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Calcium-Dependent Binding of Rabbit C-Reactive Protein to Supported
Lipid Monolayers Containing Exposed Phosphorylcholine Group
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Biophysics Group, State Key Laboratory of Biomembrane, Department of Biological Sciences and Biotechnology, Tsinghua University,
Beijing 100084, People’s Republic of China

ABSTRACT The interaction of rabbit C-reactive protein (rCRP) with a supported monolayer containing a phosphorylcholine
moiety was studied. Three types of phospholipids were synthesized, each containing a insertion spacer of eight, six, or three
atoms between the phosphorylcholine group and hydrophobic tail. By varying the length of the insertion spacer, we can vary
the extension of the phosphorylcholine group from the membrane surface. By varying the monolayer composition, we can
control the lateral distance between the exposed phosphorylcholine groups. Using the surface plasmon resonance technique
(SPR), we demonstrated that the calcium-dependent binding of rCRP to the model membrane is governed not only by the
ability of the ligand to access the binding pocket fully (spacer length), but also by lateral hindrance within the two-dimensional
plane of the membrane. The value of the apparent binding constant was estimated by theoretical analysis, which is obviously
dependent on the composition of the lipid mixture, and a maximum of (9.9 = 1.5) X 10® M~ was obtained.

INTRODUCTION

C-reactive protein (CRP) is one of the most characteristic CRP is composed of five identical noncovalently linked
acute-phase proteins. It was first discovered in 1930 bynonomers arranged in a planar ring with pentameric sym-
Tillett and Francis (1930) and has been found in mostmetry (Osmand et al., 1977; Sui et al., 1996). Each mono-
vertebrates (Steel and Whitehead, 1994). In response to cetier has 206 amino acids and a molecular masszif kDa.
damage, tissue injury, and inflammation, there is a rapid antt has one binding site for phosphocholine and at least two
dramatic increase in the biosynthesis of CRP. In the firsbinding sites for calcium ions. The sequence of the protein
24 h after stimulus the level of CRP in serum can increasavas first determined by amino acid sequencing and later
by up to 1000-fold over normal trace amounts100 ng/  confirmed by cDNA sequencing (Woo et al., 1985; Lei et al.,
ml). CRP was originally identified by its capacity to bind 1985). The amino acids within the proposed phosphocholine-
the phosphorylcholine group on C-polysaccharide, whichinding site are conserved among all of the known CRP
leads to the precipitation of C-polysaccharide on the pneusequences, frorhimulusthrough mammals. The structure
mococcal cell wall in a calcium-dependent manner. In adof human CRP at 3.0-A resolution was reported recently
dition, CRP binds specifically to other organic phosphate(Shrive et al., 1996). It provided evidence that the calcium-
esters, which include monophosphate and phosphorylettflependent binding of phosphocholine takes place through a
anolamine. Various binding specificities of CRP were char-hydrophobic pocket and the calcium ions themselves.
acterized. It has been discovered that CRP binds to chro- The physiological effects of CRP are not yet well under-
matin, histones, small nuclear ribonucleoproteins, andtood. Some studies have demonstrated that CRP activates
fibronectin (Robey et al., 1984; Du Clos et al., 1987; pythe complement system via the classical pathway. It has also
Clos, 1988; Potempa et al., 1987). In each case, the bindinl?fe” indicated that CRP promotes phagocytosis, as well as
of CRP is calcium dependent and is inhibited by free phostn€ activation qf plateletes. To reveal the blologlcgl function
phocholine (PC). This does not seem to be the commor?f CRP, attention .has'been focysed on the binding proper-
feature of CRP. There has been evidence that CRP binds fi#S °f CRP. The in vivo experimental data (Kushner and
polycationic molecules (Potempa et al., 1981), which is<@okab, 1961) show that CRP binds to the damaged or

calcium inhibitable. This binding may take place at a site€crotic membrane structures but not to intact cell mem-

that is distinct from that proposed for PC binding (Agrawal bra_ne; Other studlesisuggest that such binding could lead to

et al., 1992). act|vat|o_n of the cla_ssmal complement pathway (Kaplan and
Volanakis, 1974; Siegel et al., 1974).

As a part of the functional characterization of CRP,
extensive studies have been carried out on the interactions
Received for publication 18 March 1998 and in final form 11 Septemberhetween CRP and |iposomes (Volanakis and Wirtz, 1979;
1998. _ S Richards et al., 1977, 1979; Volanakis and Narkates, 1981;
Laboratoryof Blomermbrane, Depariment of Biological Soences and bio.+1C/0 21d Gewurz, 1981; Mold et al, 1981). Richards et al.
technology, Tsinghua Univérsity, Beijing 100084, People’s Republic of(197,7’ 1979) reported forillposomal m(,)qel m_embranes that
China. Tel.: 8610-62784768; Fax: 8610-62785505; E-mail: suisf@mailth€ interaction of CRP with PC-containing liposomes can
tsinghua.edu.cn. activate the complement system. They found that the com-
© 1999 by the Biophysical Society plement-dependent membrane damage was strongly depen-
0006-3495/99/01/333/09  $2.00 dent upon the liposomal membrane composition. Volanakis
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and Wirtz (Volanakis and Wirtz, 1979; Volanakis and Nar- o 0o 9 0

kates, 1981) reported that the calcium-dependent binding of (CHa)aN"CHzCHzOF”OCHZcHzNHCCHchchHéCHHggg:Zm
CRP to model membranes of lecithin required incorporation ° 25

into the bilayer of lysophosphatidylcholine (lyso-PC). Thus DS8PC

they suggested that a certain disturbance of the molecular

organization of the lipid bilayer is necessary for the selec- 9 i

o
(CHs)aN*’CHzCHzO#’OCHzCHzNH&CHzS‘CHHCOC‘us

tive binding of CRP. The molecular mechanism by which o CH2COC 1sH

CRP binds to the model membrane is still unclear. o
Compared with liposomes, the lipid monolayer is easier DSePC

to use for mimicking biological membranes. The composi- o

tion, temperature, and ionic conditions of the monolayer can (CH3)3N+CHzCHzOIH'-’OCHzCHzS‘CHE?OCmHaa

be easily controlled. In the present work, we designed and o CHgOC e

synthesized artificial lipids with phosphorylcholine as the DS3PC
polar headgroup. Compared with normal PC-lipids, our
synthesized lipids are characterized by the long-arm spacers
between the polar headgroups and the hydrophobic tails. By
varying the length of the insertion spacer, we can vary the
extent to which the phosphorylcholine group protrudes from
the lipid/water interface. By varying the monolayer compo-
sition, we can control the lateral distance between the ex-

(a)

. : : ; 0 0 0

posed phosphorylcholine groups. In this way we investi- L. N | . ROH I
. . . 2 H Ra— e

gated the features of CRP binding. Our experimental result& "% ° QIEIC' BrCHZCHZOgCI BN BroH2CH20POR
provide direct evidence that the calcium-dependent binding a
of.CRP to PC-I|p|d-.cor!ta|n|ng membrane is indeed re- o BrCHCHObOR MeN (CW)3N+CH2C%0E,OR
stricted by such steric hindrance. . &
MATERIALS AND METHODS
Materials (b)
Distearoylphosphatidylcholine  (DSPC), dimyristoylphosphatidyleth- Scheme 1.

anolamine (DMPE), dipalmitoylphosphatidylcholine (DPPC), dipalmi-
toylphosphoglycerol (DPPG), sheep anti-human C-reactive protein anti-
body, and PE-Sepharose 4B were purchased from Sigma Chemical Co. apassed through an affinity column of phosphorylethanolamine-Sepharose
were used without further purification. Other chemicals were purchased!B, which had been equilibrated with TBSabuffer (0.02 M Tris-HCI,
locally. 0.15 M NacCl, 10 mM CaG} pH 7.8) in the presence of €a (10 mM).
The fractions containing other proteins were pooled. After the column was
washed with TBS-CA buffer, the rCRP was eluted with 0.1 M phospho-
Preparation of the synthetic lipids rylcholine chloride in TBS-C& buffer. The fraction was then passed
rapidly through a Sepharose 4B column (equilibrated with TB&*Ca
Three kinds of home-synthesized lipids are all characterized by longhuffer) to remove serum amyloid P-component. The eluted protein was
arm spacers between polar headgroups and hydrophobic tails, which atgalyzed against TBS-Ca buffer and then against TBS-EDTA (0.02 M
dioctadecanyN-(N'-(trimethylaminoethylphosphatoethyl)succinamido-  Tris-HCI, 0.015 M NaCl, 10 mM EDTA, pH 7.8) to dissociate any bound
yl)-asparate inner salt, dioctadecanyl 2-((trimethylaminoethylphosphatophosphorylcholine and G&. The solution was then dialyzed against pure
ethyl)aactylmethylthio)succinate inner salt, and dihexadecanyl 2-(aminowater to remove the other ions. The rCRP concentration was measured by
ethylphosphato-ethythio)succinate inner salt. Their structures are shown ighsorbance at 280 nnE{,, = 20.3 cm%). Polyacrylamide gel electro-
Fig. 1a. The chemical reactions used to synthesize them are schematicallyhoresis in the presence of sodium dodecy! sulfate of rCRP prepared in this
displayed in Fig. 1p andc; these partly follow the work of Eibl and his way showed a single protein band with a molecular mass of 20 kDa
co-workers (Diembeck and Eibl, 1979). We have abbreviated the thregcorresponding to one rCRP monomer). The reactivity of the purified rCRP
kinds of synthesized lipids as DS8PC, DS6PC, and DS3PC, respectivelyyas examined by immunoprecipitation with C-polysaccharide and with
where DS stands for the hydrophobic tail containing 18 carbon atoms, PGheep anti-human rCRP antibodies.
for the polar headgroup, and,®’, and 3 mean the insertion of eight-, six-,
and three-atom chains as spacers. The different lengths of the inserted
spacers may make the polar headgroups protrude from the membrafRreparation of supported monolayer

surface to varying extents.
Supported membrane is one kind of model membrane system used to study

lipid/protein interactions (Sackmann, 1996; Sui et al., 1988). It is particu-
Purification of rabbit C-reactive protein larly useful in the characterization of ligand/receptor binding in combina-

tion with surface-sensitive techniques (Sui et al., 1988). In the present
Rabbit C-reactive protein (rCRP) was purified from the acute phase serurwork, to prepare supported monolayers on gold-coated cover slides, the
of white rabbits by affinity chromatography according to the published slides were treated as follows. The cover slides were cleaned in a mixture
procedure (Bach et al., 1977). Rabbit was injected intramuscularly withof 20 ml water, 20 g KCr,O;, and 180 ml HSO, (98%) for 24 h,
turpentine (0.5 ml/kg), 36 h before the withdrawal of blood. The serum wasextensively rinsed with water (distilled and deionized), and dried in air.
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Then the cleaned slides were hydrophobilized by soaking them in a mixturéension was measured with the Wilhelmy system. The subphase we used

of dimethyldichlorosilane and chloroform (1:9) for 30 min and rinsed with was pure water, and the lipid monolayer itself was prepared by deposition

chloroform and ethanol. After drying gold vapor was used to lay down aof lipid sample in small droplets at different positions on the water surface.

50-nm layer to the slide under vaccuum. To form a supported film, the lipid monolayer was first compressed to a
The phospholipid monolayers were transferred to the pretreated slidesurface pressure of 45 mN/m and then horizontally transferred by hand to

by the horizontal lifting method. The lipid sample was prepared by mixinga gold-covered slide.

DSPC (2 mM, dissolved in chloroform/methanol, 3/1, v/v) and the desired

synthetic lipid (2 mM, dissolved in chloroform/methanol, 3/1, v/v) to a

suitable molar ratio. To form a lipid monolayer at the air/water interface, §urface plasmon resonance set-up

a computer-controlled LB film balance was used. The total volume of the

trough was 250 ml, and the total area was 37G.cTine area covered by The home-made surface plasmon resonance (SPR) apparatus (Liu et al.,

the lipid monolayer was changed by a movable barrier, and the surfac&995) is shown schematically in Fig.& A semiconductor laser (wave-
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air/water interface even without €ain the subphase and
that the adsorption cannot be inhibited by phosphocholine.
Such nonspecific interaction should be taken into account in
the study of rCRP binding to supported monolayers. In Fig.
3 we present adsorption and desorption measurements under
three different conditions. In the first case, measurement A
displays the detachment effect of an excess of EDTA on
rCRP binding. We can see that under elution of excess
lipid EDTA a large amount of adsorbed rCRP was removed,
CRP which is calcium dependent. The remainder is small but not
negligible, which is calcium independent. In the second
case, as shown in measurement B, a similar phenomenon is
observed, but the detachment of adsorbed rCRP is due to
competitive inhibition of free phosphocholine. In the third

S T T T
{

a : .

(2) case, measurement C, the sample type of inactive rCRP
calcium dependent calcium independent saturated by PC was used to measure adsorption. In this
binding CRP binding CRP case, the rCRP-PC complex interacts with ligand-containing

membrane in a nonspecific manner. All three measurements
shown in Fig. 3 exhibit an obvious nonspecific adsorption of
rCRP to PC containing supported monolayer. Such adsorp-
tion does not depend on the presence of calcium and is not
inhibited by phosphocholine. These results are identical to
what we obtained in terms of the phospholipid monolayer at
the air/water interface (Mi et al., 1997).
(b) From the results of Fig. 3 we have noticed that the
amounts of nonspecific adsorption in all three cases are
FIGURE 2 ) Schematic illustration of the arrangement of the surface approximately equal. Further measurements were per-
plasmon resonance setup. The triangle prism (refractive index 1.8) is fitteformed for better understanding. We have measured the
to the small rotating stage of th@-29 angle measuring apparatus. The surface concentration of rCRP as a function of its bulk

angular accuracy of thé-20 angle measuring apparatus is 0.005°. The trati in th b f Ici . dat t
volume of the sample cell is 20Ql. (b) Schematic description of the concentration In the absence ol calcium 1ons ( ata no

interaction of rCRP with the supported monolayer containing exposedNOWN). The measurement results showed that when the
phosphorylcholine groups. bulk concentration of rCRP was above X010 8 M, the
surface concentration of rCRP in €aindependent adsorp-
length 670 nm) was the incident light source. The measurement was
performed by varying the incidence angleTo characterize the interac-
tions between rCRP and lipid monolayers, the measurements were made as
follows. After the lipid monolayer was transferred to the fresh surface of
the gold-covered slide, the slide was carefully stuck with index matching
fluid to the bottom surface of a triangular prism (as shown in Figy).2
Then the sample cell was installed, and the buffer (50 mM Tris-HCI buffer
at pH 7.4 containing 2 mM EDTA and 10 mM Cafivas slowly pumped
into it. The initial peak position of the SPR curve for buffer was recorded.
Then the protein solution was pumped into the cell and the second SPR
curve was measured after equilibrium. Each measurement was repeated
three or four times. The construction shown in Figa allows us to vary
both the surface concentration of the ligands and the bulk concentration of
rCRP. Under the condition that the thickness of the film is very thin (less
than 10 nm), the displacement of the SPR peak position is linearly related
to the layer thickness. Such a condition is sufficient for protein adsorption.
The amount of adsorption of rCRP can thus be measured in terms of the
shift of the peak position of the SPR curve. In the present work, we follow ) )
Stenberg’s result (Stenberg et al., 1991) that a 0.1° shift in the SPR peak!lGURE 3  Adsorption and desorption measurements of rCRP. Buffer

position is a measure of 1 ng/Mprotein absorbed to the membrane surface. for adsorption: 50 mM Tris-HCI, 2 mM EDTA, 10 mM CaglpH 7.4.
Supported monolayer mixture: DS8PC/DSPC (1/18).The detachment

effect of an excess of EDTA on rCRP binding. al and a2 represent the
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RESULTS surface concentrations of rCRP before and after elution with 50 mM
i . - Tris-HCI buffer containing 2 mM EDTA.K) The effect of a competitive

Calcium-independent binding of rCRP to inhibition of phosphocholine on rCRP adsorption. bl and b2 represent the

supported monolayers surface concentrations of rCRP before and after the addition of PC to 500

. mM. (C) Adsorption of the inactive rCRP, which was saturated by PC
Our recent work (Mi et al., 1997) reported that rCRP canpefore addition. All of the experiments above were performed at room

spontaneously adsorb to phospholipid monolayers at themperature. Bulk concentration of rCRP>110~7 M.
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tion was not sensitive to the bulk protein concentration. A1:12 was found. Around this ratio the amount of rCRP
stable maximum of the surface concentration of rCRP adspecifically bound to the membrane surface is the highest
sorbed in such case was obtained around 0.57 ng/s  (1.05 ng/mm). Above and below this optimum ratio the
the bulk concentration of rCRP fell below 1X0 10 8 M, calcium-dependent adsorption would decrease. The surface
the surface concentration adsorbed decreased. Similar reencentrations shown at the two terminals of the abscissa
sults were also observed with various molar ratios of thesee Fig. 4), however, look quite different. Binding to the
mixture, indicating that the nonspecific binding is not de-pure DSPC monolayer is lowest (0.16 ng/Rnand binding
pendent on the ratio of DS8PC/DSPC. In the separatetb the pure DS8PC monolayer is remarkably higher (0.61
experiments we found that such nonspecific binding is nong/mnf). A similar phenomenon was observed in the case
dependent on the type of phospholipids, cannot be detacheaf avidin binding to biotin-lipid-containing monolayers (Liu

by bivalent cations such as B and is not inhibited by et al., 1995).

phosphocholine. So we believe that the nonspecific interac- Fig. 5 shows the results obtained by measuring the sur-
tion between rCRP and phospholipid membrane mayace concentration of rCRP on three kinds of supported
mainly be dominated by hydrophobic interactions. monolayers, which contain different synthetic lipids in the
same molar ratio (1/12). According to the molecular struc-
tures of the synthetic lipids (as shown in Figajl each of
them is characterized by an insertion arm with a certain
length. Thus the membrane-bound ligands protrude from
To characterize the specific binding of rCRP to the supthe membrane surface to different heights, whereas the
ported monolayers, the problem of the interference of indateral spaces between them are equal. From the results of
formation from nonspecific adsorption should be consid-Fig. 5 we can see that the surface concentrations of calcium-
ered. As mentioned above, because calcium is essential tiependent adsorption of rCRP to the three kinds of sup-
the binding of rCRP to the phosphorylcholine group, we carported monolayers are remarkably different. In the case of
distinguish rCRP-specific binding from its nonspecific ad- DS8PC-containing monolayer, the amount of protein bound
sorption by determining whether the adsorption process iés highest (1.05 ng/mf). The surface concentration of
calcium dependent. Thus the amount of specific binding of CRP bound to DS6PC-containing monolayer is 0.72 ng/
rCRP to a ligand-containing membrane can be measured byn¥, and that of rCRP bound to DS3PC-containing mono-
determining how much rCRP can be detached with EDTAlayer is 0.30 ng/mrh

In all of the following experiments we assume that the
bound rCRP molecules that can be detached by EDTA ar
those attached by calcium-dependent binding.

Fig. 4 shows that the surface concentration of rCRP;The structure of rCRP consists of five identical monomers,
attached to supported monolayers by calcium-dependerirranged as a cyclic pentamer. Each monomer contains one
binding, obviously varies with the molar ratio of the mono- binding site for phosphorylcholine, which is mediated
layer mixture. An optimum molar ratio of DS8PC/DSPC of through calcium. All of the binding sites are on only one of

Calcium-dependent binding of rCRP to
supported monolayers

&alculation of the apparent binding constant
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FIGURE 5 The surface concentrations of rCRP*Gdependently ad-
FIGURE 4 The surface concentrations of rCRP*Gdependently ad-  sorbed to the three types of supported monolayers, which were obtained by
sorbed to the supported monolayers formed by different molar ratios othe measurements upon the detachment effect of EDTA. For the three type
DS8PC/DSPC, which were obtained by the measurements upon the deionolayers, they have equal molar ratios of DS8PC/DSPC of 1/12. Buffer:
tachment effect of EDTA. Buffer: 50 mM Tris-HCI containing 2 mM 50 mM Tris-HCI containing 2 mM EDTA, 10 mM CaglpH 7.4. Bulk
EDTA and 10 mM CaCJ, pH 7.4. Bulk concentration of rCRP: 10 M. concentration of rCRP: X 1077 M.
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the planar surfaces of the pentameric ring. The calciumin Eq. 1, [CRP- ligand], is the equilibrium surface con-
dependent binding of rCRP to membrane-bound phosphaentration of CRP-ligand complex (mol/mjn [CRPL, is
rylcholine moieties may be described by the following the equilibrium concentration of CRP in bulk solution (mol/
steps: liter); [ligand];,; is the initial surface concentration of li-
gands (mol/mrf); [CRP],, is the surface concentration of
CRP nonspecifically adsorbed to the membrane surface
(mol/mn¥?); and i — 1) * [CRP- ligandl,, + n * [CRP},,
expresses the surface concentration of ligands that are non-
specifically covered by CRP (mol/nfin Equation 1 can be
changed into the following form:

rCRP+ PC< rCRP: PC
rCRP-PC+ PC<« rCRP: 2PC
rCRP-2PC+ PC< rCRP- 3PC
rCRP:-3PC+ PC< rCRP-4PC
rCRP-4PC+ PC<« rCRP-5PC

O o o o O

1 1 1
[CRP-ligand],, ~ K{[ligand],, — n[CRP],) [CRPL,

When CRP specifically binds to the lipid monolayers, the
binding sites should be facing the monolayer surface. Be- 4 )
cause the distribution of the membrane-bound ligands nor- [ligand];;; — n[CRP),

mally does not match well with the pentameric geometry OfUnder the condition that [CRP] is not changed with

CRPt’. s rr]namly_ thethf|r;tPthef[p LO _deter_lr_nhl_ne the akt)r(:vte CRPL,, we can measure [CRAigandl, with different
reactions when using tne echnique. This means tha RPL, Then we obtain the following linear relation by

long as one binding site of the pentamer reacts with on : . : .
phosphorylcholine moiety at the monolayer surface, th raphing with 1/[CRP ligandlk, versus 1/[CRR;

whole pentamer will be immobilized on the interface. Once 1[CRP- ligand]e, = A[CRPs, + B

the pentamer is bound to the surface, the SPR responds b ] ] ]

a displacement of the resonance angle, regardless gomparlng the above equation with Eq. 2, the slépand
whether the following steps of the ligand/rCRP reactionthe intercep® can be expressed as

n

take place. The binding constant we obtained in terms of A = 1/(K«(ligandl. — n[CRP
SPR thus reflects to a large extent that of the first step of the (Kex([ligandl = n[CRPl)
reactions. In the following we provide a model to describe B = n/([ligand],;, — N[CRPl,,)

the reaction of rCRP with ligand containing supported o )
monolayer. In this model we suppose that each molecule (ahus the apparent binding constant can be given by
pentamer) binds specifically to one ligand:

K, = B/(n+A) 3)
CRP+ nLigand < CRP- Ligand ® (n — 1)Ligand When deducing Eq. 3 we assume that the surface concen-
) _ tration of nonspecific adsorption, [CRR] is a constant
CRP ® nLigand value. This condition is satisfied in the present work. The

data shown in Fig. 4 were all obtained under the condition
where CRP is one rCRP molecule; Ligand is one mem+that [CRP], was taken to be X 107 M. At such a rCRP
brane-bound ligandn is the average number of ligands concentration, as we have already discussed above, the
beneath one bound rCRP molecule; CRRgand indicates  amount of nonspecific adsorption is approximately a con-
that each molecule binds specifically (calcium-dependentlyktant that is not sensitive to the mixture composition. Thus
to one ligand; CRP Ligand® (n — 1)Ligand indicates that  the calcium-dependent binding constant of rCRP binding to
each protein molecule binds a ligand specifically and covershe supported monolayer can be calculated in terms of Eq.
(n — 1) ligands nonspecifically; and CR® nLigand de- 3. The value#\ andB were obtained by a line-fit procedure.
scribes the calcium-independent adsorption in which eaclrhe numeral value dfiis determined by the section area of
rCRP molecule can cover ligands. Because the concen- rCRP and that of the lipid molecules. In the present work the
tration of calcium is in excess, the influence of calcium issection area of one rCRP pentamer is taken as 15,600 A
not included when the apparent binding constant is calcuaccording to our recent results on two-dimensional crystals
lated. Here we use the term “apparent binding constant” t@f rCRP (Sui et al., 1996). The molecular areas of DS8PC
emphasize the fact that the reaction is between rCRP and thg\d DSPC are 55 Aand 44 &, respectively, which were
membrane-bound ligands. Thus the apparent binding corgbtained from our measurements of theA curves.

stant,K, (M%), can be expressed as Thereby, as the molar ratios of DS8PC/DSPC are 1:0, 1:6,
1:12, 1:18, and 1:24, the corresponding values afe 283,
Ka = [CRP- ligand]e{/([ CRPeg#[ligand]e) 47.3, 28.4, 17.8, and 13.5. From the calculation of Eq. 3,
[CRP- ligand] Fig. 6 shows the characteristics of the calcium-dependent
= : e apparent binding constant of rCRP, which depends, remark-
[CRPlg<([ligand],; — [CRP- ligand]e, (1) ably, on the composition of the lipid monolayer. The value

— ((n = 1)*[CRP- ligand].q + n[CRP,,) of the apparent binding constant first increases as the molar
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16.00 This is the lateral steric hindrance. In this work the results
shown in Fig. 4 and Fig. 5 clearly exhibit the steric hin-
drance effects in these two different types.

From a physical chemistry view, there is a critical surface
% - T— - pressure above which the lipid mixture becomes homoge-

d '_Ii neous. In the present experiments, all of the supported

’ monolayer samples were prepared by transferring at 45

mN/m from the air/water interface. In a separated measure-

’ ment we obtained a rough phase diagram of the mixture of

! DS8PC/DSPC. Based on the phase diagram, the lipid mix-

0.00 o ' ' ' . ture is in a homogengous state at a ;urface pressure of 45
‘ DS8PC 16 1:12 1:18 1:24 mN/m. Thus, by varying the molar ratio of DSBPC{DSPC,
the lateral space between PC groups can be precisely con-

FIGURE 6 The composition dependence of the calcium-dependent agtrolled. An optimum molar ratio exists (as shown in Fig. 4),

parent binding constant of rCRP to supported monolayer mixtures. indicating that under this condition the ligand-containing

monolayer is at its highest efficiency. The value of the

0 of / d d finall h _molar ratio is higher than the optimum one, 1/12, the effect
ratio of DS8PC/DSPC decreases and finally reaches to 'St the steric hindrance becomes stronger, and therefore the

maximum around a molar ratio of 1:12. A maximum Valuesurface concentration of protein bound is smaller. In con-

of (9'9# 1.5 10°M l.W‘?S obtained, which is'50 times trast, when the value of the ratio is lower than the optimum,
of that in the case of binding to pure DC8PC monolayer. the surface concentration of the membrane-bound ligands
becomes smaller and then the proteins bound specifically
DISCUSSIONS become rarer. It should be pointed out that although the
surface concentrations of the proteins bound are decreased

Although PC is the polar headgroup of major membraneon both sides around the optimum value of 1:12, the mo-

phosphqhmds, CRP cannot bind to normal cell membraneﬁ.ecular mechanisms causing the decrease in CRP binding
Volanakis and Wirtz (1979) reported that CRP bound to, for . .
example, egg PC liposomes in a calcium-dependent mannét - totally different on these two sides.

pi€, €99 P P The above explanation is also supported by the analyzed

onlyl|f lysophosphatidylcholine (lyso-PC) was pregent " result shown in Fig. 6, which shows that the character of the
the liposomes. They suggested that the membrane interfacé

._pbehavior of the binding constant varies with the molar ratio

formed by PC and lyso-PC exposed the phosphorylcholine .
group to the extent that CRP could form a complex per-OTc DSBPC/DSPC. It s reasonable that the value of the
inding constant is approximately a constant one if the

fectly. Using a monolayer technique in the present work, w T .
found (as shown in Fig. 4) that rCRP could hardly bind tomOI‘.”lr r{;\uo IS Iovx{er tharj t.he optimum, becaqse the effect of
a monolayer of pure DSPC, which is identical to the resuItSte,”C, h!ndrance is negl|g|ble. On the oth.er side, if the molar
reported by Volanakis and Wirtz (1979). Experimental re-r"?lt'o_ is in the region higher than the optimum, the apparent
sults from both monolayer and liposome suggested that thBiNding constant will be rapidly decreased because of the
calcium-dependent binding of CRP to phospholipid mem-Steric hindrance effect. o o
brane may be restricted by some kind of steric hindrance. AS mentioned above, the steric hindrance may be divided
According to a recent report on the three-dimensional struciNt0 lengthwise and lateral components. According to the
ture of human CRP (Shrive et al., 1996), calcium-dependentP structure of CRP (Shrive et al., 1996), it is required for
PC binding takes place through a hydrophobic pocket anthe specific bmdmg that t.he three chollne-methyl groups of
the calcium ions themselves. This provides a platform fromPhosphorylcholine insert into a hydrophobic pocket (formed
which the effect of steric hindrance on selective binding carPy Ph€® Lel™, and Thf®) of CRP. Therefore, in the case
be understood. where the phosphorylcholine group behaves like a mem-
Using monolayer technique to study the steric hindrancdérane-bound ligand, some extension of this group beyond
effect Ringsdorf and co-workers first reported their work onthe membrane is essential for specific binding. Fig. 5 mainly
streptavidin (Blankenburg et al., 1989). They chemicallydisplays an effect of the lengthwise steric hindrance. From
synthesized several kinds of biotinyl-lipids with insertion Fig. 5 we found that the amount of adsorption of rCRP to
arms of different lengths. Their study showed that a certaif?S3PC-containing monolayer (0.3 ng/Mmis much
length of insertion arm was necessary for streptavidin irsmaller than the adsorption to DS8PC-containing (1.05 ng/
combination with the biotinyl-lipid containing monolayers. mn¥) and DS6PC-containing (0.72 ng/r)rmonolayers.
This steric hindrance effect is a lengthwise one. Liu and Suirhis result indicates that the influence of steric hindrance is
studied the characteristics of avidin binding to biotinyl- more remarkable in the case of DS3PC-containing mono-
lipid-containing supported monolayers (Liu et al., 1995).layer. Considering that the measurement error+i8.13
Their work showed that the lateral space between biotimg/mnt, the significant binding of rCRP to DS3PC-contain-
groups is another requirement restricting protein bindinging monolayer is too small, and we can hardly believe that
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two-dimensional crystal. Thus, from Eq. 3, the value of the
apparent binding constant should decrease m&reases.

The significance of the interaction of CRP with mem-
brane has been accepted in the literature. However, the
molecular mechanism of the binding is still unclear. The
experimental data in vivo indicated that CRP binds to the
damaged or necrotic cell membranes but not intact ones,
although there are many PC groups in the outer layer of the
membrane. Using an artificial membrane system, we inves-
tigated the effects of binding site density and the spacer
length on the interaction of CRP with membrane. Our
FIGURE 7 The model for calculating the section area of the rCRP?tUdI?S provide direct evidence that some EXtenSIQn of bl.nd-
subunit. In the model, is the radius of the rCRP subunitjs the depth of ing sites beyond the general membrane surface is required
the binding site of rCRP, and is the distance between the near exposed for efficient binding and that a lateral steric exclusion is
headgroups. introduced at high surface density of binding sites. These
findings are essential to an understanding of the actual
physiological effects of CRP.

the phosphorylcholine group is perfectly accessible to the
hydrophobic ppcket of the binding site. . . This work was supported by the National Natural Science Foundation of
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