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ABSTRACT: Binding of lecithin cholesterol acyltransferase (LCAT) to lipoprotein surfaces is a key step in
the reverse cholesterol transport process, as the subsequent cholesterol esterification reaction drives the
removal of cholesterol from tissues into plasma. In this study, the surface plasmon resonance method was
used to investigate the binding kinetics and affinity of LCAT for lipoproteins. Reconstituted high-density
lipoproteins (rHDL) containing apolipoprotein A-1 or A-Il, (apoA-I or apoA-Il), low-density lipoproteins
(LDL), and small unilamellar phosphatidylcholine vesicles, with biotin tags, were immobilized on biosensor
chips containing streptavidin, and the binding kinetics of pure recombinant LCAT were examined as a
function of LCAT concentration. In addition, three mutants of LCAT (T123l, N228K, ak83(-71)

were examined in their interactions with LDL. For the wild-type LCAT, binding to all lipid surfaces had

the same association rate constdqtbut different dissociation rate constarks, that depended on the
presence of apoA-lk§ decreased) and different lipids in LDL. Furthermore, increased ionic strength of
the buffer decreaseld, for the binding of LCAT to apoA-I rHDL. For the LCAT mutants, the53—71
(lid-deletion mutant) exhibited no binding to LDL, while the LCAT-deficiency mutants (T1231 and N228K)
had nearly normal binding to LDL. In conclusion, the association of LCAT to lipoprotein surfaces is
essentially independent of their composition but has a small electrostatic contribution, while dissociation
of LCAT from lipoproteins is decreased due to the presence of apoA-l, suggesting proteiain
interactions. Also, the region of LCAT between residues 53 and 71 is essential for interfacial binding.

Lecithin cholesterol acyltransferase (LCATEptalyzes the Similar to various lipases, LCAT is an interfacially
transfer of thesn-2 fatty acid of phosphatidylcholine to the activated enzyme5j and has a lid region (between Cys50
3-OH group of cholesterol and thus converts cholesterol to and Cys74) that is thought to mediate its binding to
cholesteryl ester. This reaction is a key step in reverse |ipoprotein substrate$(7). Apolipoprotein A-l (apoA-I) on
cholesterol transport, a pathway in which free cholesterol HDL is the main physiological activator of LCATL), and
from peripheral cells is returned to the liver for catabolism the region spanning residues H4B65 in apoA-l has been
(1). Cholesterol to cholesteryl ester conversion occurs implicated in the activation of LCATS, 9); however, it is
preferentially on high-density lipoproteins (HDL), particu- o clear whether apoA-l interacts directly with LCAT or
Igrly nascent discoidal HDL?(S)'. on apoB-containing  nether apoA-| activates the lipid substrates. To address this
!ﬂgs\/rstrﬂgihs:f)(\::/]eisa::(z;l\\/li_tdjonsny lipoprotein (LDL), LCAT guestion, the interactions of LCAT with reconstituted HDL

YA (rHDL) containing either apoA-l or apoA-ll or variable
phospholipids were previously studied in this laboratory by
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2.3.1.43); HDL, high-density lipoproteins; LDL, low-density lipopro-  the effect of apolipoproteins is small on the binding affinity

teins; apoA-I1, apolipoprotein A-I; apoA-Il, apolipoprotein A-Il; rHDL, . . . L
reconstituted high-density lipoproteins; SPR, surface plasmon resonan(:e,Of LCAT for these particles, changes in their phospholipid

apoA-I rHDL, reconstituted high-density lipoproteins containing apo- Composition, particularly increasing sphingomyelin or phos-

lipoprotein A-l; apoA-Il rHDL, reconstituted high-density lipoproteins  phatidylethanolamine contents up to 20 mol % of the rHDL
containing apolipoprotein A-1l; SUV, small unilamellar vesicles; DPPC,

dipalmitoylphosphatidylcholine; egg-PC, egg phosphatidyicholine; PhOSPholipid (phosphatidylcholine), had significant effects
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dissociation rate constark; association rate constant. direct interaction between LCAT and apoA-I.
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In this study, we addressed again the question of LCAT concentration of 10 mg/mL was mixed with freshly made 1
interaction with apoA-I on the surface of rHDL using a new mg/mL sulfo-NHS-LC-biotin in a molar ratio of 1:16 (LDL
approach, surface plasmon resonance (SPR) biosensor, tprotein:sulfo-NHS-LC-biotin), and incubated on ice for 2 h.
determine not only accurakg values but also the association The reaction mixture was dialyzed against Tris salt buffer,
and dissociation rate constants, which provide insights into pH 8.0, to remove unreacted sulfo-NHS-LC-biotin. An
the mechanism of macromolecular recognition. We also usedapparent biotinylation ratio was determined by reacting
the SPR biosensor method to extend our previous studies obiotinylated LDL with an excess of HABA reagent [2+4
the interaction of rHDL with human wild-type LCAT, two  hydroxyphenyl)azobenzoic acid] and avidin (Pierce Chemical
mutants associated with LCAT deficiencies (T123l and Co.). Tight binding of biotin (biotin-LDL) to avidin displaces
N228K) (12), and a lid-deletion mutan®6j to equilibrium avidin-bound HABA, therefore, it reduces the absorbance
and kinetic binding experiments with LDL. While LDL are  of the HABA—avidin complex at 500 nm. The biotinylation
only minor LCAT substrates in normal plasma, they become ratio is calculated from the absorbance change.
important contributors to cholesterol esterification in fish eye  Enzyme Acitity Assays and KineticsThe enzymatic
LCAT disease (T1231)43, 14) or in severe HDL deficiencies  activities of wild-type LCAT with palmitoyloleoylphospha-
(15). Also, failure of an LCAT mutant, such as the lid- tidylcholine (POPC) apoA-I rHDL, POPC apoA-Il rHDL,
deletion mutant, to bind to both HDL and LDL indicates a and LDL were determined with purified recombinant LCAT.

defect in the interfacial recognition of the enzyme. LDL and rHDL were prepared and radiolabeled with
[*“C]cholesterol as described previously7( 22). After
EXPERIMENTAL PROCEDURES correction for the incomplete incorporation*¢€-cholesterol

into the lipoproteinsZ3), the percent conversion of choles-
terol to cholesteryl esters was used to calculate the acyl-
transferase reaction velocities with rHDL and LDL. The
assay was performed at varying substrate concentrations to
obtain apparent kinetic parameters. For apoA-I rHDL, final
substrate concentrations of 1x4107'—2.6 x 10°% M apoA-I
or 1.1 x 105-2.1 x 10~* M phospholipid were used, and
. . the activity at each substrate concentration was measured in
concentrations of 0'1_70‘35. .mg/mL andsused Winin 10 duplicate. For apoA-Il rHDL and LDL, appropriate concen-
months W'thom IOS_'S _Of activity. ) trations were selected to obtain measurable kinetic param-
Preparation of Biotinylated rHDL and Small Unilamellar eters, and the LCAT concentration was adjusted over a 50-
Vesicles Discoidal apoA-I or apoA-Il rHDL samples were o4 range (12.8-640 ng/0.5 mL) so that conversion of FC
prepared by the sodium cholate dialysis metd £8) and 5 cholesteryl esters did not exceed 15%. Initial velocity data
were stored under Nat 4 °C in Tris salt buffer (10 mM 45 5 function of phospholipid concentration were fit to a
Tris buffer, 150 mM NaCl, 0.1 mM EDTA, and 1 mM  pyperpolic, Michaelis-Menten curve by the KaleidaGraph
NaNs), pH 8.0. Biotinylation of rHDL was performed during 3.0 5 program (Abelbeck Software) to obtain the apparent
the preparation of rHDL by mixing a small amount of Vinax and Km parameters.
N-biotinylated dipalmitoylphosphatidylethanolaminé\N-( Surface Plasmon Resonance Analyisalyses of LCAT
biotinyl-DPPE) (Avanti Polar Lipids) with the bulk egg binding to rHDL, LDL, and SUV were performed on
phosphatidylcholine (egg-PC) or dipalmitoylphosphatidyl- gjacore 2000 and 3000 surface plasmon resonance (SPR)
choline (DPPC) (Sigma) and free cholesterol (FC) (Sigma). jnstruments. All the binding experiments were carried out
Molar ratios of egg-PC (or DPPQy/biotinyl-DPPE/FC/ 4 o5°C a temperature at which the enzymatic reaction of
apolipoprotein were 99/0.7/5/1 for the apoA-I tHDL prepara- | cAT js significantly reduced compared with reaction at
tion. An equal mass of apoA-II rglative to apoA—! was used 37 oc. golutions of wild-type and LCAT mutants were
for the apoA-Il rHDL preparation. Homogeneity of the  gjyted to 24M and were further diluted before use to a set
preparations was assessed by scanning native gradient gelg ejght sample solutions with concentrations in the range
(8—25% polyacrylamide, Pharmacia PhastSystem) with the s,51,°0.02 to 24M in the running buffer (10 mM Tris buffer,
Ultroscan XL laser densitometer (LKB Bromma). Concen- 159 mm NaCl, and 5 mM EDTA, pH 7.6). Before SPR
trations of apolipoproteins in the rHDL preparations were analysis, all samples were centrifuged at 7500 rpm for 15 s
determined by both absorbance measurements and a modifie¢, ajiminate trapped air. The running buffer was degassed
Lowry assay 19). by sonication under vacuum for 30 min each day, followed
Small unilamellar vesicles (SUV) were prepared by py filtration through a 0.2«m filter.
sonication of a dispersion of egg-PC, FC, and a smallamount  The streptavidin (SA5) chip (BlAcore) in the flow cell
of N-biotinyl-DPPE (100:5:0.1 mol ratio) in Tris salt buffer,  consists of a gold surface to which a carboxymethylated
pH 8.0, and passage through a Sepharose CL-4B columndextran layer is bound. The dextran layer is activated with
(2.5 x 60 cm). streptavidin by the manufacturer. Prior to the experiment,
LDL Biotinylation LDL was purified from a single unit  the streptavidin surface was first cleaned with a solution of
of plasma as described previousROf and dialyzed into a  0.05 N NaOH/1 M NacCl three times, each of 1 min duration.
buffer containing 10 mM sodium phosphate, 150 mM NaCl, Biotinylated rHDL, LDL, or SUV were then immobilized
0.1 mM EDTA, and 1 mM Nah| pH 7.4. Biotinylation was onto the surface through the biotistreptavidin interaction
carried out with the EZ-Link sulfo-NHS-LC-biotinylation kit by exposing the surface to biotinylated rHDL (0.2 mg/mL
from Pierce Chemical Co., using conditions recommended apoA-I or apoA-Il), LDL (0.6 mg/mL apoB), or SUV (3 mg/
by Pierce as modified from Hnatowich et &1§. LDL at a mL lipids) solutions in running buffer, until 66681200

Purification of WildType LCAT and MutantsHuman
recombinant LCAT, two naturally occurring LCAT mutants
(T123I and N228K), and a lid-deletion mutant of LCAT
(A53—71) were purified from stabldhfr- CHO cell lines
overexpressing the above individual LCAT forni2(16).
The purified enzyme forms were stored underatl4 °C in
10 mM Tris-HCI buffer with 5 mM EDTA, pH 7.4, at
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Ficure 1: lllustration of the immobilization of biotinylated rHDL,

LDL, and SUV onto a SA5 chip (streptavidin) surface. Note the
accessibility of immobilized rHDL, LDL, and SUV to LCAT (about 50 ) ) , ) ) ) )
a third of rHDL mass) present in the mobile buffer phase. -50 0 50 100 150 200 250 300 350

response units (RU) of biotinylated rHDL, 2068000 RU i o
of biotinylated LDL, or 1508-2000 RU of SUV were bound ~ FIGURE 2 SPR sensorgrams of wild-type LCAT binding to egg-
on the surface. Figure 1 illustrates the immobilization PC apoA-I rHDL at varying LCAT concentrations, obtained on a

) s BlAcore 2000 system. Signals from a control surface (DPPC apoA-I
reactions for the biotinylated rHDL, LDL, and SUV. Before yHpL) and from buffer runs have been subtracted. Phase
each experiment, the BlAcore system was cleaned to removecorresponds to the association phase (LCAT injection akl30
any residual detergents or adsorbed proteins using themin for 60 s); phase corresponds to the dissociation phase [buffer
“desorb” and “sanitize” procedures recommended in the Mection (arrow) at 3quL/min for 180 s]. From bottom to top

sensorgrams, the LCAT concentrations increased from 0.02 to 0.64
BIAcore 2000 user manual. M.
For the experiments comparing wild-type LCAT and

LCAT mutants in their binding to rHDL or LDL, two flow  tapje 1: Enzymatic Activity of LCAT with Lipoprotein
cells were monitored simultaneously: flow cell 1 im- Particles-Apparent Kinetic Constants
mobilized with biotinylated DPPC/FC/apoA-I rHDL (DPPC

Time (sec)

X o L appVmad/
apoA-I rHDL) and flow cell 2 immaobilized with biotinylated appVimad appKnm
egg-PC/FC/apoA-I rHDL (egg-PC apoA-I rHDL) in the case _ _ (nmol of  appKm (nmol of % reac-
of rHDL binding or with biotinylated LDL in the case of lipoprotein CE/Mr)  (M)[PL] CEh*M™) tivity

LDL binding. For the experiments comparing LCAT binding POPC apoA-IrHDE 11 1.03x 105 1.1x 10° 100

to egg-PC apoA-l rHDL and egg-PC apoA-ll rHDL, flow POPCapoA-litHDE 081 81x10° 1.0x10° 091

cell 3, containing immobilized egg-PC apoA-Il rHDL, was 48 49x10° 98x10f 90

also moniored a e same ime. The DPPC apol DL 0ol Sy Mol g o o on
surfa_c_e did notoblnd LCAT under the p_re_sent experimental gz(():gné rHDL particles. Past e'xperiments have indicated that POPC
conditions (25°C, 600-1200 RU of biotinylated DPPC /b and egg-PC rHDL react very similarly with LCAT.

apoA-I rHDL, and 0.02-2 uM LCAT concentrations) and
was used as a control. While LCAT can bind to and react
with DPPC apoA-I rHDL under favorable conditions, the
binding affinity at the temperature and concentrations used
in these experiments is too low (about 30-fold lower than
for egg-PC apoA-I rHDL) to be observed. In the experiments
where LCAT binding to immobilized SUV was examined,
the control surface was the SA5 chip surface previously
treated wih 1 M formic acid. During each run, rHDL, LDL,

or SUV surfaces were washed with running buffer for 100
s. They were then exposeald 1 min injection of the LCAT
sample solution at a flow rate of 3@/min. At the end of

the association phase, LCAT was allowed to dissociate from /. L a A
the surface for 200 s by switching to the flow of the running diSsociation rate constank, (s™), and the equilibrium
buffer at the same flow rate. Because the catalytic rate binding cor_wstant,Kd M, = kik), were obta!ned. A .
constant for LCAT on egg-PC apoA-l rHDL is 0.05'at representative set of corrected sensorgrams is shown in
25 °C, little or no conversion of FC to cholesteryl ester is 19Ure 2.

expected to take place during the short (60 s) exposure OfRESULTS

the immobilized particles to LCAT. LCAT dissociates

quickly from rHDL and LDL surfaces, making surface Enzymatic Actiity of LCAT with Lipoprotein Particles
regeneration with chemical reagents unnecessary. An aliquotLCAT activities with POPC apoA-I rHDL, POPC apoA-Ii
containing only the running buffer was also injected. For rHDL, and native LDL were determined and the apparent
the SUV surface, following the 200 s buffer wash, the surface kinetic constants are listed in Table 1. The appaini

was exposed to a 15L injection of a solution containing  values, normalized to &g of wild-type LCAT, are 11, 0.81,

7.5 mM Tris, 112 mM NacCl, and 4 mM EDTA, pH 9.6, and 4.8 nmol of CE/h for POPC apoA-I rHDL, POPC apoA-
which regenerated the surface. Il rHDL, and LDL, respectively. Their appareit, values

The delay in injection of LCAT or buffer into each
successive flow cell was corrected in the raw data so that
all flow cells had a common start time. The signal obtained
from the inactive DPPC apoA-I rHDL surface or the SA5
chip surface in flow cell 1 was then subtracted from each
scan for flow cells 2 and 3. The buffer scan for each flow
cell was then subtracted from each LCAT scan. The
sensorgrams at varying concentrations of LCAT were then
fitted to a 1:1 Langmuir binding isotherm with a global fitting
kinetics program supplied with the BlAcore system, from
which the association rate constamt, (s M1, the
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Table 2: Kinetic and Equilibrium Binding Constants of Wild-Type LCAT Binding to ApoA-I rHDL, ApoA-Il rHDL, and SUVs, Determined
on BlAcore SPR Systems

surface NacCl concn (M) Ka(stTM71) ki (s Kg (M)
apoA-1 rHDL? 0.15 1.5x 1PP 0.012 0.80x 1077
0.50 1.1x 1¢° 0.012 1.1x 1077
1.0 0.73x 10° 0.019 2.6x 1077
apoA-Il rHDL? 0.15 (2.0£0.7) x 10°P 0.063+ 0.012 (3.4+£0.5)x 10°7P
SuUWVe 0.15 1.4x 1¢° 0.043 3.2x 1077

aThe reconstituted HDL particles were made with egg-PC, FC, and apolipoprotein apoA-I or apoA-1l. Small unilamellar vesicles (SUV) contained
egg-PC and FC. Binding experiments were carried out &2 a buffer containing 10 mM Tris, 5 mM EDTA, pH 7.6, and varying concentrations
of NaCl for the apoA-I rHDL.P Experimental errors were of the same magnitude for allth&s, andKq values.

are 1.03x 10°°, 8.1 x 1075, and 4.9x 10> M phospholipid, exposure time was therefore limited to only 1 min. Binding
respectively. The relative reactivity [(@apfna/app Km) x stoichiometry can often be estimated by saturating the
100] of LCAT with the three substrates is 100% for POPC binding sites on the immobilized macromolecule and cal-
apoA-I rHDL, 0.9% for POPC apoA-II rHDL, and 9.0% for  culating the molar ratio of the ligand macromolecule versus
LDL. the immobilized one. Because of the limited exposure time,
The apparenK, values, which reflect (to a first ap- however, estimation of binding stoichiometry was not
proximation) the affinity of LCAT for the interfacial possible. A group of sensorgrams obtained at varying
substrates, were severalfold higher for POPC apoA-Il rHDL concentrations of LCAT for the same rHDL surface was used
and LDL than for POPC apoA-I rHDL, suggesting that in curve-fitting to obtain the associatiok and dissociation
LCAT binds more strongly to POPC apoA-I rHDL than to (ky) rate constants (see Figure 2). Valueskgfky, andKgq
the other two lipoproteins, which are devoid of apoA-I. The (=ky/k,) of LCAT binding to egg-PC apoA-I rHDL and egg-
apparentVpax value for POPC apoA-I rHDL was 13-fold  PC apoA-Il rHDL are given in Table 2. In the standard
higher than that for POPC apoA-Il rHDL, consistent with  running buffer, which contains 150 mM NaCl, LCAT binding
the activation effect of LCAT by apoA-I on otherwise very to egg-PC apoA-l rHDL and egg-PC apoA-Il rHDL have
similar particles. very similark, values—1.5 x 10° s M~t and (2.0+ 0.7)
LCAT Binding to Immobilized ApeArHDL, ApoA-Il x 10° s'1 M1, respectively. Theiky values, however, differ
rHDL, and SUV Kinetics of wild-type recombinant LCAT by a factor of 5-0.012 s for apoA-I rHDL and 0.063+
binding to egg-PC apoA-I rHDL and egg-PC apoA-Il THDL  0.012 s? for egg-PC apoA-Il rHDL. Binding of LCAT to
were determined with the BIAcore 2000 surface plasmon egg-PC apoA-Il rHDL is weaker than to egg-PC apoA-|
resonance biosensor. The reconstituted lipoproteins, egg-PGHDL, as indicated by their equilibrium binding constants
apoA-l rHDL, egg-PC apoA-Il rHDL, and DPPC apoA-l (K, (3.4+ 0.5) x 10°7 M for egg-PC apoA-II rHDL and
rHDL were prepared at the same time and biotinylated to 0.8 « 107 M for egg-PC apoA-l rHDL. The 4-fold
an average of 1.4 biotins/rHDL through direct incorporation gifference inKg is mainly the result of the difference in their
of N-biotinyl-DPPE into the bulk lipids during the reconstitu-  gissociation rate constants.
tion. The biotinylated DPPC apoA-I rHDL contained more
than 98% of particles with 96 A diameters, and the
biotinylated egg-PC apoA-I rHDL or egg-PC apoA-Il rHDL
contained about 90% of particles with 96 or 103 A diameters,
respectively. LCAT activities with biotinylated egg-PC
apoA-1 rHDL in the presence and absence of streptavidin
were determined to assess the effect of the tether. No
significant effect of biotinylation on LCAT activity was
observed in either case at the biotinylation ratio used.
Binding experiments of LCAT to the egg-PC apoA-I rHDL

In a separate experiment, performed on a BIAcore 3000
system, we examined the binding of LCAT to a SUV surface
containing the same lipid proportions (egg-PC and FC) as
the apoA-I rHDL and apoA-Il rHDL but devoid of apolipo-
proteins. The results summarized in Table 2 indicate that
the association rate constamt, is the same for LCAT
binding to SUVs (1.4x 10° st M™1) as for LCAT binding
to both rHDL. However, thé, for LCAT dissociation from
SUV is much closer to it&, for apoA-1l rHDL. Thus, the

- kinetics and equilibrium constar€y, are essentially the same
and egg-PC apoA-Il rHDL surfaces were carried out at the - o
same time by immobilizing egg-PC apoA-I rHDL in flow for LCAT binding to apoA-1l rtHDL and SUV lipid surfaces.

cell 2 and egg-PC apoA-Il rHDL in flow cell 3 of the same  lonic Strength Effects on the Binding of LCAT to ERG
streptavidin sensor chip. As no LCAT binding to DPPC ApoAl rHDL. The effect of salt (NaCl) concentration on
apoA-I rHDL surface was observed under the conditions LCAT binding to egg-PC apoA-I rHDL was also examined.
used, it was immobilized in flow cell 1 of the same sensor Additional kinetic and equilibrium binding constants in
chip and used as a control surface. The signal obtained forrunning buffer containing 0.50 and 1.0 M NaCl are listed in
that surface was subtracted from the signal of egg-PC apoA-I Table 2. The dissociation rate constaqj {s unchanged over
rHDL or egg-PC apoA-Il rHDL surface. the range of salt concentration from 0.15 to 1.0 M. On the

During an LCAT-rHDL binding experiment, it was other hand, the association rate constant decreases with
observed that prolonged exposure (2 min or longer) of the increasing salt concentration from 1x510° s M1 at 0.15
rHDL surface to LCAT resulted in gradual reduction of the M NaClto 1.1x 1®°s*M~*at 0.5 M NaCl, to 0.73 1¢°
signal (RU) that occurred before the binding reached an s M~tat 1.0 M NaCl. The equilibrium binding constants,
equilibrium. This could be due to loss of rHDL from the therefore, increase from 0.80 1077 M at 0.15 M NaCl to
surface as a result of extended enzymatic reaction orl.1 x 107’ M at 0.5 M NaCl to 2.6x 107 M at 1.0 M
destabilization of rHDL over a long period of time. The NaCl.
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Table 3: Kinetic and Equilibrium Binding Constants of Wild-Type
LCAT and LCAT Mutants Binding to LDL, Determined on a
BlAcore SPR System

LCAT Ka(sTM™) ki (s Kg (M)
wild type (21£0.1)x 106 0.21+£0.20 (9.9+:0.5)x 1077
T123P (5.5+1.5)x 10f 0.37+0.1 (7.0+£1.9)x 107
N228Kab
lid-deletiorf

aThe LCAT mutants were prepared as in rE8. The binding
experiments were performed at 26 in 10 mM Tris, 150 mM NacCl,
and 5 mM EDTA, pH 7.6° Binding was observed, but fitting was not
ideal. Ky was estimated to be higher thanx110- M. ¢ Isolated from
CHO cells permanently overexpressing the lid-deletion LCAT mutant
(6; Adimoolam et al., 1998, unpublished results). No binding was
observed.

Binding of WildType LCAT and LCAT Mutants to LDL
Fresh LDL purified from human plasma was biotinylated
through amine coupling of sulfo-NHS-LC-biotin to apoB on
LDL. The apparent biotinylation ratio was determined to be
0.59:1 (biotin:LDL) by reacting biotinylated LDL to the
avidin bound HABA reagent [2-(sydroxyphenyl)azo-
benzoic acid]. The effect of biotinylation of LDL on LCAT
activity was not determined. However, at this low biotinyl-
ation ratio, the presence of biotin is unlikely to have a
significant effect on LCAT activity with LDL as was the
case with rHDL. Biotinylated LDL was immobilized in flow
cell 2 of the SA5 sensor chip surface. DPPC apoA-I rHDL
was immobilized in flow cell 1 of the same chip surface as
a control. Binding kinetics of wild-type LCAT, two naturally
occurring recombinant LCAT mutants (T123I and N228K),
and the lid-deletion mutantA63—71) to the LDL surface
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surface plasmon resonance phenomenon. For successful
determination of kinetic binding constants by this technique,
the immobilized macromolecule should retain its functional
interaction with the mobile ligand. Optimal immobilization
chemistry is that which immobilizes macromolecules with
the least steric restriction and the least reduction in acces-
sibility for binding. In this work, the most commonly used
immobilization chemistry, amine coupling on the carboxy-
methylated dextran surface (CM5 chip), was initially used
to immobilize rHDL. However, no binding of wild-type
LCAT was observed to this surface. As amine coupling of
proteins to CM5 chips can involve multiple sites on each
protein, the absence of binding was attributed to steric
restriction of rHDL and reduced accessibility of LCAT. It

is also possible that some lysine residues of apoA-I in rHDL
may be required for LCAT binding but were not available
after amine coupling.

Biotin—streptavidin interaction as a coupling chemistry,
on the other hand, can be controlled to introduce a minimal
number of coupling sites on each immobilized molecule by
limiting the biotinylation ratio to close to 1 biotin molecule/
macromolecule. When rHDL was biotinylated to an average
ratio of 1.4 biotins/rHDL and immobilized onto a strepta-
vidin-containing chip, LCAT binding was indeed observed
and kinetic binding constants were obtained. Similarly, LDL
was biotinylated to a ratio of only 0.5 biotin/LDL at which
the majority of LDL molecules either have one or no biotin.
One biotin attachment site per LDL should minimize the
restriction of LDL dynamics at the surface. Biotinylation of
SUVs was, on average, 2 hiotins exposed to the external
solvent per vesicle. Therefore, we believe that the kinetic

were determined on the BIAcore 2000 system. The resulting and equilibrium binding constants obtained in this study are

kinetic and equilibrium binding constants are listed in Table
3.

The association rate constaky, for the binding of wild-
type LCAT to LDL was (2.1+ 0.1) x 1(° st M1, similar
to that of apoA-l rHDL binding which was 1.5 10° s
M1, while the dissociation rate constant was 0:210.20
s1, 18 times faster than for apoA-I rHDL binding. The
equilibrium binding constant for LDL was (9.& 0.5) x
1077 M and the binding affinity was 12-fold weaker than
binding to egg-PC apoA-I rHDL (0.8 107 M). Thus,
the difference in affinity is mainly due to the difference in
dissociation rate constafi.

For the T123I LCAT mutant, the association rate constant
was (5.5+ 1.5) x 10° st M1, about 3 times faster than
for wild-type, and the dissociation rate constant was @37
0.1 s, about 2 times faster than for wild-type. Thus, the
final equilibrium dissociation constamty was (7.0+ 1.9)

x 107" M, close to that of wild-type LCAT binding to LDL;
evidently, the T123l mutant has a similar affinity for LDL
as wild type. Binding of the N228K LCAT mutant to LDL
was observed, but the curve fitting was poor. TKewas
estimated to be larger thanxd 10~ M. No binding of the
lid-deletion mutant was detected to LDL nor to egg-PC
apoA-I rHDL.

DISCUSSION

Kinetics of wild-type and mutant human recombinant
LCAT binding to rHDL and LDL were determined on

as close to the solution values as can be attained by this
method.

The major advantage of using the BlIAcore SPR method
to measure macromolecular interactions over other methods
that only provide binding equilibrium constants is the
capability of observing, in real time, the kinetics of associa-
tion (on rates) and dissociation (off rates) of the macromol-
ecules. Kinetic rate constants obtained by this method provide
useful information about biological specificity, not available
from equilibrium measurements alone. For example, it has
been shown that two monoclonal antibodies for the same
macromolecular antigen may have the same equilibrium
binding constant but quite different kinetic association and
dissociation rate constants, reflecting differences in molecular
recognition 24). In situations where macromolecular interac-
tions have different equilibrium constants, knowledge of the
kinetic rate constants can provide information on factors that
regulate either the association or dissociation rates of the
reaction. A study of mutations in the EDR3 regions of an
antibody to lysozyme showed that various amino acid
substitutions in this antibody region did not affect its
association rate constant with lysozyme but did change the
dissociation rate constankg over 3 orders of magnitude
(25). Thus,kq is apparently very sensitive to the exact nature
of the interacting amino acid side chains and reflects the
disruption of short-range contacts and forc@$)( This
interpretation of the significance &f is applicable to most
macromolecular interactions; however, the physical meaning

BlAcore 2000 and 3000 systems, biosensors based on theof k, is less apparent.
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The association rate constant is a second-order ratemol that can be attributed to the presence of apoA-I in the
constant that could be viewed in terms of the collision theory rHDL and may correspond to the activation process possibly
of chemical reactions or, alternatively, in terms of the involving conformational changes in LCAT and/or apoA-I.

transition-state theon2g). According to the collision theory,

Previous work from this laboratory revealed that LCAT

the rate constant involves terms with molecular mass of the activity with rHDL varies as a function of NaCl concentration
reactants, their relative velocity, and effective cross-sectional (32). When POPC apoA-lI rHDL were used, the initial
area. On the other hand, in the transition-state theory thereaction rateu,, increased 48% from 0 to 0.1 M NacCl;

association rate constant is determined by the activationhowever,vy decreased by 38% from 0.15 to 0.5 M NaCl
energy for the formation of a transient intermediate. The and by 64% from 0.15 to 1.0 M NaCl. The present kinetic
activation energy is determined by several energy factors study showed that the affinity<g = 1/Ky) of LCAT binding

including energy spent on conformational chang2s),(
decreased dynamic motio28), breaking of solvent bonds

to egg-PC (major component is POPC) apoA-l rHDL
decreased by 38% from 0.15 to 0.5 M NaCl and by 70%

and making of new bonds (such as H-bonds, van der Waalsfrom 0.15 to 1.0 M. Therefore, the effect of NaCl concentra-
interactions, electrostatic interactions, and hydrophobic in- tion on the affinity of LCAT binding to the rHDL surface,

teractions) 29, 30), and overcoming steric hindrancglj.

although small, could explain the previously seen effect of

We conducted a limited survey of published values for NaCl on the initial reaction rate of LCAT.

kss, obtained by the BIAcore SPR method for a variety of

Binding of LCAT to the rHDL surface was not observed

macromolecular interactions, and noted that they span valuesvhen the running buffer contained no NaCl. This was likely

from 1.5 x 1% to 3.9 x 10° s** M~. Most of the results
are for protein-protein interactionskis from 2 x 10* to
3.9 x 10° st M™Y), some for protein-DNA interactions (1.5
x 10° to 1 s MY, and for proteir-lipid surface
interactions (2« 1°to 7 x 10° st M~1). While the sample

is too limited for definitive conclusions regarding the physical
basis fork, values, the molecular weight of the mobile ligand
(usually protein) appears to affdgt and the chemical nature
of the immobilized reactant (protein, nucleic acid, or lipid

due to charge repulsion of the negatively charged LCAT and
the negative charges of the carboxymethyl groups on the chip
surface. Therefore, it was not possible to determine whether
the increase imp from 0 to 0.10 M NaCl observed previously
was due to an increase in LCAT affinity for the rHDL
surface. The effect of NaCl concentration on the binding of
LCAT for rHDL comes mainly from differences ik, values.

In view of the conclusion reached earlier that apoA-I does
not contribute tdk,, it follows that the salt effect on LCAT

particle) also seems to have a large effect. Information on binding to rHDL is exerted on the LCATlipid interaction.

solution conditions, especially ionic strength, is lacking.
In this study we examined the interaction of LCAT with
egg-PC rHDL, containing either apoA-I or apoA-Il. From
the results of the enzymatic reaction with LCAT, we
confirmed that apoA-Il rHDL is only 1% as reactive as
apoA-I rHDL (Table 1). This difference in reactivity could
be due to a failure of the enzyme to bind to the apoA-II
particles or to an inability of these particles to activate LCAT.
Our results are clear in this respeeipoA-Il rHDL does bind
LCAT with good affinity (equilibrium constant{y, 3.4 x
107 M), but theKy is 4-fold higher than for apoA-I rHDL.

Thus, there is a weak electrostatic contribution in the binding
of LCAT to rHDL due to charges on the lipid surface.

In addition to the interactions of LCAT with rHDL
discussed above, we also examined wild-type LCAT and
three of its previously characterized mutarit, (L3) in their
binding affinity and kinetics with LDL. The initial surface
recognition by LCAT is apparently nonspecific, as LDL and
rHDL lipid compositions are distinct, yet thdigs are equal
(see Table 3). This agrees with the report that choleratoxin
binds to phosphatidylcholine vesicles containing different
glycolipids with equalk.s, and onlykss are affected33).

This difference agrees with our previous measurements fromTherefore, the effects of sphingomyelin, previously observed
a solution phase assay based on the inhibition of LCAT on the binding affinity K4 1) of LCAT for rHDL (11), most

activity by added rHDL particlesl(). In addition, the present

likely were exerted on the dissociation phase of the reaction

results include the rate constants for association and dis-(kg). Similarly, the sphingomyelin in LDL may affect the

sociation of LCAT with the immobilized rHDL (Table 2).

dissociation of the enzyme from this lipoprotein class.

The association constants are, within error, identical, sug- Whether or not the activating effects of apoA-I are replaced
gesting that LCAT recognizes the same surface features ofin LDL by interaction of LCAT with apoB-100 cannot be
the two rHDL upon initial binding. This observation suggests determined from these results. However, even if such an

that, initially, LCAT recognizes the lipid phase of rHDL{
11). In contrast, the dissociation rate constant for LCAT from
apoA-1l rHDL is about 5-fold faster than from apoA-I rHDL,

interaction does occur, it clearly does not lead to the level
of activation of LCAT observed with apoA-I because the
enzymatic reactivity of LCAT with LDL is only 9% of that

suggesting additional short-range interactions in the latter measured with apoA-I rHDL (Table 1).

particles that do not exist in the apoA-Il rHDL. In fact, the
experiment on the binding of LCAT to SUVs provides strong
support for this view: botlk, andky are essentially the same

for SUV and for apoA-it-rHDL binding of LCAT. This

The results for the binding of LCAT mutants to LDL
indicate that both the T123I (fish eye disease) and N228K
(familial LCAT deficiency) mutants bind to LDL with an
affinity similar to that observed with wild-type LCAT.

implies that the association phase to the lipid is equivalent Similarly, in work we reported previoushi®), the LCAT
on these surfaces, and there are no further interactions (asnutants bound to egg-PC apoA-I rHDL wilys comparable

with apoA-I) to affect theky. Thus, from the equilibrium

to that of wild-type LCAT. Thus, the defects in these mutants

constants one may calculate the standard free energyare not in the initial, interfacial binding step to lipoproteins
constants for the binding of LCAT in the presence and but rather in subsequent steps of the reaction cycle. For the
absence of apoA-1 on the rHDL surface. The difference T123l (fish eye) mutant the defect is likely in the activation

between the twaAG° values gives aAAG® of —0.86 kcal/

of the enzyme by apoA-I, and for the N228K (familial LCAT
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deficiency) mutant the defect is probably in the binding of
phosphatidylcholine to the active site of the enzyme, as
discussed in ref2. In contrast to the near normal binding
of the point mutants to lipoproteins, deletion of residues
K53—G71 in the lid region of LCAT §) completely
abolishes binding of LCAT to LDL and rHDL. Thus, most
likely, the lid region of LCAT is directly involved in binding

to lipoprotein interfaces.

In conclusion, the surface plasmon resonance approach

used to study the interaction of LCAT and immobilized
lipoproteins and SUVs has provided valuable new informa-
tion about factors that determine the affinity and molecular
recognition: the existence of a critical lipid-binding domain
in LCAT (the lid region), an association phase of interaction
with lipoproteins that possibly involves some global elec-

trostatic effects on the lipid surface but does not sense the

precise liquid-crystalline lipid composition of the rHDL,
LDL, and SUVs, and a dissociation phase that is sensitive
to short-range interactions that likely involve apoA-I and
specific classes of surface lipids.
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