process

F . in which initial noncovalent interactions between apo(a) and
Instiutes of Healih Recearch (1o M. K, M.LK. 1 a Career Investigar @POB-100 precede the formation of a single disulfide bond
tor*qlf ;hvz\elhlg?naré g?gsggrﬁggnigugﬁssilcénbcg‘ g)dnéféged. Department of E)ll, 12, 16)r.]The noncovalent ste% is med(ia;ced by( int)erac(;ions

. / PONCJENce sho SSed. etween the WLBS present within apo(a) Kkl (18) an
-'?'e?ggﬁg}']ﬂ:“/'(E‘?l‘gf;eg‘353§g’g§%ﬁ52ydx’f'Qgig”;sg’g"fgggfg?ﬁgﬁ:KZnLki’f% lysine residues (K680 and K690) within the amino-terminal
post.queensu.ca. 18% (apoB-18) of apoB-100LQ, 20). As such, lysine and

! Abbreviations: Lp(a), lipoprotein(a), LDL, low-density lipoprotein;  |ysine analogues such asaminocaproic acidetACA) are

apo(a), apolipoprotein(a); apoB, apolipoproteirBACA, e-amino- inhihi ; ;
caproic acid; HBS, HEPES-buffered saline; WLBS, weak lysine-binding potent inhibitors of the noncovalent interaction between

site; SLBS, strong lysine-binding site; CM, conditioned medium; AUC, apo(a) and apoB-100 an.d accordingly reduce the efficiency
analytical ultracentifugation; DSC, differential scanning calorimetry. Of covalent Lp(a) formation12, 17).
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We have recently demonstrated that the conformational 7k (22222 e 2 a3 a5 e A s oJia v P )

status of apo(a) plays a significant role in determining the SH
efficiency of covalent Lp(a) particle formatior2l). Un- .
complexed apo(a) exists in a “closed” conformation thatis 17k, psea (222222223 R G 67 B o0V P )
stabilized by interdomain interactions. The additior-&{CA SH

elicits a substantial conformational change in apo(a) to an

“open” structure. Apo(a), in the open conformation, forms 12K (l2f2]2] s 4 sLe[7I8oidv] P ]

covalent Lp(a) particles approximately 6 times more ef- SH

ficiently than the closed form of the molecule. As such, we

observ)ézd that the addition efACA resulted in a complex, 10K
biphasic effect on covalent Lp(a) assembly, whereby low SH
concentrations promote assembly by altering the conforma- KIV.-P Gl BV )
tion of apo(a), while higher concentrations of this ligand SH
attenuate the process by inhibiting noncovalent interactions

between apo(a) and LDL2(). These data suggest that the Kiv. (l2]2]2]2]2] 2] 2] 23] 4)

efficiency of covalent Lp(a) assembly can be regulated by Ficure 1: Recombinant apo(a) variants used in this study.
sequences that do not directly participate in the noncovalentRecombinant apo(a) variants corresponding to 17K, ui§D56A,

step of Lp(a) assembly but rather maintain the closed 12K, 10K, KIV;_4, and KIVs-P were constructed in the pRK5 vector
conformation of apo(a)2(l) and expressed in human embryonic kidney 293 cells as outlined in

the Experimental Procedures. LdoD56A contains an Asp to
In the present study, we examined the physical propertiesAla substitution at amino acid position 56 of Kiythat disrupts

of different recombinant apo(a) variants using a variety of the SLBS.

biophysical techniques with the goal of identifying sequences o
responsible for maintaining the closed conformation. We 20 MM HEPES at pH 7.4 and 150 mM NaCl) containing 1
further assessed the effect of apo(a) isoform size on theM NaCl, and bound proteins were eluted by the addition of
conformation of apo(a) as well as the efficiency of both HBS containig 1 M NaCl and 0.5 MN-acetylo-glu-
noncovalent and covalent Lp(a) assembly. Our data dem-cosamine (SigmaAldrich). KIV1-,-containing fractions
onstrate that the number of copies of the Kidomain in ~ Were pooled, dialyzed extensively against 20 mM Tris-HCI
apo(a) has a profound influence on the efficiency of the &t pH 8.0, and applied to a 5-mL Q-Sepharose (Amersham
covalent step of Lp(a) assembly. This represents a no\,e|Blos_c|ences) column. Bound proteins were eluted with a
mechanism, which may contribute to the inverse correlation continuous salt gradient from 0 to 0.6 M NaCl (80-mL total
that has been reported between apo(a) isoform size anddradient volume). Apo(a) KIV-, eluted between 350 and

plasma Lp(a) concentrations in the human population. 600 mM NaCl. These fractions were pooled, dialyzed
extensively against 20 mM HEPES at pH 7.4, and applied
EXPERIMENTAL PROCEDURES to a 5-mL Heparin-agarose (SigmaAldrich) column. The

flow through was collected, dialyzed against HBS, and

Expression and Purification of Recombinant Apo(a) Vari- concentrated using poly(ethylene glycol) (PEG) 20000
ants All of the recombinant apo(a) [r-apo(a)] variants used, (Fluka). The final protein concentration was determined by
with the exception of apo(a) KI\/,4, were cloned and stably  measuring absorbance at 280 nm (with correction for
expressed in human embryonic kidney (HEK) 293 cells as Rayleigh light scattering) using a calculated extinction
previously described?@—24). An expression plasmid encod-  coefficient €q10 = 1.63) @5). Protein purity was assessed
ing the KlVi-4 r-apo(a) variant was generated using the by SDS-PAGE followed by Coomassie blue staining.
parental 17-kringle (17K) r-apo(a) expression plasmid  Measurements of Intrinsic Fluorescendatrinsic fluo-
pRK5hal7 22). Briefly, the KIV.4-encoding construct was  rescence measurements of r-apo(a) were performed using an
generated using aftcoRl/Smd fragment derived from | S50B Juminescence spectrometer (Petkiiimer Life Sci-
pRKhal7 (containing sequences encoding thenfranslated  ences) as previously describel. Briefly, 70 nM each of
and signal sequences followed by K|\¢ight copies of KI, 17Kyv10D56A (a variant containing an amino acid substitu-
KIV 3, and KIV,) and anEcaRV/EcaRI fragment (containing  tion that disrupts the SLBS in KIN) (24), 17K, as well as
sequences encoding a stop codon engineered between thgv .-P [corresponding to the carboxyl-terminal half of apo-
kringIeVand protease-like domainS). These fragments Were(a)] and KIVi_4 r-apo(a) [Corresponding to the amino-
used for a 3-part ligation into pRKhal7, which had been terminal half of apo(a)] (Figure 1) was titrated with a range
digested withEcoRI to remove the 17K apo(a) sequence; of -ACA concentrations (from 4&M to 216 mM). For the
the resultant vector was designated pRKShaKlV This simultaneous titration of KIY. 4 and KIVs-P, both proteins
expression plasmid was used to generate a stably expressingjere added to a final concentration of 70 nM in the same
HEK 293 cell line as previously describe?2. cuvette. Resultant fluorescence changes were subjected to

With the exception of apo(a) K\, all of the r-apo(a) nonlinear regression analysis using equilibrium equations
variants were purified from the conditioned media (CM) of describing one or two binding sites fotACA as appropriate.
stably expressing cell lines using lysine-Sepharose (Amer- The fractional fluorescencé/lp) obtained for either the 17K
sham Biosciences) affinity chromatography as previously or 17Kk10D56A r-apo(a) variants was subtracted from the
described 22, 23). For the purification of apo(a) KI\V.,, changes in the correspondii, values A(l/l,)] obtained
CM containing the recombinant protein was passed over afor the simultaneous titration of Ki\, and KIVs-P. The
20-mL lectin-Sepharose (Amersham Biosciences) column. excess fluorescence changes obtained were modeled accord-
The column was washed with HEPES-buffered saline (HBS; ing to simple hyperbolic equations to obtain the maximal
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fractional fluorescence changes andifg,p values forthe ~ Scheme 1

intramolecular interactions in 17K and 1dtkoD56A r-apo- K, ko

(). A «—> AB — A-B
Analytical Ultracentrifugation of Recombinant Apo(a)

Sedimentation experiments were performed using a Beckman Konr Kor Ko

XL-I analytical ultracentrifuge as previously describ@d)(
Briefly, sedimentation velocity experiments were performed A* «—> A*B ——> A*.B
at a constant temperature (2@) using a rotor speed of )
22 500 rpm for 17ky10D56A, 25 000 rpm for 10K and 12K, ~ reaction volume of 5QiL. For the 10K and 12K r-apo(a)
and 30 000 rpm for KI¥-P and KIV;i_4. For some r-apo(a) v_arlants,e-ACA titrations were conducted at LDL concentra-
variants, the dependence A, on the concentration of ~ fions of 12.5, 25, and 50 nM; for 17%10D56A, LDL
¢-ACA was modeled by regression of the data according to concentrations of 12.5, 25, 50, and 75 nM were used. After
a simple hyperbolic relationship. incubation for 4 h, the reactions were stopped by the a_ddmon
Differential Scanning Calorimetry (DSCPSC experi-  Of an equal volume of 2X Laemmli sample buffe6f in
ments were conducted using a VP-DSC calorimeter (Micro- the absence of a reducing agent and heated aC9or 5
cal) as previously describe®1). For the third thermal ~ Min. Samples were then subjected to SBRGE on 4%
transition of 12K r-apo(a), the dependence of thig*_ : polyacrylamide gels. The gels were placed in fixing solution
AHm ratio (corresponding to the temperature-independent for 20 min, followed by incubation in Amplify solution
van't Hoff and calorimetric heat changes, respectively) on (Amersham Biosciences) for 30 min. The gels were then
the concentration 0é-ACA was modeled according to a dried and exposed onto an Imaging Screen (BioRad) for 16
simple hyperbolic relationship. h. The screen was developed using a Blora_d Molecu!ar
Purification and Modification of LDL with Slodoacet- ~ mager FX, and the bands were quantified using Quantity
amido-fluoresceinLDL was purified from human plasma ©ne 4.0.1 densitometry software. The extent of r-Lp(a)
and labeled with Siodoacetamido-fluorescein as previously Particle formation was calculated to be the density of the
described21). The concentrations of LDL and fluorescently LP(2) band divided by the sum of the densities of the Lp(a)
labeled LDL (flu-LDL) were determined using a modified @nd apo(a) bands, multiplied by 100. The initial rate of
Bradford assay, and the preparations were stored@tfr ~ covalent Lp(a) assembly/g) was estimated by dividing the
no longer than 3 days prior to use. amount of Lp(a) formed (in nanomolars) by the incubation
Binding of Recombinant Apo(a) to flu-LDEluorescein  time. For 17K:0D56A, the initial rate of covalent Lp(a)
fluorescence measurements demonstrating r-apo(a) binding®SSembly in the absence@ACA was modeled with respect
to flu-LDL were performed using an LS50B luminescence © the concentration of LDL using the hyperbolic relationship

spectrometer (PerkirElmer Life Sciences) as previously —Shown below (Scheme 1). . _
described 21). Briefly, flu-LDL (50 nM) was titrated with In this reaction mechanism, A and A* represent apo(a) in
either 17Kqv10D56A, 12K, or 10K r-apo(a). The resultant the closed and open conformations, respectively, and B

fluorescence changes were subjected to nonlinear regressiofePresents LDL. AB and A*B represent noncovalent Lp(a)
using the following quadratic equation: particles, while A-B and A*—B represent covalent Lp(a)

particles.Kp is the dissociation constant for the interaction
Al = 0.5dI(Kp, + [A] o + [B] — between apo(a) and LDLKyr is the intrinsic equilibrium
constant between the open and closed conformations of apo-
\/(KD +[A], + [B] 0)2 — 4[A]4[Blo) (1) (a), andkgpen and keoseg are the rate constants for covalent
Lp(a) particle formation for the open and closed conforma-
where Al is the measured fluorescence chandgijs the tions of apo(a), respectively. This model describes a scenario

difference between the fluorescence coefficient for LDL in (S€€ ref21) in which the conformational status of apo(a)
the free and the apo(a)-bound statés,is the dissociation influences the efficiency of covalent Lp(a) assembly by

constant for the flu-LDL:apo(a) interaction, and j&ind [B} altering the rate constant for disulfide bond formatidaq)l (

are the total concentrations of r-apo(a) and flu-LDL, respec- and not the affinity of apo(a) for LDLKp). The rate equation

tively. for this reaction mechanism is displayed in eq 2 The general
Transient Transfection and Metabolic Labeling of r-apo- vV B n

(a) with [**S]cysteineTransient transfection of 17K, 1%&l1o- 0o _ Bl { Ketosed kOPEfK'NT )

D56A, 12K, and 10K r-apo(a) into HEK 293 cells and [Al;  [Bly+Kp\ 1+Kyr

metabolic labeling with $S]cysteine (PerkinElmer Life

Sciences) was performed as previously descrigd)l The  form of eq 2 is a rectangular hyperbola given by
concentration ofPS]cysteine-labeled apo(a) was determined
by ELISA using purified apo(a) as a standard, and the labeled i _ clBl+

proteins were stored in aliquots afr0 °C prior to use. [Al+ b+ Bl ©)
Covalent Lp(a) Assembly Assays.vitro covalent Lp(a)

assembly assays were performed essentially as previouslywhere

described Z1). Purified native LDL (50 nM) was incubated

with CM containing 4 nM 5S]cysteine-labeled 1710- b=Kp (4)

D56A, 12K, or 10K r-apo(a), in the presence of a wide range Kyoseg T KonerK
of e-ACA concentrations (0, M, 10 uM, 100uM, 1 mM, — _closed ' “operl INT (5)
5 mM, 10 mM, 25 mM, and 100 mM), at 37 in a total 1+ Kinr




Apo(a) Isoforms and Lp(a) Assembly
Scheme 2

K, k
A+B «<— AB — A-B

Covalent Lp(a) assembly assays using varying concentrations

of LDL were conducted to obtaikp andKr from eqgs 3-5.
The rate constants for 17K r-apo(&}pen and Kejosea Were
obtained previously21).

Monitoring of the extent of covalent Lp(a) assembly over
a period 6 4 h was performed for the 17K, 12K, and 10K

r-apo(a) variants. These assays were conducted at an LDL

concentration of 50 nM using an identical procedure to the
one described above with the exception that covalent Lp(a)
formation was terminated at various time points=(0, 1,

2, 3, and 4 h). The extent of covalent Lp(a) particle formation
[%Lp(a)] was determined and modeled as a function of time
using an exponential rise to maximum equation shown below
(Scheme 2).

Scheme 2 describes a reaction mechanism in which A
represents apo(a) in the conformation that it adopts in the
absence 0&-ACA [closed for 12K and 17K r-apo(a), open
for 10K r-apo(a)] and B represents LDL.-/B and AB
represent covalent and noncovalent Lp(a) complexes, re-
spectively.Kp represents the dissociation constant for the
noncovalent interaction between apo(a) and LDL, &nd
represents the rate constant for disulfide bond formation for
apo(a) keosedafor 12K and 17K r-apo(a)openfor 10K r-apo-

(a)]. This model describes a scenario in which covalent Lp-
(a) assembly proceeds via a two-step process in which initial
noncovalent interactions between apo(a) and LDL precede
disulfide bond formation 11, 12, 16). Importantly, in the
absence o-ACA, the vast majority of 17K and 12K r-apo-
(a) molecules adopt closed conformations. As such, Lp(a)
formed from 12K or 17K r-apo(a) molecules in the open
conformation need not be considered in kinetic analyses.
Similarly, because 10K r-apo(a) adopts an open conformation
in the absence of-ACA, covalent Lp(a) particles formed
from this variant in the closed conformation need not be
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Ficure 2: Effect of e-ACA on the intrinsic fluorescence of apo-

(@). (A) KIV,—4 (a) and KIVs-P (@) (70 nM each) were titrated

with e-ACA, and the resultant changes in intrinsic fluorescence

were recorded. The lines are a nonlinear regression of the data to

hyperbolic equations representing the binding-#CA to apo(a).

(B) Identical intrinsic fluorescence experiments were performed

using 17K @), 17Kqv10D56A (O), and KIV;—4 and KIVs-P (a)

(70 nM each) simultaneously. (Inset) Fractional fluorescence

changes I(l,) for either 17K @) or 17Kxy10D56A (O) were

subtracted from the corresponding, values obtained for the

0.1 1000

considered in kinetic analyses. Because we had independentlgimultaneous titration of KIY-4 and KIVs-P. The lines represent

measured the affinity of apo(a) for LDLKE) for each of
the r-apo(a) derivatives, the rate constaobuld be obtained
from fitting the kinetic data according to egs 6 and 7, where

%Lp(a)= 100(1— e %) (6)
_ kBI;
Bk v

RESULTS AND DISCUSSION

Closed Conformation of Apo(a) Is Maintained by an
Intramolecular Interaction between Amino- and Carboxyl-
Terminal Sequencedo identify sequences in apo(a) that
maintain its closed conformation, we expressed recombinant
proteins corresponding to the amino- (KI\) and carboxyl-
(KIV 5-P) terminal halves of 17K r-apo(a) (Figure 1) and
analyzed the physical properties of these proteins by intrinsic
fluorescence. Titration of KIM¥P or KIV;—4 with e-ACA

the fits obtained when the additional fluorescence changes observed
for 17K (@) and 17Kv10D56A (O) were modeled to hyperbolic
equations. The apparent dissociation constaiig.d,] obtained

from the fits represent binding @FACA to the site(s) on apo(a)
that maintains its closed conformation.

biphasic change in intrinsic fluorescence upon titration with
€-ACA,; an increase in fluorescence is observed correspond-
ing to aKgs = 785 uM followed by a large decrease in
fluorescence corresponding td&Ka, = 56.8 mM (Figure 2B).
Interestingly, simultaneous titration of KW and KIV;—4
with e-ACA vyielded fluorescence changes that did not
precisely overlap with the profile obtained for 17K r-apo(a)
(Figure 2B). When the intrinsic fluorescence profile for the
simultaneous titration of KIW¥P and KIV;—, was subtracted
from 17K, a hyperbolic decrease in fluorescence was
obtained (inset of Figure 2B). Modeling of the additional
fluorescence change in 17K according to a hyperbolic
equation yielded #ppp) value of 5.274+ 1.15 mM and a

yielded fluorescence changes that were modeled accordingnaximal fractional fluorescence change 610.0744 +

to simple hyperbolas to obtain dissociation constaKts (
of 567.94 41.4uM and 41.0+ 3.3 mM for the binding of
€-ACA to KIVs-P or KIV;_4, respectively (Figure 2A). As
we have shown previously1), 17K r-apo(a) undergoes a

0.0037. The affinity that characterizes this additional fluo-
rescence change in 17Kg = 5.274+ 1.15 mM) is in good
agreement with the previously report&@pp) value (8.05
4 2.77 mM) for the binding ot-ACA to the site(s) on apo-
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Ficure 3: Effect of e-ACA on the sedimentation coefficient of

apo(a). Sedimentation coefficients for 17@)( 17Kyn10D56A (O),

12K (¥), 10K (A), KIV 14 (O), and KIVs-P (@) in the presence of

a wide range o€-ACA concentrations were determined using AUC.

The lines represent modeling of the data to either hyperbolic (17K,

17Kxv10D56A, and 12K) or linear (10K) equations. The data for

17K are from ref21.
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(a) that maintains its closed conformatidil), suggesting

Becker et al.

the sedimentation coefficient of 1¢kqoD56A in the absence

of e-ACA (Sy20=9.21 for 17K @1) and 9.06 for 17ly10-
D56A; see Figure 3). Interestingly, however, AUC data
indicate that the amount @fACA required to elicit the full
conversion of 17Iky10D56A to the open conformation is
considerably increased-(0-fold) compared to 17K, yielding

a correspondindlpapp) value of 85.7+ 11.3 mM (Figure

3). Intrinsic fluorescence experiments further substantiate this
point. A comparison of the additional fluorescence changes
(that report the transition from closed to open conformation;
see above) obtained for the 1toD56A and 17K variants
reveals that there is a 10-fold reduction in the affinity
(17Kkiv10D56A: Kppp) = 52.1 mM; 17K: Kpgpp = 5.27
mM) and a 32% reduction in the maximal fractional
fluorescence change (1¥KaoD56A: /lomax = —0.0513;
17K: /o max = —0.0744) that accompanies the conforma-
tional change for 17lv10D56A (Figure 2B). A reduction

in /1o max for 17Ky v10D56A is consistent with this variant
adopting a more open conformation in the abseneeATA.
These observations are in excellent agreement with AUC
experiments, which demonstrate that, compared to 17K, the
17Kxv10D56A variant adopts a slightly more open confor-
mation in the absence efACA but requires 10-fold higher

that the closed conformation of apo(a) is maintained by an concentrations of this ligand to stimulate full conversion to
intramolecular interaction between sequences within the the open form Kpepp = 8.05 mM for 17K, Kp@pp) = 85.7

amino- and carboxyl-terminal halves of the molecule. To
address this hypothesis, we assessed the effeeAGIA on

the conformational status of apo(a) kK and KIV;—, using
analytical ultracentifugation (AUC). The addition 6ACA

had no effect on the sedimentation coefficients of either
KIV s-P or KIV;_4, indicating that neither of these r-apo(a)

mM for 17Kxn10D56A) (Figure 3). When taken together,
these data not only demonstrate that kd\is crucial in
maintaining the closed conformation of apo(a), but also
suggest that the D56A substitution in the SLBS in apo(a)
KIV 10 lowers the affinity of this kringle foe-ACA to a much
greater extent than for the sequences in apo(a) that maintain

variants adopt a closed conformation that can be convertedits closed conformation (i.e., internal ligand), suggesting that

to an open form upon binding ©©ACA (Figure 3). When

the internal ligand isiota lysine residue. The lysine-binding

taken together, these data provide strong evidence for anpocket of KIViocan only accommodate one amino add)(
interaction between sequences within the amino- and car-As such, the observation that the additionceACA elicits

boxyl-terminal halves of apo(a) that maintain its closed

a conformational change in apo(a) does not necessarily

conformation; evidence for the interaction of these sequencesequate ta-ACA competing with an internal lysine residue
in the closed conformation of apo(a) has also been suggestedn apo(a) for binding to KI\{o. Thus, it becomes clear why

by electron microscopy 2(7). Interestingly, the closed
conformation of plasminogen is also maintained by an

a mutation (D56A) that diminishes the lysine-binding
properties of KI\{p exhibits a modest effect on the confor-

interaction between sequences within the amino- and car-mation of apo(a).

boxyl-terminal halves of the protein; the amino-terminal tail
domain of plasminogen interacts with kringle V in the closed
conformation of the molecule28). As is the case for apo-
(a), conversion of plasminogen to the open form is ac-
companied by changes in both the radius of gyrati29) (
and tryptophan fluorescencg(). However, apo(a) lacks an
analogous tail domain to that which is present in plasmino-
gen.

SLBS in Apo(a) K\ Is Involved in an Intramolecular
Interaction with Amino-Terminal Sequenc&sevious data
from our laboratory suggest that the SLBS in apo(a) IV
located within the carboxyl-terminal half of apo(a), is
involved in maintaining the closed conformation of 17X,

The modest effect of the DS6A mutation on the conforma-
tion of apo(a) translated into a markedly increased propensity
(over 17K) of this derivative to form covalent Lp(a) particles
(Figure 4A). To investigate whether this increased efficiency
occurred at the level of noncovalent Lp(a) assembly or the
rate of disulfide bond formation, we modeled the initial rate
with which 17K¢\10D56A forms covalent Lp(a) particles
with respect to the concentration of LDL. Using eq 3
(described by Scheme 1), we obtaine&mof 21.2 + 8.6
nM for the noncovalent interaction between kfkoD56A
and LDL and a constant) of 0.08354 0.0119 h' that
subsequently yielded &t of 0.153 (see eq 5). These data
clearly demonstrate that the increased rate of covalent Lp-

To substantiate this hypothesis, we used a 17K variant of (a) particle formation observed for 1¢i0D56A is due to
apo(a) that contains a single amino acid substitution in the a 6-fold change Kyt (17Kkv10D56A: Kyt = 0.153;

KIV 10 SLBS (17Kqv10D56A; Figure 1). The X-ray crystal
structure of KI\j, predicts that this residue functions as a

17K: Kt = 0.025; see re1) and hence conformation, in
the absence of an alteration of the affinity of kfKoD56A

key part of the anionic center that coordinates the side-chainfor LDL (17Kk10D56A: Kp = 21.2+ 8.6 nM; 17K: Kp

amino group of lysine31). Surprisingly, mutating the SLBS
in apo(a) KlVip only modestly altered the conformational

= 23.94 7.2 nM; see reR1). The lack of an effect on the
noncovalent step of Lp(a) assembly was corroborated

status of the protein as indicated by the minimal decrease inexperimentally by titrating flu-LDL with 17Iy10D56A,
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Ficure 4: Effect of the D56A mutation in apo(a) Kiyon covalent
Lp(a) assembly. (A) Velocity of covalent Lp(a) particle assembly
for 17Kxv10D56A (O) and 17K @) (the latter taken from re21)

in the absence of-ACA was measured at various concentrations
of LDL. A hyperbolic relationship described by eqs-B8, was
derived from first principles based on the model shown in Scheme

lpM

1. The lines represent the fit obtained upon subjecting the data to

a nonlinear regression using eq 3, yieldinggfor the noncovalent
interaction between LDL and apo(a) and a consgariB) In vitro
covalent Lp(a) assembly assays using metabolically labeleghkdK
D56A (4 nM) and a variety of LDL concentrations (12.5 nM,
25 nM, O; 50 nM, a; 75 nM, @) were conducted in the presence
of increasing concentrations efACA (0—100 mM). The fraction

of apo(a) present as covalent Lp(a) particles was determined by

SDS-PAGE followed by fluorography and densitometric analysis.
The velocity of covalent Lp(a) particle formatiox)(was calculated

by dividing the amount of Lp(a) formed (in nanomolars) by the
end of the reaction (4 h) and by the duration of the reaction. For a
comparison, the initial rate of covalent Lp(a) particle formation
using 4 nM 17K and 50 nM LDL at various concentrations of
€-ACA (red triangles, red line) is presented (see2&¥.

which yielded aKp of 31.5+ 8.8 nM compared to 23.9
7.2 nM for 17K Q1) (Table 1).

On a molecular level, the 6-fold changeKm reflects a
6-fold reduction in the affinity of KI\{; for the internal ligand
resulting from the D56A mutation. Furthermore, tKerr
and Kppp) values for 17K and 17Kv10D56A can be used
to quantify the effect of the D56A mutation on the affinity
(Kg) of KIV 1o for e-ACA (i.e., Kp(app)= Ke/Kint). The results
of this analysis demonstrate a 60-fold reduction in the affinity
of KIV 10D56A (versus KlVig for e-ACA. When taken

together, these data provide quantitative experimental evi-

dence for our hypothesis that the D56A mutation affects

Biochemistry, Vol. 43, No. 31, 2008983

Table 1: Analysis of Noncovalent Binding between Recombinant
Apo(a) Variants and flu-LDL

r-apo(a) variarit Kp (nM)P

17K 239+ 7.2
17Kkv10D56A 31.5+ 8.8
12K 347+ 2.2
10K 26.0+ 8.8

ar-apo(a) variants are shown schematically in FigureKp values
were determined using a solution-phase, fluorescence-based binding
assay in which LDL was labeled with-®bdoacetamido-fluorescein.
Values reported forKp are representative of three independent
experiments® From ref21.

binding to e-ACA to a greater extent than to the internal
ligand. Clearly, the identification of sequences in apo(a) that
interact with KlIVio in the closed conformation will be
required to rationally design site-directed mutations in IV
that more potently affect internal ligand binding in the closed
conformation of the molecule.

We have previously reported that the additionceACA
elicits a biphasic effect on the initial rate of covalent Lp(a)
particle formation for 17K; low concentrations efACA
enhance the process by altering the conformational status of
apo(a), while higher concentrations of this ligand potently
attenuate the process by inhibiting noncovalent interactions
between apo(a) and LDL2(). Unlike that observed for 17K
r-apo(a), the addition af-ACA did not elicit a biphasic effect
on the initial rate of covalent Lp(a) assembly using the
17Kxv10D56A variant, which resulted in a simple inhibitory
profile (Figure 4B). This result is in keeping with our
observation that the D56A mutation in K]y drastically
reduces {60-fold) the affinity of this domain foe-ACA;
the amount ok-ACA required to elicit the conformational
change in the 17Kv10D56A variant is elevatedKpapp) =
85.7 mM) to concentrations high enough to completely
abolish initial noncovalent binding to LDL. Thus, while the
minimal change irKiyr (i.e., conformation) exerts only a
mild effect on the rate of covalent Lp(a) assembly in the
absence 0&-ACA, the large change i (i.e., affinity for
€-ACA) completely abrogates the biphasic effeceeACA
on the initial rate of covalent Lp(a) particle formation (Figure
4B). These data underscore the important role played by
K1V 10 in maintaining the closed conformation of apo(a).

Apo(a) Isoform Size Affects the Conformation of Apo(a)
The closed conformation of apo(a) is associated with a
decreased rate of covalent Lp(a) assembly, possibly by
restricting access of LDL to the free sulfhydryl group in apo-
(@) KIVe. As previously stated, apo(a) exhibits marked
isoform size heterogeneity within the human populatién (
7). Using differently sized recombinant apo(a) isoforms, we
investigated the effect of apo(a) isoform size heterogeneity
on the conformation of apo(a), as well as on the efficiency
of both noncovalent and covalent Lp(a) assembly. The 12K
r-apo(a) variant (containing 3 Ki¥domains) exhibited an
¢-ACA-induced conformational change from a closed to open
form as indicated by the nonlinear decreas8,in, observed
for this variant in AUC experiments (Figure 3). Moreover,
the Kpapp) value for the 12K r-apo(a) (& 1 mM) variant is
in good agreement with that previously reported for the 17K
r-apo(a) variant Kppp) = 8.03 £ mM; ref 21) indicating
that reducing the KIY copy number from eight (in 17K) to
three (in 12K) does not alter the conformational status of
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apo(a). Interestingly, are-ACA-induced conformational 0.10
change in the 10K r-apo(a) variant (containing one KIV A
domain) was not observed, as indicated by the absence of a 0.08 1
change in the sedimentation coefficient for this variant in

the presence oé-ACA (Figure 3). It appears that greater o 0067
than one copy of KIY¥ must be present for apo(a) to adopt =

a closed conformation. Electron microscopy studies of apo- & 0041
(@) have described a structure that resembles “beads on *
string”, with rigid kringle domains connected by flexible 0.02 1
interkringle sequence®Y). Because Kl¥Yis present in 10K 0.00 4

r-apo(a), which adopts an open conformation, it is unlikely
that this domain directly participates in an intramolecular i , . , . ,
interaction with the SLBS in KlV,. It is possible, however, IpM  10pM 100pM  1mM  10mM  100mM
that more than one copy of Kbvis required to provide [e-ACA]

enough length and flexibility (because of the presence of
extra interkringle sequences) to enable an intramolecular
interaction between the amino-terminal half of apo(a) and
sequences within K.

Apo(a) Isoform Size Is bersely Proportional to the
Efficiency of Cealent Lp(a) AssemblyHaving demonstrated
that the number of KIY domains in apo(a) affects the
conformational status of the protein, we next investigated
the ability of differently sized isoforms of apo(a) to form
both noncovalent and covalent Lp(a) particles. Titration of
flu-LDL with either 10K or 12K r-apo(a) yielded nonlinear
decreases in fluorescence that were subsequently modeled
according to eq 1, yieldingp values of 34.7 2.2 nM and : : : : : :
26.0 + 8.8 nM for the 12K and 10K r-apo(a) variants, IyM  10pM 100pM 1mM  10mM  100mM
respectively (Table 1). ThEp for the interaction between [e-ACA]
17K r-apo(a) and flu-LDL was previously determined to be 50
23.94+ 7.2 nM 1), indicating that apo(a) isoform size does C
not affect its affinity for LDL. 40 -

Although apo(a) isoform size did not alter the affinity of
apo(a) for LDL, it exerted a profound effect on the initial 30
rate of covalent Lp(a) particle formation. Titration with
¢-ACA resulted in a biphasic effect on the initial rate of
covalent Lp(a) particle formation using the 12K r-apo(a)
variant (Figure 5A). This biphasic relationship is consistent 10
with the notion that the 12K r-apo(a) variant undergoes an
e-ACA-induced conformational change from a closed to open 0 -
form. As we have previously shown with 17K r-apo(a}),
the magnitude of thes-ACA-mediated enhancement is
sensitive to the ratio of LDL/apo(a) because higher concen-
trations of LDL partly alleviate inhibition of the noncovalent Time (h)
step of Lp(a) assembly bs+ACA (Figure 5A). In contrast  Ficure 5: Effect of apo(a) isoform size heterogeneity on covalent
to the 12K and 17K r-apo(a) variants, a biphasic relationship Lp(a) assembly. In vitro covalent Lp(a) assembly assays, using
was not observed for the 10K variant (Figure 5B). This metabolically labeled 12K (A) and 10K (B) were conducted with

s : . I different concentrations of LDL (12.5 n\#; 25 nM, @; and 50
observation is consistent with AUC data, which indicate that nM, 4) in the presence of a range 6fACA concentrations (8

this r-apo(a) variant adopts an open conformation in the 100 mm) at 37°C for 4 h. The data were treated in the same manner
absence o&-ACA (Figure 3). as those for the 17Ky10D56A variant (see Figure 4B). (C) In vitro

The efficiency of covalent Lp(a) assembly in the absence covalent Lp(a) assembly assays using metabolically labeled 17K
of e-ACA is inversely correlated with apo(a) isoform size. (@), 12K (a), or 10K @) (4 nM) and LDL (50 nM) were conducted
Because altering apo(a) isoform size did not affect the at 37 Cfolrvanable timest(= 0, 1,.2, 3, or 4 h). The lines represent

' g. .p (@) b a regression of the data according to eq 6.
solution-phase affinity of apo(a) for LDL (Table 1), variations
in the efficiency of covalent Lp(a) assembly must be demonstrated over the entire time course. Modeling of the
accounted for by alterations in the rate constadgtfor data using eq 6 yielded a constaa} that incorporates the
disulfide bond formation between the various apo(a) variants rate constant for covalent Lp(a) assembk), (the total
and LDL. To further investigate this relationship, we concentration of LDL ([B{), and the affinity of apo(a) for
performed covalent Lp(a) assembly assays using 17K, 12K,LDL (Kp) (see eq 7) for each r-apo(a) varia@t= 0.039+
and 10K r-apo(a) variants over a time couréd & (Figure 0.003 h! for 17K, a = 0.067+ 0.005 h'! for 12K, anda
5C). The inverse relationship between apo(a) isoform size = 0.125+ 0.005 h't for 10K. Using eq 7, we obtained the
and the rate of covalent Lp(a) particle formation is clearly following rate constantsk = 0.0576 h? for 17K,k =0.113
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Ficure 6: DSC of 10K and 12K recombinant apo(a) in the preseneeAECA. The corrected thermal denaturation profiles were modeled
according to a non-two-state model that describes three independent thermal transitions. The red lines correspond to the fits obtained to the
data (black lines). (A and B) 10K r-apo(a) in the presence of 0 and 50emN@A, respectively. (C and D) 12K r-apo(a) in the presence

of 0 and 50 mMe-ACA, respectively. (E and F) 17K r-apo(a) in the presence of 0 and 50erm@A, respectively. The data for 17K are

from ref 21.

h™1 for 12K, andk = 0.200 h* for 10K. The rate constant 10K adopts an open conformation, it follows that this variant
observed for 17KK = 0.0576 h?) is in good agreement has an increased propensity to form covalent Lp(a) particles.
with the previously determined rate constant for the closed In fact, the observed rate constant for 1= 0.200 h'!)

conformation of 17K(Ksesea = 0.0497 h'') (21). Because is reasonably consistent with the rate constant previously



9986 Biochemistry, Vol. 43, No. 31, 2004 Becker et al.

Table 2: Analysis of the Thermal Denaturation of Apo(a) in the A
Absence ofe-ACA 8

parameter 17K r-apo(d) 12K r-apo(a) 10K r-apo(a) 7
Tl (°C) 55.2 53.3 53.8 -
AHum (kcal mol2) 1.2 x 10P 6.0x 16 4.0x 10P 61
AH* (kcal mol?) 6.2 x 10° 6.9 x 10¢ 7.2x 10 s s
AHml AH* 19.4 8.70 5.56 %
Ton (°C) NAD 59.5 59.3 4, V\.\.
AHmy (kcal mol) NA 3.4 x10° 3.3x 10°
AH* (kcal mol?) NA 7.7 x 10 7.3x 10* E 3
AHm/ AH* 1y NA 4.42 4.52
T (°C) NA 67.5 67.4 2
AHpmi (kcal molt) NA 5x 10¢ 8.4x 10¢
AH*y; (kcal mol™) NA 1.3x 10 9.8 x 10P 1 - ‘/0—'— —————
AHmun/ AH* NA 0.38 0.85

a b =
From ref21. ®NA = not applicable. 0 10 20 10 40 50 6
, [e-ACA] (mM)
reported for the open conformation of 17K r-apo(&hd=
0.304 hY) (21). B
The 12K r-apo(a) variant, however, adopts a closed 8

conformation, and thus it is more difficult to account for 6
the increased ability of this variant to form covalent Lp(a)
particles compared to 17K. Given that thgpp) values for 41

17K and 12K are nearly identical, it is highly unlikely that

an increasedyt value and hence an increased proportion
of molecules in the open conformation accounts for the 9 0
increased efficiency of covalent Lp(a) formation observed E
with 12K. Another hypothesis to explain this observation is =
that the closed conformation of 12K is less inhibitory to -4
covalent Lp(a) assembly than the closed conformation of
17K. This would be consistent with the notion that the closed

o/AH*,)

6

conformation of apo(a) inhibits covalent Lp(a) assembly by -8 . . ; : ; ;
restricting access of LDL to the free cysteine in apo(a) KIV 0 20 40 60 80 100 120
In this regard, reducing the Ki/copy number from eight [e-ACA] (mM)

(17K) to three (12K) may alleviate steric hindrance imposed . .

. / “ 777 FIGUrRe 7: Measurement of the conformational status of apo(a) by
by the amino-terminal half of apo(a), thereby resulting in psc. The temperature-independent calorimettieig) and van't
an enhancement of the rate of covalent Lp(a) assembly forHoff (AH* ;) heat changes were obtained for each thermal transition
12K. To test this hypothesis, we compared the physical at each concentration efACA by modeling the data from Figure

properties of 10K, 12K, and 17K in the presence and absenceb according to a non-two-state-model. The change in the ratio of
of e-ACA using DSC. AH/AH* o [A(AH/AH* )] at each thermal transition was plotted

. with respect to the concentration 6ACA. (A) Data obtained for
DSC as a Measure Of the COI’IfOI’m&tIOﬂEﬂ StatUS Of ApO' Peaks | (b|ue), 1 (red), and Il (green) for 10K r.apo(a). (B) Data

(a) Isoforms.We have previously determined that in DSC obtained for Peaks | (blue circles, solid line), Il (red circles, solid
experiments, 17K r-apo(a) undergoes a single thermalline), and IlI (g.reen circles, soliq line) for 12K r-apo(a) and for
transition that is characterized by the presence of 19 domaing’€2ks | (blue triangles, dashed line) and Il (green triangles, dashed
and a melting temperatureT,{) of 55.2 °C, which is ine) for 17K r-apo(a). The data obtained for the 17K r-apo(a)
. : o . o . variant are from reR1
suggestive of interdomain interactions within this molecule
(21). Addition of e-ACA resulted in a dose-dependent 12K is also characterized by three distinct thermal transitions
appearance of a second thermal transition in 17K that, at(Figure 6C and Table 2). Although 12K adopts a closed
saturation, is characterized by the presence-& Bomains conformation, the denaturation profile of this variant in the
with a T, of 69 °C (21). The thermal denaturation of 10K, absence of-ACA is very similar to 10K in that three thermal
which did not undergo am-ACA-induced conformational  transitions are observed. This suggests that the closed
change, was characterized by the presence of three distinctonformation of 12K is less restrictive than that for 17K
thermal transitions in the absence ®ACA (Figure 6A). because the additional peaks (in the absence-ACA)
Modeling of the thermal denaturation of 10K according to a indicate a decreased extent of interdomain interactions in
non-two-state model yielded T, and temperature-indepen- 12K. Unlike the 10K variant, titration of 12K witk-ACA
dent van't Hoff and calorimetric heat changesH;, and resulted in a dose-dependent movementbfdomains from
AH*,, respectively) for each transition (Table 2). Impor- peak | (T, = 53.3°C) to peak Il T, = 69 °C) (parts C and
tantly, the ratio ofAH/AH*, represents the number of D of Figure 6 and Figure 7B); the same phenomenon was
structural units undergoing a particular thermal transition previously observed for 17K2@). When the movement of
(32). The addition ok-ACA did not elicit a conformational ~ the domains in 12K was modeled with respect to the
change in 10K as indicated by the absence of a transfer ofconcentration o&€-ACA, a Kppp) value of 15+ 3 mM was
domains from one thermal transition to another (parts A and obtained. A comparison of this value with that obtained
B of Figure 6 and Figure 7A). The denaturation profile of (Figure 7B) for 12K in AUC experimentdpapp) = 6 mM)
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Ficure 8: Integrative model for Lp(a) assembly. On the basis of the present study, as well as previous work from our laboratory (see refs
18, 20, 21), a model for Lp(a) assembly is shown that demonstrates regulation at the level of both the noncovalent and covalent steps of
the process. Please refer to the text for details. We have depicted the intramolecular interaction betweel KKIN/; o for convenience.

indicates that, as for 17K2(), DSC is reporting the
conformational change in 12K.

Determination of the Efficiency of @alent Lp(a) Particle

isoform size and plasma concentrations of apo(a) that has
been observed within the human populati@h (

Formation An integrative model for Lp(a) assembly is ACKNOWLEDGMENT
presented (Figure 8) based on the findings reported in this g 5.thors wish to thank the Protein Function Discovery

manuscript as well as previous work from our laboratory.

Because Lp(a) assembly occurs as a two-step process, thg

rate of covalent Lp(a) particle formation is determined both
by the affinity of apo(a) for LDL Kp) as well as by the rate
constantK) for disulfide bond formation. A recent study by
our group demonstrated that the WLBSs within apo(a)
KIV ;—g mediate noncovalent binding to LDL but are not
involved in maintaining the closed conformation of apo(a)
(18). Accordingly, mutation of these domains decreases the
efficiency of covalent Lp(a) particle formation by altering
the Kp for the noncovalent interaction between apo(a) and
LDL. In contrast, the present study clearly shows that the
conformational status of apo(a) influences the rate of covalent
Lp(a) assembly at the level &fand notkp. We demonstrate
here that the conformational status of apo(a) can be
influenced by performing mutagenesis on the SLBS in )V
thereby increasing the proportion of apo(a) molecules in the
open versus closed forrK ), while the extent of inhibition
(Kaoseg imposed by the closed conformation of apo(a) is
regulated by the number of Kpfepeats. Modulation of the
efficiency of Lp(a) assembly in vivo could potentially be
mediated by regulation of the noncovalent and/or covalent
steps of the process. To highlight this point, our demonstra-
tion that apo(a) isoform size is inversely correlated with the
rate constant for the covalent step of Lp(a) assembly may,
in part, explain the inverse relationship between apo(a)

Group at Queen’s University for subsidizing the use of the
nalytical ultracentrifuge and calorimeter.
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